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The 10th European–Japanese Cerebrovascular Congress (EJCVC), held in Kyoto from 
November 13 to 16, 2022, marked a pivotal moment in the history of this esteemed series of 
meetings. For the 10th anniversary edition and for the first time, the congress took place in 
Japan, representing a significant step toward strengthening international collaboration in the 
treatment of cerebrovascular diseases. Originally scheduled for an earlier date, the meeting 
experienced delays due to the global COVID-19 pandemic, with Japan’s strict travel restric-
tions causing two postponements. The decision to proceed with the congress, made during the 
summer of 2022, despite ongoing travel limitations, highlighted the organizers’ resilience and 
their commitment to advancing the field.

The lifting of Japan’s travel restrictions just 1 month before the congress enabled an in-
person gathering that highlighted the profound value of face-to-face scientific exchange. After 
2 years of virtual meetings, the return to a live format revitalized the community, emphasizing 
the irreplaceable role of direct engagement in fostering innovation and collaboration. The pal-
pable energy of the attendees, coupled with the historic setting of Kyoto, created an environ-
ment that nurtured both scientific rigor and cross-cultural exchange.

The scientific program of the 10th EJCVC showcased an impressive array of technical 
progress and clinical advancements. Experts from Japan and Europe presented cutting-edge 
research and engaged in robust discussions on the most pressing challenges in the field of 
cerebrovascular disease. These exchanges not only advanced understanding but also inspired 
new lines of inquiry and collaboration, reinforcing the congress’s role as a cornerstone of prog-
ress in cerebrovascular research and treatment.

This volume, part of the ongoing series Trends in Cerebrovascular Disease, the pro-
ceedings of the European–Japanese Cerebrovascular Congresses, encapsulates the high-
level presentations and discussions that took place during this memorable event. The 
chapters provide a comprehensive overview of the current state of the field, covering top-
ics from novel surgical techniques and interventional approaches to advancements in 
imaging, pharmacology, and patient management. Together, these contributions highlight 
the dynamic nature of cerebrovascular research and the critical role of multidisciplinary 
collaboration in driving innovation.

We extend our deepest gratitude to all the contributors, whose dedication and expertise 
have made this volume possible. Special thanks are due to the organizing committee, whose 
unwavering efforts ensured the success of the 10th EJCVC despite unprecedented chal-
lenges. We are also grateful to the city of Kyoto for offering a setting that enriched the con-
gress experience, seamlessly blending tradition and modernity in a way that reflects the 
spirit of progress in our field.

Preface



vi

As you explore the contents of this volume, we hope you will find inspiration in the remark-
able advancements presented and a renewed sense of purpose in addressing the complex chal-
lenges of cerebrovascular disease. May this compilation serve not only as a record of a historic 
meeting but also as a catalyst for future discoveries and innovations.

Sincerely,

Zurich, Switzerland� Giuseppe Esposito  
Gifu, Japan � Yasuhiko Kaku  
Zurich, Switzerland � Martina Sebök  
Zurich, Switzerland � Luca Regli  
Kyoto, Japan � Tetsuya Tsukahara  
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�Introduction

For almost half a century, induced normovolemic or hyper-
volemic arterial hypertension has been the mainstay of treat-
ment for delayed cerebral ischemia (DCI) after aneurysmal 
subarachnoid hemorrhage (SAH) [8, 18, 20, 26]. Within the 
frame of induced hypertension, hypervolemia, and hemodi-
lution (triple-H therapy), more-detailed studies have sug-
gested that induced hypertension is the principal effector 
[18]. Induced hypervolemia and hemodilution have subse-
quently been seen more critically. In the most recent version 
of the guidelines of the American Stroke Association, dating 
from 2012, euvolemia is recommended, and hemodilution is 
no longer an issue, partially influenced by the negative 
effects of albumin in traumatic brain injury [8, 9]. In addition 
to systemic therapy, the mentioned guidelines have recom-
mended cerebral angioplasty and/or selective intra-arterial 
vasodilator therapy in patients with symptomatic cerebral 
vasospasm, particularly those who are not rapidly respond-
ing to hypertensive therapy [8].

The intra-arterial and intravenous administration of milri-
none has become popular over the past 20 years, and many 
clinical series have been published. Milrinone is promising 
as an inotropic vasodilator to increase perfusion and elimi-

nate arterial constriction [5–7, 12]. Milrinone belongs to the 
group of phosphdiesterase-3 inhibitors (see Table 1).

In 2016, hyperdynamic therapy with the intravenous 
administration of milrinone and norepinephrine was intro-
duced as the standard treatment for symptomatic cerebral 
vasospasm or DCI after SAH at the Kantonsspital Aarau 
[25]. Because milrinone can cause arterial hypotension or 
at least lower the blood pressure below levels recom-
mended by current international guidelines [8], therapy 
requires the additional use of vasopressors, in our case 
norepinephrine. Our treatment protocol included a strict 
schedule of computed tomography (CT) perfusion studies 
to monitor cerebral perfusion. The scheme also included 
the possibility of additional intra-arterial infusion of 
nimodipine in case of the ineffectiveness of systemic ther-
apy. A retrospective analysis of the treatment results 
showed and immediate improvement in ischemic symp-
toms and in brain perfusion following the induction of the 
rescue therapy.

The aim of the current analysis is to contextualize our 
results with the published clinical studies on the use of milri-
none as a rescue strategy for DCI following SAH. For this 
purpose, PubMed was searched for subarachnoid hemor-
rhage and milrinone, with the filter clinical trial.

Clinical Evidence for Intravenous Milrinone to Treat Secondary 
Cerebral Ischemia After Aneurysmal Subarachnoid 
Hemorrhage—A Narrative Review

Hans-Jakob Steiger, Lukas Andereggen, and Serge Marbacher
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Table 1  Main phosphodiesterase-3 inhibitors, including effects and side effects [17]
PDE-3 
inhibitor Main indications Effects Common side effects
Cilostazol Peripheral artery disease, intermittent 

claudication
Antiplatelet, vasodilation, 
increased walking distance

Headache, diarrhea, palpitations, 
dizziness, abdominal pain

Milrinone Acute decompensated heart failure, 
short-term treatment of heart failure

Positive inotropic effect, 
vasodilation

Hypotension, arrhythmias, 
thrombocytopenia, tremor

Amrinone Short-term treatment of heart failure Positive inotropic effect, 
vasodilation

Thrombocytopenia, arrhythmias, 
hypotension, nausea, vomiting

Enoximone Short-term treatment of heart failure Positive inotropic effect, 
vasodilation

Hypotension, arrhythmias, nausea, 
vomiting, headache

Note: PDE phosphodiesterase

Table 2  Importance of features governing dichotomized outcome 
(mRS 0–2 vs. mRS ≥  3) in our patients suffering delayed ischemic 
decline according to Random Forest Classifier [25]
Feature Relative importance (%)
Initial WFNS grade 23.12

Post-aneurysm occlusion T4 volume 10.35

Day of DCI onset 09.55

Age 07.67

Post-aneurysm occlusion TTP delay 07.62

Pre-existing hypertension 06.30

Additional intra-arterial spasmolysis 06.28

TTP delay at DCI onset 05.16

Secondary infarction at discharge 05.07

T4 volume at DCI onset 04.81

Fisher grade 03.91

Resolution of vasospasm on CTA after 
rescue therapy

03.85

Vasospasm on CTA at DCI onset 03.17

Gender 02.69

Pre-existing diabetes 00.46

�Results

�Summary of Our Results

In our analysis, we retrospectively analyzed 176 patients 
with aneurysmal SAH treated at the Kantonsspital Aarau 
between April 2016 and March 2021 [25]. Ninety-eight of 
these suffered from DCI and were submitted to rescue ther-
apy with intravenous milrinone and norepinephrine and to 
additional intra-arterial spasmolysis with nimodipine in the 
case of the insufficient effect of systemic therapy. For the 
numeric analysis of the treatment results, characteristics of 
patients and clinical responses to rescue therapy were corre-
lated with hemodynamic parameters, as assessed via CT 
angiography (CTA) and perfusion CT. Time -to-peak (TTP) 
delay in the ischemic focus and the volume with a TTP delay 
of more than 4 s (T4 volume) were used as hemodynamic 
parameters.

The median delay to neurological deterioration following 
SAH was 5 days. Perfusion CT at that time showed median 
T4 volumes of 40 cc and mean focal TTP delays of 2.5 ± 2.1 s 
in these patients. Following rescue therapy, median T4 vol-
ume decreased to 10  cc and mean focal TTP delay to 
1.7 ± 1.9 s. Seventeen patients (17% of patients with DCI) 
underwent additional intra-arterial spasmolysis using 
nimodipine. The visible resolution of macroscopic vaso-
spasm on CTA was observed in 43% of the patients with DCI 
and verified vasospasm on CTA, including those managed 
with additional intra-arterial spasmolysis. Initial World 
Federation of Neurological Surgeons (WFNS)  grade, the 
occurrence of secondary infarction, age, ischemic volumes 
and TTP delays at the time of decline, the time to clinical 
decline, and the necessity for additional intra-arterial spas-
molysis were identified as the most important features deter-
mining neurological outcome at 6  months (Table  2). The 
more severe the initial SAH, the older the patients, and the 
earlier that DCI occurred, the worse the outcome.

In conclusion, our analysis showed that cerebral perfu-
sion in the setting of secondary cerebral ischemia following 

SAH is measurably improved through milrinone and 
norepinephrine-based hyperdynamic therapy. A long-term 
clinical benefit from the addition of milrinone appears likely. 
The separation of the direct effect of milrinone from the 
effect of induced hypertension is not possible according to 
the present dataset.

�Summary of Published Controlled Trials 
Using Intravenous Milrinone

The published controlled studies on the intravenous use of 
milrinone are summarized in Table 3.

Soliman and Zohry published the results of a randomized 
trial to compare the effect of prophylactic magnesium sulfate 
and milrinone on the incidence of cerebral vasospasm after 

H.-J. Steiger et al.
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Table 3  Comparative clinical studies using intravenous milrinone for vasospasm and DCI following aneurysmal subarachnoid hemorrhage

Author, 
year Type of study

Total 
number of 
patients

Additional 
measures in 
milrinone group

Measures in control 
group Primary outcome Result

Soliman, 
2019 [24]

Prospective, 
preventive, 
randomized 90

None, IV milrinone 
for 21 days

Intravenous 
magnesium for 
21 days

TCD flow velocity 
<120 cm/s, DCI

Magnesium better in 
terms of TCD and 
occurrence of DCI

Rouanet, 
2021 [19]

Prospective, 
observational

21 None Norepinephrine TCD values and 
NIHSS at 45 and 
90 minutes

TCD value lower in 
milrinone group, no 
clinical difference

Labeyrie, 
2021 [13]

Retrospective 
two-site 
comparison

200 Balloon 
angioplasty

Induced 
hypertension

1-month mortality, 
6-month mRS 0–2, 
brain infarction

No or minimal 
difference between 
strategies

Lakhal, 
2021 [14]

Retrospective 
historical 
comparison

94 Induced 
hypertension

Hypertension alone 6-month mRS 2–6, 
brain infarction

mRS 2–6 and 
infarction 75% lower 
in treatment group

Note: IV intravenous, NIHSS National Institutes of Health Stroke Scale

subarachnoid hemorrhage [24]. The study included 90 
patients with aneurysmal subarachnoid hemorrhage ran-
domly classified into two groups. Magnesium sulfate was 
given as an infusion of 500 mg daily for 21 days, or milri-
none was given as an infusion of 0.5 μg/kg/min for 21 days. 
Cerebral vasospasm was diagnosed via transcranial Doppler 
(TCD) (mean cerebral blood flow velocity in the involved 
cerebral artery ≥120  cm/s), neurological deterioration 
according to the Glasgow Coma Scale (GCS), or angiogra-
phy (decrease in diameter of the involved cerebral artery 
>25%). The researchers found that mean TCD flow velocity 
decreased significantly in the magnesium group compared to 
the milrinone group through days 7, 14, and 21 (p < 0.001). 
The incidence of cerebral vasospasm was significantly lower 
with magnesium than with milrinone. GCS improved signifi-
cantly in the magnesium group compared to the milrinone 
group through day 7, day 14, and day 21. The incidence of 
hypotension was higher with milrinone than with magne-
sium. In conclusion, the incidence of cerebral vasospasm 
after aneurysmal subarachnoid hemorrhage was significantly 
lower and GCS significantly better with magnesium when 
compared to milrinone. Milrinone was associated with a 
higher incidence of hypotension and needing dopamine and 
norepinephrine when compared to magnesium.

Rouanet and coauthors studied cerebral hemodynamics 
and clinical responses to induced hypertension with norepi-
nephrine and inotropic therapy with milrinone as a rescue 
strategy for DCI [19]. Patients with SAH receiving rescue 
therapy with norepinephrine or milrinone for DCI treatment 
were retrospectively reviewed. TCD and the National 
Institutes of Health (NIH) Stroke Scale were evaluated 
before therapy initiation and 45 and 90  minutes after the 
onset of therapy. Ninety-eight patients with aneurysmal SAH 
were admitted during the study period. Twenty-one (21.4%) 
developed DCI, of whom six had DCI twice, leading to a 
total of 27 analyzed DCI events. Twelve events were treated 

with norepinephrine and 15 with milrinone. On average, 
patients treated with norepinephrine had their mean arterial 
pressure raised from 85 mm Hg at baseline to 112 mm Hg 
90 minutes later, whereas those treated with milrinone had a 
significant decrease in mean arterial pressure over treatment, 
from 94  mm Hg to 88  mm Hg at 90  minutes. Among the 
patients treated with induced hypertension, there were no 
significant changes in TCD flow velocities (highest at base-
line 163.2 cm/s, at 45 minutes 172.9 cm/s, and at 90 minutes 
164 cm/s). Conversely, in those treated with milrinone, there 
was a significant decrease from baseline to 45 and 90 min-
utes (highest at baseline 197.1 cm/s, at 45 minutes 172.8 cm/s, 
and at 90 minutes 159 cm/s). In both groups, a significant 
improvement in mean NIH Stroke Scale scores was seen, 
from 17 at baseline to 15 at 90 minutes. In summary, flow 
velocities decreased after milrinone therapy only, not after 
norepinephrine, whereas clinical improvement was achieved 
with both treatment strategies.

Labeyrie et al. aimed to compare the overall efficacy of 
two center-driven strategies for the treatment of DCI, with or 
without vasospasm angioplasty [13]. Two hundred consecu-
tive patients with aneurysmal SAH were enrolled in each of 
two northern European centers. In the interventional center, 
vasospasm balloon angioplasty was indicated as first line as 
a rescue treatment of DCI, combined with intravenous milri-
none. In the noninterventional center, induced hypertension 
was the only rescue therapy for DCI. New cerebral infarcts, 
death at 1 month, and favorable outcome at 6 months 
(mRS ≤  2) were retrospectively analyzed by independent 
observers and the two centers compared before and after pro-
pensity score matching for baseline characteristics. Baseline 
characteristics differed between centers only for age, the rate 
of smokers, and patients with chronic high blood pressure. In 
the interventional center, vasospasm angioplasty was per-
formed in 38% of patients at a median time from bleeding of 
8 days. There was no significant difference in the incidence 

Clinical Evidence for Intravenous Milrinone to Treat Secondary Cerebral Ischemia After Aneurysmal Subarachnoid Hemorrhage—A…



6

of new infarcts (9% vs.14%, p = 0.11), death (8% vs. 9%, 
p  =  0.4), and patients’ outcomes were 74% favorable for 
interventional centers vs. 72% favorable for noninterven-
tional centers (p  =  0.4) before and after propensity 
matching.

Lakhal and coauthors compared intravenous milrinone, in 
combination with induced hypertension, as a rescue strategy 
for DCI, where also a historical control group received hyper-
tension alone [14]. This was a controlled observational study 
conducted in an academic hospital with prospectively and ret-
rospectively collected data. In the milrinone group, patients 
with cerebral vasospasm following SAH were treated with 
intravenous milrinone (0.5 μg/kg/min) and induced hyperten-
sion. The historical control group had been managed with 
induced hypertension alone. Endovascular balloon angio-
plasty was considered in both groups as an additional mea-
sure. The end points were 6-month functional disability 
(defined as an mRS score between 2 and 6) and vasospasm-
related brain infarction, the rate of first-line or rescue endo-
vascular angioplasty for vasospasm, and the immediate 
tolerance to milrinone. In total, 94 patients were analyzed (41 
and 53 in the milrinone and the control group, respectively). 
Milrinone infusion was independently associated with a 
lower likelihood of 6-month functional disability (adjusted 
odds ratio (aOR)  =  0.28, 95% confidence interval 
(CI)  =  0.10–0.77) and vasospasm-related brain infarction 
(aOR = 0.19, 95% CI 0.04–0.94). Endovascular angioplasty 
was less frequent in the milrinone group (6 (15%) vs. 28 
patients (53%), p = 0.0001, aOR = 0.12, 95% CI 0.04–0.38). 
The administration of milrinone (a median duration of infu-
sion = 5 (2–8) days) was prematurely discontinued owing to 
poor tolerance in 12 patients, mostly (n = 10) for hypotension 
(mean arterial blood pressure <100 mm Hg despite 1.5 μg/kg/
min-1 of norepinephrine). However, this event was similarly 
observed in milrinone and control patients (n = 10 (24%) vs. 
n = 11 (21%), respectively; p = 0.68). Milrinone was associ-
ated with a higher incidence of polyuria and hyponatremia or 
hypokalemia, whereas arrhythmia, myocardial ischemia, and 
thrombocytopenia were infrequent. In conclusion, despite 
milrinone’s premature discontinuation in 29% of patients as a 
result of its poor tolerance, it was associated with a lower rate 
of endovascular angioplasty and a positive impact on long-
term neurological and radiological outcomes.

�Discussion

The prevention and management of symptomatic vasospasm 
has undoubtedly made great progress over the past decades, 
although the scientific evidence, particularly for preventive 
measures, remains relatively thin. Only oral nimodipine and 
intravenous fasudil could be convincingly shown to reduce 

the rate of symptomatic vasospasm and poor outcome in ran-
domized trials [2, 23]. Later, in smaller prospective trials, 
cilostazol, like milrinone, a selective phosphodiesterase-3 
inhibitor, also showed promising results [15, 22]. Regarding 
the management of symptomatic vasospasm, the most con-
vincing argument for a specific strategy often comes not 
from randomized trials focusing on long-term outcome but 
rather from the immediately visible effect on the neurologi-
cal deficits. Immediate improvement in symptoms and neu-
rological deficits after the institution of a rescue therapy 
leaves little doubt regarding efficacy. At our institution, the 
often strikingly visible clinical improvement was also the 
reason for accepting intravenous milrinone as the standard 
rescue therapy following initial use as a measure of last 
resort. Clinical improvement was judged on the basis of 
focal neurological symptoms, the level of consciousness, and 
headache. The high degree of suspicion may well have led to 
the initiation of a rescue therapy in some cases who would 
also have recovered with less. On the other hand, the good 
tolerability of milrinone in light of the severe and irreversible 
consequences of occurring infarction justified a relatively 
generous indication in our view.

When summarizing the results of the few comparative 
clinical studies, we noticed that intravenous milrinone is 
obviously effective in improving cerebral perfusion but also 
that milrinone induces hypotension, which reduces the posi-
tive effect if left uncorrected. This, together with the fact that 
the control groups also were treated with active manage-
ment, explains the marginal, unconvincing group differences 
in the cited studies (Table 3).

Around 40 years ago, triple-H (hypervolemia, hyperten-
sion, and hemodilution) therapy became the mainstay of 
treatment for vasospasm following subarachnoid hemor-
rhage [16, 20, 26]. Volume expansion using crystalloid and 
colloid solutions was subsequently discredited in a number 
of settings, and further analysis for the case of subarachnoid 
hemorrhage indicated that hemodilution and plasma expan-
sion added little to the effect of induced hypertension or were 
even counterproductive [4, 18]. Milrinone became popular as 
an inotropic agent because of its associated vasodilation 
effects [12]. While improvement in angiographic cerebral 
vasospasm has be shown after intra-arterial application, the 
effect following intravenous application remains unclear [1, 
3, 10]. A few case reports and the abovementioned compara-
tive study by Rouanet et  al. demonstrated decreasing flow 
velocities after intravenous milrinone therapy as measured 
with transcranial Doppler [11, 19, 21]. The effect on TCD 
values suggests a direct effect of milrinone on the cerebral 
vasculature. Clarifying the effect of intravenous milrinone 
on cerebral perfusion and macroscopic vasospasm was the 
main aim of our analysis in Aarau. We saw an immediate 
improvement in brain perfusion after the administration of 
intravenous milrinone. Because additional norepinephrine 

H.-J. Steiger et al.



7

was used to maintain the desired level of arterial pressure, 
our analysis can obviously not differentiate between the 
effects of milrinone and those of norepinephrine.

In our series, although patients suffering DCI still had a 
somewhat less favorable outcome at 6 months compared to 
patients without secondary neurological decline, the differ-
ence was relatively modest (median mRS 1, IQR 1–3 com-
pared to median mRS 1, IQR 0–2). We must assume that 
without a very effective rescue therapy, the difference would 
have been more pronounced. Lacking a control group, how-
ever, our data cannot prove or disprove this hypothesis.

The use of CT perfusion in our series clearly showed the 
immediate positive hemodynamic effect of the used hyper-
dynamic rescue therapy. Median T4 volumes of 40 cc at the 
time of decline could be reduced to 10 cc with hyperdynamic 
therapy, and the average focal TTP delay of 2.5 sec to 1.7 sec. 
Although, as mentioned above, several reports have described 
a direct effect on the vasospasm of larger arteries following 
an intra-arterial and intra-cisternal application of milrinone, 
reports on cerebral perfusion and vasospasm after intrave-
nous (IV) application are scarce [3, 21]. The mentioned 
study by Rouanet showed decreasing TCD flow velocities 
after intravenous milrinone [19], and Zeiler and colleagues 
described a case of the angiographic resolution of vasospasm 
with intravenous milrinone [27]. In the Aarau series, we saw 
visible a reduction in macroscopic vasospasm on CTA more 
frequently but not exclusively in patients undergoing addi-
tional intra-arterial spasmolysis using nimodipine.

In summary, current evidence suggests that intravenous 
milrinone plays a beneficial part in the rescue therapy for 
DCI. Cntrolling arterial pressure with additional norepineph-
rine appears important. On the other hand, a whole number 
of strategies and medications seem to be available today for 
effective preventive and rescue therapy for DCI. Proving that 
a specific one is much better than others appears difficult, 
and randomized controlled trials in the field appear to be 
rarely brought to a successful end. Currently, four random-
ized controlled trials are mentioned on the platform https://
clinicaltrials.gov, two of them terminated and the other two 
still recruiting.
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�Introduction

The outcomes of aneurysmal subarachnoid hemorrhage 
(SAH) are still extremely poor [27]. A patient with SAH who 
survives early brain injury (EBI) and has a ruptured intracra-
nial aneurysm secured by clipping or coiling remains at risk 
for delayed cerebral ischemia (DCI), an important treatable 
factor leading to worse outcomes [53, 79]. The mechanisms 
of DCI are complicated and consist of at least three major 
causes: cerebral vasospasm (CVS), microcirculatory distur-
bance with or without CVS, and neuroelectric disturbance 
[62, 68]. As the loss of consciousness at onset, severe initial 
neurological status, heavy bleeding, and the presence of 
global cerebral edema are surrogate makers of EBI, as well 
as predictors of DCI and poor outcome [1, 6, 47, 58], EBI 
may directly cause DCI with or without CVS or be a precur-
sor with increased tissue vulnerability to a secondary insult 
DCI. Another possibility is that common triggers may cause 
EBI as an early manifestation and DCI as a late manifesta-
tion. Candidates of the common triggers or mediators 
between EBI and DCI include blood breakdown products, 
neuroinflammatory molecules, matricellular proteins, and 
glutamates [22, 43, 54, 55, 69]. Among these candidates, a 
matricellular protein (MCP), tenascin-C (TNC), has been 
involved in all three major causes of DCI, specifically CVS, 
microcirculatory disturbances, and neuroelectric distur-
bances [20, 21, 44, 50], and is a target in this review article.

�What Is TNC?

TNCs are representative of MCPs, which belong to extracel-
lular matrix glycoproteins but are different from classical 
ones: MCPs have nonstructural, inducible, and secretory 
properties as well as diverse biological functions depending 
on cell types and biological scenarios or situations sur-
rounding their induction [28, 59, 75]. TNC biologically 
modulates or mediates many cellular functions and morpho-
logical changes [28, 67]. A variety of stimuli control expres-
sions of TNCs, which transiently appear in almost any tissue 
and cell [30].

An intact monomer of TNCs is a huge approximately 
220–400  kDa molecule, and consists of four domains, 
namely a N-terminal assembly domain with heptad repeats, 
14.5 epidermal growth factor (EGF)-like repeats, eight fibro-
nectin type III (FNIII) repeats, and a C-terminal fibrinogen-
like globular domain, each of which binds to a specific 
partner to exert various functions [28, 46]. TNCs typically 
form hexamers within the N-terminal domains, from which 
six monomers emanate [46]. An alternative splicing of mes-
senger ribonucleic acid results in the insertion of one or more 
extra FNIII domains (A1, A2, A3, A4, B, AD2, AD1, C, or 
D), producing a lot of different isoforms [14, 46]. Many iso-
forms of TNC with diverse functions and sizes were also 
produced by post-translational modifications and proteolytic 
processes or the destruction of TNC: the functions of hexa-
meric, monomeric, and protease-cleaved TNCs differ by hin-
dering or destructing existing binding sites or by generating 
smaller TNC fragments with a new binding site [8, 14, 30].

In patients with DCI after SAH, the pH in the cerebro-
spinal fluid (CSF) was reported to be higher [76]. This sug-
gests that an active form of TNC—that is, a larger molecular 
mass of TNC isoform with more than one alternatively 
spliced FNIII repeats—may be produced more after SAH, 
especially in patients with DCI [14]. SAH upregulates and 
activates matrix metalloproteinases (MMPs) [52], which 
readily cleave larger TNC isoforms at alternatively spliced 
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regions and other sites and which release smaller fragments 
of TNC [14, 28]. As a result, multiple TNC isoforms with 
different functions and diverse interactions with other mol-
ecules may be simultaneously produced to enhance the 
complexity of TNC’s functions, leading to a variety of 
pathologies after SAH.

�Post-SAH Upregulation of TNC

The rupture of an intracranial aneurysm rapidly spreads arte-
rial blood into the subarachnoid space, sometimes associated 
with mechanical brain injuries by acute hydrocephalus and 
intracerebral hemorrhage, and increases intracranial pressure 
to cause transient global cerebral ischemia. All global cere-
bral ischemia cases, mechanical brain injuries, and blood 
breakdown products can trigger a variety of cascades, includ-
ing inflammatory ones, leading to EBI and DCI with or with-
out CVS [53]. Extravasated blood components, including 
thrombin, platelet, and leukocyte activate microglia, gener-
ate and release proinflammatory cytokines and MCPs, 
including TNCs [39]. A pattern-recognition receptor such as 
Toll-like receptor 4 (TLR4) is expressed on almost any cell 
in brain parenchyma, vascular walls, and peripheral blood 
[19, 42], and it is activated by many endogenous ligands with 
damage-associated molecular patterns, such as extravasated 
blood components (e.g., heme and fibrinogen), intracellular 
components released by tissue injuries, newly synthesized 
MCPs (e.g., TNC and galectin-3), and other inflammatory 
molecules, all of which increase following aneurysmal rup-
ture (Fig. 1) [19, 39, 67]. The post-SAH activation of TLR4 

may be an initial step of cascades to neuroinflammation, and 
the subsequent tissue injuries may further activate and upreg-
ulate TLR4 in brain and cerebral arteries, leading to EBI and 
DCI with or without CVS [32, 42, 57].

TLR4 is considered as able to mediate maximal inflam-
matory reactions by activating two major transcriptional fac-
tors, nuclear factor-kappa Β (NF-κΒ), and activator protein-1, 
and the latter functions mainly via mitogen-activated protein 
kinase (MAPK) [42]. NF-κΒ and MAPK are reported to 
induce proinflammatory molecules and MCPs [41, 42]. As 
an MCP, TNC is one of the agonists for TLR4 in that it pro-
vides positive feedback mechanisms on the upregulation of 
TNC itself and TLR4 via both NF-κΒ and MAPK, leading to 
the further activation of TNC-TLR4 signaling and conse-
quently the development or aggravation of EBI or DCI with 
or without CVS [13, 51, 57]. Products of TNC-TLR4 path-
ways such as proinflammatory cytokines and mediators, 
including reactive oxygen species, can also induce TNCs 
through NF-κΒ- and MAPK-independent pathways [30]. In 
addition, although TNC and TLR4 were upregulated by 
experimental SAH, upregulated TNC activated EGF recep-
tors, through which TLR4 and TNC were induced in cerebral 
arteries in SAH mice [32]. As TNC is known to activate 
NF-κΒ-, MAPK-, and RhoA-mediated pathways, all of 
which not only upregulate TNC at the transcriptional level 
but also cause EBI and/or CVS [4, 9, 42], TNC signaling 
may positively feedback on the upregulation of TNC itself to 
further activate the signaling transduction, inducing EBI and 
DCI with or without CVS (Fig. 2). Our experimental studies 
showed that a specific TLR4 antagonist not only inhibited 
EBI development by inactivating MAPKs to downregulate 
TNCs [40, 41] but also suppressed CVS [19].

Fig. 1  Developmental mechanisms of inflammation after subarachnoid hemorrhage (SAH): HMGB1 high mobility group box 1, ICP intracranial 
pressure, TLR4 Toll-like receptor 4
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Fig. 2  Toll-like receptor 4 (TLR4) and tenascin-C signaling in early 
brain injury and delayed cerebral ischemia after subarachnoid hemor-
rhage (SAH): AP-1 activator protein-1, BBB blood-brain barrier, EGFR 

epidermal growth factor receptor, MAPK mitogen-activated protein 
kinase, NF-κΒ nuclear factor-kappa B, SPARC secreted protein acidic, 
and rich in cysteine

�TNC as a Biomarker for DCI

In a clinical setting, patients with aneurysmal SAH had an 
increased TNC level in both CSF and peripheral blood [65, 
74]. In CSF, levels of large-splice variants of TNC contain-
ing C domain in the FNIII repeats peaked within the first 
3 days of SAH and decreased over time [70]. Worse admis-
sion neurological status, a higher amount of SAH, and the 
association of acute hydrocephalus caused higher CSF levels 
of TNC, followed by the occurrence of angiographic CVS, 
DCI, chronic shunt-dependent hydrocephalus, and resul-
tantly worse outcome [63, 64]. The findings support the con-
cept that TNC may mediate between more-severe SAH or 
EBI and DCI with or without CVS [67].

The plasma levels of a large-splice variant of TNC con-
taining C domain in the FNIII repeats also transiently 
increased in SAH patients with the subsequent development 
of angiographic CVS [65]. The post-SAH plasma level of 
TNC peaked at days 4–6 [66], which were an average of 
2.4  days before the occurrence of CVS on transcranial 
Doppler (TCD) and an average of 3.6 days before the onset 
of DCI [65].

�How Does TNC Develop DCI?

TNCs were upregulated in brain parenchyma (astrocytes, 
neurons, and brain capillary endothelial cells), cerebral arte-
rial walls (endothelial, smooth muscle, and adventitial cells), 

and inflammatory cells in the subarachnoid space after SAH 
in rats and mice [12, 49, 65]. SAH itself and SAH-induced 
TNC upregulate or activate MMPs and serine proteases, 
which in turn cleave TNCs [42]. In cleaved TNCs, a cryptic 
site is released and binds to several receptors, such as TLR4, 
EGF receptors, and various integrins, depending on the 
domains, through which different signaling pathways may 
be activated, followed by the development of EBI and DCI 
with or without CVS [10, 30, 31, 42]. In addition to positive 
feedback loops between the TNC-induced upregulation of 
MMPs and MMP-induced cleavage of TNCs [30], the cross-
talk among TNC’s receptors—that is, TLR4, EGF receptors, 
and integrins—was reported to augment each receptor-
mediating signaling [7, 32].

After experimental SAH, TNCs disrupted Blood-brain 
barrier (BBB) by activating MAPK and then MMP-9 in brain 
capillary endothelial cells in mice [11, 45]. Although SAH 
causes both caspase-dependent and -independent neuronal 
apoptosis [33], TNCs induced apoptosis in neurons at least 
through caspase-dependent pathways with the activation of 
NF-κΒ and MAPKs as well as the upregulation of TLR4 in 
mice [25, 49]. In addition, the TNC-induced activation of 
MAPK in the arterial smooth muscle cells caused CVS in 
rats [10, 67]. TNCs can regulate arterial wall remodeling 
associated with CVS, which consists of changes in cell phe-
notypes, proliferations of smooth muscle cells, depositions 
of extracellular matrix such as collagen, matrix contractions 
[5, 78], and periarterial infiltrations of inflammatory cells 
[12]. Post-SAH inflammation may also be promoted by 
TNCs through the modulation of the activation, adhesion, 
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rolling, and infiltration of an inflammatory cell via diverse 
signaling pathways [30].

TNCs can upregulate some receptors, such as vascular 
endothelial growth factor receptors-2 in brain with EBI and 
platelet-derived growth factor receptors in cerebral arteries 
with CVS after experimental SAH [24, 67]. TNCs also mod-
ulate pathways related to calcium/calmodulin kinase, protein 
kinase C, phospholipase C, and RhoA in addition to activat-
ing NF-κΒ- and MAPK-mediated pathways, and they induce 
endothelin receptors type A as well as proinflammatory cyto-
kines and growth factors [30]. All the receptors and mole-
cules have been reported to induce EBI and DCI with or 
without CVS [9, 42]. In addition, TNC can adhere to plate-
lets or directly interact with von Willebrand factors to acti-
vate platelets [48], and they can mediate the deposition or 
accumulation of fibrins via their negative transcriptional 
control of a tissue plasminogen activator in injured arteries 
[29]: These reactions form microthrombi within the blood 
vessels and microvessels, potentially contributing to the 
development of DCI [29, 48].

TNC also interacts with other MCPs, such as perios-
tin, galectin-3, and osteopontin [3, 15, 18, 23]. TNC and 
periostin, the latter of which was induced in brain capil-
lary endothelial cells, regulated each other’s expressions 
and downstream NF-κB- and MAPK-mediated signaling 
pathways, forming a positive feedback mechanism to 
develop and worsen EBI in SAH mice [17, 26, 38]. 
Increased plasma periostin levels were related to the 
development of DCI with and without CVS in a clinical 
setting of aneurysmal SAH [16, 77]. TNC can bind to and 
activate galectin-3, which has caused neuroinflammation 
and the acute disruption of BBB in SAH mice [36, 39]. In 
a clinical setting of SAH, delayed cerebral infarction 
without CVS was associated with increased plasma 
galectin-3 levels [37]. Experimental and clinical SAH 
induced osteopontin in a delayed fashion [2, 35, 61], 
which inactivated NF-κΒ [56] and activated an endoge-
nous MAPK inhibitor in SAH rats [60], antagonizing 
TNC’s functions and exerting neuroprotective effects [3]. 
Given that TNC and osteopontin are known to share some 
receptors, osteopontin may also inhibit TNC’s binding to 
the receptor competitively [30].

�Drugs Antagonizing TNC’s Functions

The expression of TNC can be inhibited by a lot of medica-
tions, including steroids, nonsteroidal anti-inflammatory 
drugs, aldosterone receptor antagonists, drugs that block 
angiotensin II (e.g., angiotensin II type 1 receptor antago-
nists and angiotensin converting enzyme inhibitors), antioxi-
dants, Rho-kinase inhibitors, platelet-derived growth factor 

receptor inhibitors, and cilostazol [58]. Some new therapeu-
tic drugs that target TNC are also being developed and are 
expected to be applied clinically [58]. However, drugs that 
have been clinically proven to suppress TNC expression are 
very limited in aneurysmal SAH. As far as we know, only the 
combined administration of a Rho-kinase inhibitor fasudil 
hydrochloride and a selective inhibitor of phosphodiesterase 
type III cilostazol has reduced plasma levels of large-splice 
variants of TNC containing B and C domains in the FNIII 
repeats, and it has been associated with decreased incidences 
of chronic hydrocephalus requiring shunting surgery [34] 
and delayed cerebral infarction leading to a poor outcome 
[73], respectively. Although whether the combination effects 
of fasudil hydrochloride and cilostazol on TNC’s expres-
sions and post-SAH pathologies are additive, synergistic, or 
interactive remains unknown, our study showed that cilo-
stazol, a pleiotropic antiplatelet, dose-dependently reduced 
the development of delayed cerebral infarction without 
decreasing the incidence of CVS after SAH in a clinical set-
ting [73].

Recently, an experimental study reported that a selective 
antagonist of α-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionate receptor perampanel inhibited the post-SAH upregu-
lation of TNC expression in brain capillary endothelial cells 
and prevented acute BBB disruption after SAH in mice [20]. 
As perampanel is a clinically approved antiepileptic drug, it 
is readily available for clinical application. A recent clinical 
study showed promising results, where perampanel inhibited 
the post-SAH development of delayed cerebral microinfarc-
tion, although perampanel did not suppress the incidence of 
CVS [71].

�Perspective

TNC has been involved in several levels of pathophysiologi-
cal processes of SAH, and the vicious cycle through positive 
feedback mechanisms to furthermore induce TNC may lead 
to DCI with and without CVS.  Therefore, TNC would be 
promising as a target for intervention in DCI after aneurys-
mal SAH. Until technological progress develops new TNC-
targeting drugs or strategies that can translate our knowledge 
regarding TNC into the management of DCI, trying existing 
drugs or repurposing old drugs to prevent and/or to treat DCI 
after SAH is worthwhile. Although further meticulous trans-
lational studies are needed [72], cilostazol and perampanel 
are at the moment considered to be useful for post-SAH DCI 
management.
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�Introduction

Intracranial aneurysms (IAs), prevalent cerebrovascular dis-
orders, pose significant challenges in diagnosis and treat-
ment. Characterized by irregular, dilated blood vessels 
within the cranial cavity, IAs are critical to understanding 
due to their impact on the brain’s blood supply [12]. The 
formation of these aneurysms can arise from several factors, 
including imbalances in vascular remodeling, the stress 
exerted by blood flow, and impaired repair mechanisms of 
the vessel wall [17]. Typically developing at major intracra-
nial arterial bifurcations near the circle of Willis, these aneu-
rysms vary in  location, dimensions, and morphology [25]. 
Despite their potential severity, IAs are often asymptomatic, 
discovered incidentally during imaging for unrelated medi-
cal conditions [14].

In some cases, IAs may undergo morphological changes, 
growing in size and thus significantly increasing the risk of 
rupture. Rupture can have severe consequences, such as 
aneurysmal subarachnoid hemorrhage (aSAH), intracere-
bral hemorrhage, or intraventricular hemorrhage, poten-

tially causing stroke or death [11, 32]. Interestingly, 
reductions in IA size, though rare, have been observed. 
These reductions often follow diminished arterial blood 
flow, resulting from the occlusion of arteriovenous shunts in 
vascular malformations or the application of flow-diverting 
stents [6, 8, 22, 24, 26].

Risk factors for the development of IAs include genetic 
predispositions [2], a family history of aneurysms [7, 29, 
30], tobacco consumption [5, 33, 40], hypertension [41], 
specific medical conditions like polycystic kidney disease 
[15], and certain connective tissue disorders [9]. Notably, 
women are twice as likely as men to develop IAs and suffer 
from an aSAH [11, 25].

The management of IAs involves a range of treatment 
options, from surgical interventions (clipping) to endovascu-
lar procedures (coiling, stenting, and flow diversion). In 
some instances, consistent monitoring through imaging tests 
is preferable to detect any changes in the aneurysm or signs 
of cranial nerve or brain damage. The decision-making pro-
cess for screening and treatment is complex, balancing eco-
nomic, ethical, and clinical considerations [28]. Given the 
lack of reliable models and precise risk quantifications, we 
can take only a multidisciplinary approach, combining 
insights from the literature, expert guidelines, and local evi-
dence [1, 13].

The high stakes involved in decision-making for IAs, 
ranging from full recovery to severe disability or death, make 
the process susceptible to cognitive biases. Biases, such as 
loss aversion, framing effects, and varying perspectives, can 
lead to suboptimal outcomes. The complexity of decision-
making in the context of IAs is further compounded by the 
multistage nature of the process, influenced by factors such 
as cumulative value and event partitioning. The application 
of prospect theory, initially proposed by Daniel Kahneman 
and Amos Tversky, provides a framework for understanding 
these decision-making processes under uncertainty. 
Kahneman’s work, particularly in his book Thinking, Fast 
and Slow, delves into the influence of heuristics and mental 
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shortcuts on decision-making, highlighting systematic devi-
ations from rational judgment [18, 19, 34].

The evaluation of event probabilities is significantly influ-
enced by heuristic availability, a cognitive process that 
assesses the ease of recalling certain events or categories 
from memory. This heuristic can lead to biases such as rep-
resentativeness, where the frequency or likelihood of events 
is overestimated on the basis of how memorable they are. 
Such biases have profound impacts on judgment and 
decision-making processes, emphasizing the need for aware-
ness and mitigation strategies [35].

In the medical field, assessing associations between 
symptoms and diseases is a common practice that involves 
measuring their strength, direction, specificity, consistency, 
and plausibility. However, the estimates of symptom and dis-
ease frequencies are often skewed by the availability heuris-
tic. In many cases, little is known about the occurrence of a 
symptom in isolation or the incidence of a disease without 
the presence of a specific symptom. This lack of comprehen-
sive data, along with the rarity of truly pathognomonic signs 
or symptoms, poses a challenge in accurately diagnosing and 
treating medical conditions.

Furthermore, medical decision-making is frequently hin-
dered by gaps in understanding underlying disease mecha-
nisms and treatment effects. The necessity of providing 
answers, often with incomplete information, further exacer-
bates the reliance on heuristic availability and leads to a 
biased perception of symptom–disease relationships, com-
pounded by insufficient data on symptom and disease preva-
lence in broader populations.

These challenges highlight the need for a conscientious 
approach in medical decision-making that acknowledges 
cognitive biases and knowledge gaps. Developing strate-
gies to enhance awareness and mitigate these biases is cru-
cial for improving diagnostic accuracy and patient 
outcomes. This approach is exemplified by revisiting 
Kahneman’s classic experiment, which demonstrates how 
new evidence should update but not completely determine 
beliefs. In this experiment, the likelihood of Steve’s being a 
librarian or his being a farmer is assessed on the basis of his 
characteristics and the proportion of librarians and farmers 
in the population. The conclusion underscores the impor-
tance of considering all relevant information in the deci-
sion-making process [31, 36].

Bayes’s theorem, a cornerstone of probabilistic inference, 
offers a methodological approach to quantify the likelihood 
of events on the basis of new information. This theorem, for-
mulated by eighteenth-century statistician Reverend Thomas 
Bayes, calculates the probability of an event occurring given 
the occurrence of another event. The theorem is defined as 
P(A|B) = (P(A) * P(B|A))/P(B), where P(A|B) represents the 
posterior probability, P(B|A) the likelihood, P(A) the prior 
probability, and P(B) the overall probability of event B [3, 4, 

21]. By applying Bayes’s theorem, decision-making pro-
cesses can be modeled in the context of IAs, particularly 
when considering the cumulative prospect theory and its 
implications for sequential event interactions.

In this work, we use Bayes’s theorem to estimate the 
prevalence of IAs and the incidence of IA rupture in dif-
ferent demographics, utilizing data from the literature and 
resources like the International Stroke Genetics 
Consortium (ISGC) intracranial aneurysm databank 
(AneuX databank). This approach allows for the develop-
ment of methodologies that not only estimate the risk of 
IA rupture but also enhance decision-making strategies 
through Bayesian networks. These networks provide a 
visual map of the interdependencies between various risk 
factors, offering a more comprehensive understanding of 
IA dynamics [10].

In summary, this manuscript provides a comprehensive 
overview of intracranial aneurysms, from their formation 
and risk factors to the complexities of treatment decision-
making. It highlights the importance of understanding cogni-
tive biases in medical judgments and the role of Bayesian 
analysis in refining these processes.

�Estimating Recruitment Population 
and At-Risk Demographics in Intracranial 
Aneurysm (IA)

�Rupture Cases

Our study applies Bayes’s theorem to assess the impact 
of aneurysmal subarachnoid hemorrhage (aSAH) inci-
dence on IA diagnosis probability, with a focus on sex-
based risk variations. This approach helps estimate the 
IA rupture risk in diagnosed patients on the basis of sex 
while considering prior probability, likelihood, and trait 
probability.

We highlight a framing bias due to the unnoticed nature of 
asymptomatic IAs versus the more detectable ruptured IAs. 
Although most IA ruptures are diagnosed when receiving 
medical attention, about 10% are missed due to sudden 
death, symptom misinterpretation, or healthcare access bar-
riers [16, 20].

Using aSAH data as a less biased source, we based our 
model on data gathered over a decade from renowned institu-
tions. The data indicate an aSAH incidence of 6.1 per 
100,000 person-years [11]. The ISGC-IA cohort comprises 
7992 patients, with 5434 diagnosed post-rupture (3653 
women and 1781 men) and 2558 diagnosed incidentally 
(1823 women and 735 men) (Fig. 1). We estimate the recruit-
ment population to be around 8.9 million, not accounting for 
the 10% of cases featuring undiagnosed aSAH.
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Fig. 1  Graphic representation of the size of the ISGC cohort, estimated recruitment population, and population affected by an IA but undiagnosed 
(in gray). Note the breaks. At scale, the gray area should be twice as wide and the whole rectangle 253 times wider

	

( ) ( )
( ) ( )

“ ” “ ” “ ”

“ ” “ ” “ ”

P H IA diagnosis |E female P H IA diagnosis

P E female |H IA diagnosis / P E female 0.027 0.68 / 0.509 3.6%.

= = = = ∗

= = = = ∗ =
	

and

	 ( )“ ” “ ”P H IA diagnosis |E male 0.027 0.31/ 0.491 1.7%.= = ∗ = 	

The estimated population affected by the disease thus 
involves 163,650 women and 75,650 men (Fig. 2).

The actual number of incidentally IA-diagnosed women 
in the cohort was 1823, representing about 1% of the poten-
tially affected population (163650). Similarly, the actual 
number of incidentally IA-diagnosed men was 735, repre-
senting 1% of the potentially affected population (75650).

�Sex-Associated Risks in IA Diagnosis 
and Rupture

The probability of a female being diagnosed with ruptured 
IA (aSAH) is 67.22%, while for men, it’s 32.77%. Using 
Bayes’s theorem, we find the relative risk of women being 
diagnosed with ruptured IA to be about 1.97 times higher 
than men.

Formally:

According to United Nations 2010 statistics, the sex ratio 
in the study countries is approximately 50.9% women and 
49.1% men [42]. The Rotterdam study suggests a 1.8% IA 
prevalence, while other sources propose about a 3% one [27, 
37, 38]. Our study adopts a 2.7% IA prevalence, as agreed by 
the @neurIST community in 2010.

Out of 8.9 million, we estimate 240,300 individuals might 
have an IA, with only 7,992 diagnosed. The diagnosed cohort 
reveals 5,434 post-aSAH diagnoses and 2,558 incidental 
diagnoses.

�Risk Estimations for Intracranial Aneurysm

Our analysis of ISGC-IA data shows the likelihood of being 
diagnosed as an IA patient and being a woman can be estimated 
between 67.2% and 71.3% and overall at 68.5%. Setting the a 
priori IA risk hypothesis at 2.7% and employing the country-
wide sex ratio as the probability of being a woman, we estimate 
the posterior probability to be diagnosed with an IA for a woman 
at 3.6% and male diagnosis probability at 1.7%.

Formally:

Introducing Bayesian Analysis for Clinicians: Sex-Associated Risk Assessment of Intracranial Aneurysms
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Considering the ISGC cohort composition (67.99% 
aSAH), the probability being diagnosed with an incidental 
IA being a women (67.2%) and diagnosis likelihood post-
rupture (67.2% women), the posterior probability of a aSAH 
diagnosis given the patient is a female affected by an IA is 
6.4%. For men, this probability is 77.6%, indicating a slightly 
higher risk of rupture diagnosis in men compared to women, 
with a relative risk of approximately 0.82 for women as com-
pared to men.

Formally:
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Our study offers insights into the sex-based differences in 
IA diagnosis and rupture risk through Bayesian analysis and 

demographic data utilization. The findings underline the 
importance of considering sex-specific factors in IA risk 
assessment and healthcare planning (Fig. 3).

�Discussion

This study demonstrates the application of Bayes’s theorem 
in constructing a model that integrates diverse data sources 
and perspectives, thus minimizing framing effects. It clari-
fies our model’s assumptions, highlighting its limitations, 
and reveals the higher prevalence of intracranial aneurysm 
(IA) in women and their increased risk of suffering from 
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aneurysmal subarachnoid hemorrhage (aSAH). However, 
once diagnosed with an IA, women and men share similar 
rupture risks.

Our findings indicate that sex plays a role in IA diag-
nosis incidence, but assessing rupture risk requires cau-
tion due to potential cofactors influencing IA initiation, 
progression, and rupture. We note that only 1% of those 
affected by IA in the Western world from 2000 to 2010 
were diagnosed, pointing to a significant undiagnosed 
population. Most diagnosed aneurysms undergo interven-
tions, which might not always be necessary, leading to a 
potentially biased understanding of the affected popula-
tion. The rise in diagnostic imaging is likely increasing 
the detection of incidental IAs, thus changing the epide-
miological landscape.

There is a noticeable disparity in IA prevalence and aSAH 
incidence, with rates twice as high in women as in men. This 
calls for further investigation into the sex-based risk of rup-
ture versus aneurysm initiation. The strongest known predic-
tor of aneurysm rupture is its location [12, 14, 25]. A recent 
study suggests differing aneurysm locations and other fac-
tors between sexes [39].

�Deciphering IA Complexity with Bayesian 
Networks

Bayesian methods, applied to individual or multiple interact-
ing factors, can simplify complex systems. This approach 
involves modeling dependencies in a Bayesian network 
(BN), a directed acyclic graph (DAG) representing factors as 
nodes and relationships as edges (Fig. 4). Conditional prob-
abilities quantify node dependencies, with the joint probabil-
ity distribution informed by data and prior knowledge.

An exploratory BN from Geneva University Hospital data 
[10] shows that the influence of sex on IA rupture is indirect, 
affected by factors like IA location, blood pressure aware-
ness, and smoking behavior. Interactive BNs help explore 

factor effects and their interactions, comparing multiple BNs 
representing distinct patient groups (Fig. 4).

Using a BN addresses interdependencies among factors, 
and a limitation in standard multivariate regression or princi-
pal component analysis is that they assume factor indepen-
dence. These advanced tools must undergo robust validation 
and be user-friendly and efficient to encourage clinical 
adoptions.

�Conclusions

This chapter introduced Bayes’s theorem, Bayesian analysis, 
and modeling tailored to clinicians. It highlighted their prac-
ticality in assessing the risk of IA and the nuanced role of sex 
in these outcomes. We know that the prevalence of IA and 
incidence of aSAH are twice as high in women as in men. 
However, we often misinterpret this information when esti-
mating the risk of IA rupture in diagnosed patients.

Our application of Bayesian analysis reveals that the risk 
of IA rupture is similar between men and women once diag-
nosed. Despite this, the disparities in prevalence and inci-
dence underscore the importance of considering sex as a 
significant risk factor in IA management decisions.

Furthermore, we advocate for data sharing and for the 
adoption of Bayesian modeling in clinical practice. This meth-
odology synthesizes data from various studies, acknowledging 
the interconnected nature of influencing factors, and presents 
them within an integrated network. Such an approach not only 
facilitates comprehensive risk assessments but also champions 
personalized patient care strategies.

However, the utility of Bayesian models in everyday clin-
ical scenarios hinges on their accessibility and ease of use. 
Therefore, a concerted effort is required to develop inter-
faces that clinicians can navigate intuitively and confidently. 
Equally paramount is the rigorous validation of these tools, 
ensuring their reliability and efficacy in real-world medical 
settings.
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Fig. 4  An interactive Bayesian network (BN) based on the discrete 
BN model of Delucchi et al. [10], illustrated with HUGIN lite [23] 
Panel (a) illustraes the distribution of cases among categories of each 
variable and arrows the interactions between variables. Panels (b) 
and (c) illustrate how conditioning the “Sex” node as “Female” or 

“Male,” respectively, alters the conditional probability distributions 
of associated nodes such as “Smoking,” “Location,” and “Ruptured 
IA.” Comparing panel (b) and (c) shows that the probability of being 
diagnosed with a ruptured IA is ~5% higher in men than in women
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�Introduction

Initially, endovascular embolization was only considered as 
an alternative treatment option to clipping for cerebral aneu-
rysms. However, with an increase in the safety and reliability 
of coiling, patients began to prefer less-invasive approaches 
and request an endovascular treatment, resulting in a gradual 
increase in the rate of coiling. Nowadays, half of aneurysm 
patients are treated with coiling in Japan and more than 
70–80% in Western countries [1]. Such remarkable progress 
has been brought about by the rapid and evolutional improve-
ment in imaging technology, devices, treatment skills, and 
perioperative management. Recent novel devices that do not 
use coils, such as the flow diverter and the flow disruptor, 
may open the door to changing the basic concept of endovas-
cular treatment.

Here, the transition of endovascular treatment methods is 
introduced and discussed on the basis of my experiences 
with and challenges when facing difficult aneurysms.

�Transition in the Endovascular Treatment 
Methods Over 20 Years

Over the past 20  years, dramatic changes in technological 
development have seemed to occur every 5 years, bringing 
about new devices and novel techniques. The 20-year period 
from 2001 to 2020 can be divided into fours periods, and my 
strategies for unruptured aneurysms include key factors and 
clinical results that fall into these periods. We treated a total 
of 1461 unruptured aneurysms in this period.

In the first period (2001–2005: n = 236) 2D or 3D types of 
shape-memory coils as well as the various sizes and softness 
levels were lined up. The balloon-assist technique was intro-
duced in this period, but balloon catheters were applied only 
to specific cases because of their stiffness and large diameter. 
Because of this, two-thirds of aneurysms were treated with 
simple methods using a single microcatheter.

Antiplatelet management in perioperative terms was estab-
lished in the second period (2006–2010: n = 339). The surgical 
consensus during this time was to take the preloading of dual 
antiplatelet agents from at least 1 week before the operation 
and to continue them for several months postoperatively. Such 
antiplatelet agents contributed to the decrease in perioperative 
ischemic complications. In this period, a bi-plane angiography 
machine with three-dimensional digital subtraction angiogra-
phy (3D-DSA) and roadmap technology were developed and 
improved our understanding of the angioarchitecture. The bal-
loon neck-plasty technique was generalized, and half of the 
aneurysms were embolized with balloon-assisted coiling.

In the third period (2010–2014: n = 433), the double cath-
eter technique was developed first in Japan, and it was 
adopted for use in difficult aneurysms with branch involve-
ment. Neck bridge stents increased the indication of very 
broad-necked aneurysms, and half of the cases with the indi-
cation of balloon-assisted embolization were switched to 
stent-assisted coiling.

In the fourth and most recent period (2015–2020: 
n = 453), a breakthrough occurred with the introduction of 
flow diverter stents. Flow diverters were applied to large 
aneurysms in the carotid artery and yielded good clinical and 
angiographic effects. The numbers of internal trapping and 
simple coiling remarkably decreased. The various historical 
changes to our techniques and methods for aneurysms are 
shown in Fig. 1.

As for the location of treated aneurysms, posterior circu-
lation aneurysms accounted for 39% in the first period. 
However, its rate gradually decreased over time, to 16% in 
the fourth period. This change resulted from the expanded 
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Fig. 2  Complications in each period

indication for the embolization of anterior circulation aneu-
rysms in later periods. The complication rate also decreased 
over these periods (Fig. 2). The total complication rate was 
12% in the first period but 2.7% in the fourth period. 
Particularly, the rate of serious complications was substan-
tially decreased: from 5.7% in the first period to 0.7% in the 
fourth period. This good outcome was yielded mainly thanks 
to improvements in technology and devices. The evolution of 
imaging technology, such as high-resolution fluoroscopy, 
clear roadmaps in biplane systems, 3D-reconstruction 
images, and cone-beam computed tomography (CT) 
improved our understanding of the fine angioarchitecture 
and made the maneuver as safe and precise as possible. 
Improvements in devices, including access catheters, micro-

catheters, balloon catheters, stents, coils, and flow diverters, 
and a new strategy using such new devices have contributed 
to enabling the embolization of difficult aneurysms [1].

�Challenges for Large Aneurysms

Flow diverters (FDs) were introduced as alternative options 
for treating large cerebral aneurysms. FDs can promote 
aneurysm occlusion by diverting blood flow away from the 
aneurysm sac, after which the orifice can be closed with 
dense woven mesh, conserving the diseased parent artery. 
This promotes natural aneurysmal thrombosis and shrinkage 
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and allows the remodeling of the parent artery through a pro-
cess of endoluminal reconstruction [2]. The re-establishment 
of homeostasis may contribute to a favorable angiographic 
and physical state and to the amelioration of symptoms 
(Fig. 3).

The use of a flow diverter was more beneficial in terms of 
safety, efficacy, and cost compared to conventional parent 
artery occlusion and saccular coil-packing techniques [3, 4]. 
Particularly for large carotid cavernous aneurysms (CCAs), 
conventional coil embolization has limited utility due to its 
inability to prevent recurrences and reduce mass effect. The 
trapping of the parent artery may risk introducing ischemic 
complications due to intracranial perfusion disorders. Flow 
diverters for large CCAs have shown promising clinical and 
radiological efficacy in the literature, including our reports 
[4, 5]. However, the side effects due to the high metal cover-
age rate of FDs pose some problems, such as thrombotic 
complications inducing in-stent thrombosis, causing the 
occlusion of the parent artery or jailed branches. Perioperative 
strong antiplatelet management is essential to prevent this 
complication. Another delayed complication is aneurysmal 
rupture. It occurs due to shifted wall shear stress or the par-
tial strong jet of inflow caused by partial aneurysmal throm-
bosis. Particularly, large symptomatic paraclinoid aneurysms 
with a narrow neck come with a high risk of delayed rupture 
[6, 7]. Although absolute effective prophylactic measures 
have not been established, preceded saccular coil placement 

and overlapping stents are now tried as treatment measures, 
which have not reached consensus level.

�Challenge for Blood Blister–Like Aneurysms

A ruptured blood blister–like aneurysm (BBA) is one of the 
most difficult aneurysms for any radical treatment. 
Traditionally, wrapping and clipping or trapping with/with-
out an external–internal arterial bypass by taking direct 
approach have been recommended for anterior wall (so-
called dorsal) BBAs at the internal carotid artery. However, 
the wall of a BBA is usually very thin and fragile, and its 
shape is too shallow to clip because this aneurysm is thought 
to be formed after focal arterial dissection. That is why it 
easily brings about catastrophic ruptures during the surgical 
approach. Further, in the case of slow backflow to the distal 
carotid artery after successful trapping, the retrograde throm-
bosis of the anterior choroidal artery occasionally occurs, 
resulting in ischemic complications.

Endovascular treatments with balloon- or stent-assisted 
coiling have often failed because of intraoperative coil pen-
etration or rupture and fewer effects for the regrowth of the 
aneurysm [8]. The ideal treatment strategy was thought to be 
neck coverage without touching the aneurysm itself. 
According to this concept, tight mesh stents such as flow 

a c d g

b f e h

Fig. 3  A case of a flow diverter for a large carotid aneurysm. The 
patient was a 68-year-old woman with right abducens palsy. Carotid 
angiogram shows a large carotid cavernous aneurysm ((a) A-P view, (b) 
lateral view). After Pipeline (Medtronic) was deployed, remarkable 
reduction in inflow to the aneurysm was noted (c). Follow-up angio-

gram after 6 months shows complete occlusion of the aneurysm and the 
patency of the parent artery ((d) A-P view, (e) lateral view, (f) cone 
beam CT). MRI shows the thrombosis inside the aneurysm and a 
decrease in size ((g) preoperation and (h) postoperation). The patient 
symptom is completely resolved
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diverters have been introduced (Fig.  4). Particularly, the 
overlapped flow diverter yielded better results than stent-
assisted coiling and a direct surgical approach [9–11]. Shah 
et al. reported that endovascular therapy may have a better 
safety profile and provide better functional outcomes than 
surgery [10]. Rouchaud also described surgical deconstruc-
tive techniques as having higher rates of initial complete 
occlusion than endovascular techniques (77.3% versus 
33.0%) but a higher risk for perioperative stroke (29.1% ver-
sus 5.0%) [9]. An FD is significantly superior to surgical 
treatment in decreasing the incidence of perioperative 
rebleeding, hydrocephalus, postoperative infarction, and 
postoperative vasospasm [10]. However, this novel arterio-
plastic option for BBAs has the following two risks: the first 
is perioperative thrombogenesis because of no preload of 

antiplatelet agents and the second is uncertain hemostatic 
effects because the inflow to the aneurysm continues through 
the mesh just after the procedure. For safer and proper treat-
ment, further improvements in devices and techniques are 
essential.

�Challenge with Robotics

Robotics is one of the most celebrated technological innova-
tions. Some endovascular treatment robots are capable of 
simple 2D movements, such as pushing, pulling, and twist-
ing devices like catheters, whereas others are capable of 
complicated 3D conventional surgeries. The range of 

a b c

d e f

Fig. 4  A case of a flow diverter for blood blister–like aneurysm (BBA). 
The patient was a 54-year-old woman with a high-grade SAH and in 
comatose state. CT shows a massive SAH (a) and right carotid angio-
gram shows a shallow BBA beside the origin of posterior communicat-
ing artery ((b) lateral view, (c) 3D-CTA). Two Pipelines are overlapped, 

covering the neck ((d) cone beam CT). The angiogram taken 2 months 
later shows the patency of the internal carotid artery and the complete 
disappearance of the aneurysm ((e) lateral view, (f) 3D-DSA). The 
patient was discharged without neurological deficits
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movement allowed is extremely small while maintaining sta-
bility. Thus, the implementation of robotics in the routine 
clinical practice of endovascular procedure could be possible 
in the near future. Although the CorPath GRX vascular 
robotic system (Siemens Healthineers, Erlangen, Germany) 
has already been introduced and clinically used in advance in 
the cardiovascular field [12, 13], its application in neuroen-
dovascular intervention is challenging because the access 
routes are usually tortuous and small and because a very 
gentle maneuver is required to ensure that no injury occurs to 
the extremely fragile cerebral arteries.

Meanwhile, in cerebral embolisms, recanalization should 
be performed promptly because treatment delay causes seri-
ous cerebral infarction. However, if physicians performing 
the mechanical thrombectomy are unavailable, the patient 
will be transported to another stroke center via the drip and 
ship method or stroke specialists will be called. In such 
cases, a remote emergency surgery by a specialist using the 
remote surgery system can be beneficial to reduce the time 
lost due to waiting or transportation.

Because fluoroscopy is used, there can be a problem with 
the surgeon’s and the staff’s cumulative exposure; therefore, 
the ability to operate in a separate room without exposure 
can also contribute to the medical staff’s safety and health.

Further, this system seems extremely promising for pre-
venting virus infection and radiation exposure to the medical 
staff.

Therefore, we developed a new robot system with the 
function of the sensory feedback system and simultaneous 
control of the catheter and guidewire [8].

�Structure

Our robotic support system is designed with the structure of 
a master and a slave within a closed-loop system [14, 15]. 
The surgeon’s console is the master side, and the catheter 
manipulator is the slave side of the system. Our system has 
two independent slaves manipulating the microcatheter and 
micro-guidewire connected with the remote master driver 
with two joysticks. This design can be used in performing 
the usual catheterization in neuroendovascular intervention 
with both hands. The slave manipulator has sufficient output 
power, more than 1 newton, to reproduce the exact master 
intervention without slippage or delay. Successful micro-
catheterization and insertion into the aneurysm model can be 
performed in the wet vascular model corresponding to the 
3D handling without excessive stress to the vascular or aneu-
rysmal wall. This machine has a unique function that indi-
cates the reactive force of resistance on a wire that is stuck 
using the sensor system [16, 17]. It enables sensing feedback 
by using an originally developed insertion-force measuring 

device, which detects the pressure stress on the vessel wall 
and alerts the operator by using an audible scale. This system 
is useful in preventing the overaction of the machine (Fig. 5).

�Remote Telesurgery

Telesurgery between remote areas is simulated [18]. The 
slave robot in the angiography room was an original machine, 
and the master side was set in a separate room. They were 
connected via hypertext transfer protocol (HTTP) communi-
cation using a local area network system. The surgeon oper-
ated by looking at a personal computer monitor that shared 
an angiography monitor. The slave robot catheterized and 
inserted a coil for the aneurysm into the silicon blood-vessel 
model in the angiography room (Fig. 6). Our robot promptly 
responded to the surgeon’s operations and quite accurately 
responded to the joystick’s swift movements. The surgeon 
could control the operation, such as stopping the operation 
and reinserting the device by listening to the pitch indicating 
the insertion force picked up by the microphone in the angi-
ography room PC in real time.

However, the following improvements and countermea-
sures are necessary for practical clinical use. The network 
needs to be strengthened as a countermeasure against delays 
in a higher-performance transmission control system. 
Although the operator’s motion could be well reproduced in 
the simple model, its exact correspondence with the rapid 
action and within the acutely curved vessel was difficult to 
determine. The ethical issues regarding responsibility in the 
event of complications during the procedure due to hardware 
difficulties and transmission errors need to be clarified [19]. 
Importantly, independent specified maneuver training is 
required to operate the robot, and training time should be 

insertion force
sensor

catheter
robot

(forward, back)

wire robot
(forward, back, rotation)

Fig. 5  Slave robot system with a catheter, a wire robot, and an inser-
tion force sensor. The catheter and the guidewire are separately and 
simultaneously operated. They are combined with an insertion force-
measuring device
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a b

Fig. 6  Remote experimental telesurgery of aneurysm embolization. The operation of coiling in the master side (a), at 50 m distance from the 
angiography room, corresponded exactly with the slave side (b)

shared to deploy novel robotic technologies in clinical prac-
tice. Diminished relationships between patients and their 
treating physicians due to the remote contact may cause 
communication problems.

This new style of remote intervention will help profes-
sionals perform neuroendovascular interventions without the 
presence of neuroendovascular specialists. Although the 
motion of the slave side is completely controlled like a pup-
pet by the master surgeon for now, automatic control of the 
slave action will be equipped with and thus controlled by 
artificial intelligence with deep learning in the future. 
Robotic intelligence may help in performing not only actual 
surgeries but also automatic surgeries under the vigilant 
observation of real surgeons. This system seems extremely 
promising for preventing viral infections and radiation expo-
sure to the medical staff. It will also enable medical profes-
sionals to operate in remote areas and create a ubiquitous 
medical environment.

�Conclusions

Indications pointing to using the endovascular approach as a 
certain treatment option for aneurysms is increasing. 
Complete radical results have not been completely achieved 
for extremely difficult aneurysms, such as thrombotic aneu-
rysms, BBAs, and dolichoectasia, among others [20]. 
Additionally, when using noncoiled methods, namely flow 
diverters or flow disruptors, the higher device costs of endo-
vascular tools should be taken into consideration. Further 
improvements to these devices and technologies are essen-
tial, but conventional effective treatments, such as trapping 
with bypass, should be re-evaluated in cases without such 
indications or cases where endovascular treatments have 
been clinically shown to be less effective.
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Abbreviations

MRT	 magnetic resonance tractography
AVM	 arteriovenous malformation
SMG	 Spetzler–Martin grade
MDACST	 minimal distance between AVM and corticospi-

nal tract
MRI	 magnetic resonance imaging
DTT	 diffusion tensor tractography
OR	 optic radiation
FA	 fractional anisotropic
CST 	 corticospinal tract
3 T	 3 tesla

�Introduction

The achievement of complete resection is ideal in surgery 
for brain AVMs. Thus, the risk evaluation of the occurrence 
of postoperative deficits following the achievement of com-
plete resection is essential in the surgery of brain AVMs [1]. 
Recent advances in magnetic resonance imaging (MRI) 
technology have allowed major neural tracts in white matter 

to be visualized via diffusion tensor tractography (DTT) [2, 
3]. We previously showed that a 3-tesla (3 T) magnetic reso-
nance (MR) unit can describe most neural tracts more 
clearly than a 1.5 T unit can [4]. The location of the cortico-
spinal tract (CST) identified using the intraoperative naviga-
tion system integrated via 3 T MR tractography (MRT) was 
almost colocalized to the responded site via intraoperative 
electrophysiological white matter stimulation mapping [5]. 
We also demonstrated the 3 T MRT findings regarding the 
optic radiation (OR) was related to pre- and postoperative 
visual symptoms in patients with arteriovenous malforma-
tions (AVMs) in and around the visual pathway [6]. The 
asymmetry index (AI) of the mean fractional anisotropic 
(FA) values of the affected side to the contralateral side 
helped to evaluate the status of OR [7]. In this study, we 
investigate the effectiveness of the 3 T DTT of the cortico-
spinal tract (CST) for the estimation of motor function in 
surgery for cerebral AVMs.

�Materials and Methods

�Characteristics of Patients

Out of 112 patients with brain AVM operated on by the 
senior author (K.K.) between 2000 and 2022  in the 
Department of Neurosurgery, Kyoto Graduate School of 
Medicine and University of Fukui, in consecutive 30 patients 
a pre- and postoperative evaluation of neural tracts via 3 T 
MRT was performed before and after surgery. Two patients 
with cerebellar or brainstem AVM and six patients with 
occipital AVMs adjacent to the optic pathway were excluded. 
Further, 22 patients adjacent to the CST were included in this 
study. The patients included 12 men and 10 women ranging 
in age from 4 to 45 years (mean age 29.0 ± 13.6 years). Here, 
14 patients presented with hemorrhage, five patients with 
epileptic seizure, and three with ischemic symptoms. The 
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locations of the AVMs were in the frontal lobe in seven 
patients, the temporal lobe in eight, the parietal lobe in eight, 
the sylvian fissure in two, and the insular in two. SMG values 
were I in six patients, II in nine, III in six, and IV in one. 
Preoperative feeder embolization was performed in five 
cases. There was no embolization-related complication. The 
microsurgical resection of the AVMs achieved total removal 
in all 22 patients. Complete obliteration was confirmed via 
postoperative angiography, and no one received additional 
surgery or stereotactic radiosurgery. The characteristics of 
the patients are shown in Table 1. This study was approved 
by the ethical committees of the University of Fukui 
(20190157).

�Imaging Protocol

MR imaging was performed before surgery and at 1 month 
after surgery with a 3 T MR scanner (Trio; Siemens, Erlargen, 
Germany). Data acquisition, the data processing of diffusion 
tensor imaging, and fiber tractography reconstruction pro-
ceeded as follows. By using the integrated parallel acquisi-

tion technique (iPAT) and a receiver-only-8-channer phased 
array head coil, a single-shot spin-echo planner sequence 
was applied with the following parameters: repetition time 
(TR), 7000 ms; echo time (TE), 79 ms; motion-probing gra-
dient (MPG) in 40 noncolinear directions and four non-
diffusion-weighted scans; b value, 700 s/mm2; matrix, 128 × 
104; voxel size, 2 mm × 2 mm × 2 mm; no interslice gap; 
single averaging; quadruple averaging with the GRAPPA 
algorithm with a reduction factor of 2 and 24 additional auto-
calibrating phase-encoding lines in the center of k-space. In 
total, 60 transverse slices covering the whole brain were 
acquired within 5 min 30 s. In the same session, an MR study 
with axial T1-weighted three-dimensional magnetization-
prepared rapid acquisition gradient-echo sequences 
(MPRAGE) (TR/TE/TI  =  2000/4.4/990  ms; flip angle, 8 
degrees; matrix, 256 × 240; field of view, 24 cm; and 208 
slices with slice thickness of 1 mm, no interslice gap, and 
single averaging), axial T2-weighted turbo spin-echo 
sequences (TR/TE = 8400/108 ms; flip angle, 150 degrees; 
matrix, 512 × 448; field of view, 22 cm; and 40 slices with a 
slice thickness of 2.3 mm, a interslice gap of 0.7 mm, and 
double averaging), three-dimensional time-of-flight MR 
angiography (3D TOF MRA) (TR, 22  ms; flip angle, 20 

Table 1  Character of the patients
Case Sex Age Location SMG Size (mm) Onset symptom Findings of postoperative angiography mRS at 3 months after surgery
1 M 45 Frontal 2 30 Epilepsy Total removal 0

2 M 45 Frontal 2 27 Ischemia Total removal 2

3 M 31 Frontal 1 20 Hemorrhage Total removal 0

4 F 23 Frontal 2 30 Hemorrhage Total removal 0

5 M 40 Frontal 1 29 Asymptomatic Total removal 0

6 M 38 Frontal 2 30 Epilepsy Total removal 0

7 M 28 Frontal 2 35 Epilepsy Total removal 1

8 F 27 Temporal 3 30 Hemorrhage Total removal 0

9 F 29 Temporal 1 5 Hemorrhage Total removal 0

10 F 22 Temporal 2 30 Epilepsy Total removal 0

11 M 25 Parietal 3 40 Headache Total removal 1

12 F 22 Parietal 1 20 Hemorrhage Total removal 1

13 F 27 Parietal 1 20 Hemorrhage Total removal 1

14 M 48 Parietal 3 40 Hemorrhage Total removal 1

15 M 45 Parietal 2 35 Hemorrhage Total removal 3

16 M 38 Parietal 1 25 Asymptomatic Total removal 0

17 F 4 Parietal 1 20 Epilepsy Total removal 0

18 F 2 Parietal 4 50 Hemorrhage Total removal 2

19 M 49 Sylvian 2 25 Hemorrhage Total removal 0

20 M 21 Sylvian 3 45 Hemorrhage Total removal 0

21 F 6 Insular 3 28 Hemorrhage Total removal 2

22 F 23 Insular 3 15 Hemorrhage Total removal 2

Note: SMG Spetzler-Martin grade = X and mRS modified Rankin Scale = X
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degrees; single-slice acquisition; slice thickness, 0.8  mm; 
matrix, 512 × 208; and acquisition time, 4 min 8 s) was per-
formed. After a fractional anisotropy (FA) map and a direc-
tional color-coded map were synthesized from the 
diffusion-tensor data by using DTI Studio 2.03 software (h 
Jiang. Mori; Department of Radiology, Johns Hopkins 
University), eigenvectors were translated into neuronal tra-
jectories with the fiber assignment via the continuous track-
ing (FACT) method. As described previously, multiple 
regions of interest (ROIs) were used for tract reconstruction 
with three types of operation: AND; OR; and NOT. The ROIs 
were segmented by one author (T.O.) on b = 0 images. To 
reconstruct CST tractography, the first ROI was segmented 
at the cerebral peduncle of the medulla, followed by an “OR” 
operation. The second ROI was placed at the ipsilateral pre-
central gyrus, followed by an “AND” operation. Tracking 
was terminated when it reached a pixel with a low FA (< 
0.20).

�Measurement of the Size of the Nidus 
and the Minimal Distance Between 
the Nidus and the CST

The largest diameter of the nidus was measured on 
T2-weighted images (Fig. 1a). The minimal distance between 
the margin of the nidus and the margins of the CST (MDACST) 
was measured on transverse non-diffusion-weighted images 
(Fig. 1b). In cases with hematoma or with small AVMs, CST 
was identified on MRT imaging (Fig. 1c) and the exact loca-
tion of the nidus was identified via MRA (Fig. 1d).

�Evaluation of Tract Injury on MRT

For a qualitative assessment of tract injury, we prepared 
the criteria for the estimation of the tracts through visual 
inspection as follows: C (continuous): tracts were visual-
ized continuously between the two ROIs (Fig.  2a: axial 
image, b: coronal image); I (involved): tracts were visual-
ized continuously between the two ROIs but were contigu-
ous to or involved in the lesion, such as AVMs, edema, and 

hematomas (Fig.  2c: axial image, d: coronal image); D 
(disrupted): tracts were not described continuously 
between the two ROIs (Fig.  2e: axial image, f: coronal 
image). “I” and “D” were defined as “tract injury.” Tract 
injury was determined through majority decision by three 
independent neuroradiologists in a blind fashion. For a 
quantitative assessment of tract injury, mean FA values 
along with the tractography and asymmetry index (AI) of 
FA between the tract in the affected side and the unaffected 
side (AI = (affected - unaffected) / (affected + unaffected) 
÷ 2) were also calculated.

�Evaluation of Motor Disfunctions

Motor weakness in the upper or lower extremities was evalu-
ated before surgery, at 1 month after surgery, and at 3 months 
after surgery via manual muscle tests (MMTs). Symptoms that 
resolved within 1 month after surgery were defined as “tran-
sient symptoms” and symptoms that persisted 3 months after 
surgery were defined as “permanent symptoms.” The worsen-
ing of motor function was defined as the postoperative wors-
ening of the motor function compared to the preoperative one.

�Statistical Analysis

For univariate analysis, Pearson’s chi-squared test or Fisher’s 
exact test was used for categorical variables and the Mann–
Whitney U test for numeric variables. Forward and backward 
stepwise logistic regression analyses with the Akaike informa-
tion criterion (AIC) were carried out to determine the associa-
tions of potential confounders with age, sex, MDACST, the 
presence of hematoma before surgery, tract injury on preop-
erative MRT or postoperative MRT, the size of the AVM, and 
the presence of preoperative motor dysfunction. Cutoff value 
at receiver operating characteristic (ROC) analysis using area 
under the curve (AUC) was calculated via Benis’s method. All 
statistical analysis including ROC analysis was performed by 
using JMP 15.2.0 (SAS Institute, Cary, NC, United States of 
America) and R (R Foundation for Statistical Computing, 
Vienna, Austria), with an error probability of < 0.05.
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a b

c d

Fig. 1  The largest diameter of the nidus was measured on T2-weighted 
images (a), and the minimal distance between the AVM and the cortico-
spinal tract (CST) was measured on transverse non-diffusion-weighted 

images (b). In cases with hematoma or with small AVMs, the exact 
location of the nidus was identified via MRT imaging (c) and MRA (d)

A. Akazawa et al.
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a b c

d e f

Fig. 2  A qualitative assessment of tract injury was determined by 
using three categorizations. C (continuous): tracts were visualized con-
tinuously between the two ROIs ((a) axial, (b) coronal); I (involved): 
tracts were visualized continuously between the two ROIs but were 

contiguous to or involved in the lesion, such as AVMs, edema, and 
hematomas ((c) axial, (d) coronal); D (disrupted): tracts were not 
described continuously between the two ROIs ((e) axial, (f) coronal 
image). “I” and “D” were defined as “tract injury”

�Results

�Criteria for Estimation of the CST via Visual 
Inspection

In this study, 44 CSTs were estimated on MRT via visual 
inspection by three observers according to our proposed cri-
teria. A majority decision on tract injury was obtained in all 
tracts (100%), and a unanimous decision was achieved in 52 
tracts (76%) (kappa value).

�Preoperative Motor Dysfunction 
and Findings on MRT

Six of the 22 patients presented with motor weakness before 
surgery. Among radiological factors, univariate analysis 

revealed that the presence of hematoma (p = 0.0316) and tract 
injury via visual inspection (p = 0.0050) were significantly 
related to preoperative motor dysfunction. The MDACST 
was significantly smaller in patients with preoperative motor 
dysfunction than in patients without preoperative motor dys-
function (p = 0.005) (Table 2).

�Transient Motor Dysfunction and Findings 
on MRT

Motor dysfunction within 1 month after surgery was 
observed in 10 patients. Univariable analysis revealed that 
the presence of preoperative motor dysfunction was signifi-
cantly related to the occurrence of transient motor dysfunc-
tion (p = 0.0289). The MDACST was significantly smaller 
in patients with transient motor dysfunction than in patients 
without transient dysfunction (p = 0.0133) (Table 3).
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Table 3  Factors affecting postoperative transient motor dysfunction

Transient motor disfunction

Presence 
(n = 10)

Absence 
(n = 12) p

Preoperative findings

SMC I 1 6 0.0947

II 4 4

III, 
IV

5 2

Size of AVM (mm) 32.0 
+/− 10.26

25.8 
+/− 9.46

0.1724

Minimal distance between 
AVM and CST (mm)

13.9 +/− 14.7 25.4 
+/− 12.4

0.0133*

Mean FA value 0.561 
+/− 0.0372

0.579 
+/− 0.0516

0.6909

Asymmetry index of FA 
(A.I.)

−0.0321 
+/− 0.0371

−0.0238 
+/− 0.0513

0.6681

Presence of preop. Motor 
dysfunction

5 1 0.0289*

Tract injury on preop. 
MRT

5 3 0.2248

Presence of preop. 
Hematoma

3 3 0.7932

Postoperative findings at 1 
mo.

Presence of postop. 
Hematoma

4 3 0.4520

Tract injury on postop. 
MRT

6 3 0.0964

Note: SMG Spetzler-Martin grade, AVM arteriovenous malformation, 
CST corticospinal tract, FA fractional anisotropic, AI asymmetry index, 
MRT magnetic resonance tractography
* Significant at p < 0.05

Table 4  Factors affecting postoperative permanent motor dysfunction

Permanent motor dysfunction

Presence 
(n = 8)

Absence 
(n = 14) p-value

Preoperative findings

SMG I 0 7 0.0511

II 4 4

III, 
IV

4 3

Size of AVM (mm) 32.5 +/− 10.3 26.4 
+/− 9.67

0.1905

Minimal distance 
between AVM and CST 
(mm)

9.37 +/− 7.54 26.4 
+/− 13.9

0.0024*

Mean FA value 0.554 
+/− 0.0370

0.580 
+/− 0.0483

0.3544

Asymmetry index (AI) of 
FA

−0.0341 
+/− 0.0357

−0.0239 
+/− 0.0500

0.6821

Preop. motor dysfunction 5 1 0.0050*

Tract injury on MRT 4 4 0.3149

Presence of hematoma 3 3 0.4155

Postoperative findings at 
1 mo.

Presence of hematoma 4 3 0.1663

Tract injury on MRT 6 3 0.0140*

Motor dysfunction 8 2 0.0001*

Note: SMG Spetzler-Martin grade, AVM arteriovenous malformation, 
CST corticospinal tract, FA fractional anisotropic, AI asymmetry index, 
MRT magnetic resonance tractography
* Significant at p < 0.05

Table 2  Factors affecting preoperative motor dysfunction

Preoperative motor dysfunction

Presence 
(n = 6)

Absence 
(n = 16) p

SMG I 1 6 0.0991

II 1 7

III, 
IV

4 3

Size of AVM (mm) 31.3 +/− 13.0 27.6 +/− 9.1 0.6286

Minimal distance 
between AVM and CST 
(mm)

8.50 +/− 8.34 24.6 
+/− 13.9

0.0050*

Mean FA value 0.545 
+/− 0.0394

0.581 
+/− 0.0449

0.1197

Asymmetry index (AI) of 
FA

−0.0356 
+/− 0.0420

−0.0246 
+/− 0.0465

0.6851

Presence of hematoma 4 3 0.0316*

Tract injury on MRT 5 3 0.0050*

Note: SMG Spetzler-Martin grade, AVM arteriovenous malformation, 
CST corticospinal tract, FA fractional anisotropic, AI asymmetry index, 
MRT magnetic resonance tractography
* Significant at p < 0.05

�Permanent Motor Dysfunction and Findings 
on MRT

Motor dysfunction for 3 months after surgery was observed 
in eight patients. In the univariable analysis, the presence of 
preoperative motor dysfunction (p = 0.0050), tract injury on 
postoperative MRT (p = 0.0140), and the presence of tran-
sient motor dysfunction (p = 0.001) were significantly related 
to the occurrence of permanent motor dysfunction. The 
MDACST was significantly smaller in patients with perma-
nent motor dysfunction than in patients without permanent 
dysfunction (p = 0.0024) (Table 4).
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�Multivariate Analysis Regarding Factors 
Predicting the Occurrence of Transient 
Motor Deterioration and Permanent Motor 
Dysfunction

Forward and backward stepwise logistic regression analy-
ses with AIC to determine the associations of potential 
confounders with age, sex, MDACST, the presence of 
hematoma before surgery, tract injury on preoperative 
MRT or postoperative MRT, the size of the AVM, and the 
presence of preoperative motor dysfunction revealed that 
the occurrence of transient motor deterioration was most 
significantly predicted by the combination of age, 
MDACST, and tract injury on preoperative MRT with an 
AIC value of 19.55 (Table 5) and that the occurrence of 
permanent motor dysfunction was most significantly pre-
dicted by the combination of MDACST, tract injury on 
postoperative MRT, and tract injury on preoperative MRT 
with an AIC value of 8.0 (Table 6).

�Receiver Operating Character (ROC) 
Analysis of the MDACST in Predicting 
the Occurrence of Transient Motor 
Deterioration and Permanent Motor 
Dysfunction

An ROC analysis revealed that the occurrence of transient 
motor deterioration was significantly related to MDACST 
(p = 0.0003, AUC = 0.90179, cutoff value 16 mm, sensitivity 
100%, and specificity 79%) (Fig. 3a). The occurrence of per-
manent motor dysfunction was also significantly related to 
MDACST (p < 0.001, AUC = 0.96190, cutoff value 8 mm, 
sensitivity 85%, and specificity 100%) (Fig. 3b).

Table 5  Multivariate analysis indicating that the occurrence of tran-
sient motor deterioration was most significantly predicted by the com-
bination of age, minimal distance between AVM and CST, and tract 
injury on preoperative MRT with an AIC value of 19.55
Variable Estimate p-value OR 95% CI
Age −0.1128 0.1566 0.8933 0.72 1.01

Minimal distance 
between AVM and CST

−0.4735 0.0512 0.6228 0.30 0.86

Tract injury on 
preoperative MRT

−3.7049 0.1361 0.0246 0.00 1.28

Note: AVM arteriovenous malformation, MRT magnetic resonance 
tractography

Fig. 3  An ROC analysis revealed that the occurrence of permanent 
motor dysfunction was significantly related to the minimal distance 
between the AVM and the corticospinal tract (CST) (p  =  0.0003, 
AUC = 0.90179, cutoff value 16 mm, sensitivity 100%, and specificity 
79%) (a). The occurrence of permanent motor function was signifi-
cantly related to the minimal distance between the AVM and the CST 
(p < 0.001, AUC = 0.96190, cutoff value 8 mm, sensitivity 85%, and 
specificity 100%) (b)

Table 6  Multivariate analysis indicating that the occurrence of perma-
nent motor dysfunction was most significantly predicted by the combi-
nation of minimal distance between AVM and CST, tract injury on 
postoperative MRT, and track injury on preoperative MRT with an AIC 
value of 8.0

Variable Estimate p-value OR
95% 
CI

Infinity 
of the 
upper 
limit

Minimal 
distance 
between 
AVM and 
CST −14.2400 0.999 6.52E−07 0

inf

Tract injury 
on 
postoperative 
MRT

117.3700 0.999 9.37E+50 0.00 inf

Tract injury 
on 
preoperative 
MRT

−145.9100 0.999 4.29E−64 0.00 inf

Note: AVM arteriovenous malformation, MRT magnetic resonance 
tractography
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�Discussion

In general, the evaluation of the surgical risk of cerebral AVM 
has been performed by using Spetzler–Martin grading (SMG) 
reported in 1986 [8]. The occurrence rate of the postoperative 
morbidity and mortality of SMG I, II, III, IV, and V were 0%, 
5%, 16–21.9%, 21.9–27%, and 16.7–31%, respectively. 
There was a statistically significant difference among grading 
[9]. Japan Stroke Society Guideline 2021 for the Treatment of 
Stroke recommended that SMG I and II AVMs be treated via 
surgery, SMG III AVMs be treated via surgery with endovas-
cular embolization, and SMG IV and V AVMs be treated via 
conservative treatment [10]. The surgical outcome for SMG I, 
II, and III AVMs is favorable. Stein et al. reported that com-
plete resection could be achieved in 97% of surgeries for 67 
brain AVMs with a diameter less than 3 cm, and the complica-
tion rate was 1.5% [11]. Schaller et al. also reported that the 
complete resection rate was 98.4% in surgeries for 62 AVMs 
with a diameter less than 3 cm, and the complication rate was 
3.2% [12]. The complication rate in surgeries for SMG I and 
II AVMs is quite low (less than 5%). The surgical risk of 
SMG I or II AVMs located in a noneloquent area was 0.6% 
and was only 5% when located even in an eloquent area [13]. 
However, the surgical risk of SMG III AVMs varied widely, 
ranging from 16% to 21.9% [8]. Lawton categorized SMG III 
AVMs into several types according to size (S), the presence of 
a deep drainer (V), and eloquence (E). The complication rates 
for surgery of S1V1E1 (small) AVMs, S2V1E0 (medium 
deep) AVMs, and S2V0E1 (medium eloquent) AVMs were 
2.9%, 7.1%, and 14.8%, respectively. He pointed out that the 
surgical risk in surgery for SMG III AVMs was not the same. 
The size of AVM was the most important, and eloquence was 
the second-most important [14].

Surgical risk factors other than SMG have been reported. 
Du et al. showed that diffuse nidus configuration (odds ratio 
3.6–5.74) and the presence of a deep perforation feeder (odds 
ratio 3.6–5.74) were independent predictive factors for post-
operative deterioration [15]. The postoperative deterioration 
rate in surgery for unruptured AVM was 2.33 times higher 
than that for ruptured AVMs [16]. Those data suggest that not 
only SMG but also other risk factors should be taken into con-
sideration in evaluating the surgical risk for SMG III AVMs.

Although recent MRI technology could describe the 
major neural tract around AVMs such as CST, the sensory 
pathway, and OR, there were a few reports applying the tech-
nology to evaluate patients with AVMs. We previously exam-
ined the status of CST and OR close to the nidus and found 
that they were less visualized in the affected hemisphere than 
were those distant from the nidus and that tracts were less 
visualized in patients with neurologic symptoms than in 
asymptomatic patients [17].

In this study, the presence of hematoma, tract injury on 
preoperative MRT, and the minimal distance between AVM 
and CST (MDACST) were significantly related to the pres-
ence of preoperative motor dysfunction. The presence of 
preoperative motor dysfunction and the MDACST were sig-
nificantly related to the occurrence of transient motor dys-
function. The presence of preoperative motor dysfunction 
(p = 0.0050), tract injury on postoperative MRT (p = 0.0140), 
the presence of transient motor dysfunction (p = 0.001), and 
the MDACST were significantly related to the occurrence of 
permanent motor dysfunction. Multivariate analysis sug-
gested that the MDACST was one of the most important 
factors predicting the occurrence of transient motor deterio-
ration and the occurrence of permanent motor dysfunction 
as well. In addition, ROC analysis indicated that AVM sur-
gery with an MDACST of less than 16 mm would yield tran-
sient motor deterioration and that less than 8  mm would 
yield permanent motor dysfunction. Those data might help 
to determine the surgical indication of AVM near CST. Li 
et  al. recently analyzed the surgery of 90 patients with 
AVMs with a minimal distance between the AVM and the 
CST of less than 10  mm [18]. Postoperative permanent 
motor dysfunction was observed in 23.3%. They also 
revealed that the minimal distance between the AVM and 
the CST was the independent risk factor for postoperative 
permanent motor dysfunction. In addition, they indicated 
that not only closeness but also the closest CCT level, 
patient age, and AVM diffuseness were independent predic-
tors for poor motor outcome. They established the CLAD 
(closeness, level, age, and diffuseness) grading score to pre-
dict poor motor outcome. They reported that AVM surgery 
with an MDACST of less than 10 mm was hazardous, with 
a permanent motor dysfunction rate of 23.3%. Our data sug-
gest a significant risk of transient motor deterioration even 
in surgery of AVM with an MDACST of less than 16 mm.

The present study has some limitations, including the 
small number of patients enrolled in this study. Our results 
need to be confirmed by further prospective studies with a 
larger number of patients.

�Conclusions

We conclude that surgery of AVM with a minimal distance 
between the AVM and the CST of less than 16 mm would 
yield postoperative transient motor dysfunction and that the 
same but with a minimal distance of less than 8 mm would 
yield permanent motor dysfunction.
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�Introduction

Brain arteriovenous malformation (AVM) is a rare congeni-
tal intracranial vascular malformation, harbouring a lifelong 
risk of cerebral haemorrhage with a resultant mortality rate 
of 10.0–17.6% [4, 23]. Expert care at specialised facilities is 
reportedly important when managing AVMs because the risk 
of treatment-associated morbidity and mortality is non-
negligible [14]. There are three primary treatment modalities 
to effectively manage this complex disease: surgical resec-
tion, endovascular treatment, and stereotactic radiosurgery 
(SRS), utilised either as standalone therapies or in combina-
tion [2, 11, 33]. Throughout the long history of AVM man-
agement, substantial progress has been achieved in both 
surgery and endovascular treatment [17, 19, 30, 34]. 
Concurrently, findings from the Randomized Trial of 
Unruptured Brain Arteriovenous Malformations (ARUBA) 
study advocated for the judicious application of therapeutic 
interventions when addressing unruptured AVMs [22].

Regarding SRS, numerous reports on the clinical out-
comes have been provided from many experts in gamma 
knife radiosurgery (GKRS) [12, 24]. In general, 60–80% of 
AVMs are completely obliterated following a latency period 
of 3–5 years [8, 28, 29]. However, the risk of haemorrhagic 
stroke during the latency period is not negligible, with an 
annual rate of 0.9–1.4%, although the haemorrhage risk is 
almost completely eliminated after obliteration [3, 24]. 
Symptomatic radiation adverse events, such as post-SRS 
brain oedema, are possible but occur uncommonly – that is, 
in under 10% of the patients – with only 3% of them devel-
oping permanent deficits. The risk of a late adverse event is 

reported to be 2.8–7.7% at 10  years and 7.2–12.5% at 
15 years [10].

Since the first introduction of GKRS in Japan in 1990, 
we have performed more than 1100 sessions of GKRS for 
AVM. Through the accumulation of treatment experiences 
and associated research over 30  years, we have endeav-
oured to sophisticate our treatment by understanding the 
long-term efficacies and limitations of GKRS, exploring 
factors associated with AVM obliteration, analysing what is 
important to prevent postradiosurgical haemorrhages, and 
incorporating new imaging technologies, enabling better 
visualisations of not only vascular anatomies but also func-
tional neurofibres [8, 9, 11, 13, 15, 16, 18, 20, 21, 25–29]. 
This article aimed to provide brief introductions to our his-
tory of treatment optimisation and the latest treatment out-
comes of GKRS for AVMs using our modern radiosurgical 
techniques.

�Methods and Materials

�Study Population

A retrospective analysis was conducted by using data 
obtained from 1032 patients with AVM who underwent 
GKRS at our institution from 1990 to 2022 to provide a com-
prehensive overview of our treatment advancement. Initially, 
we outlined our basic radiosurgical techniques and the 
advancement of GKRS at our institution. We subsequently 
analysed our modern radiosurgical outcomes from 2015 to 
2020, excluding patients with less than 2 years of radiologi-
cal follow-up, those who underwent volume-staged GKRS 
for large AVM, and those who had received previous radio-
therapy for treated AVMs. Consequently, 90 patients treated 
with our modern radiosurgical techniques were identified. 
This study was approved by the institutional review board of 
our institution (approval number 2231), and all patients 
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provided written informed consent for study participation in 
accordance with the principles of the Declaration of Helsinki.

�Our Basic Radiosurgical Techniques

Our institution utilises the Leksell gamma knife (Elekta 
Instruments Inc., Stockholm, Sweden) for SRS.  The proce-
dure entails head fixation using a Leksell frame (Elekta 
Instruments Inc.) under local anaesthesia, followed by stereo-
tactic imaging to obtain precise information on the shape, 
diameter, volume, and three-dimensional (3D) coordinates of 
the AVMs. Between June 1990 and February 1991, GKRS 
treatments at our institution relied primarily on two-
dimensional (2D) digital subtraction angiography (DSA) 
images for defining and targeting the AVM nidus. From March 
1991, the utilisation of computed tomography (CT) with DSA 
enabled axial-based treatment planning, thereby enhancing 
targeting accuracy. Subsequently, magnetic resonance imag-
ing (MRI) was incorporated from August 1996 onwards. 
Radiosurgical planning was collaboratively conducted by ded-
icated neurosurgeons and radiation oncologists, utilising com-
mercially available software. Until 1998, the KULA planning 
system (Elekta Instruments Inc.) was employed, while the 
Leksell GammaPlan (Elekta Instruments Inc.) has been imple-
mented since 1999. The Leksell GammaPlan facilitated the 
visualisation of multiple radiographic images on a computer 
display, concurrently covering isodose lines and further 
enhancing targeting accuracy. These updates were carried out 
not only in our institution but also in facilities worldwide.

In principle, the optimal dose administered to the margin 
of each AVM nidus was 20 Gy. To mitigate potential compli-
cations when the nidus volume was either larger or in prox-
imity to critical neuroanatomical structures, the marginal 
dose was cautiously reduced to 18  Gy. After treatment, 
patients were monitored at our institution or affiliate hospi-
tals. MRI was conducted every 6  months until complete 
obliteration was confirmed, after which it was conducted 
annually. DSA was performed when these images strongly 
suggested AVM obliteration.

�Our Radiosurgical Advancement

From 2004 onwards, our institution introduced new imaging 
techniques and novel treatment strategies to optimise GKRS 
treatment for AVMs.

�Integration of Tractography
The potential risk of radiation-induced neurological deficits 
is notable for patients with AVMs located in critical or elo-
quent regions of the brain [15]. Therefore, we implemented 

the visualisation of critical brain white matter fibres by using 
tractography and integrating it into GKRS treatment [15, 16, 
20]. Diffusion tensor imaging (DTI)–based tractography was 
integrated into the radiosurgical planning, beginning with 
the pyramidal tract in 2004 [20]. This integration was deemed 
essential due to the pyramidal tract’s significance in reducing 
radiosurgical morbidity. As the methodology evolved, the 
DTI tractography of the optic radiation was incorporated in 
2006, and further advancements led to the integration of DTI 
tractography for the arcuate fasciculus in 2007. Ultimately, 
Q-ball-based tractography emerged as a superior method for 
visualising each fibre compared to DTI-based tractography 
from 2015 onwards. DTI or Q-ball-based tractography was 
acquired on the day before treatment. The tractography-
integrated images were subsequently imported into the treat-
ment planning software on the day of the treatment, where 
the registration process was automated within GammaPlan. 
The integration was performed when the target lesion was 
located under 10 mm away from these fibres given the poten-
tial radiosurgical risks associated with such proximity. Until 
now, we have used these technologies in our GKRS for over 
250 patients with AVMs in critical or eloquent areas. By inte-
grating each neural fibre into the treatment plan, we could 
create an optimal treatment while constantly checking radia-
tion doses to each critical neural fibre without uselessly 
reducing the dose to the nidus and suppressing excessive 
radiation exposure to the nerve fibres [15, 16].

�Integration of Rotational Angiography (RA)
GKRS treatment relies entirely on imaging; therefore, 
enhancing image resolution and visualisation may theoreti-
cally contribute to improved treatment outcomes. RA is per-
formed by using a cone-shaped X-ray beam and advanced 
flat-panel detectors on a contemporary C-arm system, and it 
delivers a superior spatial resolution of the angioarchitecture 
of vascular lesions. Consequently, RA integration substan-
tially reduces suboptimal nidus coverage and excessive irra-
diation outside the nidus, potentially improving conformity 
and increasing the chance of obliteration [9, 29]. Beginning 
in 2015, we implemented RA-integrated GKRS (RA-GKRS) 
for all cerebrovascular malformations to provide high-
resolution images and precise targeting of the nidus, further 
enhancing our radiosurgical outcomes [26, 29]. Prior to or on 
the day of treatment, RA is obtained by utilising the pro-
grammed acquisition protocol (3DRA and HiRes-XperCT 
modes) with conventional DSA. The 3DRA mode is gener-
ally employed for hemispheric AVMs and those presenting 
with potential metal artefacts (e.g. cases with previous 
embolisation), whereas HiRes-XperCT is applied for AVMs 
located deeply near the skull base (e.g. brainstem) and for 
faint, diffuse AVMs. The acquired volume dataset is auto-
matically transferred to a preinstalled workstation 
(XtraVision; Philips Healthcare) for further reconstruction 
utilising a 2563- or 5123-resolution voxel matrix. 
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Subsequently, the DICOM “tag” is transformed from XA 
into CT in our software, allowing the GammaPlan to accu-
rately identify the RA as a CT-like image. Once the RA has 
been incorporated into the GammaPlan, image coregistration 
with stereotactic CT and MR imaging (primarily time-of-
flight MR angiography and gadolinium-enhanced T1 images, 
supplemented by T2) is automated by using the preinstalled 
coregistration function. To date, we have employed 
RA-GKRS for over 240 patients with AVMs. The integration 
of RA into the treatment plan enables more-optimal treat-
ment planning while continuously monitoring prescribed 
radiation doses to even tiny nidus components and minimis-
ing excessive irradiation to surrounding brain tissues. We 
have previously reported the benefits of RA-GKRS in plan-
ning and clinical outcomes for cerebrovascular malforma-
tions [9, 26, 29].

�Role of Endovascular Treatment
A combination of endovascular embolisation and GKRS is 
optional, particularly for large AVMs. [34] This combined 
approach was initially assumed to be ideal as embolisation 
could reduce nidus volume to a level suitable for GKRS 
application. However, subsequent studies have indicated 
that this strategy might be associated with a decrease in 

obliteration rates [10, 34]. Although entirely dismissing 
this combined approach would be premature, the oblitera-
tion rate for postembolised AVMs could be lower than that 
for nonembolised AVMs with similar volumes [13, 34]. In 
our institution, the trend of endovascular treatment for 
AVM has shifted towards less embolisation given the risk 
of postembolisation complications. Increased embolic 
material injection has been related to more haemorrhagic 
complications; in contrast, minimal targeting embolisation 
(MTE), limited to high-risk components such as an AVM-
related aneurysm or a fistulous component, has proven 
effective in preventing AVM haemorrhage. In 2011, we 
introduced GKRS with MTE to target identified high-risk 
haemorrhage locations, especially for associated aneu-
rysms, aiming to reduce the risk of post-GKRS haemor-
rhage during the latency period [17]. This treatment strategy 
is anticipated to contribute to acceptable therapeutic risk 
and effective haemorrhage prevention in contemporary 
complex AVM management. Moreover, the incorporation 
of flow analysis with phase contrast MRI, enabling the 
identification of high-risk bleeding sites, could be promis-
ing [10, 17, 31, 32].

Illustrative cases treated with our modern radiosurgical 
technique are shown in Figs. 1, 2, and 3.
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Fig. 1  Gamma knife radiosurgery after the integration of Q-ball 
tractography and rotational angiography (RA) for a 58-year-old man 
with an unruptured left parietal arteriovenous malformation (AVM). 
The nidus is 15 × 13 × 21 mm and close to the left corticospinal tract 
(CST) and spinothalamic tract (STT). The integration of Q-ball trac-
tography enables the distinct delineation of the CST and STT, while 
the integration of RA can clearly visualise the detailed nidus compo-
nents. The upper row (a–c) shows a radiosurgical dose planning after 
the integration of Q-ball tractography and RA, and the lower row 
(d–f) shows AVM before and after radiosurgery. Yellow line indi-
cates the 50% isodose line for the prescribed treatment dose of 

19 Gy, and green lines indicate marginal dose lines of 10, 12, and 
22 Gy, in order from the outside, respectively. The purple shape indi-
cates the left CST, and the cyan shape indicates the left STT. D shows 
the three-dimensional visualisation of target area, CST, and 
STT.  Yellow shape indicates the targeted nidus, the purple shape 
indicates the left CST, and the cyan shape indicates the left STT. (e) 
shows the lateral aspect of the digital subtraction angiography before 
radiosurgery, and (f) shows the same after obliteration. (a) Gd-T1 
gadolinium-T1-weighted imaging, (b, c) 3DRA three-dimensional 
rotational angiography, (d) 3D three-dimensional, and (e, f) DSA 
digital subtraction angiography
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Fig. 2  Gamma knife radiosurgery after minimal target embolisation 
(MTE) and the integration of Q-ball tractography and rotational angi-
ography (RA) for a 24-year-old woman with a ruptured right lateral 
ventricle inferior horn arteriovenous malformation (AVM). The nidus is 
10 × 8 × 8 mm with intranidal aneurysm and close to the right cortico-
spinal tract (CST) and spinothalamic tract (STT). The integration 
Q-ball tractography enables the distinct delineation of the CST and 
STT, while the integration RA can clearly visualise the faint nidus com-
ponents. (a) shows an intraventricular haemorrhage from ruptured 
AVM on computed tomography (CT) imaging. (b, c) shows AVM 
before and after MTE in digital subtraction angiography (DSA). Yellow 

arrowhead indicates a ruptured intranidal aneurysm before MTE. White 
arrowhead indicates the disappearance of intranidal aneurysm after 
MTE. (d, e) shows a radiosurgical dose planning after the integration of 
Q-ball tractography and RA. Yellow line indicates the 50% isodose line 
for the prescribed treatment dose of 22  Gy, and green lines indicate 
marginal dose lines of 5, 8, 12, and 24 Gy, in order from the outside, 
respectively. The purple shape indicates the right CST, and the cyan 
shape indicates the right STT. (e) shows the AVM obliteration in DSA. 
(a) CT computed tomography, (b, c, f) DSA digital subtraction angiog-
raphy, (d) Gd-T1 gadolinium-T1-weighted imaging, and (e) 3DRA 
three-dimensional rotational angiography

The Forefront of Gamma Knife Radiosurgery for Brain Arteriovenous Malformations: Our History of Treatment Optimisation Over 30…



52

a b c d e

f g h i j

Fig. 3  Gamma knife radiosurgery after minimal target embolisation 
(MTE) and the integration of Q-ball tractography and rotational angi-
ography (RA) for a 34-year-old woman with a large ruptured left basal 
ganglia arteriovenous malformation (AVM). The nidus is 
36 × 37 × 57 mm with intranidal aneurysm and close to the right corti-
cospinal tract (CST) and spinothalamic tract (STT). The integration 
Q-ball tractography enables the distinct delineation of the CST, while 
the integration RA can clearly visualise the detailed nidus components. 
(a) shows an intraventricular haemorrhage from ruptured AVM in a 
T2-star-weighted imaging. (b) shows a large ruptured deep-seated 
AVM in a gadolinium-T1-weighted imaging (Gd-T1). (c–e) shows 
AVM before and after MTE in digital subtraction angiography (DSA). 

Yellow arrowhead indicates a ruptured intranidal aneurysm before 
MTE. White arrowhead indicates a disappearance of intranidal aneu-
rysm after MTE. (f–i) shows a volume-staged (three-staged) radiosurgi-
cal dose planning after the integration of Q-ball tractography and 
RA. Yellow line indicates the 50% isodose line for the prescribed treat-
ment dose of 17 Gy, and green lines indicate marginal dose lines of 8, 
10, and 12 Gy, in order from the outside, respectively. Light blue lines 
indicate previous target areas. The orange shape indicates the left CST. 
(j) shows the AVM obliteration in DSA. (a) T2* T2-star-weighted 
imaging, (b, f–h) Gd-T1 gadolinium-T1-weighted imaging, (c–e, j) 
DSA digital subtraction angiography, and (i) 3DRA three-dimensional 
rotational angiography

�Results

�Our Modern Radiosurgical Outcomes

�Baseline Characteristics
Patients’ background characteristics treated with our 
modern radiosurgical techniques are summarised in 
Table  1. RA-GKRS was applied to 88 patients (98%) 
without any reported iodine contrast agent allergy. 
Tractography was integrated into GKRS planning in 54 
patients (60%), and MTE was utilised in five patients 
(6%) (Table 1).

�Obliteration
Following initial GKRS, 57 AVMs (63%) showed nidus 
obliteration at a median interval of 30  months (range, 
14–49  months). The cumulative obliteration rates were 
61.0% at 3 years and 81.6% at 4 years (Fig. 4). Univariate 
analyses demonstrated that several factors were significantly 
associated with a better AVM obliteration rate, including 
planned target volume (continuous) (hazard ratio [HR] 0.88, 
95% confidence interval [CI] 0.80–0.95; p = 0.001), planned 
target volume  ≤2.0  cm3 (HR 2.13, 95% CI 1.26–3.58; 
p = 0.005), maximum diameter (continuous) (HR 0.94, 95% 

CI 0.91–0.96; p = 0.001), maximum diameter ≤20 mm (HR 
2.09, 95% CI 1.24–3.52; p = 0.006), margin dose (continu-
ous) (HR 1.48, 95% CI 1.14–1.91; p = 0.003), margin dose 
≥20 Gy (HR 2.19, 95% CI 1.19–4.02; p = 0.012), a modified 
Pittsburgh radiosurgical AVM score (continuous) (HR 0.50, 
95% CI 0.27–0.84; p  =  0.019), and Virginia radiosurgery 
AVM score 0–2 (HR 0.50, 95% CI 0.27–0.84; p  =  0.019) 
(Table 2). Upon multivariable analyses, planned target vol-
ume ≤2.0 cm3 (HR 1.82, 95% CI 1.06–3.11; p = 0.029) and 
margin dose ≥20 Gy (HR 1.94, 95% CI 1.04–3.62; p = 0.036) 
remained significant factors for a better AVM obliteration 
rate (Table 2).

�Haemorrhagic Events and Survival
The annual haemorrhage rates of AVM decreased from 8.2% 
to 1.0% after GKRS and 0.0% after the confirmation of AVM 
obliteration. The cumulative post-GKRS haemorrhage rates 
were 2.2% at 2  years and 3.6% at 5  years, respectively 
(Fig. 5). Post-GKRS haemorrhage occurred in three patients 
(3.3%), resulting in dead in one patient (1.1%). Therefore, 
the 5-year cumulative DSS rate was 98.9% (Fig. 6). Of the 
remaining two patients who experienced post-GKRS haem-
orrhage, one underwent nidus resection, whereas the other 
was treated with conservative therapy, ultimately achieving 
AVM obliteration.
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Table 1  Baseline characteristics of the patients treated with the most advanced gamma knife radiosurgery technique

Variable
All
Value, range (median) (%)

Patients’ background

Number of patients 90

Follow-up period, months 12–71 (41)

Age at treatment, years 3–76 (39)

Male sex 56 [62]

AVM characteristics

Targeted nidus volume, mL 0.1–19.1 (2.1)

Maximum diameter, mm 6–47 (22)

History of haemorrhage 32 [36]

History of direct surgery 4 [4]

History of embolisation 15 [17]

Presence of deep drainer 45 [50]

Involving eloquent area 49 [54]

Location Deep
(BS/CPA, cerebellum, BGL/thalamus)

28 [31]

Not deep
(lobar, ventricle, callosal)

63 [69]

SMG 1 23 [25]

2 29 [32]

3 30 [33]

4 8 [9]

5 0 [0]

mPRAS 0.3–2.6 [1.2]

VRAS 0–2 66 [73]

3–4 24 [27]

Radiosurgical parameters

Margin dose, Gy 17–22 (20)

Central dose, Gy 21–51 (40)

3DRA 88 [98]

Tractography 54 [60]

Minimal targeting embolisation 5 [6]

Note: 3DRA three-dimensional rotational angiography, BS brainstem, BGL basal ganglia, CPA cerebellopontine angle, mPRAS modified Pittsburgh 
radiosurgical AVM score, SMG Spetzler–Martin grade, and VRAS Virginia radiosurgical AVM score

�Post-GKRS Early Signal Change and Neurological 
Outcomes
Post-GKRS signal change was observed in 31 patients 
(34%). The cumulative rates of post-GKRS signal change 
were 30.8% at 1  year and 35.3% at 3  years, respectively 
(Fig. 7). The post-GKRS signal change eventually resolved 
or significantly diminished in 22 patients (71%) without any 

treatment, while eight patients (26%) were administered oral 
steroid medication. Only one patient (3.2%) developed an 
asymptomatic small cyst. Of the entire cohort, only one 
patient (1.0%) developed a neurological complication as 
symptomatic epilepsy and was maintained with antiepileptic 
drugs. The 5-year cumulative rate of neurological preserva-
tion was 97.8% (Fig. 8).
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Fig. 4  Kaplan–Meier curve for the obliteration rate after GKRS treated with the most advanced techniques. GKRS gamma knife radiosurgery

Table 2  Bivariate and multivariable analyses of nidus obliteration

Variables

Bivariate
Forward stepwise 
selection Multivariable

p-value HR (95% CI) p-value p-value HR (95% CI)
Age at treatment 
(continuous) 0.443 1.01 (0.99–1.02) / /

/

Age at treatment 
>40 years

0.486 1.20 (0.71–2.03) 0.274 / /

Planned target 
volume (continuous)

0.001* 0.88 (0.80–0.95) / / /

Planned target 
volume ≤2.0 cm3

0.005* 2.13 (1.26–3.58) 0.063 0.029* 1.82 (1.06–3.11)

Maximum diameter 
(continuous)

0.001* 0.94 (0.91–0.96) / / /

Maximum 
diameter ≤20 mm

0.006* 2.09 (1.24–3.52) / / /

Margin dose 
(continuous)

0.003* 1.48 (1.14–1.91) / / /

Margin dose ≥20 Gy 0.012* 2.19 (1.19–4.02) 0.033 0.036* 1.94 (1.04–3.62)

Central dose 
(continuous)

0.218 1.06 (0.97–1.17) / / /

Central dose ≥40 Gy 0.277 1.34 (0.79–2.25) / / /

History of direct 
surgery

0.318 1.68 (0.61–4.67) 0.375 / /

History of 
embolisation

0.206 0.63 (0.31–1.29) 0.662 / /

History of 
haemorrhage

0.061 1.65 (0.98–2.79) 0.152 0.080 1.60 (0.94–2.72)

(continued)
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Variables

Bivariate
Forward stepwise 
selection Multivariable

p-value HR (95% CI) p-value p-value HR (95% CI)

Presence of deep 
drainer

0.738 1.09 (0.65–1.83) 0.358 / /

Involving eloquent 
area

0.065 0.61 (0.36–1.03) 0.351 / /

SMG ≤2 0.183 1.45 (0.84–2.49) / / /

mPRAS (continuous) 0.019* 0.50 (0.27–0.84) / / /

mPRAS ≤1.2 0.100 1.55 (0.92–2.60) / / /

VRAS 0–2 0.001* 2.84 (1.43–5.65) / / /

Note: HR hazard ratio, CI confidence interval, SMG Spetzler–Martin grade, mPRAS modified Pittsburgh radiosurgical AVM score, and VRAS 
Virginia radiosurgery AVM score
*Significant at p < 0.05

Table 2  (continued)

Fig. 5  Kaplan–Meier curve for the haemorrhage rate after GKRS treated with the most advanced techniques. GKRS gamma knife radiosurgery
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Fig. 6  Kaplan–Meier curve for the disease-specific survival rate after GKRS treated with the most advanced techniques. DSS disease-specific 
survival, GKRS gamma knife radiosurgery

Fig. 7  Kaplan–Meier curve for the signal change rate after GKRS treated with the most advanced techniques. GKRS gamma knife radiosurgery

Y. Shinya et al.



57

Fig. 8  Kaplan–Meier curve for the neurological preservation rate after GKRS treated with the most advanced techniques. GKRS gamma knife 
radiosurgery

�Discussion

In this study, we present a comprehensive overview of the 
history of GKRS treatment for AVMs in our hospital over a 
period of more than 30 years. We have reported several arti-
cles analysing the outcomes of GKRS for AVMs, as well as 
new technologies and novel treatment strategies [8, 10, 13, 
15, 16, 18, 20, 25–29, 31, 32]. Through more than 1100 
GKRS treatments for AVMs, we have been aiming to improve 
therapeutic outcomes for AVM patients by utilising and inte-
grating new radiographic imaging modalities and novel 
treatment strategies. Our study could provide an important 
contribution to the literature on GKRS for AVMs and high-
light the significance of ongoing research and development 
in this field.

Improving the obliteration rate of the AVM is generally 
considered to be a critical factor in reducing post-GKRS 
haemorrhage rates and improving neurological function 
preservation [1, 7]. However, achieving a balance between a 
sufficient dose to the nidus and minimising excessive radia-
tion dosing to surrounding normal brain tissue is essential. 
Therefore, accurately projecting the actual nidus structure 
onto the radiographic imaging is of paramount importance 
[9, 26, 29]. RA-GKRS has shown promise, with a median 
latency period of 30 months and a cumulative obliteration 
rate of over 80% at 4 years, as reported in our previous study 

[29]. In cases without complete obliteration, additional treat-
ment options may be considered for remnant nidus. We 
believe that the final treatment outcome must be analysed 
after combining these additional treatments. Currently, we 
are continuing to explore the implementation of new treat-
ment strategies to further enhance the obliteration rate.

Although improving AVM obliteration rates is expected 
to be able to reduce post-GKRS haemorrhage rates, this 
study and our previous article failed to demonstrate statisti-
cal significance in the difference between RA-GKRS and 
conventional GKRS [29]. The limitations of sample size and 
variability in background factors should also be taken into 
account. Although early achievement and improvement in 
the AVM obliteration were not directly associated with a 
reduced risk of AVM haemorrhage, we suggest that further 
analysis is necessary to identify additional related factors 
and develop new therapeutic strategies to improve the overall 
efficacy of AVM treatment.

The incidence of post-GKRS signal changes was higher 
than that in the previous report, which was consistent with 
RA-GKRS outcomes in our previous report [5, 6]. 
However, these events might be obliteration related, and 
70% of those resolved spontaneously. In the remaining 
cases, signal changes almost disappeared following oral 
steroid treatment. Only one patient experienced persistent 
neurological adverse events, requiring continuous anticon-
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vulsant medication for symptomatic epilepsy. However, if 
this patient and another patient who died from haemor-
rhage were excluded, then the overall neurological out-
comes of patients were excellent. The reduction in the 
dose to critical nerve fibres achieved via the visualisation 
of nerve fibres and multiple shots and beam-blocking tech-
niques may have contributed to this favourable neurologi-
cal outcome. Further research is needed to investigate the 
effectiveness of these therapeutic strategies in reducing the 
incidence of late radiation-induced adverse events. We 
believe that the primary goal of radiosurgery for AVM is to 
achieve continuous neurological preservation in patients 
20–30 years after GKRS.

This study has certain limitations. As this is a retrospec-
tive study, selection bias may potentially limit the general-
isability of our findings, and further research with a larger 
sample size is desirable. Also, the significance of our 
advanced GKRS technique on late radiation-induced com-
plications has yet to be established, and further analysis 
with a longer follow-up period will yield additional insight 
into the benefits of GKRS with tractography, RA, and 
MTE.

�Conclusion

GKRS is a safe and effective treatment for AVMs. We repre-
sented our continuous development and advanced technique 
on GKRS for AVMs. Further studies with larger samples and 
longer follow-ups, as well as an analysis of late adverse 
events, are warranted.
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Abbreviations

CVD	 cortical venous drainage
CVJ	 craniovertebral junction
dAVF	 dural arteriovenous fistula
EVT	 endovascular treatment
ICH	 intracranial hemorrhage
MRI	 magnetic resonance imaging
mRS	 modified Rankin scale
TAE	 transarterial embolization
TSS	 transverse-sigmoid sinus
TVE	 transvenous embolization

�Introduction

Intracranial dural arteriovenous fistulas (dAVFs) are uncom-
mon vascular diseases characterized by pathological arterio-
venous communication on the dura mater and/or venous 
sinuses. The clinical course of dAVF is associated with 
venous drainage, and dAVFs with cortical venous drainage 
(CVD) exhibit a high risk of intracranial hemorrhage (ICH) 
and neurological deficits [5, 16]. Thus, active and early inter-
ventional treatment should be considered for dAVF with 
CVD (Borden type II and III dAVF) [10, 21].

Endovascular treatment (EVT) is often used as the pri-
mary treatment, and the majority of dAVFs can be treated 
through transarterial embolization (TAE), transvenous 
embolization (TVE), or their combination [2, 10]. Stereotactic 
radiosurgery is another means; however, limitations such as 
a lower obliteration rate and a post-treatment latency period 
remain [3, 10].

A direct (or open) surgical procedure is also an established 
procedure with a long history. Despite its invasiveness, surgi-
cal procedures have an important role and an important effec-
tiveness to a certain extent depending on the lesion location, 
angiographical architecture, pattern of onset, and eligibility or 
curability for EVT [1, 8, 21]. However, data regarding direct 
surgery in the management of intracranial dAVFs remain lim-
ited, possibly due to their rarity. This study aimed to clarify the 
role and efficacy of direct surgery in the management of intra-
cranial dAVF by investigating the factors that influence the 
selection of direct surgery and surgical outcomes.

�Methods

�Patients

The institutional review board of the Hokkaido University 
Hospital, Sapporo, Japan, approved this study (No.017-0074). 
A multicenter retrospective survey was conducted by using a 
prospectively maintained institutional surgical registry of 
Hokkaido University Hospital and its affiliated hospitals, 
between April 2007 and March 2022. We identified 43 
patients who had undergone direct surgery for dAVFs during 
the study period. Informed consent was obtained from all the 
patients included in this study.

�Data Collection and Outcome Evaluation

We reviewed data concerning demographics, the location of 
the lesion, angiographical architecture, the pattern of onset, 
the preoperative modified Rankin scale (mRS) score, surgi-
cal procedures, and surgery-related complications. We also 
surveyed factors for the selection of direct surgery and prior 
treatment among the treatment modalities.
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Angiographic outcomes were postoperatively evaluated 
by using selective angiography within 7 days. Incomplete 
obliteration was defined as a treatment that resulted in 
residual CVD.  Long-term outcomes were evaluated by 
using outpatient magnetic resonance imaging (MRI) fol-
low-up data. Recurrence was defined as recanalization and 
progression to Borden type II or III during the period after 
shunt placement or CVD occlusion. A clinically favorable 
outcome was defined as an mRS score of 0–2 at the last 
evaluation [20, 21].

�Indication and Selection of Treatment 
Modality

At our facilities, the presence of CVD, hemorrhagic pre-
sentation, and nonhemorrhagic neurological deficits are 
considered indicators of interventional treatment in 
dAVFs.

On the basis of the angiographical architecture of the 
lesion and patient condition, the treatment modality was 
decided through discussion by a multidisciplinary neurovas-
cular team including a board-certified neurosurgeon, a neu-
roendovascular surgeon, and a radiologist. TVE was 
considered for the curative embolization of sinus-type dAVF, 
and TAE was also considered for all types of dAVFs as the 
primary option. When preoperative angiography indicated 
the existence of pial arterial feeders, TAE through the pial 
artery was first considered; however, when the pial arterial 
feeder was estimated to be unsafe for embolization, curative 
endovascular treatment was abandoned, even if TAE via the 
dural artery could be performed. Microsurgery was consid-
ered the next option.

�Direct Surgical Procedure

Surgical approaches were determined mainly depending 
on the location of the CVD. Intradural obliteration of the 
arterialized CVD was performed at the exit point from the 
dura. Encountered or identifiable feeding arteries, includ-
ing the pial arterial supply, were also coagulated. 
Intraoperative indocyanine green video-angiography and/
or Doppler sonography were used routinely, while intraop-
erative selective angiography was used in patients with a 
complicated angioarchitecture or in those in whom com-
bined endovascular and microsurgical treatment was 
considered.

�Results

�Patient Characteristics

The patient characteristics are summarized in Table 1. There 
were 31 male and 12 female patients, with a mean age of 
64.1 (range, 39–86) years. More specifically, 21 (48.8%) 

Table 1  Patient characteristics
Total number N = 43

Age 64.1 (39–86)

Sex

 �� Male 31 (72.1%)

 �� Female 12 (27.9%)

Presentation

 �� ICH 21 (48.8%)

 �� NHND 6 (14.0%)

 �� Minor symptom 5 (11.6%)

 �� Asymptomatic 11 (25.6%)

Preoperative mRS

 �� 0 15 (34.9%)

 �� 1–2 8 (18.6%)

 �� 3–5 20 (46.5%)

Location

 �� Ethmoid 11 (25.6%)

 �� Tentorium 11 (25.6%)

 ��   Torcula 1

 ��   SPS 2

 ��   Vein of Galen 2

 ��   StrS 1

 ��   Tentorial sinus 5

 �� CVJ 5 (11.6%)

 �� TSS 11 (25.6%)

 �� Others 5 (11.6%)

 ��   Middle fossa 1

 ��   Convexity 2

 ��   SSS 2

Borden type

 �� II 6 (14.0%)

 �� III 37 (86.0%)

Note: ICH intracranial hemorrhage, NHND nonhemorrhagic neurologi-
cal deficit, mRS modified Rankin scale, SPS superior petrosal sinus, 
StrS straight sinus, CVJ craniovertebral junction, TSS transverse-
sigmoid sinus, and SSS superior sagittal sinus.
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patients presented with ICH, which was characterized by 
various combinations of subdural, subarachnoid, intraparen-
chymal, and intraventricular hematomas. Six (14.0%) 
patients presented with nonhemorrhagic neurological defi-
cits caused by intraparenchymal edema, spinal myelopathy, 
enlarged varix, and increased intracranial pressure. Five 
(11.6%) patients presented with minor symptoms, including 
headache, tinnitus, and vertigo. The remaining 11 (25.6%) 
patients were asymptomatic. The preoperative mRS scores 
were 0  in 15 (34.9%), 1–2  in 8 (18.6%), and 3–5  in 20 
(46.5%) patients.

The lesions were located at the ethmoid in 11 (25.6%) 
patients, tentorium in 11 (25.6%), craniovertebral junction 
(CVJ) in 5 (11.6%), transverse-sigmoid sinus (TSS) in 11 
(25.6%), middle fossa in 1, convexity in 2, and superior sag-
ittal sinus in 2. Six (14.0%) and 37 (86.0%) patients had 
Borden type II and III lesions, respectively.

�Factors for Selecting Surgery 
and Endovascular Attempts

The factors for selecting direct surgery and prior EVT are sum-
marized in Table 2. EVT had never been attempted in patients 
with ethmoidal dAVF, and direct surgery was selected as the 
primary treatment in all cases. In addition, for patients with 
massive ICH presenting with signs of brain herniation, direct 
surgery was selected because of the necessity of hematoma 
evacuation. In the remaining patients, EVT was considered 
first; however, it was abandoned due to difficulty in catheter 
access or the high risk of embolization in the target artery.

EVT was performed in 15 patients. Four patients had 
high-flow shunts in whom intentional perioperative support-
ive embolization was performed to reduce intraoperative 
blood loss or to increase the curability of dAVFs. In ten 
patients, curative endovascular treatment resulted in incom-

plete obliteration, and additional EVT was deemed unfeasi-
ble or unsafe. In one patient, the catheter penetrated the 
transverse sinus during TVE, which required emergent open 
surgery. Notably, EVT resulted in incomplete obliteration in 
all CVJ dAVF patients and in the majority of tentorial dAVF 
patients with a pial arterial supply.

�Surgical Details

Surgical procedural details are summarized in Table 3. The 
surgical approach was decided on the basis of the location of 
the CVD. The simple disconnection of CVD was performed 
in the majority of patients (97.7%); however, a radical resec-
tion of the transverse sinus was necessary in one patient, in 
whom catheter penetration occurred. The additional coagula-
tion of the pial arterial branches was required in six patients 
(14.0%), and this was frequent in patients with tentorial 
dAVFs. Angiographically occult pial arterial supplies were 
intraoperatively found in three patients with tentorial dAVFs. 
Additional superior petrosal sinus packing through needle 
insertion into the transverse sinus was needed in one patient 
with TSS dAVF. In patients with massive ICH, the hematoma 
was evacuated first, and then the disconnection of CVD was 
conducted simultaneously. Intraoperative indocyanine green 
video-angiography and Doppler sonography were used rou-
tinely, whereas intraoperative selective angiography was 
used in five patients with complicated angioarchitecture.

�Surgical Outcomes

One patient died postoperatively, although this was due to 
the initial ICH rather than the surgical procedure. Surgery-
related permanent neurological deficits were observed in 

Table 2  Factors for selection of direct surgery and prior endovascular treatment
Location Ethmoid Tentorium CVJ TSS Others
N 11 11 5 11 5

No prior EVT attempt 11 (100%) 5 (45.5%) 2 (40.0%) 7 (63.6%) 3 (60.0%)

 �� Massive ICH presentation 3 3 0 3 2

 �� EVT deemed as unfeasible/unsafe – 3 2 4 1

Prior EVT attempt 0 (0.0%) 6 (54.5%) 3 (60.0%) 4 (36.4%) 2 (40.0%)

 �� Intentional supportive EVT – 2 – 1 1

 �� Incomplete obliteration – 4 3 2 1

 �� Presence of pial arterial supply – 3 – – –

 �� Complication during EVT – – – 1 –

Note: EVT endovascular treatment, CVJ craniovertebral junction, TSS transverse-sigmoid sinus, ICH intracranial hemorrhage
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Table 3  Surgical procedural details
Procedural Details Ethmoid Tentorium CVJ TSS Others
N 11 11 5 11 5

Approach

 �� Bifrontal 
craniotomy

11 –

 �� Subtemporal 1 1

 ��
Supratentorial–
infraoccipital

5

 �� Posterior 
interhemispheric 
transtentorial

3

 �� Combined 
supra- and 
infratentorial

10

 ��
Supracerebellar–
infratentorial

1

 �� Retrosigmoid 2

 �� Far lateral 5

 �� Other craniotomies 4

Procedure

 �� Simple obliteration 
of CVD

11 11 5 10 5

 �� Radical resection 
of the sinus

1

 �� Additional 
obliteration of pial 
arterial supplies

4 1 1

 �� Additional sinus 
packing

1

 �� ICH removal 3 3 0 3 2

Intraoperative 
adjuncts

 �� ICG 
video-angiography

11 11 5 10 5

 �� Catheter 
angiography

3 2

Note: CVD cortical venous drainage, ICH intracranial hemorrhage, and 
ICG indocyanine green

Table 4  Short- and long-term results of surgery
Perioperative results N = 43

 �� Death 1 (2.3%)

 �� Surgery-related complication

 ��   Permanent deficit 3 (7.0%)

 ��     Brain edema 2

 ��     Postoperative hemorrhage 1

 ��   Transient complication 4 (9.3%)

 ��     Brain edema 2

 ��     CSF leakage 1

 ��     Hoarseness 1

 �� Angiographical results N = 42

 ��   Incomplete obliteration 1 (2.4%)

 ��   Complete obliteration 38 (90.5%)

 ��   Obliterated CVD 3 (7.1%)

Long-term results N = 40

 �� Mean follow-up period 33.4 (range 2–148)

 �� Recurrence 0 (0.0%)

 �� mRS score on last evaluation

 ��   0 17 (42.5%)

 ��   1–2 16 (40.0%)

 ��   3–6 7 (17.5%)

Note: CSF cerebrospinal fluid, CVD cortical venous drainage, and mRS 
modified Rankin scale

three patients (7.0%), where two of these deficits originated 
from postoperative brain edema at the craniotomy site. 
Postoperative hemorrhage that required repeat surgery 
3  days after the initial surgery was observed in one case. 
Transient complications, including brain edema, hoarseness 
of voice, and cerebrospinal fluid leakage, were observed in 
four patients (9.3%).

The short- and long-term surgical results are summarized 
in Table 4. All patients, except for the one who died, were 
evaluated angiographically within 7  days after surgery. 
Postoperative angiographies revealed that complete oblitera-

tion was achieved in 38 patients (90.5%), and the obliteration 
of the CVD was achieved in three (7.1%). Incomplete oblit-
eration was observed in only one patient (2.4%) who required 
repeat surgery.

Long-term follow-up data, including MRI findings, were 
available for 40 patients. The mean follow-up period of our 
patient cohort was 33.4  months (range, 2–148  months). 
During this period, no recurrence of symptoms or dAVFs 
was observed. At the last evaluation, favorable outcomes 
were achieved in 33 patients (82.5%).

�Discussion

This study reported on a relatively large series of patients with 
intracranial dAVFs who underwent direct surgery. All dAVFs 
were satisfactorily cured by using various surgical approaches, 
regardless of their location. Once the appropriate obliteration 
of CVD was achieved via direct surgery, dAVF recurrence 
became rare. Thus, direct surgery plays an important role in 
most dAVFs. Although EVT is often considered the predomi-
nant primary treatment, direct surgery was selected as the first-
line treatment for ethmoidal dAVFs in our cohort. In addition, 
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direct surgery was selected for patients who presented with 
massive ICH because direct surgery could remove ICH simul-
taneously in one session of the surgery.

�Ethmoidal dAVF

Although EVT is often the first-line treatment modality for 
most dAVFs, ethmoidal dAVFs are exceptions. Because arte-
rial feeders often arise from the ophthalmic artery, EVT 
poses a high risk of visual complications. However, it can be 
treated via direct surgery with a high obliteration rate and 
low complication rate. According to a recent meta-analysis 
of 84 patients who were treated with direct surgery, the cure 
and complication rates were 98.6% and 2.4%, respectively 
[21]. In contrast, the overall complication rate was 22.2% in 
a meta-analysis of 27 patients treated with EVT [7]. Another 
meta-analysis comparing EVT and direct surgery also 
revealed the superiority of direct surgery to EVT, in which 
the complete obliteration rate was 47% versus 100%, and the 
30-day good outcome was 47% versus 98% [4]. Therefore, 
direct surgery may be the preferred first-line modality for 
ethmoidal dAVFs [11].

�CVJ and Tentorial dAVF

The role of direct surgery is also important in CVJ and tento-
rial dAVFs because they may be difficult to obliterate by 
using EVT. Multiple arterial feeders arise from the internal 
carotid, vertebral, and radicular arteries, and they are usually 
very small and tortuous, making catheter access difficult and 
entailing a risk of ischemic complications. In addition, they 
often drain exclusively into the subarachnoid veins rather 
than into their associated sinus (fistula-type dAVF or Borden 
type III), preventing transvenous access [12, 24]. The overall 
complication rate of EVT is reportedly 15.8% in CVJ dAVFs 
and 15.3% in tentorial dAVFs [7]. Recently, a large series of 
CVJ dAVFs treated via direct surgery were documented as 
having an angiographic cure rate of 94.7%, a procedural 
complication rate of 2.6%, and favorable outcomes (mRS 
0–2) of 81.6% [15]. According to a systematic review of 56 
patients with CVJ dAVFs, direct surgery had a significantly 
higher initial complete obliteration rate than that of EVT 
(100% vs. 71.4%) [23]. Therefore, direct surgery may also 
be the predominant modality for CVJ dAVFs, although fur-
ther accumulation of cases is needed.

Concerning tentorial dAVF, however, although the oblitera-
tion rate of direct surgery is as high as 91.9%, the total compli-
cation rate is also as high as 17.2%, according to a meta-analysis 
of 94 patients [21]. This is not surprising, because tentorial 

dAVFs are anatomically more complex and deeper than are 
dAVFs of other sites. Various surgical approaches are required 
to approach them depending on their location [9]. Additionally, 
pial arterial supplies are frequently observed in tentorial 
dAVFs requiring additional coagulation, even during direct 
surgery [13]. Therefore, a more sophisticated multimodal 
treatment might be needed for tentorial dAVF [2].

�Pial Arterial Supply

Recent studies have revealed that the presence of pial arterial 
supply is not uncommon, approximately 11.3–23.8% of all 
dAVFs, and is detected frequently in tentorial and higher-
grade dAVFs [6, 13, 14]. This has attracted increasing atten-
tion because several studies have revealed that it is a risk 
factor for both ischemic and hemorrhagic complications dur-
ing EVT. Therefore, direct surgery may play an important 
role in the management of dAVFs with pial arterial supply. 
However, the additional coagulation of the pial arterial sup-
plies after the simple disconnection of CVD is often needed 
to obliterate the dAVF. In addition, angiographically occult 
pial arterial supplies were detected through careful intraop-
erative observation. Therefore, even during direct surgery, 
the surgeon may have to pay attention to the existence of pial 
arterial supplies [13].

�Massive ICH Presentation

Similar to the case of spontaneous ICH, emergent surgical 
evacuation is necessary in cases where ICH due to ruptured 
dAVF has a life-threatening mass effect [22]. However, in the 
case of arteriovenous malformations (AVMs), the immediate 
removal of AVMs in the acute phase of ICH onset is gener-
ally thought to be associated with higher morbidity and mor-
tality due to brain swelling. Therefore, AVM resection is 
usually performed 2–6  weeks after the onset or emergent 
ICH evacuation surgery [17–19]. Although the majority of 
ruptured dAVFs could be occluded simultaneously during 
emergent ICH evacuation surgery in this series, further stud-
ies are needed to elucidate the optimal timing of surgery for 
hemorrhagic onset dAVF, as is the case with AVM.

�Limitation

As this was a retrospective study including heterogeneous 
patient cohorts, the results should be interpreted with cau-
tion. The prospective accumulation of a large cohort for each 
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dAVF location is expected to elucidate the outcomes of direct 
surgery for dAVF.

�Conclusion

Direct microsurgery plays a crucial role in managing eth-
moidal dAVFs and massive ICH. In addition, direct surgery 
tends to be selected for CVJ as well as tentorial dAVFs with 
a pial arterial supply. The outcomes of direct surgery are 
acceptable for various dAVFs; therefore, it can be a feasible 
option in the endovascular era.
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�Introduction

Having a paraspinal arteriovenous shunt (PAVS) located in 
the paraspinal region outside the spinal canal is rare [4, 8]. 
The incidence of PAVS is reported to be below 5% of spinal 
dural arteriovenous fistulas [9]. Germline mutations have 
been noted in specific PAVS cases [9]. Germline mutations 
in the phosphatase and tensin homolog (PTEN) gene cause 
PTEN hamartoma tumor syndrome (PHTS), which is char-
acterized by various hamartomatous lesions in the skin, 
mucosa, gastrointestinal tract, breast, thyroid gland, endo-
metrium, and brain. PHTS is an autosomal-dominant disor-
der. The majority of patients with PHTS might present with 
macrocephaly and multiple mucocutaneous lesions before 
their late 20s. Some pediatric patients with autism disorders 
or learning disabilities might be diagnosed with PHTS asso-
ciated with other characteristic features, such as macroceph-
aly. Recently, multigene panel testing has allowed the 
differential diagnosis of PHTS in candidates without any 
syndrome other than cancers [6]. Herein, we report a case of 
an asymptomatic PAVS with multiple primary cancers, sub-
sequently diagnosed with PHTS. The aim of this study was 
to elucidate strategies for identifying the features and comor-
bidities of PHTS and for diagnosing it.

�Case Illustration

A 57-year-old woman was referred to our clinic with a mass 
in the parathoracic region. She was neurologically asymp-
tomatic. Her mental state and visual appearance were also 
normal, and the laboratory data were unremarkable. Her par-
ents had no apparently relevant medical history of cancer or 

vascular diseases. She had breast cancer for 17 years. Her 
breast cancer was surgically resected. Rib metastases were 
subsequently resolved via chemotherapy with an aromatase-
inhibiting drug. She also had endometrial cancer for 14 years, 
which was totally resected with no recurrence. She had the 
comorbidities of an arteriovenous malformation on her lower 
leg, which had been partially embolized; hepatic cavernous 
malformation, which had been completely embolized; lung 
hamartoma; and a mass lesion in the thyroid gland, all of 
which were under observation. Computed tomography (CT) 
revealed a paraspinal mass lesion with a osteolytic appear-
ance at the root of the right eighth costal bone and the right 
eighth lamina (Fig. 1a), which a CT obtained 1 year before 
presenting as normal. Magnetic resonance imaging (MRI) 
revealed a lesion with low intensity on T1- and T2-weighted 
images severely compressing the spinal cord (Fig. 1b). The 
lesions were homogenously enhanced (Fig.  1c). We sus-
pected bone metastasis from the malignant tumor, and dif-
ferential diagnoses included vascular lesions. We planned a 
laminectomy of the affected bone and a resection of the sur-
rounding ligament and soft tissues. The surgical intervention 
might have been advantageous for confirming the pathologi-
cal diagnosis compared to the associated perioperative risks. 
Under general anesthesia, a right T8 hemilaminectomy was 
performed. When we approached the right collapsed T8 lam-
ina, a pulsatile mass with a tough fibrous membrane through 
the fenestrated lamina was observed. The surrounding liga-
ments, bones, and other soft tissues were resected as much as 
possible. Although these tissues bled easily, hemostasis 
could be achieved. We decided to withdraw further resection 
because a vascular lesion with a high-flow shunt was strongly 
suspected. If necessary, we could perform elective secondary 
surgery after confirming the diagnosis.

The postoperative course was uneventful. A spinal angi-
ography and transarterial embolization was performed fol-
lowing the operation. A high-flow arteriovenous shunt in the 
paraspinal region was observed. The shunting point was 
located at the right T8 intervertebral foramen, and it was fed 
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a b c d

Fig. 1  (a) Contrast-enhanced CT scan obtained before surgery showing 
osteolytic contrast-enhanced mass lesion in the Th8 level (white arrows). 
(b) T2-weighted MRI obtained before surgery showing a low intensity 
mass in the right lateral paravertebral space in Th8 level. (c) Enhanced 

T1-weighted MRI before surgery showing an enhanced paravertebral mass 
severely compressing the spinal cord at the Th8 level. (d) T2-weighted 
MRI after surgery and transarterial embolization showing the shrinkage of 
the mass lesion (white arrow) and the reduction of the cord compression

a b

Fig. 2  (a) Right 8th intercostal arteriography showing an arteriove-
nous shunt at the right Th8 intervertebral foramen (left). A cone-beam 
CT demonstrating a dilated vein and epidural venous plexus (right/

black arrow). (b) Transarterial embolization using glue via the right 8th 
intercostal artery. The arteriovenous shunt was remarkably reduced fol-
lowing the embolization

mainly by the right eighth intercostal artery, draining into the 
epidural venous plexus and finally into the azygos vein 
through the right T5, 6, 7, 8, and 9 radicular veins. Distal to 
the shunting point, a large varix extended into the spinal 
canal (Fig. 2a). The shunt was also fed by the bilateral fifth, 
sixth, seventh, and ninth and the left eighth intercostal arter-
ies. The transarterial embolization of the main feeding artery 
achieved flow reduction in the arteriovenous shunt (Fig. 2b). 
A postoperative MRI revealed that cord compression by the 
dilated vein was relieved (Fig. 1d). A germline PTEN muta-
tion was detected in her blood sample, which led to a diagno-
sis of PHTS.  The patient was involved in the cancer 
surveillance program.

�Discussion

PAVS is a rare disease located outside the spinal canal and 
may be responsible for neurological symptoms due to cord 
compression by ectatic veins, venous congestion, or arterial 
stealing [8]. Clinical studies on PAVS are limited to case 

reports or case series. In 2021, Kim et al. conducted a system-
atic review and meta-analysis of the prognosis of PAVS 
patients [4], and Feng et al. carried out a cohort study on the 
natural history of PAVS [2]. In the meta-analysis of a system-
atic review of patients with traumatic or nontraumatic PAVS, 
Kim et  al. reported systemic or genetic etiology and treat-
ment. Multiple feeders worsened the prognosis of patients 
with PAVS, and the favored factor was traumatic etiology [4]. 
Feng et al. reported that PAVS patients with intradural reflux 
showed significantly worse neurological outcomes regarding 
gait independence and bladder function than their PAVS 
cohort without intradural reflux [2]. The etiology and clinical 
manifestations of PAVS remain unknown, and the treatment 
strategies are still unclear. A previous study reported that a 
nontraumatic PAVS with germline PTEN mutation associated 
with Lhermitte–Duclos disease was listed as a major “PHTS 
clinical diagnostic criteria.” The National Comprehensive 
Cancer Network has established the testing criteria of PTEN 
testing on the basis of the clinical features of a patient [1]. The 
“revised PHTS clinical diagnostic criteria” aim to help clini-
cians make decisions [1, 6, 7]. Germline PTEN mutations 
result in cancers restricted to specific organs, including the 
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breast, thyroid gland, endometrium, colon, and kidney [5]. 
Early diagnosis may enable the timely inclusion of patients in 
surveillance programs for early cancer diagnosis, and this can 
improve their prognosis and life expectancy [3]. Diagnoses of 
adult patients are occasionally not easy because of the broad 
range of clinical symptoms and various major and minor cri-
teria. Drissen et  al. attempted to reduce underdiagnosis for 
at-risk patients. They concluded that macrocephaly, multi-
nodular goiter, and multiple oral features serve as red flags 
that should prompt further assessment for PHTS in adults [1]. 
The early onset of surveillance would greatly benefit strongly 
suspected candidates [3]. Recently, two types of PHTS have 
been elucidated: hereditary and de novo. De novo PHTSs 
might be more difficult to reach a diagnosis for, as seen in our 
patients, because of the lack of family history. The present 
case did not meet the revised clinical diagnostic criteria for 
PTEN hamartoma tumor syndrome; the existence of multiple 
primary cancers and arteriovenous shunt, however, strongly 
prompted us to test the patient for germline PTEN mutations. 
Finally, a pathogenic variant was detected in the patient’s 
blood sample, confirming the diagnosis of PHTS.  Genetic 
testing is recommended whenever possible to confirm a clini-
cal diagnosis [6]. Because our patient showed germline PTEN 
mutations, PHTS could be confirmed. Even if the patient does 
not manifest any specific phenotypic presentation or has any 
abnormal development or family history, the coexistence of 
multiple primary cancers and vascular malformation would 
be red flags for PHTS. More PHTS cases need to be accumu-
lated to gain a better understanding of the pathology and clin-
ical manifestations of PHTS.
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Abbreviations

DAVF	 dural arteriovenous fistula
CT	 computed tomography
DSA	 digital subtraction angiography
CBCT	 cone-beam CT

�Introduction

A dural arteriovenous fistula (DAVF) is an abnormal connec-
tion between arteries and veins in the membrane covering the 
brain and spinal cord, called the dura mater [2, 4, 5, 8–10, 12, 
13, 23]. Normally, blood flows from arteries to capillaries to 
veins, but in a DAVF, the direct connection between the artery 
and vein bypasses the capillary bed, leading to abnormal blood 
flow and pressure changes in the veins. With recent advance-
ments in CBCT technology, the detailed microanatomy of 
complex shunt diseases with intricate vascular structures can 
now be depicted [15, 22, 24–26]. However, differences remain 
in the operation and imaging protocols of CBCT across facili-
ties, and many facilities are not fully utilizing the potential 
performance of CBCT. In this study, we retrospectively exam-
ined the usefulness of CBCT in dural arteriovenous fistulas.

�Case Materials and Methods

�Case Materials

In this study, 83 cases of dural arteriovenous fistula per-
formed between 2013 and 2021 were included. The mean 
age of the patients was 61.3  years, with 39 male and 44 

female patients. The shunt sites included carotid cavernous 
fistula (26 cases), transverse-sigmoid junction (19 cases), 
olfactory groove (cribriform plate) (5 cases), tentorial sinus 
(5 cases), anterior condylar confluence (hypoglossal canal) 
(4 cases), falx (3 cases), spinal dural AVF (19 cases), and 
spinal epidural AVF (2 cases) (Table 1).

�Practice and Technical Points 
of Angiography

For transarterial contrast injection, a 4 French catheter was 
utilized via a femoral artery under local anesthesia or general 
anesthesia. The catheter was advanced to the targeted cervi-
cal segment through the internal carotid artery, external 
carotid artery, or the vertebral artery. In the case of an AV 
shunt predominantly supplied from ascending pharyngeal 
artery or occipital artery, the tip of the catheter was placed 
into each pedicle of these feeding arteries. The initial posi-
tioning of the C-arm and table was centered on the lesion. 
Contrast injections were performed with an automated con-
trast injector (Nemoto Kyorindo co., Ltd.) with a nonionic 
contrast medium (Iopamiron370; Iopamidol, Bayer-
Schering, Berlin, Germany).
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Table 1  The anatomical site of the shunt point
Location of shunt
Carotid cavernous fistula 26

Transverse-sigmoid junction 19

Olfactory groove (cribriform plate) 5

Tentorial sinus 5

Anterior condylar confluence (hypoglossal canal) 4

Falx (SSS) 3

Spinal dural AVF 19

Spinal epidural AVF 2

Total 83
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�Protocol for CBCT

We utilized the Allura Xper FD20/20 system (Philips Healthcare, 
Best, the Netherlands) for X-ray angiography. The imaging 
modality, Xper CT, was achieved through the integration of a 
CBCT imaging system and a flat detector, with acquisition pro-
tocols and postprocessing algorithms being embedded within 
the system. Imaging via the Xper CT system involved the 
motorized rotational movement (propeller scan) of a C-arm per-
pendicular to the longitudinal table axis. The Xper CT system, 
featuring high-resolution 80-kV X-ray imaging capabilities, 
obtained 620 fluoroscopic frames through a circular motion 
over a total rotation time of 20 seconds and an angle of 240° 
(±120°), at a rotation speed of 22°/s, utilizing a 1024 × 1024 
pixel matrix detector with an 8-inch field of view and a low 80 
kV tube voltage. The patient’s head was positioned at the iso-
center of the system, and a propeller C-arm scan was performed. 
The dataset was automatically transferred, via a real-time digital 
link, to the three-dimensional (3D) workstation (Xtravision; 
Philips Healthcare) for processing during the propeller acquisi-
tion movement. The reconstructed 3D volume image, with a 
default reconstruction size of 2563 pixels, was available in under 
1  minute. Various types of image postprocessing techniques, 
including beam hardening and scatter corrections, were 
employed to achieve optimal spatial and contrast-resolution 
qualities. In CBCT imaging, knowing the arrival time of the 
contrast agent at the target lesion or shunt point that needs to be 
visualized is important. This arrival time can be measured by 
performing a conventional digital subtraction angiography 
(DSA) prior to CBCT imaging and then determining the timing 
at which the target lesion is best visualized. The time in seconds 
can then be set as a parameter on the contrast agent injection 
device to optimize the imaging conditions.

�Results

In 83 cases, shunt point identification was possible in 68 
cases (81.9%) via conventional cerebral angiography, 
whereas it was possible in 80 cases (96.3%) via CBCT. The 
shunt point could not be accurately identified in two cases of 
multiple shunts with clustered terminal feeders at the 
transverse-sigmoid junction and a case of falx dural AVF 
with expanded cortical veins near the shunt. CBCT imaging 
with contrast from a microcatheter clearly visualized the tar-
get lesions and surrounding venous sinuses, providing useful 
information for treatment strategies and the selection of 
embolic agents. Additionally, CBCT was superior in depict-
ing terminal feeders running through the bone structure 

around the transverse-sigmoid junction and vascular struc-
tures within the hypoglossal canal.

Postoperative evaluation using a liquid embolic agent 
mixed with lipiodol and N-butyl cyanoacrylate (NBCA) 
showed a clear visualization of the distribution of the embolic 
agent and surrounding venous sinus structures.

�Case Illustrations

�Case 1

A 75-year-old woman presented with diplopia and chemosis 
on her left eye. Left common carotid angiography showed 
early venous filling in the cavernous sinus. The right superfi-
cial middle cerebral vein was also affected with venous 
hypertension, which falls into the category of Borden Type II 
or Cognard Type IIa+b dural AVF (Fig. 1a, b). A transvenous 
approach was performed. The shunt point was completely 
obliterated with a few platinum coils. The precise mapping 
of the target lesion based on the CBCT enabled the strategy 
of embolization to be effectively planned (Fig. 1c, d). A cou-
ple of days after embolization, her diplopia and chemosis 
improved markedly.

�Case 2

A 56-year-old man was incidentally detected as having 
an olfactory groove dural AVF during the embolization 
of an anterior choroidal artery unruptured aneurysm 
(Fig. 2a, b).

CBCT showed the shunt point at the level of the cribri-
form plate (Fig.  2c, d). These high-resolution images pro-
vided the precise location and caliber of the initial foot of the 
draining vein. On the basis of this modality, successful 
superselective target embolization was achieved with the 
transvenous approach (Fig. 2e–g).

�Case 3

A 64-year-old woman presented with the sudden onset of 
headache and vomiting. Emergency CT showed subarach-
noid hemorrhage predominantly distributed in the craniocer-
vical junction and posterior fossa (Fig.  3a). The right 
vertebral angiography showed early venous filling at the 
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Fig. 1  (a) Angiography of the left common carotid artery demonstrat-
ing early venous filling in the cavernous sinus. Venous hypertension 
also affected the right superficial middle cerebral vein, indicating a 
dural AVF classified as Borden Type II or Cognard Type IIa+b. (b) 
Selective injection from the left ascending pharyngeal artery. The shunt 

was supplied mainly by the superior pharyngeal branch, and the cluster 
of terminal feeders was clearly visible. (c) CBCT with selective injec-
tion from the left ascending pharyngeal artery. The caliber change indi-
cates the precise anatomical location of the shunt point (white arrow). 
(d) CBCT showing the deposition of platinum coils in the shunt point

level of the right C1 nerve root with a pathological dilatation 
of the anterior medullary vein (Fig. 3b). Superselective angi-
ography from the right radiculo-medullary artery showed a 
small arteriovenous (AV) shunt draining to the anterior med-
ullary vein and ponto-medullary vein (Fig.  3c). 
High-resolution CBCT showed the pathologically dilated 
vein locating the ventral aspect of the medulla oblongata 
(Fig. 3d, e).

Embolization with glue (12% concentration of NBCA 
mixture with lipiodol) was performed, and the CBCT after 
embolization showed the appropriate deposition of the glue 
including the initial foot of the bridging vein (Fig. 3f, g). The 
control angiography showed the complete obliteration of the 
AV shunt while preserving the entire anterior spinal artery 
(Fig. 3h). The patient recovered well without any neurologi-
cal symptoms.
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Fig. 2  (continued)

Fig. 2  (a) The lateral view of internal carotid angiography displayed the early venous filling at the level of the olfactory groove (arrow). (b) 
Superselective angiography from the right ophthalmic artery in a lateral view demonstrated the early venous filling at the olfactory groove. (c) 
CBCT in conjunction with superselective angiography from the right ophthalmic artery revealed the anterior ethmoidal artery supplying the dural 
AVF (double arrows) and the initial foot of the draining vein (arrow). (d) CBCT illustrated the anatomical structures surrounding the shunt point. 
(e) The transvenous approach with a distal access catheter was visible on the skull X-ray. The catheter reached the cribriform plate level via the 
superior sagittal sinus from the jugular vein. The microcatheter’s tip reached the shunt point, and the white arrow indicates the deposition of plati-
num coils in the initial foot of the vein. (f) The platinum coils’ deposition in the initial foot of the vein is displayed on the skull X-ray. (g) 
Postoperative superselective angiography from the ophthalmic artery demonstrates the complete obliteration of the shunt while preserving the 
entire central retinal artery

Efficacy of High-Resolution Cone-Beam CT for the Endovascular Treatment of Dural Arteriovenous Fistulas



78

Fig. 3  (a) The plain CT scan revealed a high-density lesion primarily 
in the cisternal space at the level of the craniocervical junction, indi-
cating a subarachnoid hemorrhage. (b) The right vertebral artery 
angiogram demonstrated early venous filling with a pathologically 
dilated perimedullary vein at the level of the craniocervical junction. 
(c) The superselective angiogram of the right radiculo-meningeal 
artery at the level of the C1 spinal cord displayed early venous filling 
into the perimedullary vein. Notably, there was pathological dilation of 
the anterior medullary vein, anterior pontine vein, and right petrosal 
vein (arrow). (d) The 3D rotational angiography illustrated the patho-
logically dilated vein located at the ventral aspect of the medulla 

oblongata. (e) The cone-beam computed tomography (CBCT) with 
superselective angiography from the radiculo-meningeal artery 
showed the arteriovenous (AV) shunt at the level of the right C1 nerve 
root (white arrow). (f) The axial view of the postoperative CBCT 
exhibited the cast of embolic material distributed at the shunt point, 
corresponding to the level of the right cervical spinal nerve C1 (white 
arrow). (g) The frontal view of the postoperative CBCT displayed the 
cast of embolic material distributed at the shunt point, as well as the 
initial foot of the vein (white arrow). (h) Postoperative right vertebral 
angiography showed the complete obliteration of the shunt while pre-
serving the anterior spinal artery

a
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Fig. 3  (continued)
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Fig. 3  (continued)

�Discussion

CBCT technology differs from traditional computed tomog-
raphy (CT) scans in several ways. Traditional CT scans use a 
fan-shaped X-ray beam that rotates around the body to create 
a series of two-dimensional (2D) images that are then assem-
bled into a three-dimensional image [6, 11, 17, 18, 26]. In 
contrast, CBCT uses a cone-shaped X-ray beam that is 
rotated around the patient to capture images in a single rota-
tion. This allows for the creation of a three-dimensional 
image with a single scan, resulting in faster imaging times 
and lower radiation exposure compared to traditional CT 
scans. CBCT imaging can be used to visualize structures 
such as bones, teeth, soft tissues, and blood vessels. It is par-
ticularly useful in dentistry for the diagnosis and treatment 
planning of dental implants, orthodontics, and oral surgery. 
In other medical fields, CBCT is used for preoperative plan-
ning, for postoperative assessment, and to guide minimally 
invasive procedures.

�Limitations of Current CBCT Technology

The disadvantage of CBCT is the beam-hardening effect, 
which can cause artifacts in the imaging of the region of 
interest, particularly in the presence of venous varices near 
the shunt point or with the presence of dental implants, 

instruments and plates for spinal surgery, or clusters of plati-
num coils used in aneurysm treatment [7, 14, 16, 20, 21]. 
Although recent algorithm improvements and software 
advancements have introduced features such as metal artifact 
reduction to address these issues, they have yet to achieve 
practical effectiveness [1, 16]. Additionally, to obtain high-
resolution images, a 20-second rotational imaging scan must 
be performed, which can lead to image degradation due to 
patient movement and difficulty in distinguishing between 
arterial and venous phases. The spatial resolution of CBCT 
currently used in clinical settings is limited by the number of 
pixels in the semiconductor elements that make up the flat 
panel detector and the algorithm used during image acquisi-
tion. Even with a voxel matrix of 512 × 512 × 512 and an 
acquisition time of 20 seconds, the minimum spatial resolu-
tion is only about 0.15–0.43  isotropic mm as a voxel size, 
which may not be sufficient for delineating target lesions [3, 
19, 27, 28]. The further development of and further improve-
ments in flat panel detectors are necessary to depict micro-
scopic anatomy at high resolution.

�Conclusion

Overall, CBCT is a valuable tool in medical imaging that pro-
vides high-quality three-dimensional images with minimal 
radiation exposure, allowing for accurate diagnosis and treat-
ment planning for intracranial and spinal cord dural AVFs.
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�Introduction

Moyamoya disease is a rare cerebrovascular disease affect-
ing the entire intracranial vascular system. The etiology of 
this disease is still unclear, but its genetic basis is assumed. 
Progressive stenoses in internal carotid (ICA), anterior 
(ACA), middle (MCA), and posterior cerebral (PCA) arter-
ies typical for this disease result in the fundamental restruc-
turing of the entire intracranial circulation with the 
development of complex collateral systems. The last ones 
are designed to maintain cerebral perfusion under a signifi-
cant reduction in blood flow through the great cerebral arter-
ies. Together with morphological changes in vascular walls, 
these processes lead to high cerebral sensitivity to systemic 
and local hemodynamic changes and a risk of stroke through-
out the natural course of disease and during surgical treat-
ment. Given the preventive nature of interventions in most 
patients with mild symptoms or the asymptomatic course of 
this disease, special attention should be paid to preventing 
perioperative complications.

According to the literature, perioperative ischemic compli-
cations make up 3.8–31% of all complications [1–4]. There 
are local (anastomosis function, restructuring of cerebral 
hemodynamics, and cerebral hyperperfusion syndrome) and 
systemic risk factors of complications. Systemic risk factors 
are represented primarily by the instability of systemic hemo-
dynamics capable of triggering a cascade of ischemic events 
in the unilateral and contralateral hemispheres [5].

The purpose of this study was to identify the unfavorable 
prognostic factors of perioperative cerebral ischemic compli-
cations, to determine which group of patients is at high risk, 
and to develop guidelines for the perioperative management 
of these patients.

�Material and Methods

There were 80 patients with various forms of moyamoya 
angiopathy between 2008 and April 2020 at the Burdenko 
Neurosurgery Center. The sample included 60 patients (75%) 
with moyamoya disease and 20 (25%) with moyamoya syn-
drome. An instrumental examination was carried out accord-
ing to a single diagnostic protocol and included an assessment 
of the vascular system, morphological changes in brain tis-
sue, and perfusion impairment [6].

We analyzed the following aspects during angiography: 
(1) the stage of the disease according to the Houkin mag-
netic resonance angiography grading system [7]; (2) the 
localization of ICA stenosis (proximal (precommunicant) 
and distal posterior communicating artery (PCoA)); (3) the 
state of the PCoA (intact/stenosis/occlusion/hypertrophy); 
(4) the stage of the disease according to the Suzuki staging 
system [8]; (5) the leptomeningeal collaterals according to 
the number of lobes (parietal, temporal, and frontal) sup-
plied by the leptomeningeal vasculature from the PCA sys-
tem [9]; (6) the transdural collaterals (spontaneous 
collaterals from the middle meningeal or the branches of 
external carotid arteries were assessed according to the 
number of lobes supplied by these vessels) [10].

An analysis of cerebrovascular insufficiency using arterial 
spin labeling (ASL) magnetic resonance imaging perfusion 
was carried out [11]. Given the data from this analysis, we 
distinguished 4 degrees of perfusion impairments on the basis 
of cerebral blood flow (CBF) and the presence of arterial tran-
sit artifact (ATA). The last one is a result of labeled blood 
congestion in vessels as a sign of collateral blood flow. The 
following are the degrees of perfusion impairment:

Degree 0—CBF 64.5 ± 16.2 ml/min/100 g, no ATA, compen-
sation of CBF

Degree 1—CBF 61.5 ± 16.6 ml/min/100 g, ATA, subcom-
pensation of CBF
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Degree 2—CBF 26.5  ±  7.2  ml/min/100  g, ATA, initial 
decompensation of CBF

Degree 3—CBF 16.0 ± 4.7 ml/min/100 g, no ATA, decom-
pensation of CBF

The indication for surgical treatment was symptomatic 
moyamoya disease Suzuki stage II–V and cerebrovascular 
insufficiency degree 2–3 (ASL) or with signs of disease pro-
gression. There were 134 revascularization procedures. The 
staged revascularization of both hemispheres was performed 
in 40 patients (80 surgeries). Most patients (n = 55) underwent 
combined brain revascularization (79 surgeries), including 
extra-intracranial microvascular anastomoses and indirect 
revascularization (flaps of the dura mater, temporal muscle, 
and periosteum). We have previously described this technique 
in detail [6]. Furthermore, 14 patients underwent 19 direct 
interventions (bypass only), and 17 patients underwent 36 
indirect revascularization procedures. In the entire sample, 
favorable outcomes prevailed in the early postoperative period 
(7 postoperative days). Indeed, improvement in or the preser-
vation of preoperative symptoms was noted in 67.7% of 
patients. Persistent postoperative complication (ischemic 
stroke) developed in seven cases (5.3%). Early postoperative 
transient neurological deficit with in-hospital regression was 
observed in 36 cases (27%). There were no lethal outcomes or 
hemorrhagic complications. We used regression analysis to 
identify the factors associated with perioperative transient and 
persistent complications and to predict the risk of surgical 
treatment. Differences were significant at p < 0.05.

�Results

We revealed significant risk factors of transient and persis-
tent postoperative neurological complications. They can be 
divided into clinical, angiographic, and perfusion ones 
(Table 1). One significant risk factor of transient and persis-
tent ischemic events was early surgery (within 3  months) 
after the last stroke or transient ischemic attack (TIA) 
(χ2 = 6.146; p < 0.013; Fisher’s exact test, p = 0.016) with a 
modified Rankin score (mRS) of 1–2 points.

Angiographic factors were ICA stenosis proximal to the 
PCoA or PCA (χ2 = 20.085, p < 0.0001) and the involvement 
of the PCA pool (χ2 = 29.127, p < 0.0001). One of the most 
significant factors influencing the development of ischemic 
complications was the severity of baseline perfusion impair-
ment (ASL grade 2—3; χ2  =  11.212, p  <  0.001; Fisher’s 
exact test, p  =  0.001) indirectly reflecting its “ivy sign” 
(χ2 = 4.078, p = 0.043).

Regarding various surgical options, complications were 
significantly more common after indirect revascularization 
(42.7%, χ2  =  10.892, p  =  0.028) compared to combined 
(26.6%) and direct (0%) revascularization. This is also true 
for persistent adverse events (8.3% compared to 5.1 and 
0%, respectively). Despite insignificant differences, 80% 
of complications occurred in patients younger than 
16 years old. The mean age of patients with complications 
was 11.17 ± 9.1 years compared to 14.08 ± 10.8 years in 
patients without complications. Younger age was a signifi-
cant factor influencing the risk of persistent complications. 
For example, the risk of ischemic stroke increased by 
almost 3.5 times in patients younger than 6  years old 
(B = 1.235; Exp(B) = 14.546; p = 0.019).

According to regression analysis, the most significant 
risk factors were unilateral PCoA stenosis or occlusion, 
signs of the decompensation of cerebral perfusion (degree 
2–3), and unstable clinical symptoms (TIA) or stroke 
within 3  months prior to surgical treatment. Stenosis or 
occlusion of the PCoA increased the risk of postoperative 
stroke by almost 10 times (OR  =  9.7), signs of cerebral 
blood flow decompensation by more than 5 times 
(OR = 5.393), and TIA or stroke within 3 months prior to 
surgery by more than 6 times (OR = 6.433). According to 
logistic regression model, the high-risk group consisted of 
patients with ≥ 2 factors. The sensitivity and the specific-
ity of the models in predicting the development of tran-
sient and persistent neurological deficit were 80.7 and 
88.6%, respectively (AUC 84.6%, ROC analysis). Outside 
this group, severe postoperative complications did not 
occur, and the incidence of transient perfusion impairment 
was 5.6%. A clinical example of severe postoperative isch-
emic stroke reflecting the importance of carrying out a pre-
operative assessment of risk factors is shown in Fig. 1.
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Table 1  Risk factors of transient and persistent postoperative cerebrovascular accidents

Factor
Group without complications, % 
(number of patients, n = 35)

Group with complications 
(n = 83) Significance

Clinical factors

TIA/stroke within 3 months 77.2% (n = 64) 54.3% (n = 19) χ2 = 6.146, p < 0.013

 �� No
 �� Yes

22.9% (n = 19) 45.7% (n = 16) Fisher’s exact test, р = 0.016

mRS

 �� Grade 1
 �� Grade 2
 �� Grade 3
 �� Grade 4

34.4% (n = 33)
21.9% (n = 21)
21.9% (n = 38)
21.9% (n = 4)

16.7% (n = 6)
44.4% (n = 16)
33.3% (n = 12)
5.6% (n = 2)

χ2 = 7.918, p = 0.048

Angiographic factors

ICA stenosis

 �� Proximal to PCoA
 �� Distal to PCoA

30.1% (n = 25)
69.9% (n = 58)

77.1% (n = 27)
22.9% (n = 8)

χ2 = 20.085, p < 0.0001

PCA stenosis

 �� No
 �� Yes

78.3% (n = 65)
25.7% (n = 9)

21.7% (n = 18)
74.3% (n = 26)

χ2 = 29.127, p < 0.0001

Perfusion factors

Perfusion impairment

 �� Degree 0
 �� Degree 1
 �� Degree 2
 �� Degree 3

3.6% (n = 3)
34.9% (n = 29)
44.6% (n = 37)
16.9% (n = 14)

0% (n = 0)
11.4% (n = 4)
57.1% (n = 20)
31.4% (n = 11)

χ2 = 9.399, p = 0.024

“Ivy sign”

 �� No
 �� Yes

92.8% (n = 77)
7.2% (n = 6)

80.0% (n = 28)
20.0% (n = 7)

χ2 = 4.078, p = 0.043

Surgical factors

Surgical option

 �� Direct
 �� Indirect
 �� Combined

110% (n = 19)
58.3% (n = 21)
73.4% (n = 58)

0% (n = 0)
42.7% (n = 15)
26.6% (n = 21)

χ2 = 10.892, p = 0.028

Additional factors

Age, years

 �� Mean age
 �� Children (younger 16 years 

old)

14.08 ± 10.8 (n = 49)
67.5% (n = 56 from 83)

11.17 ± 9.109
80.0% (n = 28 from 35)

ANOVA F1.116 = 1.943, p = 0.166
χ2 = 11,184, p = 0,170
younger 6 years old—p = 0.019

Note: TIA  transient ischemic attack, mRS  modified Rankin scale, ICA  internal carotid artery, PCA  posterior cerebral artery, PCoA  posterior 
communicating artery
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Fig. 1  Severe postoperative ischemic stroke in a 9-year-old patient 
with moyamoya disease. There were several previous strokes in both 
hemispheres. MR angiography revealed moyamoya disease (a). ASL 
perfusion revealed a reduction in blood flow in both hemispheres with 
single ATA (perfusion impairment degree 2) (b). Surgery was post-
poned due to a cold. Throughout this period, transient ischemic 
attacks in the right middle cerebral artery pool became more common. 
Also, 2 weeks before admission, the central paresis of the left facial 
nerve and slurred speech persisted. An MRI revealed the progression 
of the disease with stenoses of ICA, MCA, and ACA (c). Stenosis of 
the right ICA spread proximally to the posterior communicating 
artery. ASL perfusion confirmed further bilateral reduction in CBF 
(d). Direct angiography of the right ICA in lateral projection revealed 
its stenosis below the orifice of the posterior communicating artery 
and signs of trifurcation in the right internal carotid artery (discharge 
of the right PCA from ICA) (e); signs of moyamoya disease Suzuki 
grade III are visualized (f); left ICA in lateral (g) and direct projec-

tions (h)—signs of moyamoya disease Suzuki grade II, precommuni-
cant stenosis of ICA. The right hemisphere with more-severe lesion 
was preferred for the first stage of treatment (double bypass between 
superficial temporal artery and cortical branches of the M4 segment 
of MCA, encephaloduromyoperiosteosynangiosis). The intraopera-
tive period was uneventful. On the first day, clinical deterioration and 
left-side hemiplegia occurred. An MRI revealed extensive ischemic 
damage to the right temporal, parietal, and occipital lobes and single 
small ischemic foci in the right cerebellar hemisphere, the right occip-
ital and frontal lobes, and the left frontal and parietal lobes (i–l). 
Despite intensive therapy, progressive edema of the right hemisphere 
required extensive decompressive craniotomy (m). The clinical con-
dition progressively worsened with progressive edema of both hemi-
spheres (n). A few days later, the patient’s condition was stabilized. 
MR angiography confirmed patent bypass (o). Nevertheless, the con-
sequences of edema and brainstem dislocation determined the 
patient’s subsequent vegetative status (p)

�Discussion

Postoperative complications are obstacles in the develop-
ment and wider spread of brain revascularization procedures 
in the treatment of chronic cerebral ischemia. Thus, the 
multiple-center cooperative trial devoted to the role of bypass 
in the treatment of patients with ICA occlusion (Carotid 
Occlusion Surgery Study, 2009) revealed that the incidence 
of early postoperative ischemic stroke was up to 16.5%. It 
was the main cause of failed treatment [12]. Similar prob-
lems are typical for the treatment of patients with moyamoya 
disease. The risk of perioperative stroke is significantly 
higher in these patients compared to patients with other cere-
brovascular diseases (up to 30%) [1–4]. In our sample, per-
sistent postoperative complications (ischemic stroke) 
developed in seven cases (5.3%). Another 36 patients (27%) 
had transient neurological deficit in the early postoperative 
period with a complete in-hospital regression of symptoms. 
According to modern concepts, the causes of such episodes 
can include various circulatory disorders in cortical arteries 
following both hypoperfusion and local hyperperfusion, as 
well as nonspecific early postoperative symptoms following 
surgical trauma. Our findings are consistent with the world 
literature data. Guzman et  al. [1] analyzed 450 surgical 
revascularizations, and the incidence of ischemic stroke was 
3.5% [1]. Choi et al. [13] found stroke in 5.1% of patients 
and Kazumata et al. [14] in 7.9% of cases, and the incidence 
of TND was up to 32.7% [15].

An analysis of our own results and literature data suggests 
that the likelihood of postoperative complications among all 
patients with moyamoya disease is heterogeneous and 
depends on numerous baseline factors determining different 
degrees of clinical decompensation [13, 16]. In our sample, 
stenosis or occlusion of unilateral PCA increased the risk of 
stroke by almost 10 times (9.7, p  <  0.0001) compared to 
patients without PCA stenosis or occlusion (angiographic 

factor). There was a similar tendency in critical stenosis of 
ICA proximal to the PCoA orifice, especially in the fetal type 
of the circle of Willis (OR = 9.065; p = 0.001). These results 
are consistent with the meta-analysis data on the significantly 
higher risk of ischemic stroke in patients with PCA stenosis 
(OR = 4.60; p = 0.000) [17]. Indeed, PCA lesion in patients 
with moyamoya disease occurs in the last turn after previous 
damage to the ICA, MCA, and ACA [18]. Therefore, this 
artery is especially important in compensatory circulation 
through the network of leptomeningeal collaterals. Severe 
perfusion impairment was a result of insufficient collateral 
circulation and posed a high risk of postoperative ischemic 
events (perfusion factor). In our sample, severe cerebrovascu-
lar insufficiency ASL grade 2–3 [11] increased the risk of 
intra- and postoperative stroke by more than 5 times 
(OR  =  5.393, p  =  0.023). Other large international studies 
have also identified the influence of signs of decompensated 
cerebral circulation on the risk of postoperative complica-
tions. In particular, the study of the Berlin grading system for 
moyamoya disease found this effect in 16% of cases [19] and 
the COSS cooperative multiple-center study in 16.5% of 
patients [12].

Surgical treatment was especially dangerous in patients 
with an unstable clinical course (regular TIA) or in a sub-
acute (within 3 months) period of ischemic stroke (clinical 
factor). Moreover, Kim et al. [20] found a significant increase 
in the incidence of postoperative complications after bypass 
within 6 weeks after the last ischemic stroke. A similar clini-
cal picture was common in depleted reserves of collateral 
circulation and severe perfusion impairment. Under such 
conditions, even minimal hemodynamic changes can trigger 
a cascade of ischemic events in both the unilateral and con-
tralateral hemispheres [5].

Treatment strategy for high-risk patients is still unclear, 
and further study is required. Given the high risk of ischemic 
complications, we cannot unambiguously choose a surgical 
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approach, and comprehensive an interdisciplinary approach 
may be advisable. In case of surgical revascularization, pre-
operatively preventing brain perfusion impairment by 
excluding the factors provoking cerebral ischemia is essen-
tial. Thus, therapy is required in the acute period of stroke 
until clinical improvement. Later, surgical treatment can be 
performed. The situations potentially provoking cerebral 
ischemia should be avoided in the perioperative period. 
Iwama et al. [21] found ischemic stroke as a result of unsta-
ble intraoperative hemodynamics or inadequate periopera-
tive management in 16.9% of patients.

In this regard, anesthetic support for surgeries is essential 
and should be performed by well-experienced specialists. 
The following four abnormal perioperative conditions should 
be excluded in patients with signs of decompensated cerebral 
circulation:

	1.	 Dehydration and hypovolemia can contribute to cerebral 
ischemia due to impaired blood rheology and reduced 
perfusion pressure. Dehydration may be a result of preop-
erative fasting, poor appetite, and insufficient fluid intake 
within a few days after surgery, vomiting, or fever. The 
careful pre- and postoperative replenishment of fluid loss 
using infusion therapy is necessary.

	2.	 Hyperventilation provokes hypocapnia and cerebral 
vasoconstriction [22] under mechanical ventilation and 
during crying and anxiety associated with painful medi-
cal procedures. Younger children requiring premedication 
in a ward, accurate awakening without anxiety, and ade-
quate pain relief during dressings and other procedures 
need special attention [23]. Tests with hyperventilation 
during electroencephalography are contraindicated.

	3.	 Hypotension should be excluded, as hypertension is com-
mon in patients with moyamoya disease. Hypertension 
usually has a central compensatory character and is aimed 
at maintaining cerebral perfusion. It is necessary to main-
tain normal blood pressure. Aggressive reduction of 
blood pressure is inappropriate.

	4.	 Severe anemia in the early postoperative period under 
reduced perfusion can provoke cerebral ischemia. 
Therefore, careful monitoring and timely compensation 
for possible blood loss are necessary. Hemoglobin 
level > 10 g/dL should be maintained [23].

Younger children are especially sensitive to these condi-
tions. Therefore, they are primarily at risk of ischemic com-
plications [13]. In our study, the incidence of postoperative 
ischemic stroke was higher by almost 3.5 times in children 
younger than 6  years old (B  =  1.235; Exp(B)  =  14.546; 
p = 0.019), especially if they had several risk factors.

Of course, the choice of surgical approach also matters. In 
our study, combined methods involving direct anastomoses 
were accompanied by a significantly lower incidence of 

complications (5.1%) compared to indirect brain revascular-
ization (8.3%, χ2 = 10.892, p = 0.028). Indeed, the develop-
ment of synangiosis with cortical arteries takes a certain 
amount of time (up to 3 months), whereas the imposition of 
bypass is followed by early improvement in cerebral perfu-
sion and compensation of the disease [24].

�Conclusion

(1) The risk of perioperative complications in patients with 
moyamoya disease is heterogeneous and determined, first of 
all, by critical stenosis or occlusion of PCA, severe perfusion 
deficit, and subacute (within 3 months after cerebrovascular 
accident (CVA)) or unstable (serial TIAs) clinical symptoms. 
These factors increase the risk of complications by 10, 5, and 
6 times, respectively. (2) The combination of ≥ 2 risk factors 
increases the risk of perioperative ischemic cerebral events, 
with a sensitivity and specificity of 80.7 and 88.6%, respec-
tively. (3) Early surgical treatment is advisable to reduce the 
risk of ischemic and hemorrhagic lesions following the natu-
ral course of the disease and severe perioperative complica-
tions. (4) Combined brain revascularization is preferable for 
high-risk patients. Surgery should be provided with qualified 
anesthetic support and the timely correction of dehydration, 
hyperventilation, arterial hypotension, hypovolemia, and 
anemia.
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�Introduction

Moyamoya disease (MMD) is a rare idiopathic steno-
occlusive cerebrovascular disease affecting the distal intra-
cranial internal carotid artery or its proximal branches with a 
network of basal collaterals [1]. The disease was first 
described in Japan [2] and was formerly almost exclusively 
associated with East Asia, but it is now known to occur 
worldwide [3]. Characteristically, the disease presents in 
either childhood or young middle age [4]. Clinical events 
include ischemic stroke caused by narrowed vessels and 
hemorrhage from the rupture of fragile collaterals. MMD is 
considered a progressive disease, but there is a lack of data 
on long-term outcomes to substantiate this [5, 6].

Bypass surgery is performed to prevent stroke and alter 
the disease course [1], but its long-term durability and its 
overall impact in preventing ischemic stroke has never been 
demonstrated [7]. In the subgroup of patients presenting with 
brain hemorrhage (i.e., hemorrhagic MMD), a randomized 
trial showed a marginally statistically significant effect of 
bypass surgery on reducing stroke risk [8]. Still, it was not 
able to show an impact on the clinical outcome.

Previously, we described a Danish cohort of 50 patients 
with MMD diagnosed between 1994 and 2017 [9]. Reflecting 
the era, our cohort is a case mix of operated and conserva-
tively treated patients with an extended follow-up—of which 

most patients would likely have been offered surgery by 
today’s standard. This has given us a unique opportunity to 
look into the natural history of the disease and investigate the 
long-term course and outcome after bypass surgery. 
Retrospective observational data from our cohort [10] pro-
vided evidence for the hitherto assumption of a continued 
risk of recurrent stroke in MMD.  For this study, we con-
ducted a structured telephone interview with cohort patients 
to determine how this would affect the long-term outcome.

�Methods

�The Cohort Population

The cohort was established as previously described [9, 10]. 
Briefly, all patients diagnosed with MMD (I67.5) between 
1994 and 2017 were identified in the Danish National Patient 
Register, which covers all hospital discharges and visits to 
outpatient clinics in Denmark [11]. Clinical notes, clinic let-
ters, and radiology reports from 13 clinical departments from 
six Danish hospitals were reviewed. The diagnosis was vali-
dated according to the definition of MMD stated by the 
Research Committee on Spontaneous Occlusion of the Circle 
of Willis (moyamoya disease) in Japan [12]. We conducted a 
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pooled analysis of patients with probable (pMMD) and defi-
nite MMD (dMMD). We reviewed all collected data up to 
March 15, 2021, to ensure that the previous diagnosis of 
MMD could be maintained. The following features were 
recorded: age at diagnosis, sex, race, and initial clinical pre-
sentation (transient ischemic attack (TIA), ischemic stroke, 
brain hemorrhage, seizures, headache, other presentation, 
asymptomatic). TIA was defined as neurological deficits of 
presumed vascular origin resolving within 24 h.

�Study Timeline

Subjects were included at the date of the first angiography 
when they met the diagnostic criteria for MMD and were 
followed up until March 15, 2021, or death.

�Medical Management and Revascularization 
Surgery

We recorded the date, type (direct or indirect), and side of the 
surgical revascularization procedure if applicable. We also 
noted whether patients were on antiplatelet medication.

�Outcomes

Vital status was assessed from patients’ electronic records. 
Alive adult patients—or, if appropriate, their next of kin—
were approached and requested to participate in a telephone 
interview. VH (Victoria Hansen) and VT (Vinosha 
Tharmabalan) conducted the telephone interviews. Patients 
were assigned a modified Rankin Scale (mRS) score on the 
basis of a structured phone interview. We used a simplified 
modified Rankin Scale questionnaire with excellent reliabil-
ity [13]. An mRS < 3 was considered a favorable outcome. 
We also asked about the patient’s source of income and 
whether the patient lived independently, in sheltered housing, 
or at a nursing home. We also approached pediatric patients’ 
parents and asked about special educational needs. In adult 
patients diagnosed before the age of 18 years, we asked about 
the highest academic level attained.

�Statistical Analysis

Data were collected on data sheets by using EpiData Entry 
software (www.epidata.dk; the EpiData Association). 
Analyses were performed by using EpiData Analysis soft-

ware (www.epidata.dk; the EpiData Association) and 
OpenEpi software (www.openepi.com). We used chi-squared 
tests with a significance level of 0.05 for statistics.

�Standard Protocol Approvals, Registration, 
and Patient Consent

The Danish Patient Safety Authority (ref. no. 3-3013-1699/1 
and ref. no. 3-3013-1699/2) and the Capital Region of 
Denmark (ref. no. R-21016187) approved the study. Patient 
consent was not required.

�Data Availability Statement

The data supporting this study’s findings are available from 
the corresponding author upon reasonable request.

�Results

�Characteristics of the Cohort

The cohort consisted of 50 patients, of whom 33 were female. 
16 patients were diagnosed before the age of 18 years. Eight 
patients had an East Asian background. Also, 17 patients had 
an ischemic stroke; 11 had a brain hemorrhage, eight had 
headaches, seven had TIA, two had seizures, four had other 
presentations, and one was asymptomatic at diagnosis.

�Medical and Surgical Management

16 patients were treated conservatively, while 34 underwent 
bypass surgery. Sex and clinical presentation were not sig-
nificantly different between groups. Still, more pediatric 
patients had bypass surgery (p = 0.04), and a trend toward 
more patients of East Asian origin in the bypass group was 
also noticed. Among those conservatively treated, bypass 
surgery was not found to be indicated in six patients, due to 
a lack of ongoing symptoms; in one case, after the vascular 
neurosurgeon reviewed the angiogram; and in another case, 
because of a normal positron emission tomography with 
acetazolamide challenge. For four other patients, we did not 
find clinical notes indicating that bypass surgery was even 
considered. Four patients declined surgery. The most com-
mon indication for surgery was a previous cerebrovascular 
event. In one of 34 surgically treated patients, a bypass was 
considered only after a second stroke. The median time from 
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diagnosis to first bypass was 116 days (range 5–8401 days). 
Furthermore, 26 cases (76%) were direct or combined 
bypasses, and eight (24%) were indirect; 25 patients had 
additional bypass(es) performed. 26 patients were on aspirin, 
five on clopidogrel, and six on both. Among surgically 
treated patients, 22 patients were on aspirin, three on clopi-
dogrel, and three on both. Aspirin and clopidogrel were gen-
erally administrated at a dose of 75 mg o.d.

�Structured Telephone Interviews

Five patients had died after a follow-up of 507 person-years 
(median: 9 years; range: 0.10–29.0 years). Only one of the 
deaths was related to a cerebrovascular event. Thus, 45 
patients, or their next of kin, were approached for a tele-
phone interview. Two patients could not be reached, and two 
declined to participate. Six patients were still younger than 
18 years old, while ten pediatric patients had reached adult-
hood and could be assigned an mRS score (mRSs) based on 
the structured telephone interview.

�Outcomes

The overall mRSs and the mRSs for patients reaching a fol-
low-up of 5, 10, and 15 years are depicted in Fig. 1. Overall, 
24 of 40 patients (60%) who could be assigned an mRSs had 
a favorable outcome. This proportion was 63%, 65%, and 
46% after 5, 10, and 15  years of follow-up, respectively. 

Notably, none of the deaths occurred between 10 and 
15 years of follow-up. At the end of the study, four patients 
(aged 27 years, 45 years, 56 years, and 70 years) lived in a 
nursing home.

�Income Source

Figure 2 shows the income source for live adult patients at 
the end of the study. Here, 20 of 37 patients were outside the 
workforce or educational system, whereas only six worked 
full time.

�Academic Level in Pediatric Patients

Two of the six children had special educational needs. Two 
of the ten grown-up pediatric patients had graduated from 
high school, whereas seven had no education beyond pri-
mary school. In the last case, information could not be 
obtained.

�Subgroup Analyses

Since our previous data suggested that conservatively treated 
and female patients might have a higher stroke risk, we per-
formed subgroup analyses based on bypass status and sex. 
Overall, five of the 13 patients (39%) who were conserva-

mRS 0 mRS 1 mRS 2 mRS 3 mRS 4 mRS 5

n = 50

n = 42

n = 27

n = 14

N/AmRS 6

overall

5+y

10+y

15+y

0% 20% 40% 60% 80% 100%

Fig. 1  Overall outcome and outcome in patients who reached 5, 10, and 15 years of follow-up
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17

3

6

9

2

pension (<67y) pension (67+y) full-time work part-time work state educational support

Fig. 2  Income source in adult patients

tively treated and could be assigned an mRSs had a favorable 
outcome after 5 years, whereas this applied to 19 of 27 
patients (70%) in the bypass group (p > 0.05). Also, 16 of the 
27 female patients (59%) who could be assigned an mRSs 
had a favorable outcome after 5 years, as compared to eight 
of the 13 male patients (61%, p > 0.05). We refrained from 
making comparisons at later time points because the groups 
were small.

�Discussion

The long-term outcome of MMD in Europe and, for that 
matter, elsewhere is not well known. This, in particular, 
applies to conservatively treated patients. In our cohort, a 
case mix of operated and conservatively treated patients 
followed for a median of 9  years, we found that 60% of 
patients had a favorable outcome, with only 16% of adult 
patients working full time. In other words, our data suggest 
that MMD considerably impacts daily life in a substantial 
number of those affected, with only a minority being able 
to provide for themselves. There was also a trend toward a 
greater degree of disability after 15  years of follow-up. 
Based on our data, we cannot establish whether this is 
explained by strokes seen during follow-up or whether it is 
otherwise related to MMD; that would require a matched 
control group. Many studies, including ours [10], have sug-

gested that revascularization reduces the stroke risk. One 
would expect that reducing this risk would improve out-
comes, but this may prove challenging to determine. Our 
data showed a trend toward better outcomes in the bypass 
group. In a Finnish study of 61 patients, the median mRS 
was 1 after a mean follow-up period of 9.5 years, with no 
difference between surgically and conservatively treated 
patients [14]. A study from the United Kingdom demon-
strated favorable outcomes (mRS < 3) in 63.5% and 60.6% 
after a median follow-up of 43 months of surgically treated 
pediatric patients and conservatively treated pediatric 
patients, respectively [14].

Another finding worth noting was that two of the six chil-
dren in our cohort had special educational needs, and only 
two of 10 grown-up pediatric patients had graduated from 
high school. A possible explanation is cognitive impairment 
caused by stroke and hypoperfusion, to which children are 
particularly vulnerable [7].

�Strengths and Limitations

The strength of this study rests on providing complete 
long-term follow-ups in a nationwide cohort of 50 MMD 
patients with strict inclusion criteria, including 16 patients 
treated conservatively. Being a national cohort eliminates 
the referral bias associated with case series from large ter-
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tiary centers. There are also some limitations. First, our 
cohort is a real-world case mix of operated and conserva-
tively treated patients. This introduces a selection bias as 
the selection for surgery may be confounded by severity. 
The reasons for choosing a conservative approach may 
point to lesser disease severity, but interestingly, all but 
one conservatively treated patient had been symptomatic, 
and 62.5% had had a previous stroke. The study period 
was a transitional phase from MMD being relatively 
unknown in Denmark to an increased understanding of 
indications for surgery.

Many conservatively treated patients would likely have 
been referred for surgery by today’s standards. Also, the 
groups were balanced except for more East Asians and 
pediatric patients in the bypass group. This reduces but 
does not eliminate the selection bias. Ultimately, there was 
a trend toward a worse outcome in the conservatively 
treated patients compared to that in the bypass group. 
However, the study did not aim to prove bypass surgery’s 
efficacy. Second, observations in conservatively treated 
patients can be only a substitute for natural history. They 
are subjected to the same selection bias as above, as dis-
ease severity may distinguish conservatively treated 
patients from those referred for surgery. However, long-
term natural history studies are not feasible, because some 
patients will invariably be referred for surgery. Third, ret-
rospective data have inherent limitations, but comparable 
prospective data over so many years will not likely be col-
lated. Fourth, the cohort size is limited to 50 patients, but 
assembling a large cohort in a primarily non-Asian popu-
lation is challenging. In particular, the subgroup analyses 
should be interpreted cautiously. In conclusion, our data 
suggest that MMD considerably impacts daily life in a 
substantial number of those affected, with only a minority 
able to provide for themselves.
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�Introduction

Moyamoya disease (MMD) is a chronic, occlusive cerebro-
vascular disease with an unknown etiology characterized by 
the progressive stenosis of the internal carotid artery (ICA) 
terminus and abnormal vascular network formation at the 
base of the brain [17, 19]. Surgical revascularization via 
superficial temporal artery (STA)–middle cerebral artery 
(MCA) anastomosis is generally accepted as the standard 
surgical procedure for symptomatic MMD patients, espe-
cially in adults [9, 11, 13, 14]. The STA-MCA anastomosis 
has been known to prevent cerebral ischemic attack by 
improving cerebral hemodynamics in the affected hemi-
sphere [9, 11, 14]. Recent results from the Japan Adult 
Moyamoya (JAM) trial, a randomized controlled clinical 
trial that investigated the efficacy of direct revascularization 
on the prevention of rebleeding in hemorrhagic MMD 
patients, further indicated that STA-MCA anastomosis is a 
powerful management choice to reduce the risk of rebleed-
ing in MMD patients with posterior hemorrhage, in which 
annual rebleeding risk was as high as 17.1% under conserva-
tive management [18, 20]. According to such evidence, an 
increasing number of symptomatic MMD patients undergo 
STA-MCA anastomosis as a standard management in East 
Asia. Regarding the details of the surgical procedure, a 
recent study indicates the superiority of direct-indirect com-
bined revascularization surgery such as STA-MCA anasto-
mosis with indirect pial synangiosis [1, 2].

Despite the long-term favorable outcome of combined 
revascularization surgery, however, local cerebral hyperper-
fusion syndrome and simultaneous occurrence of cerebral 
ischemia caused by watershed shift phenomenon are poten-
tial complications of this surgery [3–5, 7, 11–13, 21–23]. 

Cerebral hyperperfusion syndrome could result in transient 
neurological deterioration, in seizure, and rarely also in 
delayed intracerebral hemorrhage [4, 5, 23]. Therefore, com-
plication avoidance in the acute stage after revascularization 
surgery is critical while managing MMD patients surgically. 
In the present study, we sought to clarify the efficacy and 
safety of our standardized combined revascularization proce-
dure and perioperative management.

�Materials and Methods

�Inclusion Criteria of Patients 
and the Surgical Procedure

The present study included 37 consecutive patients with 
MMD (2–60 years old, 42.0 on average) surgically treated in 
42 affected hemispheres by the same surgeon (M.F.) between 
January 2021 and March 2023. The indication for revascu-
larization surgery for MMD included all of the following 
items: the presence of ischemic symptoms (minor completed 
stroke and/or transient ischemic attack (TIA)) and/or poste-
rior hemorrhage, the presence of hemodynamic compromise, 
independent activity in daily living (modified Rankin Scale 
scores 0–2), and the absence of major brain damage that 
exceeded the vascular territory of one major branch of 
MCA.  Direct-indirect combined revascularization surgery 
was performed on most hemispheres (41/42, 97.6%), includ-
ing STA-MCA bypass (39 hemispheres) and occipital artery 
(OA)–posterior cerebral artery (PCA) bypass (two hemi-
spheres). Preoperative cerebral blood flow (CBF) was 
assessed via the autoradiographic method using N-isopropyl-
p-[123I] iodoamphetamine single-photon emission computed 
tomography (123I-IMP-SPECT) [3, 7]. All patients underwent 
strict perioperative management with strict blood pressure 
control (110–130  mmHg) based on 123I-IMP-SPECT find-
ings. Most patients underwent STA-MCA (M4) anastomosis 
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with encephaloduromyosynangiosis (EDMS) [8, 10]. 
Craniotomy was performed around the Sylvian fissure end, 
and the stump of STA was anastomosed to the M4 segment 
of MCA, which was followed by EDMS. All patients satis-
fied the diagnostic criteria of the Research Committee on the 
Spontaneous Occlusion of the Circle of Willis, of the 
Ministry of Health, Labor, and Welfare in Japan [17].

�Postoperative CBF Measurement 
and Perioperative Management Protocol

CBF was routinely measured via 123I-IMP-SPECT at postop-
erative day (POD) 1 and 7 after surgery in all patients [4, 7]. 
The criteria for local cerebral hyperperfusion included all the 
following items: (1) the presence of a significant local CBF 
increase at the site of the anastomosis that exceeds the CBF 
value of the other supratentorial region of the bilateral hemi-
spheres; (2) the apparent visualization of STA-MCA bypass 
via magnetic resonance angiography (MRA); (3) the absence 
of other pathologies, such as compression of the brain surface 
by the temporal muscle inserted for indirect pial synangiosis 
and CBF increase secondary to seizure. The criteria for the 
watershed shift phenomenon included the following items: (1) 
the presence of local cerebral hyperperfusion and (2) a para-
doxical CBF decrease in the cerebral cortex adjacent to local 
cerebral hyperperfusion [21, 22].

All 36 patients undergoing combined revascularization sur-
geries on 41 hemispheres were prospectively subjected to pro-
phylactic blood pressure lowering (110–130 mmHg of systolic 
blood pressure) according to standardized postoperative man-

agement protocol using 1–10 mg/hour of a continuous intrave-
nous drip infusion of nicardipine hydrochrolide to prevent 
cerebral hyperperfusion syndrome, as previously described [8]. 
In all patients, antiplatelet agents (100  mg aspirin/day or 
200 mg cilostazol/day) were preoperatively used until 3 days 
before surgery. All patients were managed via the intraopera-
tive and postoperative intravenous administration of minocy-
cline hydrochloride (200 mg/day) until 7 days after surgery [9]. 
Most patients were also managed via the postoperative intrave-
nous administration of lacosamide (100 mg/day). We routinely 
administered antiplatelet agents (100 mg aspirin/day) starting 
the day after surgery in all cases [8, 10]. On the basis of the 
temporal profile of 123I-IMP-SPECT and magnetic resonance 
imaging (MRI)/magnetic resonance angiography (MRA) find-
ings, we gradually allowed a return to normotensive conditions 
within 7–10  days after combined revascularization [8, 10]. 
Then we investigated the postoperative neurological status, the 
neuroradiological outcomes, and the incidence of surgical 
complications after the revascularization surgery for MMD.

�Results

�Outcome of Revascularization  
Surgery for MMD

The outcome of 42 surgeries was favorable in all cases except 
for one (2.3%), where that one manifested as cerebral hyper-
perfusion syndrome after STA-MCA anastomosis combined 
with EDMS, leading to neurological worsening. The result of 
the 41 surgeries of combined revascularization is summarized 

Table 1  Summary of revascularization surgeries for 42 affected hemispheres of moyamoya disease
Items Number of hemispheres (%)

Patient’s age Adults (16 years old ~) 33 (78.6 %)

Children (~15 years old) 9 (21.4 %)

Sex Men 9 (21.4 %)

Women 33 (78.6 %)

Onset type TIA 24 (57.1 %)

Cerebral infarction 13 (31.0 %)

Hemorrhage 5 (11.9 %)

Surgical procedure Combined bypass

 �� STA-MCA bypass with EDMS 39 (92.9 %)

 �� OA-PCA bypass with EDMS 2 (4.8%)

Indirect bypass

 �� EDAS 1 (2.3%)

Surgical complication CHP syndrome 1 (2.3%)

Would healing delay 2 (4.7%)

Note: TIA transient ischemic attack, STA-MCA superficial temporal artery–middle cerebral artery, OA-PCA occipital artery–posterior cerebral 
artery, EDAS encephaloduroarteriosynangiosis, CHP cerebral hyperperfusion
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in Table 1. None of the patients developed perioperative cere-
bral infarction (0/42; 0%), and the patency of the direct 
bypass was confirmed via MRA in all cases undergoing the 
combined procedure (41/41, 100%). Two patients suffered 
wound-healing delay, one of which required resuture.

�Representative Case

A 41-year-old man, presenting with the newly formed minor 
hemorrhage demonstrated by the development of microbleed 
along the periventricular anastomosis in the left hemisphere, was 
admitted to our hospital. He had a history of intracerebral hemor-
rhage in the right hemisphere due to MMD, which had been 
managed via combined revascularization surgery and the super-
selective embolization of the pseudoaneurysm previously located 
at the choroidal channel. Neurological examination was unre-
markable, but T2*weighted imaging MRI demonstrated the 
hemorrhage at the posterior part of the left lateral ventricle (arrow 
in Fig. 1a). While considering the surgical indication on the left 
hemisphere with posterior hemorrhage, we chose to have the 
patient undergo catheter angiography, which demonstrated the 
significant narrowing of left ICAs at their terminal portion as 
well as the marked development of the basal vascular network 
formation including the extended choroidal artery, the so-called 
choroidal channel (Fig. 1b). On the basis of these findings, we 
planned flow-augmentation bypass on the left hemisphere.

Under general anesthesia, the head was positioned at 80° 
via a three-point fixture. We made a skin incision along 

with the donor STA approximately 10  cm in length. 
Craniotomy was performed around the Sylvian fissure end, 
approximately 10 cm in diameter (Fig. 2a), and the stump 
of the STA was prepared as a semi-fish mouth shape with a 
stump of 2.0  mm. Then the stump of the STA is anasto-
mosed via a 10-0 nylon monofilament suture to the M4 seg-
ment of the MCA, 1.0 mm in diameter (Fig. 2b, c). After 
reperfusion, the patency of STA-MCA anastomosis was 
confirmed via intraoperative indocyanine green (ICG) 
video-angiography and Doppler ultrasonography (Fig. 2d). 
The direct anastomosis procedure was followed by 
EDMS.  To avoid postoperative compression of the brain 
surface by the temporal muscle, we drilled out the inner 
layer of the bone flap and made a wide bone window on the 
side of EDMS, and we also split the temporal muscle into 
two layers not only to reduce the thickness of EDMS flap 
but also to preserve the outer layer for cosmetic coverage 
around the preauricular area. The bone flap was fixed both 
by two pieces of titanium plates and a bioabsorbable plate 
named LactoSorb (82% poly-L-lactic acid and 18% polyg-
lycolic acid).

The postoperative course was uneventful, and the patient 
did not suffer neurological deterioration. 123I-IMP-SPECT 
on the day after surgery showed significant CBF increase on 
the operated hemisphere (Fig. 3a), and the STA-MCA anas-
tomosis was clearly visualized as thick high signal intensity 
via MRA 2 days after surgery (arrow in Fig. 3b). The patient 
was discharged without neurological worsening 14  days 
after revascularization surgery. There was no cerebrovascu-
lar event during the follow-up period of 1 year.

a b

Fig. 1  (a) The magnetic resonance images of T2*weighted imaging 
(WI) demonstrated the hemorrhage at the posterior part of the left lat-
eral ventricle (arrow in a). (b) Left internal carotid artery (ICA) angio-

gram showed the significant narrowing of left ICA terminus with the 
marked development of the basal vascular network formation
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a b

c d

Fig. 2  Intraoperative microscopic view of left superficial temporal 
artery (STA)–middle cerebral artery (MCA) anastomosis for a 41-year-
old patient. (a–c) The stump of the STA was anastomosed to the M4 
segment of left MCA at 1.0 mm in diameter (arrow in a), with a tempo-

rary occlusion time of 21  min. (c) Intraoperative indocyanine green 
video-angiography after the anastomosis showing apparently patent 
STA-MCA bypass (d)

a b

Fig. 3  (a) N-isopropyl-p-[123I] iodoamphetamine single-photon emis-
sion computed tomography before and after surgery, showing a signifi-
cant increase in cerebral blood flow in the left frontal lobe 1 and 7 days 

after surgery. (b) Magnetic resonance angiography 2 days after surgery 
demonstrated apparently patent bypass as thick high signal intensity 
(arrow)
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�Discussion

The present study indicated that combined revasculariza-
tion surgery, such as STA-MCA bypass with EDMS, is a 
safe and effective management choice if it is promptly fol-
lowed by the standardized perioperative management pro-
tocol. On the basis of our previous reports, indicating the 
transient local CBF increase pattern in the acute stage after 
STA-MCA anastomosis with indirect pial synangiosis for 
MMD patients [7, 10], we argue that conducting the stan-
dardized perioperative management via mild blood pres-
sure lowering combined with neuroprotective/
anti-inflammatory agents to avoid surgical complications 
such as cerebral hyperperfusion syndrome appears reason-
able [10]. Due to the potentially higher risk of postopera-
tive cerebral hyperperfusion syndrome in adult MMD 
patients [4, 23], we recommend the application of this peri-
operative management protocol, especially for adult MMD 
patients. In fact, the pattern of postoperative cerebral hemo-
dynamics after combined revascularization surgery is dif-
ferent in pediatric MMD patients than in adult patients 
[15]. Approximately 40% of pediatric MMD patients were 
found to paradoxically present transient global hypoperfu-
sion on the operated hemisphere after successful STA-
MCA anastomosis [15]. The high incidence of global 
hypoperfusion phenomenon in pediatric patients is appar-
ently different from the hemodynamic pattern in adult 
patients, who commonly exhibit the transient local hyper-
perfusion pattern [10, 23].

The surgical complications of the revascularization sur-
gery for MMD include perioperative cerebral infarction and 
cerebral hyperperfusion syndrome [6, 11, 13, 15]. 
Perioperative cerebral ischemia can be caused by a variety of 
pathophysiologies, such as hemodynamic ischemia due to 
the intraoperative hypotension, anemia/dehydration, throm-
boembolism at the site of the anastomosis [7, 13], and the 
watershed shift phenomenon [21, 22]. In case of indirect or 
combined revascularization, mechanical compression of the 
brain surface by a swollen temporal muscle used for the indi-
rect bypass procedure could also cause cerebral ischemia [6]. 
Prompt anesthesia by maintaining normocapnia, sufficient 
hydration, and proper hemoglobin concentration is essential 
to avoid ischemic complication [11]. Besides perioperative 
cerebral infarction, a rapid increase in local CBF at the site 
of the direct revascularization is known to cause local vaso-
genic edema and/or hemorrhagic conversion in adult MMD 
[3–5, 7, 16, 23]. We initially reported that the incidence of 
cerebral hyperperfusion syndrome after STA-MCA bypass 
was significantly higher in MMD patients than that in 
patients with atherosclerotic occlusive cerebrovascular dis-
eases [7]. The risk factors of cerebral hyperperfusion syn-
drome in MMD patients include older patient age (adult 

onset) [4, 23], preoperative CBF decrease [21], a preopera-
tive increase in cerebral blood volume [23], the onset of 
hemorrhage [4], operation on the dominant hemisphere [10], 
and a smaller-diameter recipient artery [10]. Therefore, adult 
MMD patients with these factors must be promptly managed 
to avoid the deleterious effect of cerebral hyperperfusion 
during the early perioperative period. Because the cerebral 
hyperperfusion phenomenon is resolved within 7–10 days in 
most cases, we recommend intensive perioperative manage-
ment under the standardized perioperative protocol within 
7 days after combined revascularization surgery.

In conclusion, the combined revascularization surgery is a 
safe and effective treatment for MMD, while local cerebral 
hyperperfusion is a potential complication that should be 
avoided by administering intensive perioperative care.
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�Introduction

Exoscopes have been used as reliable surgical tools in the 
neurosurgical field [11]. They can improve surgical field vis-
ibility with 4K three-dimensional (4K-3D) monitors and 
provide alleviation for the physical strain associated with a 
surgeon’s neutral posture [1]. Although exoscopes have dem-
onstrated utility in a variety of neurosurgical procedures, 
their use has not been standardized, and as of 2023, no stud-
ies have compared them with the conventional microscope in 
bypass surgery.

In this study, we present the clinical outcomes for patients 
who underwent superficial temporal artery (STA) to middle 
cerebral artery (MCA) bypass with an exoscope compared 
with a conventional microscope. The aim of this study is to 
investigate the pros and cons of exoscopic STA-MCA 
bypass, including its setting in early experience.

�Methods

We retrospectively reviewed the medical records and intra-
operative videos of all patients (n = 58) who had undergone 
STA-MCA bypass at our institution between January 2021 
and August 2022. Patients who underwent the STA-MCA 
bypass that uses an exoscope (ORBEYE, Olympus, n = 36) 
were compared with those who underwent the procedure that 

uses a conventional microscope (OME-9000, Olympus, 
n = 22). Both groups were assessed for the following factors: 
age, sex, medical history, operative details (surgeon; setup 
time, defined as the time from the entry into the operating 
room to the start of surgery; the duration of MCA occlusion; 
operative time; bypass patency; and surgical complications, 
such as bypass occlusion, hyperperfusion, intracranial hem-
orrhage, infarction, thromboembolic problem, contusion, 
neurological event, and wound infection), and modified 
Rankin Scale (mRS) score at 3  months after surgery. The 
patients were divided into two groups on the basis of their 
mRS score at 3  months after surgery: favorable (0–3) and 
unfavorable (4–6). Additionally, a total of 19 surgeons (five 
attending staff members, seven staff members, and seven 
residents) evaluated the effects of exoscope on the cerebro-
vascular procedure by using a questionnaire (Fig. 1).

The diagnoses of the included patients were as follows: 
ischemic status including internal carotid artery (ICA) steno-
sis, ICA occlusion, MCA stenosis, MCA occlusion, and 
moyamoya disease with ischemic onset. All patients under-
went three-dimensional computed tomography (3D-CT) 
angiography or digital subtraction angiography so that their 
detailed vascular anatomy could be analyzed and single-
photon emission computed tomography so that the hemody-
namics of their ischemic hemispheres could be investigated. 
All aspects of this study were approved by the Ethics 
Committee of Saitama Medical University International 
Medical Center (2021–230). The need for written informed 
consent was waived due to the study’s retrospective design.

Comparison of Exoscopic and Microscopic Superficial Temporal 
Artery to Middle Cerebral Artery Bypass

Takuma Maeda, Hidetoshi Ooigawa, Koki Onodera, Yushiro Take, Hiroki Sato, Kaima Suzuki, and Hiroki Kurita

T. Maeda (*) · H. Ooigawa · K. Onodera · Y. Take · H. Sato 
K. Suzuki · H. Kurita 
Department of Cerebrovascular Surgery, Saitama Medical 
University International Medical Center, Hidaka, Japan
e-mail: maeda412@saitama-med.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-89844-0_13&domain=pdf
https://doi.org/10.1007/978-3-031-89844-0_13#DOI
mailto:maeda412@saitama-med.ac.jp


106

�Questionnaire (Fig. 1)

The evaluation questionnaire consisted of 10 questions, of 
which eight were rating 5-level-based questions. Questions 
1–8 aimed to compare the provision of the basic require-
ments for cerebrovascular procedures between the exoscope 
and conventional microscope, whereas questions 9 and 10 
investigated the shortcomings and future perspective of the 
exoscope.

�Surgical Procedure

All procedures were performed under general anesthesia. A 
parietal branch of the STA was routinely anastomosed to a 
cortical branch of the MCA. The central or precentral artery 
was usually chosen as a recipient. In the moyamoya cases, 
combined revascularization consisted of anastomosis 
between the STA and MCA with encephaloduromyosynan-
giosis. We used indocyanine green video angiography and 
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pulse Doppler to evaluate the intraoperative hemodynamics. 
We also used motor-evoked potentials for neuromonitoring 
during the procedure to prevent postoperative hemiparesis. 
Heparin administration was started if a thrombus was 
observed at the anastomosis to achieve an activated clotting 
time of >250 s. Antiplatelet agents for ischemic status were 
continued on the day of the procedure to prevent procedure-
related ischemic complications.

�The Setup and Setting of the Exoscope

Figure 2 and Table 1 show the setup and setting of the exo-
scope used in our institute. We set up the 55-inch main moni-

tor on the opposite side of the lesion as close to the patients 
as possible. The assistants were positioned on the right side 
of the surgeons. In the left-side lesions, the main monitor 
was positioned on the right side of the patients for the sur-
geon, and a submonitor was also positioned on the left side 
for the assistant (Fig. 2a). In cases of right-side lesions, the 
main monitor was positioned on the left side of the patients, 
wherein the surgeon and assistant share the same main moni-
tor in proximity (Fig.  2b). The anesthesia machine was 
placed close to the patient’s feet so as not to interfere with 
the monitor.
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Fig. 2  Intraoperative exoscope setup: (a) In the case of left-side 
lesions, the surgeon and assistant use their own monitors, and the visual 

axes are orthogonal; (b) in the case of right-side or median lesions, the 
surgeon and assistant share the same 4K-3D monitor in proximity
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�Statistical Analysis

Quantitative variables were expressed as mean  ±  standard 
deviation. The chi-square or Fisher’s exact test was used to 
identify the covariates that could be used as binary categori-
cal dependent variables. Unpaired sample tests using Welch’s 
correction were used for parametric data, and the Mann–
Whitney U tests were used for nonparametric data. Statistical 
significance was set to a p-value of <0.05. SPSS version 24 
(IBM Corp., Armonk, New York, USA) was used for all sta-
tistical analyses.

�Results

Table 2 shows the patient characteristics. The mean age of the 
patients was 51.1 (range, 16–75) years old. There were more 
female (69.0%) than male patients (31.0%) in the present 
study. Of all patients, 23 (39.7%) had developed moyamoya 
disease, and all patients presented with ischemic onset. A 
total of 36 patients (62.0%) underwent the procedure that 
uses an exoscope, and 22 patients (38.0%) underwent the pro-
cedure that uses a microscope. No significant differences 
were observed in any parameters between the two groups.

Figure 3 shows the intraoperative images of the conven-
tional microscope and exoscope with digital zoom during 
STA-MCA bypass.

Table 3 shows the clinical outcomes for each therapeutic 
modality. Residents served as the primary operator signifi-
cantly more often in the exoscopic group (n = 25; 69.4%) 
than in the microscopic group (n = 5; 22.7%) (p < 0.001). 

Table 1  Configuration details for ORBEYE at our institute
Item Setting
Common image adjustment

Dimming area All

Dimming sensitivity Low

Normal image setting

Brightness 0

AGC maximum gain 18 dB

Shutter speed Auto

Color mode Mode 4 (red-color 
suppression)

Contrast Normal

Image enhancement Mode 2

Structure enhancement A A3

Structure enhancement B B3

Contour enhancement E E5

Focus setting

Focus speed 3

Focus depth 1 (shallow depth of field and 
strong 3D effect)

AF setting

AF Continuous AF: OFF, single 
AF: ON

AF frame ON

Synchronized AF –

Zoom + ON

Arm-free ON

Motorized view ON

Note: Bold denotes importance, AGC automatic gain control, and AF 
auto focus

Table 2  Characteristics of 58 patients who underwent STA-MCA bypass
Exoscope Microscope p-Value

Number of patients 36 (62.0) 22 (38.0)

Age (years), median [IQR] 49 [41, 59] 53 [47, 65] 0.102

Female sex 28 (77.8) 12 (54.5) 0.083

Left side 15 (41.7) 9 (40.9) 1.000

Diagnosis 0.098

Atherosclerotic disease 25 (69.4) 10 (45.5)

Moyamoya disease 11 (30.6) 12 (54.5)

Note: Values are numbers (%) except where indicated otherwise
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Fig. 3  Intraoperative pictures of superficial temporal artery–middle 
cerebral artery bypass using the conventional microscope and exo-
scope: (a) intraoperative capture with a maximum optical zoom using 

the conventional microscope (OME-9000) and (b, c) intraoperative 
captures with maximum optical zoom and combined zoom using an 
exoscope

Table 3  Clinical outcomes of patients who underwent STA-MCA bypass
Exoscope (n = 36) Microscope (n = 22) p-Value

Surgeon

Attending staff 1 (2.8) 5 (22.7) 0.025

Staff 10 (27.8) 12 (54.5) 0.054

Resident 25 (69.4) 5 (22.7) <0.001

Setup time (min), median [IQR] 74 [66, 83] 73 [67, 80] 0.974

Ischemic time (min), median [IQR] 55 [44, 67] 45 [33, 58] 0.053

Operative time (min), median [IQR] 382 [347, 440] 385 [329, 432] 0.665

Patency at postoperative day 1 35 (97.2) 21 (95.5) 1.000

Surgical complication 1 (2.8) 1 (4.5) 1.000

Favorable outcome 36 (100) 21 (95.5) 0.379

Note: Values are numbers (%) except where indicated otherwise. IQR interquartile range

No cases with an exoscope required switching to a conven-
tional microscope. The setup time (74 vs. 73 min, p = 0.974) 
and operative time (382 vs. 385 min, p = 0.665) were similar 
for the two therapeutic modalities. On the other hand, the 
duration of MCA occlusion was slightly longer in the exo-
scopic group (55  min) than in the microscopic group 
(45 min), although no significant differences were observed 
(p = 0.053). Regarding the bypass patency, 35 (97.2%) and 
21 (95.5%) patients had patency at postoperative day 1  in 
the exoscope and microscope groups, respectively 
(p = 1.000). Similarly, 36 (100%) and 21 (95.5%) patients 
had favorable outcomes in the exoscope and microscope 
groups, respectively (p = 0.379). In the present study, only 
two patients (3.4% of all patients) showed postprocedural 
complications. One patient experienced wound infection 
after discharge and required readmission and antibiotic 

treatment in the exoscopic group, and one patient experi-
enced osteonecrosis, which was not associated with the pro-
cedure itself in the microscopic group.

�Questionnaire (Fig. 1)

The exoscope scored highly on image quality, brightness, 
operability, and education, whereas the conventional micro-
scope scored highly on assistant work. Regarding the short-
comings and future perspective of the exoscope, four 
surgeons (21.1%) felt uncomfortable wearing 3D glasses. 
Also, ten surgeons (52.6%) agreed that exoscopes will com-
pletely replace the conventional microscope, whereas seven 
surgeons (36.8%) disagreed. Additionally, some surgeons 
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described specific problems, such as the red-enhanced 
images of the exoscope, in addition to image vibration with 
maximum magnification and the misalignment of the assis-
tant monitor.

�Discussion

Neurosurgery assisted by the operating microscope was first 
introduced in the 1960s by Yasargil [14]. In 1967, the first STA-
MCA bypass under an operating microscope was also reported 
by Yasargil et al. [15]. Although the microscope has been the 
gold standard in neurosurgery, surgeons had been forced into 
uncomfortable positions to be in proximity to the lens of the 
microscope [14]. The exoscope is a new visualization device 
consisting of compact lens barrel placed over the surgical field, 
which was first reported in the neurosurgical field in 2008 by 
Mamelak et al. [6]. ORBEYE (OLYMPUS, Tokyo, Japan) is 
the exoscope that launched in Japan in October 2017 [8]. It 
provides 4K, high-quality, three-dimensional imaging on a 
55-inch monitor, which was also introduced in our institute in 
2021 [5]. Since then, we have aimed to incorporate the exo-
scope into all our cerebrovascular surgeries.

As shown in Fig. 3, the first reported advantages of the 
exoscope were its mobility with a small camera and its visual 
axis, which can be adjusted by the surgeon. Because the exo-
scope has no eye piece, it provides alleviation for the physi-
cal strain by maintaining the surgeon’s neutral posture. In 
previous surgeries with the conventional microscope, some 
surgeons, especially female surgeons, have been forced to 
unnaturally stretch their arms due to the focus length and eye 
piece of the optical unit [10]. In exoscopic surgery, the elimi-
nation of the eye piece solved this problem. The exoscope 
enables surgeons to get any visual axis without forcing the 
patient into an untenable position, reducing the risk of 
cervical spine injury or air embolization, although there were 
none of these complications in either of the therapeutic 
modalities in this study. In exoscopic surgery, surgeons must 
get used to head-up surgery. However, it took just a few sur-
geries to get used to exoscopic surgery because many neuro-
surgeons are experienced in endovascular and endoscopic 
surgeries, which emulates a similar experience.

The second reported advantages of the exoscope were its 
image quality, high contrast, high brightness, and high reso-
lution when using a 4K-3D monitor. Regarding image reso-
lution, the images obtained directly from the eye lens of the 
microscope might be difficult to compare with those obtained 
from the monitor and complementary metal oxide semicon-
ductor (CMOS) image sensor of the exoscope [13]. 
Interestingly, the results of question 2 indicated that the 
image quality of the exoscope scored highly. The higher con-
trast and brightness of the exoscope may have contributed to 

this result. In the conventional microscope, almost half of the 
light source was lost in the optical path, especially in the 
peripheral visual field [4]. In contrast, the exoscope can 
transmit images obtained by the CMOS image sensor directly 
to the 4K-3D monitor without significant loss [2]. 
Additionally, anybody in the operating room, including the 
assistant surgeon, scrub nurse, students, and visitors, share 
the same monitor with the surgeon, which may play an 
important role in surgical learning and teaching.

In exoscopic bypass surgery, surgeons can increase magni-
fication by up to 26 times with digital zoom in combination 
with optical zoom [8]. When using digital zoom, the resolution 
is still 2K (1920 × 1080), which is sufficient for cerebrovascu-
lar surgery. This feature was useful during anastomosis for the 
observation of the intimal wall and suturing as well as speeding 
up the anastomosis via instantaneous magnification switching 
on the foot switch. Of all types of exoscopes, ORBEYE has 
five focus modes, which adjust the diaphragm of the lens. We 
selected setting 1 because it has the strongest stereoscopic 
effect and shallow depth of field, similar to a conventional 
microscope. We believe the most important aspect of cerebro-
vascular surgery, including STA-MCA bypass, is the accurate 
three-dimensionality. In contrast, when settings 4 or 5 are used, 
surgeons achieve a greater depth of field than with a conven-
tional microscope. This reduced need for frequent refocusing 
can speed up procedures in situations where fine manipulation 
is unnecessary.

Despite these advantages, the use of an exoscope also has 
several limitations. The first disadvantage of using an exo-
scope is the “red-color shift.” The exoscope emphasizes red 
more than the conventional microscope does [7]. To resolve 
this problem, we changed the color mode of ORBEYE to 
setting 4, which suppressed the red color compared with the 
default setting.

The second disadvantage of the exoscope is the “90-degree 
problem,” wherein the assistant’s operating field and the dis-
play on the assistant monitor are misaligned by 90 degrees 
[12]. In conventional microscopes, surgeons can adjust the 
direction of the operating field in the assistant’s lens as 
desired, whereas the exoscope allows only a 180-degree rota-
tion in the assistant’s monitor. If the assistant monitor itself is 
rotated 90 degrees and placed vertically to resolve this prob-
lem, the stereoscopic view is lost for the following reasons [3, 
9]. The ORBEYE uses “circular polarization” to provide dif-
ferent visual information to each eye, which enables a stereo-
scopic view. However, the hue is known to differ depending 
on the angle shift. Thus, the angle between the 3D glasses and 
the monitor should be kept constant. To resolve this problem, 
the assistant could share the main monitor with the surgeon 
instead of using the assistant monitor. Use of the ceiling-
mounted monitor may also help resolve this issue.

The third disadvantage of using the exoscope is the image 
vibration with a maximum magnification at the time of sutur-
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ing. Although previous reports have not identified this prob-
lem, we confirmed it with reproducibility. Because the 
ORBEYE is more than twice as light as the conventional 
microscope, the stability of the optical unit may be inferior to 
that of the conventional microscope. Therefore, the ORBEYE 
may be affected by vibration from cooling fans or quake-
absorbing structures. In the current condition, it is necessary 
to use a maximum magnification partially on the point and to 
reduce the load of the cooling fan. The author canceled the 
vibration of the operative videos using “stabilization” in the 
video editor software.

Finally, exoscopes require about 80  ms of latency for 
image processing and data transfer according to our mea-
surements, whereas the manufacturer claimed “zero delay” 
[8]. We should pay attention to this latency during proce-
dures, although no significant discomfort was observed.

�Study Limitations

This study has several limitations. First, this study was lim-
ited to the data acquired retrospectively from a single center. 
This small number of patients is insufficient for the analysis 
of the outcomes. Second, no complete randomization of the 
therapeutic modalities was observed, which could result in 
selection bias. Third, the surgeons were not unified, and the 
results may be influenced by their respective learning curves. 
Despite these limitations, this study was able to report the 
advantages and disadvantages of exoscopic STA-MCA 
bypass as revealed through initial experiences.

�Conclusion

The advantages of the exoscope were image quality, its com-
pact body, and its comfortable resting position, which could 
reduce the fatigue of neurosurgeons. The instantaneous digi-
tal zoom was particularly useful during bypass surgery. 
Despite some specific disadvantages, the clinical outcomes 
of the exoscope were comparable to those of the conven-
tional microscope. Thus, we speculate that exoscopes will be 
more commonly used in the neurosurgical field in the near 
future.

Data availability:  Supporting data are available from the correspond-
ing author upon reasonable request.
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�Summary

Flow-augmentation bypass aims to enhance blood flow to 
hypoperfused brain regions in patients with cerebrovascular 
steno-occlusive diseases. This surgical procedure is indi-
cated for ischemic and hemorrhagic moyamoya vasculopa-
thy and for selected patients with chronic steno-occlusive 
disease and acute ischemic stroke. Flow-augmentation 
bypass has been rigorously evaluated in randomized clinical 
trials, including the EC-IC Bypass Trial, the Carotid 
Occlusion Surgery Study (COSS), the Japanese Adult 
Moyamoya (JAM) trial, and the recent Carotid and Middle 
Cerebral Artery Occlusion Surgery Study (CMOSS). In this 
article, we examine the current indications and outline the 
diagnostic and therapeutic decision-making processes for 
patients with steno-occlusive disease who are candidates for 
flow-augmentation bypass surgery.

�Introduction

Flow-augmentation bypass aims to restore the flow to hypo-
perfused brain territories in patients with cerebrovascular 
steno-occlusive diseases such as moyamoya vasculopathy, 
chronic steno-occlusive disease, and acute ischemic stroke 

[1]. Flow-augmentation bypass methods are traditionally 
classified into direct, indirect, and combined procedures. A 
direct bypass creates an immediate anastomosis between a 
donor artery, typically the superficial temporal artery (STA), 
and an intracranial recipient artery, providing instant blood 
flow to the brain. Indirect techniques involve placing vascu-
larized tissue, such as muscle, dura, or pericranium, onto the 
cerebral cortex to favor neoangiogenesis over time: this 
results in delayed revascularization. Combined procedures 
integrate both direct and indirect methods in a single surgical 
session, in this way offering the benefits of immediate and 
delayed revascularization [1, 2]. The effectiveness of a flow-
augmentation extracranial-intracranial (EC-IC) bypass sur-
gery has been critically studied in randomized clinical trials 
(RCTs): the EC-IC Bypass Trial [3], the Carotid Occlusion 
Surgery Study (COSS) [4], the Japanese Adult Moyamoya 
(JAM) trial [5], and recently the CMOSS (Carotid and 
Middle Cerebral Artery Occlusion Surgery Study) [6].

�Overview of Current Indications

�Moyamoya Vasculopathy

Flow-augmentation bypass is the only effective treatment 
for symptomatic Moyamoya patients with hemodynamic 
insufficiency. Bypass has been shown to reduce both isch-
emic and hemorrhagic stroke rates and to prevent neurocog-
nitive decline [1, 7]. Its effectiveness in preventing ischemic 
strokes and cognitive deterioration in moyamoya patients 
has not been confirmed through RCTs, but observational 
studies clearly demonstrate the benefits of bypass surgery, 
and favorable outcomes from revascularization have been 
documented in both children and adults [8, 9]. Untreated 
patients have an unfavorable annual ischemic stroke rate of 
13.3%; moreover, a high rate of disease progression and of 
subsequent symptoms in nonsurgically treated hemispheres 
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has been reported [10, 11]. Nowadays, surgery is recom-
mended for both children and adults with ischemic symp-
toms and compromised hemodynamics. Careful observation 
is advised for asymptomatic patients with normal cerebral 
hemodynamics [1, 12].

The role of surgical treatment in patients with moyamoya 
disease presenting with intracerebral hemorrhage was high-
lighted by the JAM trial. This RCT demonstrated that direct 
bypass for adult patients with hemorrhagic moyamoya dis-
ease reduces the rebleeding rate and improves prognosis over 
5  years. This indicates that improving the hemodynamic 
state of the revascularized hemisphere decreases the hemo-
dynamic strain on the fragile moyamoya collateral vessels 
that are prone to rupture [1, 5].

Revascularization surgery for moyamoya disease involves 
both direct and indirect methods, tailored to the patient’s age, 
the specific vascular areas needing revascularization, and the 
individual’s unique angioanatomy. Unanimous agreement 
has not been reached on the optimal type of bypass surgery. 
The most common direct revascularization procedure 
remains the STA-MCA (superficial temporal artery to mid-
dle cerebral artery) bypass. Surgeons often use a combina-
tion of direct and indirect techniques. In general, adult 
patients are typically treated with direct bypass methods, 
such as the STA-MCA bypass, whereas children are more 
commonly treated with indirect or combined revasculariza-
tion approaches [1].

Although most bypass techniques focus on the MCA ter-
ritory, enhancing cerebral blood flow to the frontal areas is 
particularly important in moyamoya patients, especially in 
the pediatric population. Bifrontal hypoperfusion adversely 
affects intellectual development, cognitive function, and 
patients’ motor control of the lower extremities and sphinc-
ters. Therefore, the timely revascularization of the frontal 
lobes is essential to prevent neurocognitive decline. In addi-
tion to direct STA to anterior cerebral artery (STA-ACA) 
bypass, indirect and combined bypass techniques have been 
proposed to optimize blood supply to the bifrontal region [1, 
13, 14].

�Atherosclerotic Occlusive Disease of the ICA 
and MCA

To date, randomized controlled trials (RCTs) such as the 
EC-IC Bypass Trial, the COSS, and the recent CMOSS have 
not demonstrated a clear benefit from bypass surgery over 
medical therapy for patients with atherosclerotic internal 
carotid artery (ICA) occlusion and hemodynamic impairment 
[3, 4, 6]. As a result, the use of flow-augmentation EC-IC 
bypass in ischemic cerebrovascular disease has been limited. 
However, despite advances in medical therapy, patients with 

severe steno-occlusive disease continue to experience signifi-
cant event rates [15]. Notably, even in light of these RCT find-
ings, neurologist and cerebrovascular boards continue to refer 
selected patients for flow-augmentation bypass. These 
patients may present with more-severe disease and differ 
from those included in the RCTs, as observed in our experi-
ence and reported by other institutions [16].

First and foremost, bypass surgery is now considered 
only when optimal medical management fails to prevent 
stroke and recurrent symptoms. In the COSS trial, the pri-
mary symptomatic inclusion criterion was a transitory isch-
emic attack (TIA) or stroke within the previous 120 days [4, 
16]. However, the published COSS data do not specify how 
many patients experienced multiple versus single ischemic 
events. In a recent study by Wessels et al. [16] involving 179 
patients who underwent bypass for atherosclerotic cerebro-
vascular disease, 80% experienced recurrent hemodynamic 
events, and approximately 76% suffered recurrent ischemic 
strokes.

Second, these patients referred for bypass often exhibit 
more-severe hemodynamic impairment, more-intense symp-
toms, and more-complex vascular occlusion patterns, such as 
inadequate collateral pathways. They frequently present with 
flow and hemodynamic profiles indicative of profoundly 
compromised cerebrovascular reserve capacity, symptomatic 
oligemia, and persistent severe ischemic symptoms despite 
intensive medical therapy [16, 17]. These patients often pres-
ent with multiple occlusions of brain-feeding arteries [16, 
18]. Additionally, many have multiple vessel occlusions, 
which can markedly diminish collateral circulation capacity 
[16]. In the COSS trial, only 18 out of 195 patients (9.2%) 
had significant (≥70%) contralateral carotid stenosis [4, 16]. 
In contrast, in the recent series of Wessels et al. [16], 50% of 
the patients had significant (≥70%) stenosis in multiple vas-
cular segments in addition to unilateral ICA occlusion. This 
highlights that patients undergoing bypass today differ sub-
stantially from the COSS population.

Third, further analysis suggests that the failure of the 
COSS trial to demonstrate a reduction in ipsilateral 2-year 
stroke recurrence with cerebral bypass revascularization was 
likely due to the limitations of the semiquantitative, hemi-
spheric oxygen extraction fraction (OEF) ratio method (OEF 
ratio >1.13 used in COSS) rather than flaws in patient selec-
tion based on hemodynamic compromise [19–21]. Currently, 
patients considered for bypass revascularization are those 
with symptomatic carotid occlusion with recurrent symp-
toms and with significant hemodynamic impairment—often 
more severe than the OEF ratio >1.13 used in COSS—plac-
ing them at high risk for subsequent stroke [18, 21]. 
Therefore, alternative and, in particular, quantitative imaging 
techniques are essential to accurately assess the hemody-
namic status in patients with ischemic stroke due to ICA 
occlusion [19].
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Certain subgroups of patients were not specifically 
addressed in the RCTs—for example, individuals with 
chronic retinal ischemia leading to progressive visual loss 
and those with ongoing hemodynamic symptoms despite 
optimal medical therapy [22, 23]. Some patients may experi-
ence ischemic episodes triggered by postural changes or 
blood pressure fluctuations, such as those with debilitating 
orthostatic hypoperfusion syndrome or limb-shaking TIAs 
[1, 22].

Finally, another subgroup that might benefit from 
bypass surgery includes patients with acute or subacute 
stroke, where brain tissue remains at risk due to persistent 
oligemia despite optimal medical and interventional man-
agement [18, 21, 24]. Surgical flow augmentation via 
STA-MCA bypass for penumbra salvation has yielded 
promising outcomes in selected case series [21, 24]. 
Recent data from a Zurich group suggest that symptomatic 
patients with persistent penumbra in the acute stroke phase 
or recurrent symptoms in the subacute stroke phase, par-
ticularly those with hemodynamic impairment (paradoxi-
cal cerebrovascular reactivity (CVR)) and inadequate 
collateral circulation, may represent a highly selected 
group who could benefit from early cerebral revasculariza-
tion surgery [21]. These patients could derive significant 
benefits from bypass surgery, provided that it can be per-
formed with sufficiently low morbidity, as demonstrated in 
certain case series [5, 16, 17].

Although RCTs did not demonstrate a clear benefit from 
bypass surgery over medical therapy [3, 4, 21], several stud-
ies have shown significant improvements in hemodynamic 
parameters following bypass surgery in carefully selected 
patients [25–28]. A reduction in stroke recurrence after 
bypass has been reported [21]. Nguyen et al. [29] recently 
conducted a systematic review of 50 articles and found that 
long-term stroke rates and favorable outcomes for surgical 
revascularization for steno-occlusive disease have improved 
over time and are much better than previously reported. This 
improvement in outcomes is likely due to more-refined 
patient selection since the COSS trial. At most institutions 
performing flow-augmentation bypass surgery, patients must 
have failed optimal medical management, experienced recur-
rent perfusion-dependent ischemia, and had anatomical 
characteristics favorable for revascularization surgery [29]. 
These procedures are carried out by highly skilled surgeons, 
and patients receive comprehensive perioperative care by 
specialized teams [29]. After the RCTs, lower-volume cen-
ters and less-experienced surgeons ceased performing the 
procedure, leading to a more homogeneous group of experi-
enced surgeons reporting these improved results [29]. The 
clinical challenge, however, remains the accurate identifica-
tion of patients at higher risk for future stroke (despite medi-
cal therapy), who are those most likely to benefit from bypass 
surgery [21].

�Studying Brain Hemodynamic 
and Collaterals

At the University Hospital Zurich, two innovative magnetic 
resonance imaging (MRI) techniques have been imple-
mented in recent years to assess cerebral hemodynamics and 
collateralization and assess patients with cerebrovascular 
steno-occlusive diseases: (I) blood oxygenation level-
dependent (BOLD) functional MRI cerebrovascular reactiv-
ity (CVR), which uses a standardized CO2 vasodilatory 
challenge to quantitatively evaluate CVR on a voxel-by-
voxel basis, and (II) noninvasive optimal vessel analysis 
(NOVA; VasSol Inc.), a quantitative magnetic resonance 
angiography (qMRA) technique that measures the volume 
flow rate (VFR) in mL/min in cerebral vessels [18, 21].

BOLD-CVR is a valuable tool for examining cerebral 
hemodynamics and assessing stroke risk in patients with 
symptomatic cerebrovascular steno-occlusive diseases, such 
as atherosclerosis and moyamoya [19, 30]. NOVA-qMRA 
provides an accurate measurement of blood flow in mL/min 
in cerebral vessels and allows for a reliable assessment of 
flow status and cerebral collateral pathways in cases of large 
vessel occlusion [31]. In addition to evaluating hemody-
namic status, analyzing collateral blood supply is of impor-
tance for determining the need for flow-augmentation bypass 
surgery because collateral flow significantly affects perfu-
sion and hemodynamics [31, 32].

Candidates for bypass surgery, whether due to moyamoya 
disease or atherosclerotic vasculopathy, admitted or referred 
to the University Hospital of Zurich, are receiving a detailed 
hemodynamic and flow evaluation using BOLD-CVR and 
NOVA-qMRA [17, 21, 33, 34]. Surgical revascularization 
with an STA-MCA bypass is indicated for symptomatic 
patients who exhibit a paradoxical BOLD-CVR (steal phe-
nomenon) in at least half of the occluded vascular territory 
[18]. For patients with atherosclerotic large vessel occlusion, 
we use an M1-VFR ratio <50% and a hemispheric VFR ratio 
<70% as thresholds, indicating insufficient collateralization 
via the Willis circle (Acom or Pcom) or insufficient extra-
intracranial collateralization through the ophthalmic artery 
[18]. If these collateralization patterns are inadequate, a third 
pattern of collateralization activates, leading to increased 
leptomeningeal flow through the P2-segment [35]. We dem-
onstrated a correlation between the hemodynamics and the 
collateral flow measured via BOLD-CVR and NOVA-
qMRA. In patients with symptomatic carotid occlusion, 
impaired BOLD-CVR is partly linked to an increased PCA-
P2 volume flow rate, potentially indicating the activation of 
leptomeningeal collaterals in severe hemodynamic condi-
tions. Both imaging techniques could aid clinicians in creat-
ing personalized treatment strategies for patients with 
symptomatic ICA occlusion [33].
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�Intra- and Postoperative Measurements

At the University Hospital Zurich, bypass flow is monitored 
intraoperatively by using a flexible perivascular transit-time 
flow probe (Charbel MicroFlowprobe; Transonic Systems, 
Inc., Ithaca, NY, USA). Postoperatively, before discharge, 
patients undergo a qMRA-NOVA scan. This technique 
allows for the noninvasive measurement of bypass patency 
and flowand an analysis of collateral status and pathways 
[17, 36]. In post-bypass NOVA-qMRA assessments, the 
hemispheric VFR (hVFR) on the ipsilateral side includes the 
bypass flow values, calculated as the sum of VFR from the 
A2, M1, and P2 segments and from the bypass itself. Previous 
studies have demonstrated the reliability and utility of this 
noninvasive method for the serial monitoring of bypass func-
tion, suggesting that qMRA may serve as an alternative to 
standard angiography for follow-ups to bypass grafts [37].

After undergoing a transcranial Doppler 4–6 weeks after 
surgery, patients are monitored 3  months later by using 
BOLD-CVR to assess changes in hemodynamics [21]. 
Improved CVR, excellent bypass flow, and positive clinical 
outcomes (such as the absence of stroke recurrence) are key 
indicators that surgical candidates were appropriately 
selected. These results further highlight the effectiveness of 
advanced neuroimaging techniques like BOLD-CVR and 
NOVA in evaluating patients.

Flow-augmentation revascularization through an STA-
MCA bypass is a relatively uncommon procedure that should 
be carried out at specialized, high-volume referral centers. 
These centers need to be equipped with advanced quantita-
tive neuroimaging and possess highly specialized neurovas-
cular units, including intensive care facilities for optimal 
postoperative management. Advanced neuroimaging enables 
precise candidate selection based on objective criteria. 
Continuous follow-up is important to monitor neurological 
outcomes and recurrent stroke incidents. At University 
Hospital Zurich, bypass candidates are studied via advanced 
neuroimaging, with treatment decisions made during inter-
disciplinary conferences involving neurologists, neurosur-
geons, and neuroradiologists. The goal is to provide 
high-quality diagnostics, treatment, and follow-up to achieve 
the best possible patient care and clinical outcomes.

�Conclusions

Flow-augmentation bypass improves blood flow to brain 
regions with reduced perfusion and remains the only effec-
tive treatment for symptomatic moyamoya patients with 
compromised brain hemodynamics. Additionally, this proce-
dure is essential for managing selected patients with athero-

sclerotic steno-occlusive disease as a last-resort option for 
patients who experience recurrent symptoms despite optimal 
medical treatment, show severe brain hemodynamic impair-
ment, and present inadequate collateral circulation. In this 
context, we have outlined the current indications, diagnostic 
approaches, and therapeutic decision-making for patients 
with steno-occlusive disease who are candidates for flow-
augmentation bypass surgery. These patients should be con-
centrated at specialized, high-volume bypass centers where 
STA-MCA bypass surgery can be performed with an accept-
able level of risk.
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�Introduction

One of the main stages in the diagnostics of patients with 
steno-occlusive cerebrovascular pathology is the assessment 
of the degree of cerebrovascular insufficiency (CVI) based 
on the measurement of cerebral perfusion. The presence and 
severity of signs of CVI determine the severity of the disease 
and the prognosis of its natural course. The detection of CVI 
signs with modern neuroimaging methods is based on mea-
suring cerebral blood flow (CBF) at the baseline and after 
stimulation. In particular, these parameters help to determine 
indications for the surgical revascularization of the brain 
given that cerebral perfusion impairment is a reliable prog-
nostic risk factor for ischemic stroke [1]. After the inconclu-
sive results of a large international trial, namely the Carotid 
Occlusion Surgery Study (COSS) [2], currently the main 
natural clinical model of chronic cerebral ischemia are 
patients with moyamoya angiopathy (MMA), a group of 
chronic cerebrovascular diseases characterized by the pro-
gressive stenosis of the circle of Willis arteries with the 
development of a basal collateral network (“moyamoya 
vessels”).

Various diagnostic methods can evaluate cerebral blood 
flow [3], most of which, however, require the administration 
of radioactive or contrast agents and are associated with radi-
ation exposure and the risk of side effects. This creates sig-
nificant technical difficulties and limits the use of these 
methods in general practice as a routine diagnostic standard 
for perfusion studies [4].

Recently, the technique of noncontrast ASL perfusion has 
been actively developed. This method is not associated either 
with radiation exposure or with the administration of con-
trast agents, and therefore, it can be performed during all 

stages of treatment and in almost all categories of patients. 
The results of the first applications of arterial spin labeling 
were published in 1998 [5], but the actual spread of the tech-
nique in wide clinical practice is beginning to occur only 
now. Although comparative studies have shown a high cor-
relation of CBF values in ASL-perfusion studies with PET, 
SPECT, and DSC [6–8], the application of this technique is 
limited in some cases by the technical complexity of the 
quantitative assessment of the results and the appearance of 
different artifacts. Among them, the most difficult for inter-
pretation are arterial transit artifacts (ATAs), which are 
described among patients with moyamoya angiopathy [9]. 
Arterial transit artifacts are hyperintensive signals along of 
the circle of Willis arteries on the side of stenosis or occlu-
sion or along the leptomeningeal vessels on the convexital 
surface of the hemispheres [10]. The long delay of labeled 
arterial spins in the cortical arteries is considered as the main 
cause of ATAs that leads to the appearance of very-high-
intensity signals that exceed the true CBF values by several 
folds. This leads to difficulties in the quantitative assessment 
of cerebral blood flow. Therefore, the development of a clas-
sification system and methods for measuring cerebral blood 
flow according to ASL-perfusion studies is highly relevant 
and requires further investigation.

Aim
This chapter aims to develop a methodology to assess the 
degree of cerebrovascular insufficiency in patients with moy-
amoya angiopathy (MMA) that is based on an MR-perfusion 
study of cerebral blood flow (CBF) and the presence of arte-
rial transit artifacts (ATAs) by using arterial spin labeling 
(ASL). The proposed ASL classification of CVI can be veri-
fied by comparing the distinguished degrees of perfusion 
deficiency with individual characteristics of patients’ angio-
architectonics and clinical symptoms.
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�Materials and Methods

This study included 47 patients with different types of moy-
amoya angiopathy. The clinical data of patients are presented 
in Table  1. Among these patients, 86% were children and 
14% adults. The mean age was 10.7  years. Most of the 
patients were female (W: M = 6: 1). The predominant type of 
moyamoya angiopathy was moyamoya disease (66%). 
Moyamoya syndrome was observed in 34% of cases. The 
ischemic type of the disease was observed in 92% of cases, 
where the most common clinical presentation featured com-
pleted stroke consequences (54%). Clinical symptoms were 
evaluated by using, National Institutes of Health Stroke 
Scale (NIHSS) scores [11], with a mean score of 3.4 ± 1.8 
points.

In total, 148 perfusion studies were analyzed: 47 before 
surgical treatment and 101 control studies at different times 
after surgery. To compare changes in cerebral blood flow 
with angiography data more correctly, a separate analysis 
was carried out for each hemisphere. In total, the ASL-
perfusion patterns of 296 hemispheres were studied, among 
them 94 studies before surgery.

The study was carried out on a GE Signa HDxt 3.0 Tesla 
MR scanner using three-dimensional pseudo-continuous 
ASL perfusion (3D pCASL) with the following parameters: 
3D fast spin echo (FSE), 8-helical scanning that captures the 
entire brain volume and that subsequently reforms with a 
section thickness of 4 mm; field of view (FOV) = 240 × 240 
mm; 128 × 128 matrix, zero filling (ZIP) 512; repetition time 
(TR) = 4717 ms; echo time (TE) = 9.8 ms; number of excita-
tions (NEX) = 3; postlabeling delay (PLD) = 1525 ms; pixel 
bandwidth = 976.6 Hz/pixel. The duration of scanning was 
4 minutes and 30 seconds. The arterial blood was marked in 
a layer 4 mm thick in the axial plane of the neck, perpendicu-
lar to the course of the internal carotid artery. The data were 

processed on an AW Server 3.2 Ext 2.0 workstation using the 
ReadyView program. As a result, perfusion maps of regional 
cerebral blood flow (CBF) were constructed (Fig.  1a). 
Regions of interest (ROIs) were selected in each hemisphere 
in axial view in seven zones (five in the cortical regions at the 
level of the centrum semiovale, one in the white matter, and 
one in the region of the basal ganglia):

	1.	 The territory of the anterior cerebral artery (ACA)
	2.	 The territory of the middle cerebral artery (MCA)
	3.	 The territory of the posterior cerebral artery (PCA)
	4.	 The watershed territory of ACA-MCA
	5.	 The watershed territory of MCA-PCA
	6.	 The area of white matter at the level of the centrum 

semiovale
	7.	 The area of the basal ganglia at the level of the ventricles 

of the brain

To more accurately distinguish between the gray and white 
matter areas of the brain and more reliably manually drawn 
these areas, the obtained cerebral blood flow maps (Fig. 1a) 
were fused with the T2-FLAIR sequence using the 
NeuroRegistration program (AW Server 3.2 Ext. 2.0, General 
Electric). T2-FLAIR, unlike CBF maps, allows the border of 
white and gray matter to be visualized more clearly (Fig. 1b). 
After that, in the fused images (Fig. 1c), the necessary ROIs 
were manually drawn in the interested zones (Fig.  1d, e) 
while taking into account the presence of arterial transit arti-
facts (ATAs). To obtain more-reliable CBF values, ROIs were 
drawn in way to exclude ATAs in the area of study (Fig. 1f).

An ATA was defined as an area with a very bright signal 
whose value exceeded the value of blood flow in areas adja-
cent to the ATA and did not correspond to physiological 
norms [12]. The correctness of the choice of ATA was con-
firmed by the conclusions of two experienced neuroradiolo-
gists, who were blinded from the clinical data of the patients, 

Table 1  Characteristics of the distinguished degrees of perfusion deficit

Degree N Characteristics АТА ASL pattern
0 66 “Compensation”

The values of cerebral blood flow correspond to the values of healthy people
CBF = 64.5 ± 16.2 mL/min/100 g
[CI 61.2–69.2]

No Fig. 2a

1 116 “Subcompensation”
Moderate reduction in cerebral blood flow
CBF = 61.5 ± 16.6 mL/min/100 g
[CI 57.3–63.4]

Yes Fig. 2b

2 82 “Initial decompensation”
Significant decrease in cerebral blood flow
CBF = 26.5 ± 7.2 mL/min/100 g
[CI 25.0–28.2]

Yes Fig. 2c

3 32 “Decompensation”
Extremely low cerebral blood flow
CBF = 16.0 ± 4.7 mL/min/100 g
[CI 15.6–18.8]

No Fig. 2d
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a b c

d e f

Fig. 1  The technique for measuring CBF using ASL. (a) cerebral 
blood flow (CBF) map. (b) T2-FLAIR weighted image that allows the 
borders of the gray and white matter of the brain to be visualized. (c) 
fused CBF map with T2-FLAIR. (d) manually drawn regions of inter-
est: 1—the territory of ACA, 2—the territory of MCA, 3—the territory 

of PCA, 4—the watershed territory of ACA-MCA, 5—the watershed 
territory of MCA-PCA, 6—the area of white matter at the level of the 
centrum semiovale. (e) the ROI in the area of basal ganglia, where the 
region of ​​interest is drawn to exclude ATA. (f) registration of values, 
severity, and localization of ATA

on the basis of well-known criteria widely described in the 
literature [9, 13, 14]. The quantitative values ​​of the ATA 
(CBF value in the central point of the artifact), the degree of 
their severity (no/single/extensive), and their localization 
(similar to the ROIs described above) were estimated 
(Fig. 1f). For each study, the maximum and minimum CBF 
values ​​in the zone of artifacts were recorded.

Direct angiography and 3D time of flight (TOF) mag-
netic resonance angiography were performed on all 47 
patients before the surgical treatment to assess the stage of 
moyamoya angiopathy and the presence and severity of col-
lateral blood flow. By means of selective direct angiography, 
the stage of the disease according to Suzuki classification 
(for patients with moyamoya disease) (94 hemispheres) [15] 
and the presence of leptomeningeal and transdural collater-
als (79 hemispheres) were assessed. Leptomeningeal collat-

erals from the PCA were evaluated by the number of lobes 
of hemispheres that were supplied from them—from one to 
three lobes—according to the classification proposed by 
Togao et al. [16]. Transdural collaterals from the system of 
the external carotid artery were evaluated according to their 
degree and graded as single/blood supplying one lobe of 
hemisphere/blood, supplying two lobes/blood, or supplying 
three lobes according to the modification of generally 
accepted classifications [16, 17]. Based on the MR angiog-
raphy, the stage of the disease according to Houkin classifi-
cation [18] and the level of ICA stenosis depending on the 
site of the ostium of the posterior communicating artery 
were determined. One-way analysis of variance (ANOVA) 
and Pearson’s chi-square test were used to identify statisti-
cal differences between the groups. The statistical process-
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a b

c d

Fig. 2  (a) Degree 0. No perfusion deficit. No signs of 
ATA. Compensation of blood flow. (b) Degree 1. Moderate reduction in 
cerebral blood flow. Signs of ATA. Subcompensation of blood flow. (c) 
Degree 2. Significant decrease in cerebral blood flow. Signs of 

ATA.  Initial decompensation of blood flow. (d) Degree 3. Extremely 
low cerebral blood flow. Disappearance of ATA.  Decompensation of 
blood flow

A. A. Shulgina et al.
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ing of the material was performed in the IBM SPSS Statistics 
23 program.

�Results

To determine the criteria for assessing perfusion patterns, the 
values of cerebral blood flow in the territory of MCA were 
analyzed in all studies (296 hemispheres). According to the 
results of the analysis, bimodal distribution, divided by an 
average CBF value of 47.43  ±  23.2  mL/min/100  g, was 
noted. In light of the aim of the study, which is to identify 
signs of CVI, we decided to consider this average value of 
cerebral blood flow as a threshold between various forms of 
CBF compensation (>47 mL/min/100 g) and decompensa-
tion (<47 mL/min/100 g). A quantitative analysis of the dis-
tributions of CBF values ​​for the selected degrees showed a 
wide dispersion of the obtained values​, which indicates the 
possible heterogeneity of these groups. This required that 
these stages be refined by using additional criteria.

We selected the presence of arterial transit artifacts as 
such a criterion. In total, ATA was detected in 77% of studies 
(69% of the hemispheres). The minimum CBF values in ATA 
ranged from 51 to 205 mL/min/100 g (mean 120.2 ± 21.1 mL/
min/100  g). The lower limit of the confidence interval 
(p < 0.05) was 117.43 mL/min/100 g. The maximum CBF 
values in ATA varied greatly, from 65 to 995 mL/min/100 g 
(mean 234.9 ± 105 mL/min/100 g). The effects of ATA can 
be explained by a slowdown in the blood flow in the collat-
eral network of the brain and reflect the mechanisms of the 
“subcompensation” of cerebral circulation [13]. Therefore, 
appearance of ATA in the “compensation” group can be con-
sidered as manifestations of the “initial subcompensation” 
and considered as manifestations of the “initial decompensa-
tion” in the group with a gross perfusion deficit.

Thus, depending on the value of CBF and the presence of 
ATA, we distinguished 4 degrees of perfusion deficit, which 
are presented in Table 1.

An analysis of the CBF values in all studied areas revealed 
that values of degree 0 of perfusion deficit correspond to the 
values of the cerebral blood flow in healthy people (CBF in 
the territory of MCA  =  64.5  ±  16.2  mL/min/100  g [CI 
61.2–69.2]). This allowed us to consider this degree as a 
stage of “compensation.” The third degree was characterized 
by the lowest values of cerebral blood flow 
(CBF = 16.0 ± 4.7 mL/min/100 g [CI 15.6–18.8]) without 
the presence of ATA, which indicates the absence of lepto-
meningeal collateral blood flow, so it was considered as 
severe “decompensation.” The first and second degrees were 
distinguished by the presence of ATA.  The first degree of 
perfusion deficit had slightly lower values of CBF than did 
the stage of compensation (degree 0) (CBF = 61.5 ± 16.6 mL/

min/100 g [CI 57.3–63.4]), which is why it was classified as 
“subcompensation.” The second degree was characterized by 
low CBF values (CBF  =  26.5  ±  7.2  mL/min/100  g [CI 
25.0–28.2]), but the signs of collateral blood flow (ATA) can 
be seen on MRI, which is why it was classified as “initial 
decompensation”. Univariate analysis of variance (ANOVA) 
showed the presence of statistically significant differences in 
CBF values for the proposed degrees of cerebrovascular 
insufficiency in all analyzed ROIs.

To verify the proposed method for the assessment of the 
patterns of ASL-perfusion studies and to estimate its ability 
to reflect the stages of the MMA course, the distinguished 
degrees of perfusion deficit were compared with the angio-
graphic and clinical characteristics of the patients. This com-
parative analysis revealed a statistically significant 
relationship between the Suzuki and Houkin stage of the dis-
ease and the degree of perfusion deficit (p < 0.0001); a more 
pronounced perfusion deficit was observed in the advanced 
stages of MMA (p < 0.0001). Also, a more severe degree of 
perfusion deficit corresponded to a hemodynamically more 
unfavorable type of MMA with the ICA stenosis proximal to 
the ostium of the PComA (χ2 = 62.813, p < 0.0001).

The study of the causes of ATA formation revealed a sta-
tistically significant pattern of their detection in patients with 
a well-developed system of leptomeningeal collaterals in the 
studied hemisphere—they were seen in 86% of cases 
(χ2 = 20.394, p < 0.001). Transdural collaterals were detected 
in 69% of patients with ATA, but no reliable relationship 
between them was found (χ2 = 1.198, p  = 0.274). Also, a 
statistically significant relationship between the severity of 
neurological deficit in NIHSS scores and the distinguished 
degrees of cerebrovascular insufficiency was revealed 
(ANOVA, F2,44 = 6.914, p = 0.02).

A more severe neurological deficit was more often 
observed in the groups of “initial decompensation” and 
“decompensation.” Thus, when the proposed method is used 
to assess ASL-perfusion patterns in patients with MMA, it 
has a good agreement with the clinical and angiographic 
characteristics of the disease and does not contradict the 
well-known and widespread classifications.

�Discussion

Recently, the development of diagnostic methods has been 
moving toward reducing invasiveness, and therefore, 
MR-perfusion methods are increasingly being used in the 
diagnosis of cerebrovascular insufficiency. Currently, one of 
the most promising technologies in the diagnosis of patients 
with steno-occlusive cerebrovascular pathology, in particular 
with moyamoya angiopathy, is ASL perfusion. Although this 
technique allows the values ​​of cerebral blood flow in all 
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areas of the brain to be reliably quantified, interpretation and 
comparing the data obtained from different studies are often 
difficult. This is because of the lack of general methods for 
determining regions of interest (ROIs) and the appearance of 
special artifacts in the studies. ROIs are often drawn by cov-
ering large areas, including both the cortex and white matter 
[19–21], even though the values ​​of cerebral blood flow in 
these areas differ in a healthy person [12]. Usually, this leads 
to an underestimation of received results, which is why con-
ducting separate assessments of cortex CBF and white mat-
ter CBF is crucial. To exclude this error, some studies have 
performed an approximate comparison of the selected 
regions with the anatomical modes of MRI, but this is not 
reliable technique [7]. In our study, to quantify cerebral 
blood flow more accurately, we used the fusion of CBF maps 
with the T2-FLAIR sequence. The simultaneous visualiza-
tion of both the perfusion map and the brain anatomy allowed 
ROIs to be drawn separately for gray matter and for white 
matter. In addition, CBF should be separately measured in 
the blood supply territories of different intracranial vessels, 
and only one vast region of ​​interest covering the surface of 
the entire hemisphere of the brain should not be used, as is 
often suggested in published studies [7, 21].

Another reason for obtaining the incorrect quantitative 
data on CBF values is the presence of artifacts specific to the 
steno-occlusive cerebrovascular pathology. They include 
arterial transit artifacts that appear due to the long delay of 
labeled blood in the cortical arteries. CBF values ​​in ATAs 
can exceed the true values ​​of cerebral blood flow by several 
times, which hampers quantifying CBF in the presence of 
artifacts. Different specialists take different approaches to 
ATAs. In studies where artifacts were included in ROIs [20, 
21], a very high dispersion of CBF values ​​in the cortical 
regions of the brain was observed—from 12 to 149  mL/
min/100  g before the operation and from 17 to 118  mL/
min/100 g after the operation. Such results are more likely 
associated with the inclusion of ATAs in the studied areas. 
Zaharchuk et al. in 2011 proposed four groups of perfusion 
deficit on the basis of a qualitative analysis of ASL-perfusion 
images: degree 0 denotes the minimal ASL signal without 
ATAs, degree 1 denotes a moderate reduction in ASL signal 
with ATA, degree 2 denotes a high ASL signal with ATAs, 
degree 3 denotes normal values ​​of ASL perfusion [22]. Lee 
et  al. [23], on the basis of the same groups, compared the 
changes of ASL perfusion after surgical treatment and 
showed that the presence and the severity of ATA changes 
after surgery, in particular, decrease after successful revascu-
larization. However, these studies were limited to qualitative 
and semiquantitative analyses of images without measuring 
the exact values ​​of cerebral blood flow. The technique for 
setting ROI outside artifact zones, which was used in our 
study, allowed us to obtain quantitative values of cerebral 
blood flow in all the studied areas.

Previous studies have confirmed that the appearance of 
ATAs on ASL images corresponds to the presence of collat-
eral vessels with slow blood flow according to direct angiog-
raphy [22] and is associated with a better prognosis of 
ischemic stroke [24]. These facts allowed us to consider 
ATAs as elements of the subcompensation of cerebral blood 
flow. Therefore, in our study, the presence of ATAs was the 
criterion for distinguishing intermediate groups (“subcom-
pensation” and “initial decompensation”).

Previous studies have revealed a significant relationship 
between the angiographic and clinical characteristics of 
moyamoya disease and the degree of decrease in CBF 
according to the ASL perfusion [22, 25]. Noguchi et al. in 
2013 revealed a statistically significant correlation between 
the severity of the decrease in cerebral blood flow according 
to ASL and the degree of progression of moyamoya disease 
according to MR angiography (p < 0.01) as well as the sever-
ity of clinical symptoms (p < 0.01) [25]. Zaharchuk et al. in 
2011 showed the relation between ATAs and the presence of 
collateral blood flow according to direct angiography [22]. 
Our study also revealed a significant relationship between 
the proposed degrees of cerebrovascular insufficiency and 
the angiographic and clinical data of the patients. Thus, our 
results provide a pathogenetic rationale for the distinguished 
degrees of perfusion deficit and do not contradict the data 
from the world literature.

Continuous improvement in diagnostic perfusion tech-
niques aims to reduce the effect of artifacts on the results of 
measuring cerebral blood flow. For this reason, a modified 
ASL technique was recently proposed with a long delay after 
labeling, a delay of at least 4 seconds (long label long delay 
ASL, or LLLD ASL), which allows for reducing the number 
of artifacts [26]. However, by using the image interpretation 
methods proposed in this study, the disadvantages of ASL 
perfusion with standard post-labeling delay in the form of 
ATA can be turned into advantages if the meaning of all 
study patterns is taken into account.

�Conclusions

ASL perfusion is an effective quantitative method for mea-
suring cerebral blood flow and revealing cerebrovascular 
insufficiency in patients with moyamoya angiopathy. The 
presence of arterial transit artifacts reflects the presence of 
leptomeningeal collaterals and can be considered as a sign of 
the subcompensation of cerebral circulation. In patients with 
MMA, artifacts were detected in 69% of the studied hemi-
spheres. The minimal CBF for ATAs is greater than 117 mL/
min/100 g. On the basis of the values of cerebral blood flow 
and the presence of ATA, the following four degrees of cere-
brovascular insufficiency can be distinguished: degree 0 
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denotes “compensation,” degree 1 denotes “subcompensa-
tion,” degree 2 denotes “initial decompensation,” and degree 
3 denotes “decompensation.” The proposed degrees of 
cerebrovascular insufficiency reliably reflect the severity of 
neurological deficit, the stage of the disease, and the pres-
ence of leptomeningeal and transdural collaterals.

Declarations
Conflict of interest  The authors have no conflict of interests to declare.

Informed consent  For this type of study, formal consent is not 
required.

Human and animal rights  This chapter does not contain any studies 
with animals performed by any of the authors.

References

1.	Lee M, et al. Quantitative hemodynamic studies in moyamoya dis-
ease: a review. Neurosurg Focus. 2009;26(4):E5.

2.	Grubb RL Jr, et al. Surgical results of the carotid occlusion surgery 
study. J Neurosurg. 2013;118(1):25–33.

3.	Wintermark M, et  al. Comparative overview of brain perfusion 
imaging techniques. Stroke. 2005;36(9):11.

4.	Latchaw RE, et al. Adverse reactions to xenon-enhanced CT cere-
bral blood flow determination. Radiology. 1987;163(1):251–4.

5.	Detre JA, et al. Noninvasive MRI evaluation of cerebral blood flow 
in cerebrovascular disease. Neurology. 1998;50(3):633–41.

6.	Goetti R, et  al. Quantitative cerebral perfusion imaging in chil-
dren and young adults with Moyamoya disease: comparison of 
arterial spin-labeling-MRI and H(2)[(15)O]-PET.  AJNR Am J 
Neuroradiol. 2014;35(5):1022–8.

7.	Goetti R, et  al. Arterial spin labelling MRI for assessment of 
cerebral perfusion in children with moyamoya disease: compari-
son with dynamic susceptibility contrast MRI.  Neuroradiology. 
2013;55(5):639–47.

8.	Noguchi T, et  al. Arterial spin-labeling MR imaging in moy-
amoya disease compared with SPECT imaging. Eur J Radiol. 
2011;80(3):18.

9.	Petcharunpaisan S, Ramalho J, Castillo M. Arterial spin labeling in 
neuroimaging. World J Radiol. 2010;2(10):384–98.

10.	Amukotuwa SA, Yu C, Zaharchuk G. 3D Pseudocontinuous arte-
rial spin labeling in routine clinical practice: a review of clinically 
significant artifacts. J Magn Reson Imaging. 2016;43(1):11–27.

11.	Kwah LK, Diong J.  National Institutes of Health Stroke Scale 
(NIHSS). J Physiother. 2014;60(1):61.

12.	Biagi L, et  al. Age dependence of cerebral perfusion assessed 
by magnetic resonance continuous arterial spin labeling. J Magn 
Reson Imaging. 2007;25(4):696–702.

13.	Kohno N, et al. The clinical significance of arterial transit artifact 
on arterial spin labeling in patients with acute ischemic stroke. 
AME Med J. 2017;2(9):140.

14.	Mutke MA, et al. Clinical evaluation of an arterial-spin-labeling 
product sequence in steno-occlusive disease of the brain. PLoS 
One. 2014;9(2):e87143.

15.	Suzuki J, Takaku A.  Cerebrovascular "moyamoya" disease. 
Disease showing abnormal net-like vessels in base of brain. Arch 
Neurol. 1969;20(3):288–99.

16.	Togao O, et  al. Cerebral hemodynamics in Moyamoya disease: 
correlation between perfusion-weighted MR imaging and cerebral 
angiography. AJNR Am J Neuroradiol. 2006;27(2):391–7.

17.	Baltsavias G, Khan N, Valavanis A. The collateral circulation in 
pediatric moyamoya disease. Childs Nerv Syst. 2015;31(3):389–98.

18.	Houkin K, et al. Novel magnetic resonance angiography stage grad-
ing for moyamoya disease. Cerebrovasc Dis. 2005;20(5):347–54.

19.	Sugino T, et al. Arterial spin-labeling magnetic resonance imaging 
after revascularization of moyamoya disease. J Stroke Cerebrovasc 
Dis. 2013;22(6):811–6.

20.	Quon JL, et al. Arterial spin-labeling cerebral perfusion changes 
after revascularization surgery in pediatric moyamoya disease and 
syndrome. J Neurosurg Pediatr. 2019;23(4):486–92.

21.	Ha JY, et al. Arterial spin Labeling MRI for quantitative assess-
ment of cerebral perfusion before and after cerebral revascular-
ization in children with Moyamoya disease. Korean J Radiol. 
2019;20(6):985–96.

22.	Zaharchuk G, et  al. Arterial spin-labeling MRI can identify the 
presence and intensity of collateral perfusion in patients with moy-
amoya disease. Stroke. 2011;42(9):2485–91.

23.	Lee S, et  al. Monitoring cerebral perfusion changes after revas-
cularization in patients with Moyamoya disease by using arterial 
spin-labeling MR imaging. Radiology. 2018;288(2):565–72.

24.	Chalela JA, et al. Magnetic resonance perfusion imaging in acute 
ischemic stroke using continuous arterial spin labeling. Stroke. 
2000;31(3):680–7.

25.	Noguchi T, et al. Arterial spin-labeling MR imaging in Moyamoya 
disease compared with clinical assessments and other MR imaging 
findings. Eur J Radiol. 2013;82(12):1.

26.	Fan AP, et  al. Long-delay arterial spin labeling provides more 
accurate cerebral blood flow measurements in Moyamoya patients: 
a simultaneous positron emission tomography/MRI study. Stroke. 
2017;48(9):2441–9.

Open Access   This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative Commons license, unless indicated otherwise in 
a credit line to the material. If material is not included in the chapter’s Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.

New Classification of the Degree of Cerebrovascular Insufficiency in Patients with Moyamoya Disease Measured…

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


129G. Esposito et al. (eds.), Trends in the Treatment of Cerebrovascular Diseases, Acta Neurochirurgica Supplement 136,
https://doi.org/10.1007/978-3-031-89844-0_16, © The Author(s) 2025

�Introduction

Three randomized trials have shown the efficacy of endovas-
cular thrombectomy (EVT) over medical care alone in 
patients with a large ischemic region (Alberta Stroke 
Program Early Computed Tomography Score (ASPECTS) 3 
to 5) [6, 10, 14]. However, compared with EVT in patients 
without a large ischemic region (ASPECTS ≥ 6), the number 
of cases with improvement is limited. Being able to select 
patients for whom EVT is likely to be effective would be 
useful given the burden of this treatment on the patient, the 
risk, and its medical efficiency. An imaging evaluation of 
ischemic penumbra is ideal for this purpose because the goal 
of treatment for hyperacute ischemic stroke is to save isch-
emic penumbra.

Areas with an apparent diffusion coefficient (ADC) 
<620 × 10−6 mm2/s (ADC620) on diffusion-weighted imaging 
(DWI) are generally diagnosed as ischemic regions; how-
ever, there might be differences in brain tissue damage 
depending on the magnitude of the decrease in ADC. Thus, 
we hypothesized that areas with a mild decrease in ADC 
contain salvageable brain tissue. In the present study, to 
identify the optimal ADC value for assessing an ischemic 
region, we examined whether ADCs before EVT affected 
outcomes in patients with acute ischemic stroke with 
ASPECTS < 6 and causative occlusion of the internal carotid 
artery (ICA) or proximal middle cerebral artery (MCA) (M1) 
in the early time window.

�Methods

After institutional review board approval from Yamaguchi 
University, a retrospective chart review was performed on 
patients with acute occlusion of the intracranial ICA or prox-
imal MCA (M1) and large ischemic regions defined as DWI 
ASPECTS < 6 who were admitted to Yamaguchi University 
Hospital between January 2014 and December 2021. Only 
patients who had DWI ASPECTS < 6, had an ischemic core 
volume <150 mL, and achieved more than thrombolysis in 
cerebral infarction (TICI) 2b recanalization were included in 
the study. Associations of clinical characteristics and isch-
emic region volumes defined by various ADC thresholds 
with a favorable outcome (modified Rankin Scale (mRS) 
0–2 and 0–3 at 90 days) after EVT were examined. The opti-
mal ADC threshold for a favorable outcome was determined 
on the basis of this analysis. Estimates of ischemic regions 
from DWI were obtained by using Vitrea software (Canon 
Medical Systems). Ischemic region volume was analyzed in 
10  ×  10−6  mm2/s steps for ADC between 
ADC < 480 × 10−6 mm2/s (ADC480) and ADC620.

�Statistical Analysis

Categorical variables are shown as numbers and percentages, 
and they were analyzed via the χ2 test and the Fisher exact 
test, as appropriate. Continuous variables are expressed as 
medians and interquartile range. Some continuous variables 
were not normally distributed and were analyzed via the 
Wilcoxon rank-sum test. A univariate logistic regression 
model was used to compare clinical features and ischemic 
region volumes defined by different ADC thresholds for 
patients with mRS 0–3 vs. 4–6 at 90 days. The optimal ADC 
threshold for identifying patients who are likely to respond to 
EVT was determined via ROC curve analysis by using thresh-
olds of ADC480 to ADC620. The area under the ROC curve 
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(AUC) for the optimal ADC threshold was determined. The 
closer the AUC is to 1, the better the association with a favor-
able outcome. A multivariate logistic regression model was 
used to identify independent predictors of mRS 0–3 at 90 days 
in patients with a large ischemic region who underwent 
EVT.  On the basis of previous studies, age, gender, initial 
NIHSS score, and the use of intravenous recombinant tissue 
plasminogen activator (IV rt-PA) were included as adjusting 
covariates. All statistical analyses were conducted by using 
JMP 15.0 (SAS Institute Inc, Cary, NC). All reported p-values 
are two tailed, and p < 0.05 was considered to be significant.

�Results

This analysis included 48 patients with a median age of 
78 years and a median NIHSS score of 23 at admission. The 
occlusion sites were the ICA (46%) and the M1 segment 
(46%) and M2 segment (8%) of the MCA. Of the 48 patients, 

18 (38%) had mRS 0–3 and 30 (62%) mRS 4–6 at 90 days. 
A comparison of baseline characteristics for cases with mRS 
0–3 vs. 4–6 at 90  days is shown in Table  1. Patients with 
mRS 0–3 at 90 days were significantly younger (mean [IQR] 
72.0 [66.8–73.0] vs. 81.0 [73.0–86.3] years, p < 0.01) and 
had a shorter onset to door time (median [IQR] 118 [49–180] 
vs. 243 [100–450] min, p < 0.01) and onset to reperfusion 
time (mean [IQR] 247 [150–320] vs. 351 [250–599] min, 
p = 0.02) compared to those with mRS 4–6 at 90 days. Sex, 
medical history, baseline NIHSS, baseline ASPECTS, the 
occlusion site, IV rt-PA, and any intracranial hemorrhage 
(ICH) or symptomatic ICH within 48  hours did not differ 
significantly between the groups.

In ROC analysis, an ischemic region defined by ADC540 
had the highest AUC (AUC = 0.85) (Table 2). In multivariate 
analysis, there were independent associations between onset 
to reperfusion time (OR 0.991, 95% CI 0.981–1.000, 
p  =  0.013) and ADC540 (OR 0.887, 95% CI 0.807–0.976, 
p = 0.001) with mRS 0–3 at 90 days (Table 3).

Table 1  Baseline characteristics for patients with 90-day mRS 0–3 vs. 4–6

Item
mRS 0–3
(n = 18)

mRS 4–6
(n = 30) p-Value

Age (y) 72.0 (66.8–73.0) 81.0 (73.0–86.3) 0.0006*

Male sex 11 (61.1) 12 (40.0) 0.1564

Medical history

 �� Hypertension 13 (72.2) 18 (60.0) 0.3914

 �� Diabetes mellitus 1 (5.6) 5 (16.7) 0.3883

 �� Etiology 0.6148

 �� Cardioembolic 13 (72.2) 25 (83.3)

Atherosclerotic 4 (22.2) 4 (13.3)

 �� Undetermined 1 (5.6) 1 (3.3)

 �� Baseline NIHSS (points) 19 (17–25) 24 (18–27) 0.0814

 �� Baseline ASPECTS (points) 5 (3–5) 4 (2–5) 0.1662

Occlusion side (left) 11 (61.1) 17 (56.7) 0.7624

Occlusion site 0.3690

 �� IC 8 (44.4) 14 (46.7)

 �� M1 7 (38.9) 15 (50.0)

 �� M2 3 (16.7) 1 (3.3)

IV rt-PA 15 (83.3) 16 (53.3) 0.0603

TICI 3 4 (22.2) 7 (23.3) 1.0000

1st pass 9 (50.0) 18 (60.0) 0.4990

Onset to door (min) 118 (49–180) 243 (100–450) 0.0075*

 �� Onset to reperfusion (min) 247 (150–320) 351 (250–599) 0.0021*

 �� Any ICH within 48 hr 7 (38.9) 21 (70.0) 0.0681

 �� sICH within 48 hr 1 (5.6) 3 (10.0) 1.0000

Note: mRS modified Rankin Scale, NIHSS National Institutes of Health Stroke Scale, ASPECTS Alberta Stroke Program Early Computed 
Tomography Score, ICA internal carotid artery, M1 middle cerebral artery sphenoidal segment, M2 middle cerebral artery insular segment, IV rt-PA 
intravenous recombinant tissue plasminogen activator, TICI thrombolysis in cerebral infarction, ICH intracranial hemorrhage, and sICH symptom-
atic intracranial hemorrhage. *P < 0.05
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Table 2  ROC curve analysis of the relationship between ischemic region volume (as defined by each ADC threshold) and a favorable outcome 
(90-day mRS 0–3)
ADC Threshold (ischemic 
region volume, mL) AUC Curve Cutoff Value (mL) Sensitivity Specificity
<620 0.77407 70.0 53.3 100.0

<610 0.78333 65.2 56.7 100.0

<600 0.79630 58.5 60.0 94.4

<590 0.80833 56.2 60.0 100.0

<580 0.81574 53.8 60.0 100.0

<570 0.81389 46.5 63.3 94.4

<560 0.82315 43.8 66.7 94.4

<550 0.83241 41.6 66.7 94.4

<540 0.84815 40.4 63.3 100.0

<530 0.83796 38.3 60.0 100.0

<520 0.83519 36.0 60.0 100.0

<510 0.83426 33.9 60.0 100.0

<500 0.83333 31.4 60.0 100.0

<490 0.81852 28.6 60.0 100.0

<480 0.82593 25.5 60.0 100.0

Note: ROC receiver operating characteristic, mRS modified Rankin Scale, ADC apparent diffusion coefficient, and AUC area under the curve.

Table 3  Multivariate analysis of predictors for a favorable outcome (90-day mRS 0–3)
Variables Odds Ratio (95% CI) p-Value
Age (/y) 0.882 (0.755–1.031) 0.0861

Sex (male) 1.744 (0.246–12.361) 0.5762

Baseline NIHSS (/point) 0.896 (0.736–1.091) 0.2569

Use of IV rt-PA 0.977 (0.092–10.303) 0.985

Onset to reperfusion (/min) 0.991 (0.981–1.001) 0.0134*

ADC < 540 (/mL) 0.887 (0.806–0.975) 0.0014*

Note: mRS modified Rankin Scale, NIHSS National Institutes of Health Stroke Scale, IV rt-PA intravenous recombinant tissue plasminogen activa-
tor, and ADC apparent diffusion coefficient. *P < 0.05

Representative cases are shown in Fig. 1. Case 1 was a 
79-year-old female patient with left M1 cardioembolic 
occlusion. Her NIHSS score on admission was 32, and the 
onset to MR examination time was 65 min. On DWI, ADC620 
was 70 mL and ADC540 was 28 mL. Case 2 was a 73-year-old 
male patient with left M1 cardioembolic occlusion. His 
NIHSS score on admission was 22 and the onset to MR 

examination time was 230  min. ADC620 was 54  mL, and 
ADC540 was 42 mL. Both cases underwent EVT, and their 
TICI was 3. The neurological symptoms of Case 1 improved, 
and the patient was discharged home 18 days after onset with 
an mRS of 1. In Case 2, neurological symptoms were not 
significantly improved, and the patient was transferred to a 
rehabilitation hospital with an mRS of 4.
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a b c d

a b c d

Fig. 1  Representative cases of ischemic region volume estimation based on ADC values, where Case 1 had a mild ADC reduction and Case 2 a 
severe ADC reduction: (a) DWI, (b) ADC map, (c) ADC620 lesion, and (d) ADC540 lesion

�Discussion

In this study, the ischemic region volume was used as a basis 
to investigate the characteristics of patients who benefited 
from thrombectomy among those with a large ischemic 
region. The results showed that the ischemic region volume 
assessed on DWI significantly affected functional outcomes 
and that ADC540 was a stronger predictor of these outcomes 
than the more generally used ADC620 threshold.

In acute ischemic stroke, DWI-positive lesions are gener-
ally considered to be markers of an irreversible ischemic 
region. Animal studies have shown that ADCs decrease in 
the central area where ischemia is most intense and gradually 
spread to the periphery [9]. Clinically, early recanalization 
with EVT has been shown to increase ADCs and to improve 
functional outcomes [5, 7]. The grounds for the use of 
ADC620 as the threshold for an irreversible ischemic region 
are based on an analysis of MR images in DWI before IV 
rt-PA and fluid-attenuated inversion recovery (FLAIR) 
images in the chronic phase [8]. The ADC reflects the amount 
and velocity of water molecules in tissues, and because an 
ADC lesion indirectly reflects an ischemic region, the mag-
nitude of change in ADC values is considered to reflect the 
degree of tissue damage [12]. Mild ADC reduction can be 

reversed to avoid cerebral infarction with early reperfusion 
[3, 11], and lesions with a mean ADC ≥ 520 have been sug-
gested to be salvageable via early reperfusion [13]. These 
findings are consistent with our results.

Regions with mild ADC reduction are thought to include 
the penumbra, which suggests that this change might also be 
a useful index for determining treatment indications. An 
imaging evaluation of ischemic penumbra is ideal because 
the goal of treatment for hyperacute ischemic stroke is to 
save ischemic penumbra. The DEFUSE 3 study showed that 
the PWI-DWI mismatch was useful for penumbra evaluation 
in the late time window [1]. A meta-analysis of Highly 
Effective Reperfusion evaluated in Multiple Endovascular 
Stroke Trials (HERMES) showed a significant association 
between ischemic core volume and functional outcome, but 
mismatch volume was not proven to be useful for the selec-
tion of cases in which EVT is effective in the early time win-
dow [2, 4]. The present study suggests that the PWI-DWI 
mismatch may underestimate the penumbra. This might be 
the reason why the usefulness of PWI-DWI mismatch in the 
early time window has not been established.

This study has several limitations, including the retro-
spective single center design and small sample size. However, 
this approach allowed detailed analysis using MR images 
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obtained under the same conditions. The study targeted 
patients with DWI ASPECTS < 6, so the results may not be 
applicable to patients with DWI ASPECTS > 5. However, 
our findings indicate that the severity of ischemic brain tissue 
damage correlates with a decrease in ADC, and a similar ten-
dency may exist in patients with DWI ASPECTS > 5.

�Conclusion

Earlier reperfusion and a smaller ischemic region were 
related to a favorable outcome in patients with acute vessel 
occlusion with a large ischemic region. An ischemic region 
defined by ADC540 correlated more strongly with functional 
outcome than that defined by ADC620. An area with a slight 
change from ADC540 to ADC620 might contain ischemic 
penumbra.
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�Background and Aims

Moyamoya disease (MMD) requires long-term follow-up 
regardless of whether the patient is treated surgically or con-
servatively. In outpatient care, magnetic resonance imaging/
magnetic resonance angiography (MRI/MRA) is performed 
regularly to evaluate the progression and worsening of the 
disease stage, focusing on the appearance of new brain tissue 
lesions such as cerebral infarction, white matter lesions, and 
microbleeds on MRI and on the development of cerebrovas-
cular lesions such as progressive stenosis of intracranial arter-
ies and any increase in moyamoya vessels on MRA [8]. 
However, the appearance of brain tissue lesions or the devel-
opment of cerebrovascular lesions without the onset of symp-
toms requires screening imaging to easily determine the 
presence or absence of hemodynamic cerebral impairment.

Perfusion MRI via arterial spin labeling (ASL) by using 
arterial blood spins as endogenous tracers can be easily per-
formed in the outpatient setting, but it could not precisely 
estimate cerebral ischemia severity in patients with occlusive 
cerebrovascular disease (CVD), because the delayed arrival 
of arterial spins in the affected vascular territories could not 
be corrected via single post-labeling delay (PLD) setting 
[10]. In this study, new hemodynamic parameters for screen-
ing cerebral ischemia severity using dual ASL perfusion 
imaging under double PLD setting will be proposed.

�Methods

In this study, 67 patients (10~83 years) with MMD and 22 
patients (35~72  years) with large artery atherosclerosis 
(LAA) were included, and hemodynamic parameters were 

investigated by using dual ASL perfusion imaging via 3.0 T 
MRI. In ASL perfusion imaging, blood vessels in the neck 
were irradiated with radiofrequency (RF) for a certain period 
of time to invert arterial blood spins (labeling time: 1800 ms), 
and the distribution of arterial blood spins that reached the 
brain tissue after a certain time (post-labeling delay: PLD) 
was reconstructed as a perfusion image. Pulsed continuous 
ASL (pCASL) was selected as the arterial labeling method, 
and double PLDs were set to 1525 ms for early images and 
2525  ms for late images. The data collection time was 
counted at 2.19 min for early images and 3.55 min for late 
images to obtain 36 axial slices with a 4  mm slice 
thickness.

In general, in the ASL perfusion images of cases without 
occlusive CVD, arterial blood spins are uniformly supplied 
from the arteries in the neck through cerebral vessels to the 
brain tissue and are distributed to the brain tissue according 
to the distribution of cerebral blood flow at PLD 1525 ms, 
and its sufficiency to the brain tissue is maintained at PLD 
2525  ms, so no significant dissociation between the two 
images occurs [1]. On the other hand, occlusive CVD such as 
MMD and LAA could cause an uneven supply of arterial 
blood spins into cortical arteries and delayed arrival and fill-
ing up in cerebral tissue, resulting in dissociation in the dis-
tribution of arterial blood spins in cortical arteries and 
cerebral tissue at PLD 1525 ms and PLD 2525 ms.

Therefore, for each ASL perfusion image, new hemody-
namic parameters were established on the basis of the distri-
bution of arterial blood spins in cerebral tissue and in cortical 
arteries. New hemodynamic parameters for dual ASL perfu-
sion imaging are defined as follows: In early images, “early 
slow-in” is defined as the delayed arrival of arterial blood 
spins in cerebral tissue, and “early stagnation” is defined as 
stagnated arterial blood spins in cortical arteries. In late 
images, “late filling up” is defined as the complete or incom-
plete fulfillment of arterial blood spins in cerebral tissue, and 
this reflects the severity of cerebral ischemia (the degree of 
the development of collateral blood circulation). “Late 
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stagnation or overstagnation” is defined as stagnated arterial 
blood spins in cortical arteries, and overstagnation reflects 
compensatory cerebral vasodilation. Changes in the arterial 
blood spins in cerebral tissue should be estimated separately 
from changes in the arterial blood spins in cortical arteries.

�Results

The incidence of new hemodynamic parameters assumed from 
the distribution of arterial blood spins in the brain tissue and 
cortical arteries was investigated in 67 MMD patients and 22 
LAA patients (Table 1). On one hand, in the MMD patients’ 
group, early images showed “early slow-in” in 65/67 (97%) and 
“early stagnation” in 48/67 (72%). Late images demonstrated 
“late incomplete filling up“ (suspected moderate ischemia) in 
22/67 (33%), “late complete filling up” in 45/67 (67%), “late 
stagnation” in 48/67 (72%), and “overstagnation” in 8/67 (12%). 
On the other hand, in the LAA patients’ group, early images 
showed “early slow-in” in 22/22 (100%) and “early stagnation” 
in 7/22(32%). Late images demonstrated “late incomplete fill-
ing up” (suspected moderate ischemia) in 3/22 (14%), “late 
complete filling up” in 19/22 (86%), “late stagnation” in 10/22 
(45%), and “overstagnation” in 2/22 (9%).

Among 67 MMD patients, four cases with symptomatic 
ischemia showed incomplete filling up with mild stagnation 
in late images. These findings were suspected as moderate 
cerebral ischemia, and they could be foremost candidates for 
cerebral blood flow-single photon emission computed 
tomography (CBF-SPECT) or positron emission tomogra-
phy (PET) examination.

A comparison of the two groups yielded that late incom-
plete filling up and early and late stagnation were observed 
more frequently in the MMD group. A comparison of late 
filling up to cerebral tissue between the two groups showed a 

higher rate of late incomplete filling up (moderate ischemia: 
33% vs. 17%) on late images in the MMD group. A compari-
son of arterial blood spin stagnation within cortical arteries 
between the two groups showed early stagnation on early 
images (72% vs. 32%) and late stagnation (72% vs. 45%) 
and overstagnation (12% vs. 9%) on late images; both images 
showed a higher rate of the stagnation of arterial blood spins 
within cortical arteries in the MMD group.

�Case Presentations

�Dual ASL Perfusion Imaging of Mild 
Ischemia

Figure 1 presents the dual ASL perfusion imaging findings of 
a case of moyamoya disease with mild cerebral ischemia. 
The patient was a 10-year-old girl. She presented with mild 
left-hand weakness (transient ischemic attack). Early images 
showed the delayed arrival of arterial blood spins (early 
slow-in) in the bilateral anterior cerebral artery and middle 
cerebral artery territories and showed the stagnation of arte-
rial blood spins (early stagnation) within bilateral Sylvian 
fissure to the frontal cortical arteries. Late images showed 
the late incomplete filling up of arterial blood spins in the 
bilateral anterior cerebral artery territories, late complete fill-
ing up in the bilateral middle cerebral artery territories, and 
the excessive stagnation of arterial blood spins (late over-
stagnation) within the bilateral Sylvian fissure to the frontal 
cortical arteries. Hemodynamic cerebral ischemia was 
judged to be relatively mild and amenable to follow-up. 
Overstagnation suggests that compensatory vasodilation and 
prolonged circulation time could easily occur in MMD 
patients.

�Dual ASL Perfusion Imaging of Moderate 
Ischemia

Figure 2 presents the dual ASL perfusion imaging findings of 
a case of moyamoya disease with moderate cerebral isch-
emia. The patient was a 23-year-old woman. She presented 
with repeated left-hand weakness (transient ischemic attack). 
Early images showed a marked slow-in of arterial blood 
spins in the bilateral anterior cerebral artery and the middle 
cerebral artery territories and the early stagnation of arterial 
blood spin in the vicinity of the bilateral Sylvian fissures. 
Late images showed the late incomplete filling up of arterial 
blood spins in the bilateral anterior cerebral arteries and the 
left middle cerebral artery territories, moderate incomplete 

Table 1  The incidence of new hemodynamic parameters in 67 MMD 
patients and 22 LAA patients

Early images:

 �� Early slow-in (delayed arrival of arterial blood spins in cerebral 
tissue)

 �� Early stagnation (stagnated arterial blood spins in cortical 
arteries)

Late images:

 �� Late complete filling up (complete fulfillment of arterial blood 
spins in cerebral tissue)

 �� Late incomplete filling up (incomplete fulfillment of arterial 
blood spins in cerebral tissue)

 �� Late stagnation (stagnated arterial blood spins in cortical arteries)

 �� Overstagnation (overstagnated arterial blood spins in cortical 
arteries)

Note: MMD moyamoya disease and LAA large artery atherosclerosis
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Bil. early slow-in

Bil. early stagnation

Bil. ACA: incomplete filling-up (partly) 
Bil. MCA: complete filling-up
Bil. late stagnation (over stagnation)

Early Late

Fig. 1  Dual ASL perfusion imaging in MMD patient with mild cerebral ischemia

Early Late

Bil. early slow-in

Bil. early stagnation

Rt.MCA: incomplete filling-up (mild)
Lt.MCA: incomplete filling-up (moderate)
Bil. late stagnation

Fig. 2  Dual ASL perfusion imaging in MMD patient with moderate cerebral ischemia

filling up in the right middle cerebral artery territories, and 
the limited stagnation of arterial blood spins near the bilat-
eral Sylvian fissures. Hemodynamic cerebral ischemia was 
determined to be moderate, and the patient was considered 
eligible for cerebral perfusion SPECT and PET scan for 
severity evaluation. Overstagnation was not associated with 
incomplete filling up in late images.

�Discussions

ASL perfusion images that indicate the early brain distribution 
of arterial blood spins as an endogenous tracer could be recon-
structed noninvasively and briefly [2]. Its clinical application 
ranges widely, and its usefulness as a surrogate for fluorode-
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oxyglucose positron emission tomography (FDG-PET) in 
dementia, perfusion changes in acute and chronic stroke, small 
fistulas in cerebral arteriovenous malformations and dural 
arteriovenous fistulas, epileptic focus, and brain tumor grading 
has been reported [3]. In addition, its usefulness in the evalua-
tion of hyperperfusion after revascularization procedures has 
been reported in relation to MMD patients [7].

In dual ASL perfusion imaging for normal control, early 
and late images can show almost the same distribution of 
arterial blood spin input. This finding suggests that arterial 
blood spin input could be distributed identically from early 
PLD to late PLD. However, arterial blood spin input via col-
lateral vessels in patients with occlusive CVD have not yet 
been investigated. In general, arterial blood spin input via 
collateral vessels could demonstrate “slow wash-in and slow 
wash-out” in the affected vascular territories. Hence, dual 
ASL perfusion imaging could capture the stagnation of arte-
rial blood spins within cortical arteries and the fulfillment of 
arterial blood spins to cerebral tissue in the vascular territo-
ries at the periphery of the occlusive lesion on a time axis 
from two images by setting two PLDs, enabling the screen-
ing of cerebral ischemia severity in the same territories.

Figure 3 schematically shows the relationship between 
the delay arrival (slow-in) and its fulfillment (filling up) of 
arterial blood spins in cerebral tissue on a time axis, assum-
ing healthy subjects, MMD with mild cerebral ischemia, and 
MMD with moderate cerebral ischemia. In healthy subjects, 
there is no delay in the arrival of arterial blood spins, and the 
full filling up of arterial blood spins in cerebral tissue is 
achieved at PLD 1525 ms and maintained at PLD 2525 ms. 

In contrast, in MMD with mild cerebral ischemia, there is a 
delay in the arrival of arterial blood spins (early slow-in) at 
PLD 1525 ms, but the complete filling up of arterial blood 
spins in cerebral tissue is achieved at PLD 2525 ms (late 
complete filling up). Furthermore, MMD with moderate 
cerebral ischemia features an exacerbation of the delayed 
arrival of arterial blood spins (remarkable early slow-in) at 
PLD 1525 ms, and an incomplete filling up of arterial blood 
spins in cerebral tissue is achieved at PLD 2525  ms (late 
incomplete filling up).

Thus, as the severity of hemodynamic cerebral ischemia 
increases, the delayed arrival and incomplete filling up of 
arterial blood spins to cerebral tissue becomes more obvious, 
and the degree of the filling up of arterial blood spins in late 
images (late filling up) can be used clinically as an indicator 
to assess the severity of cerebral ischemia or the degree of 
the development of collateral blood channels. In the present 
study, the incidence of late incomplete filling up in the MMD 
group was higher than that in the LAA group (33% vs. 17%), 
and the incidence of late complete filling up was lower than 
that in the LAA group (64% vs. 86%), indicating that more 
severe cases of hemodynamic cerebral ischemia appear in 
the MMD group.

On the other hand, in ASL perfusion imaging, when the 
distribution of arterial blood spins to cerebral tissue is 
delayed due to occlusion of the main cerebral artery, arterial 
blood spins could stagnate in cortical arteries, and the pres-
ence of arterial blood spins in cortical arteries has been con-
sidered a problem when assessing cerebral tissue perfusion 
[9]. The higher rate of the stagnation of arterial blood spins 

1.0 2.0 3.0 Time (sec)PLD 1525ms
Early image

PLD 2525ms
Late image
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)
%( nips lairetra fo noitartnecno
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filling-up

Incomplete
filling-up

A B C

Early
Slow-in

Early
Slow-in

Fig. 3  The relationship between delayed arrival and the fulfillment of 
arterial blood spins in cerebral tissue. Curve A: In a healthy case, com-
plete filling up is achieved at PLD 1525 ms and maintained at PLD 
2525 ms. Curve B: In patients with mild ischemia, early slow-in is 

observed at PLD 1525 ms, and complete filling up is achieved at PLD 
2525 ms. Curve C: In patients with moderate ischemia, remarkable 
early slow-in is observed at PLD 1525 ms, and incomplete filling up is 
achieved at PLD 2525 ms
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in cortical arteries in the MMD group than in the LAA group 
(72% vs. 32% and 72% vs. 45%, respectively) on both early 
and late images may be due to the significant delay in circu-
lation time and compensatory vasodilation in the MMD 
group. As shown by recent PET studies, the characteristic 
features of hemodynamic cerebral ischemia in MMD patients 
include delayed circulation time and significant vasodilatory 
compensatory capacity compared to those in LAA patients 
[6]. The higher rate of overstagnation in cortical arteries on 
late imaging (12% vs. 9%) in the MMD group may also be 
due to marked compensatory vasodilatation.

To reconstruct regional cerebral blood flow (CBF) images 
similar to PET-CBF or CBF-SPECT from ASL perfusion 
images using arterial blood spins as endogenous tracers, time 
series data on arterial blood spins need to be obtained at each 
pixel of cerebral tissue (multi-PLD ASL) and arterial blood 
spin components within cortical arteries need to be removed 
[5]. From this perspective, cerebral tissue perfusion in a sin-
gle PLD setting in cases with occlusive CVD cannot be eval-
uated, because the distribution of arterial blood spins in 
cortical arteries could overlap with the distribution of arterial 
blood spins in cerebral tissue in the ASL perfusion image [4]. 
On the other hand, dual ASL perfusion imaging enables us to 
distinguish between the fulfillment of arterial blood spins in 
cerebral tissue and the stagnation of arterial blood spins in 
cortical arteries by setting up two PLDs; however, when 
evaluating the dual ASL perfusion images of patients with 
hemodynamic cerebral ischemia, the mechanism of the stag-
nation of arterial blood spins through collateral vessels needs 
to be better understood.

From the above, it was concluded that dual ASL perfusion 
imaging can screen and evaluate the severity of hemody-
namic cerebral ischemia and the degree of the development 
of collateral blood flow in patients with occlusive CVD by 
setting the delayed arrival and fulfillment of arterial blood 
spins reaching cerebral tissue and the stagnation of arterial 
blood spins within cortical arteries as cerebral hemodynamic 
parameters and evaluating each separately.

�Conclusion

Using dual ASL perfusion imaging, the early slow-in and 
late filling up of arterial blood spins into cerebral tissue and 
the early and late stagnation of arterial blood spins within 
cortical arteries could be identified separately as novel hemo-
dynamic parameters. The severity of hemodynamic cerebral 
ischemia and the development of collateral circulation could 
be assessed only from the early slow-in and late filling up 

(complete or incomplete) of arterial blood spins. The early 
and late stagnation of arterial blood spins could not reflect 
cerebral ischemia, and a higher rate of these parameters in 
the MMD group could reflect compensatory vasodilation and 
prolonged circulation time.
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�Introduction

Cerebral cavernous malformations (CCMs) are vascular 
malformations of the central nervous system that comprise a 
cluster of sinusoidal vascular channels prone to rupture. 
They can have various clinical presentations, ranging from 
asymptomatic to fatal haemorrhagic stroke. The underlying 
aetiology of these lesions remains to be understood. However, 
several observational and molecular genetic studies have elu-
cidated the epidemiology, clinical course, and mechanisms 
of CCMs. This knowledge can facilitate appropriate thera-
peutic decisions and opportunities to develop novel treat-
ment options. Here, we discuss the epidemiological and 
genetic aspects of CCMs.

�Epidemiology and Natural History 
of Cerebral Cavernous Malformations (CCMs)

CCMs constitute the second-most-common type of vascu-
lar malformation of the central nervous system, following 
developmental venous anomalies (DVAs) [13]. The preva-
lence of CCMs ranges from 0.16% to 0.5% in the general 
population, although the estimated value of CCMs varies 
depending on what population the studies are based on, 
such as autopsy, clinically based, and population-based 
magnetic resonance imaging (MRI) [9]. CCMs are 
increasingly discovered incidentally owing to the wide-
spread use of brain MRI. Both men and women are equally 
affected with CCMs. Approximately 20% of patients with 
CCMs have multiple lesions [23]. Patients with CCMs are 
most frequently diagnosed between the third and fourth 

decades of life, although CCMs can present at any age, 
including children [27]. Although CCMs can occur any-
where in the central nervous system, most lesions occur in 
the supratentorial region, followed by the brainstem and 
cerebellum.

Patients with CCMs usually have a benign clinical 
course and remain asymptomatic throughout their lifetime. 
However, CCMs can present with a wide range of symp-
toms, including headaches, seizures, and focal neurological 
deficits. Moreover, the vascular channels of patients with 
CCMs consist of thinner vessel walls that are prone to rup-
ture and sometimes cause intracerebral/spinal haemor-
rhage, which is potentially fatal. Several studies have 
investigated the risk of haemorrhage during the natural 
course of CCMs. Although the estimated haemorrhage 
risks vary—largely because of differences in the study 
designs, including the definition of haemorrhage—in 2008, 
the Angioma Alliance Scientific Advisory Board developed 
a definition of haemorrhage that requires acute or subacute 
onset symptoms referable to the anatomical location of the 
lesion accompanied by a haemorrhage testified mainly by a 
radiograph [2]. A recent meta-analysis of individual patient 
data reported an average 5-year bleeding rate of 15.8% 
based on this definition [11]. In this study, the brainstem 
location and presentation of haemorrhage were identified 
as risk factors that were independently associated with 
haemorrhage. The risk of intracerebral haemorrhage is also 
known to decline over time; one prospective study demon-
strated that the annual risk of haemorrhage was 19.8% in 
the first year, which decreased to 5.0% in the fifth year [23]. 
In contrast, the bleeding rate of lesions found incidentally 
is considered as low as 0.08%, as reported in a previous 
study [20].
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�Genetic Mutations

In patients with CCMs, sporadic and hereditary (familial) 
forms have been recognised. The former is typically solitary, 
whereas the latter is characterised by multifocal lesions 
(Fig. 1). The hereditary CCMs are inherited in an autosomal 
dominant manner. This observation has led researchers to 

use genetic approaches to explore the pathogenesis of CCMs. 
Specifically, linkage analysis was used to search for loci 
propagating with the phenotype among pedigree patients, 
including those with CCMs. This approach maps genes that 
cause CCMs to three loci: 7q, 3q, and 7p [4]. Further speci-
fication identifies CCM1 (KRIT1), CCM2, and CCM3 
(PDCD10) as causative genes of familial CCMs [3, 14, 15] 

a b

c d

Fig. 1  Magnetic resonance imaging of patients with sporadic and 
familial cerebral cavernous malformations (CCMs): T2-weighted (a) 
and T2*-weighted (b) images of a patient with sporadic CCMs with a 
solitary lesion and T2-weighted (c) and T2*-weighted (d) images of a 

patient with familial CCMs with multiple CCM lesions, where the latter 
shows characteristically numerous lesions identified as hypointense on 
the T2*-weighted image
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Fig. 2  Timeline of the identification of genes mutated in sporadic and familial cerebral cavernous malformations

Fig. 3  Schema of the widely accepted pathogenesis of familial cere-
bral cavernous malformations

(Fig.  2). At present, at least one of the CCM1, CCM2, or 
CCM3 mutations is a germline mutation in almost all famil-
ial CCMs cases [26]. Most genetic abnormalities are either 
truncating mutations, such as nonsense and frameshift muta-
tions, or large deletions, which result in the loss of gene 
function. Familial CCMs are characterised by multiple 
lesions, whereas sporadic CCMs are generally solitary, sug-
gesting a two-hit mechanism in which the loss of both copies 
of the gene results in loss of function and leads to lesion 
formation. Accordingly, in addition to germline mutations 
that are harboured in all cells in the body, somatic mutations, 
which are harboured only in CCM lesions, have begun to be 
sought, and biallelic mutations have been identified in 
patients with all three forms (CCM1, CCM2, and CCM3) of 
inherited CCMs [1] (Fig. 3). In these patients, somatic muta-
tions are harboured in the vascular endothelial cells of the 
lesions. Next-generation sequencing has enabled us to more 
easily detect somatic mutations harboured only in a fraction 
of heterogeneous lesions. This technique, in addition to 
familial CCMs, is be used to identify somatic mutations in 
patients with sporadic CCMs, including a patient with two 
somatic CCM1 pathogenic mutations, confirming that both 
familial and sporadic CCMs can be caused by a two-hit 
mechanism [19].

However, in sporadic CCMs, the detection rate of patho-
genic mutations in these three CCM genes is low. This sug-
gests that sporadic CCMs arise from somatic mutations in 
genes other than these genes and prompts researchers to 
explore somatic mutations in genes other than these three 
genes. Recently, somatic PIK3CA and MAP3K3 mutations 
have been identified in CCMs, in addition to germline and 
somatic mutations in CCM genes [8, 30]. Mutations in 
PIK3CA and MAP3K3 occur in endothelial cells, similar to 
mutations in CCM genes. Somatic PIK3CA mutations have 
been identified in familial and sporadic CCMs. These muta-

tions co-occur with mutations in the three CCM genes and 
MAP3K3. In lesions with somatic mutations in both PIK3CA 
and one of the CCM genes, mutations in the PIK3CA and 
CCM genes are identified in the same cells, suggesting that 
the mutations act synergistically in the pathogenesis of 
CCMs [22]. In contrast, MAP3K3 mutations are predomi-
nantly identified in patients with sporadic CCMs and are 
mutually exclusive of CCM gene mutations [30]. Thus, the 
identification of novel mutations associated with CCM is 
ongoing.

�Genotype–Phenotype Correlations

Some genotype–phenotype correlations have been reported. 
Regarding familial CCMs, patients having CCM2 mutations 
have a lower number of lesions than those having CCM1 or 
CCM3 mutations [5]. The clinical phenotype of patients with 
CCM3 mutations is more aggressive than that of patients 
with CCM1 or CCM2 mutations, with an earlier age at dis-
ease onset, greater lesion burden, and more-frequent haem-
orrhages [24]. Patients with familial CCMs sometimes 
present with cutaneous vascular lesions, which are more fre-
quently found in patients with CCM1 mutations than in those 
with CCM2 or CCM3 mutations [6].

In sporadic CCMs, patients with PIK3CA mutations have 
a higher risk of haemorrhage than those with MAP3K3 muta-
tions [8]. Lesions with PIK3CA mutations are found pre-
dominantly in the brain and are larger [8]. Regarding MRI 
appearance, lesions with acute or subacute bleeding are more 
likely to have PIK3CA mutations; however, popcorn-like 
lesions indicating chronic haemorrhage more frequently 
have MAP3K3 mutations [30].

�Molecular Pathogenesis

The discovery of mutations in CCM1, CCM2, and CCM3 
promotes the development of in vivo CCM models. Among 
several animal species, such as mice and zebrafish, murine 
models have provided significant insights into the pathogen-
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esis of CCMs. Globally, murine models losing one of the 
CCM genes are developed and found to be embryonically 
lethal owing to vascular defects, suggesting that CCM1, 
CCM2, and CCM3 are essential for proper angiogenesis [31, 
32]. To explore the cell types that originate from CCM for-
mation, conditional CCM models were created, which can 
modulate the expression of certain proteins in a specific 
subset of cell types, demonstrating that the endothelial cell-
specific loss of one of the CCM genes can also cause abnor-
mal cardiovascular development, suggesting the necessity of 
the expression of CCM proteins in vascular endothelial cells. 
More-recent studies have created mice with postnatal loss-
of-CCM genes in vascular endothelial cells—or, more spe-
cifically, brain endothelial cells—which develop vascular 
lesions similar to human CCM lesions and are used as faith-
ful CCM models to study CCM pathogenesis [22, 33]. In 
addition to these mice, to examine the function of mutations 
in PIK3CA and MAP3K3, adeno-associated virus-mediated 
transduction, which can induce the overexpression of mutant 
proteins in a subset of cells depending on the type of virus, 
has also been used in some recent studies [12, 22]. Although 
some conflicting studies have demonstrated that pericyte- or 
neuron-specific loss-of-CCM genes can result in the forma-
tion of vascular lesions resembling CCMs [17, 29], suggest-
ing a highly complicated mechanism of CCM development, 
vascular endothelial cells are widely accepted as the primary 
sites where driver gene mutations cause the disease.

The underlying molecular mechanisms of CCM devel-
opment have been elucidated by using these mouse models. 
CCM1, CCM2, and CCM3 form a complex and play a role 
in pathogenesis [7]. The primary role of this complex is to 
regulate mitogen-activated protein kinase 3 (MEKK3)-
Krüppel-like factor 2/4 (KLF2/4) signalling [33]. Loss-of-
function mutations in the three genes result in the activation 
of MEKK3 and transcription factors KLF2 and KLF4 
downstream of the protein. Moreover, the loss of function 
of the complex results in the activation of the RHO/Rho-
associated protein kinase, which is also considered a major 
mechanism [31]. Other mechanisms have also been 
reported, such as endothelial-to-mesenchymal transition 
and the locally elevated expression of anticoagulant endo-
thelial receptors, thrombomodulin, and the endothelial pro-
tein C receptor [16, 18].

PIK3CA encodes the catalytic p110a subunit of PI3K. In 
endothelial cells, p110a is activated and upregulates PI3K 
and its downstream pathways, which are required for vascu-

lar development. PIK3CA mutations frequently identified in 
CCMs, c.1624G  >  A (p.Glu542Lys), c.1633G  >  A (p.
Glu545Lys), and c.3140 A  >  G (p.His1047Arg), are also 
known mutation hotspots in several cancers, including 
breast, colon, and endometrial cancers. These mutations acti-
vate downstream pathways and are thus considered probable 
drivers of CCM formation.

MAP3K3 encodes MEKK3. As mentioned above, the 
activation of the MEKK3-KLF2/4 pathway is one of the pri-
mary mechanisms of CCMs, and the hotspot mutation 
MAP3K3 c.1323 C > G (p.Ile441Met) activates the down-
stream pathway. Thus, the mutation can potentially be a 
driver of the disease by exhibiting similar functional conse-
quences to the loss of function of CCM genes, which activate 
the pathway.

�Association Between CCMs 
and Developmental Venous Anomalies

The coexistence of CCMs and DVAs is well known. DVAs 
are the most common vascular anomalies of the brain and are 
present in 6–14% of the adult population [25]. Approximately 
20–30% of patients with sporadic CCMs have DVAs when 
assessed by using MRI [21]. De novo CCM formation around 
DVAs has also been reported [28]. These data suggest a caus-
ative association between CCMs and DVAs. A probable 
pathogenesis of CCM formation around the DVAs is that 
increased haemodynamic pressure within DVAs induces 
repeated microhaemorrhages and activates angiogenic fac-
tors, such as vascular endothelial growth factor, which results 
in the initiation of CCM formation. In contrast, familial 
CCMs are rarely accompanied by DVAs. This suggests that 
the developmental mechanisms differ between sporadic 
CCMs and familial CCMs. A recent study screened for 
PIK3CA and MAP3K3 mutations in sporadic CCMs and 
accompanying DVA samples [25]. Consequently, in lesions 
harbouring both PIK3CA and MAP3K3 mutations, the 
accompanying DVA samples harboured only PIK3CA muta-
tions. This finding suggests that DVAs develop first in nor-
mal vasculature by acquiring PIK3CA mutation and that the 
associated CCMs are derived from cells in the DVAs that 
gain MAP3K3 mutation in addition to PIK3CA mutation 
(Fig. 4). Further genetic studies are required to elucidate the 
detailed association between CCMs and DVAs.
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Fig. 4  Schema of the possible pathogenesis of sporadic cerebral cavernous malformations accompanied by developmental venous anomalies

�GJA4: A Novel Cavernous Malformation–
Associated Gene

Knowledge about the mutations and molecular mechanisms 
underlying the aetiology of CCMs has increased. However, 
other mechanisms may remain that can be anticipated from 
the recent identification of novel gene mutations, such as 
PIK3CA and MAP3K3, which are involved in pathogenesis. 
We recently identified GJA4 mutation in orbital cavernous 
venous malformations (OCVMs) [10]. OCVMs are low-flow 
vascular malformations similar to CCMs, and their causative 
mutations have not yet been identified. By sequencing sev-
eral vascular malformations, including OCVMs and CCMs, 
GJA4 mutation is frequently present in OCVMs. GJA4 is a 
transmembrane protein that forms hemichannels, which con-
nect the cytoplasm to the extracellular space, and gap junc-
tions, which connect the cytoplasm of adjacent cells in the 
endothelium and smooth muscles of blood vessels. This 
mutation is identified predominantly in lesions of endothelial 
cells. A functional analysis revealed the mutation to be a 
gain-of-function mutation that induces a hyperactive hemi-
channel, which subsequently induces the loss of the normal 
function of endothelial cells. Therefore, abnormal GJA4 
hemichannel activity may play a role in the pathogenesis of 
vascular malformations. In addition, an identical GJA4 muta-
tion was recently identified in intracranial angioleiomyomas 
and haematic and cutaneous venous malformations, suggest-
ing that this mutation may be the driver of a broad range of 
vascular malformations. The abnormality of hemichannel 
and gap junctions is involved in the pathogenesis of vascular 
malformations. Therefore, this discovery provides novel 
insights into the molecular pathogenesis of cavernous mal-
formations and contributes to our understanding of their 
underlying mechanisms.

�Conclusions

This review describes the epidemiology, natural course, and 
aetiology of CCMs, with a focus on their genetic aspects. 
Several observational studies have provided information 

about their clinical behaviours, which will contribute to 
improving surgical intervention decisions. Moreover, the 
currently evolving molecular genetic approach has revealed 
their pathophysiology, providing insights into the develop-
ment of novel therapeutic strategies.
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�Introduction

The idea of a hybrid operating room (OR) is not new and was 
originally proposed by Barstad et al. (1997), who used it for 
minimally invasive direct coronary artery bypass grafting 
and integrated hybrid procedures [1]. The increasing com-
plexity of both interventional and surgical procedures has 
required new approaches, so the best of both worlds was 
combined, which resulted in the hybrid operating room [10]. 
The original technical implementation has little to do with 
today’s OR, but due to rapid technological progress, signifi-
cant advances have been possible. Today, systems that allow 
the user to perform intraoperative 3D rotational angiography 
have been established, which according to some studies pro-
vides a significant advantage in patient outcome in the treat-
ment of cerebrovascular pathologies [6]. Furthermore, it 
enables the performing of a special type of computed tomog-
raphy (CT), a so-called DynaCT, which allows an accurate 
anatomical understanding of a target vessel in relation to sur-
rounding anatomical structures and metallic devices such as 
stents or clips, and in addition, perfusion measurement can 
be performed [17].

The popularity of the hybrid OR in neurosurgery, espe-
cially in cerebrovascular neurosurgery, may be related to the 
extremely low tolerable ischemia time, the high complexity 
of the surgical procedures, and the low error tolerance [7]. 
Because of this, success and quality control are essential to 
achieve optimal patient outcomes. However, the greatest 

advantage of this technology is its enabling surgeons to per-
form endovascular and surgical procedures simultaneously 
[6].

To make the best use of the aforementioned advantages, a 
high degree of interdisciplinarity, as well as expertise, is 
required [7]. One procedure that is frequently mentioned in 
connection with the hybrid operating room is the perfor-
mance of a bypass followed by the endovascular treatment of 
a complex aneurysm [2, 11, 15]. Benefits frequently cited in 
previously published work include the shortening of proce-
dure time, an improvement in treatment quality, and a reduc-
tion in procedure-associated complications [4, 6–8, 14, 15]. 
The aim of this chapter is to present the results of the use of 
a hybrid OR in the treatment of cerebrovascular pathologies 
at a neurovascular center and to highlight factors discovered 
that are relevant for the practice.

�Methods and Materials

In this retrospective data analysis, all patients who had been 
treated because of cerebral vascular disease (cerebral aneu-
rysm, arteriovenous malformation (AVM), arteriovenous 
(AV) fistulas, carotid pathologies) in the hybrid OR at the 
Department of Neurosurgery at Kepler University Hospital 
Linz between April 2020 and October 2022 were included. 
In all cases, intraoperative imaging and/or hybrid surgery 
was performed. In patients with cerebral aneurysms, indo-
cyanide green videoangiography (ICG) and Doppler ultra-
sound were additionally performed before intraoperative 
angiography. Furthermore, the following parameters were 
collected: the type and localization of vascular disease, 
modality of surgical or endovascular treatment, outcome of 
intraoperative imaging, and influence on further surgical 
strategy.
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�Results

A total of 152 patients met the inclusion criteria (Table 1).

�Aneurysms

In total, 106 aneurysms were treated via clipping. Rupture 
was present in 4.8% (n = 22) of cases. The most frequent 
location was the middle cerebral artery (MCA; n = 61). Four 
patients were treated by using proximal or endovascular sur-
gical vessel occlusion under bypass protection.

�Carotid Stenosis/Occlusion

Also, 49 patients were treated because of carotid stenosis or 
occlusion, of whom 32 underwent carotid endarterectomy 
(CEA) and 17 were treated with bypass.

�AVM/Dural AV-Fistula

Finally, 12 patients were treated because of an AVM or 
fistula.

�Surgical Strategy, Intraoperative 
Angiography, and Hybrid Interventions

The surgical strategy is summarized in Fig. 1. In six of 106 
patients (5.6%) treated via microsurgical clipping, a residual 
aneurysm was detected during intraoperative angiography, 
which led to the optimization of clip placement. Further, in 
three cases, vessel occlusion or stenosis occurred after clip-
ping, and the surgical strategy had to be adapted: In two 
patients, the clip was repositioned, and in one case, a hybrid 
intervention was necessary. This hybrid procedure had to be 
performed due to persistent vessel occlusion despite several 
clip repositioning attempts (anterior communicating artery 
aneurysm). The pericallosal artery, which was occluded by a 
calcified plaque dislodged during clipping, was endovascu-
larly dilated (percutaneous transluminal angioplasty, or PTA) 
and successfully recanalized. Another two planned hybrid 
interventions were performed by using endovascular parent 
artery occlusion (complex posterior cerebral artery or MCA 
aneurysm) under bypass protection.

In CEA or bypass surgery (carotid stenosis or occlusion), 
a residual critical stenosis persisted and was immediately 
treated only in one case. No ischemic complication occurred. 
Three of 12 patients (25%) with an AVM or AV fistulas had 
a remnant and could finally be treated completely.

�Discussion

Recently, the hybrid OR has been introduced in various sur-
gical disciplines [6]. However, advantages such as lower 
invasiveness, operation duration, mortality, and overall com-
plication rates have been reported [6, 11]. In neurosurgery, a 
relevant increase in the quality of treatment might be 
achieved, especially in patients with complex vascular 
pathologies that are not amenable to endovascular or surgical 
therapy alone [3].

In previously published studies, aneurysm remnants were 
detected in 3.8–14% during postoperative angiography, and 
the percentage of vessel stenosis or occlusion was 3–8% [5, 
14, 18]. Nowadays, standard intraoperative quality control is 

Table 1  Pathologies and treatment
Vascular Pathology n
Aneurysms 106

Patients 91

Middle cerebral artery 61

Anterior communicating artery 18

Anterior cerebral artery 15

Internal carotid artery 6

Posterior circulation 6

Ruptured 22

Clipping/bypass 102/4

Carotid stenosis/occlusion 49

Carotid endarterectomy 32

Bypass 17

Arteriovenous malformation/fistula 12

Overall patients 152

Fig. 1  Results after intraoperative angiography or hybrid intervention
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established by means of ICG video angiography and Doppler 
examination [9]. A further quality improvement through 
treatment in the hybrid operating room could be verified [4, 
8, 14, 15]. During intraoperative angiography, a significantly 
higher detection rate of residual aneurysms could be deter-
mined via 3D compared to 2D angiography [5, 14]. In the 
field of other vascular pathologies, such as AVMs or fistulas, 
no superiority of 3D angiography could be demonstrated [8, 
10].

In addition to intraoperative angiography, combined inter-
disciplinary interventions in the hybrid OR can contribute to 
both primary one-stage treatment and successful complica-
tion management [12, 13]. In one of our patients, despite clip 
repositioning, a vessel occlusion (plaque dislocated by a clip 
with resulting vessel occlusion) could not be resolved, and 
therefore, an unplanned acute hybrid intervention was per-
formed. The vessel was successfully recanalized via endo-
vascular PTA.  Konakondla et  al. published one case of 
intraoperative occlusion of the ipsilateral MCA during the 
clipping of a posterior communicating artery aneurysm. This 
complication was successfully treated via mechanical throm-
bectomy [13].

Mechanical thrombectomy with possible rescue stenting 
due to thromboembolic complications during CEA would 
also be possible at our center but was not necessary in any of 
our cases [20]. However, this strategy might contribute to 
avoiding severe complications.

Therapeutic vessel occlusion under bypass protection 
represents a classic example of hybrid interventions [2, 12, 
16]. Thus, a complex aneurysm can be treated endovascu-
larly under bypass protection, or a ruptured aneurysm can be 
partially embolized and then clipped to achieve an optimal 
surgical result [2, 16]. A similar approach in terms of partial 
embolization and subsequent surgical therapy can also be 
used in the treatment of AVMs [19]. In this context, the 
importance of the detection of AVM remnants during intra-
operative angiography should be emphasized again.

�Conclusion

No procedural complications occurred in this study. 
Intraoperative angiography is a safe and accurate method to 
optimize the surgical strategy and contributes to an improved 
patient outcome. Hybrid interventions with endovascular 
and surgical therapy become possible but require excellent 
interdisciplinary collaboration and expertise. Intraoperative 
complications can be reduced and, if they occur, can be 
treated quickly and optimally at a neurovascular center. 
Overall, the implementation of a hybrid OR can contribute to 
a significant increase in patient safety and treatment quality.
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�Introduction

Over recent years, groundbreaking innovative technologies 
and devices have emerged in vascular neurosurgery as driv-
ing forces in the quest for outcome improvement. The 
increasing adoption of artificial intelligence (AI) and aug-
mented reality (AR) within this field has become a promi-
nent trend [1–5].

AI encompasses the development of intelligent systems 
capable of emulating human-like cognitive functions, includ-
ing learning and problem-solving. Machine learning, a sub-
field of AI, is particularly relevant here because it focuses on 
the creation of algorithms and statistical models, enabling 
computer systems to learn from and make predictions or deci-
sions on the basis of data and without being explicitly pro-
grammed. AI finds applications across various phases of 
patient care, encompassing prevention, preoperative assess-
ment, perioperative management, and postoperative care. 
One impactful application of machine learning in the field of 
perioperative care in vascular neurosurgery is the training of 
algorithms for the conversion of two-dimensional (2D) medi-
cal images into 3D models [6]. This facilitates the creation of 
precise three-dimensional representations of complex vascu-

lar anatomy and pathology, offering invaluable insights into 
diagnosis and enabling informed surgical decision-making.

Augmented reality (AR) plays a pivotal role in 3D medical 
visualization. AR overlays virtual elements onto the real-world 
environment, affording a comprehensive view of anatomy [1, 
7]. Furthermore, the concept of mixed reality (MxR) takes AR 
to a new level in that the virtual elements can interact with real-
world elements (e.g., collide with it and appear behind it) pre-
sented through a head-mounted display (HMD) equipped with 
cameras that continuously scan the environment, which gives 
an even more realistic experience. Incorporating AR into vas-
cular neurosurgery has the potential to enhance 3D insights 
into complex lesions and thereby significantly influence surgi-
cal planning, navigation, and intraoperative guidance, promis-
ing safer and more-effective procedures.

The primary challenge before us is seamlessly integrating 
these advanced concepts and developing them further to 
improve patient outcomes. To provide a basis for this future 
direction of our research group and potentially other groups, 
we present a review of all publications in our centers on the 
topic within the last 5 years. We combine this information with 
ongoing research projects to better understand the drawbacks, 
challenges, and the developmental steps to be followed.
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�Methods

We selected articles featuring at minimum two of the mem-
bers of our research group who have published within the 
past 5 years on topic combinations such as artificial intelli-
gence and augmented reality; artificial intelligence and vas-
cular neurosurgery; or augmented reality and vascular 
neurosurgery. We combined the information from these arti-
cles with information from ongoing research projects within 
our group. We used these resources to form the basis of a 
narrative discussion to more deeply explore the drawbacks 
and challenges of incorporating AI and AR into vascular 
neurosurgery and to find logical developmental phases in our 
research to shape the future.

All AR examples in the figures were made with Lumi 
software (Augmedit bv, Naarden, Netherlands).

Informed consent was obtained from all individual par-
ticipants included in the described studies and participants 
anonymously depicted in the figures. All procedures per-
formed in the described studies involving human participants 

were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964 
Helsinki Declaration and its later amendments or compara-
ble ethical standards.

�Results

We selected 14 peer-reviewed publications that fulfilled the 
criteria (Table 1). The selected research, along with ongoing 
research projects, resulted in the identification of four phases 
of development; (1) the integration of AI and AR to create 
adequate three-dimensional (3D) segmentations; (2) adding 
flow and pulsatility data to create 5D segmentations; (3) 
treatment planning in these models; and (4) treatment guid-
ance using these models (Fig.  1). The main drawback 
described was the limited added value in the microscopic 
phase of neurovascular surgery due to view obstruction and a 
lack of accuracy. The main challenge described was the cur-

Table 1  Publications on topics combining artificial intelligence and augmented reality; artificial intelligence and vascular neurosurgery; or aug-
mented reality and vascular neurosurgery featuring at minimum two publications by authors of our group published within the past 10 years
Year Study Journal
2018 AR glasses in the operating room [8] NTvG

2019 Clinical Accuracy of Holographic Navigation Using Point-Based 
Registration on Augmented-Reality Glasses [9]

Operative Neurosurgery

2020 Current Accuracy of Augmented Reality Neuronavigation Systems: 
Systematic Review and Meta-Analysis [2]

World Neurosurgery

2021 Holographic patient tracking after bed movement for augmented reality 
neuronavigation using a head-mounted display [10]

Acta Neurochirurgica

2021 Fully Automatic Adaptive Meshing Based Segmentation of the Ventricular 
System for Augmented Reality Visualization and Navigation [11]

World Neurosurgery

2021 Fully automatic brain tumor segmentation for 3D evaluation in augmented 
reality [12]

Neurosurgical Focus

2022 Segmentation techniques of cerebral arteriovenous malformations for 3D 
visualisation: a systematic review [7]

Brain and Spine

2023 Comparing the influence of mixed reality, a 3D viewer, and MRI on the 
spatial understanding of brain tumours [13]

Frontiers in Virtual Reality

2023 Case report: Impact of mixed reality on anatomical understanding and 
surgical planning in a complex fourth ventricular tumor extending to the 
lamina quadrigemina [14]

Frontiers in Surgery

2023 Clinical potential of automated convolutional neural network-based 
hematoma volumetry after aneurysmal subarachnoid hemorrhage [5]

J Stroke Cerebrovasc Dis

2023 Effect of intraoperative mixed reality use on non-surgical team members in 
the neurosurgical operating room [3]

World Neurosurgery

2023 Application of Virtual and Mixed Reality for 3D Visualisation in 
Intracranial Aneurysm Surgery Planning: a systematic review [1]

Frontiers in Surgery

2023 Mixed Reality for Cranial Neurosurgical Planning: a single center 
applicability study with the first 107 subsequent holograms [15]

Operative Neurosurgery

2023 Evaluation Metrics for Augmented Reality in Neurosurgical Preoperative 
Planning, Surgical Navigation, and Surgical Treatment Guidance—A 
Systematic Review [16]

Operative Neurosurgery
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Fig. 1  The identified four phases in the development of mixed reality and artificial intelligence research according to our group

Fig. 2  First-person view in the outpatient clinic setting of a 3D seg-
mentation of an intracranial AVM visualized through a MxR heads-up 
display

rent limitation in computational and graphical processing 
capabilities.

�Discussion

Using the four developmental phases found in our research, 
we engage in a narrative discussion below.

�Integration of AI and AR

The accurate segmentation of cerebral vessels is a challeng-
ing task due to the intricate geometry of these structures, lim-
ited spatial resolution, and sometimes suboptimal image 
contrast. To address this challenge, machine learning tech-
niques, particularly artificial neural networks, have emerged 
as promising tools. Although the concept of using neural net-
works for image segmentation has been explored for several 
decades, not until recent advancements in computing power 
and cost-effective access to it did neural networks become a 
viable avenue for research in this field. A significant break-
through came with the introduction of deep-learning models, 
such as the U-Net architecture and its variations, which have 
formed the foundational structure for many image segmenta-
tion tasks [17]. Notably, the nnU-Net framework introduced 
a set of rules that were based on dataset properties for select-
ing appropriate model settings, including parameters such as 
kernel size, the number of channels, and layer depth, com-
monly referred to as hyperparameters. These defined rules 
enabled nnU-Net to be applied to a wide range of segmenta-
tion tasks without the need for manual hyperparameter tun-

ing, streamlining the segmentation pipeline [18]. It 
potentially offers a fast and precise method not only for the 
automatic segmentation of intracranial and cerebropetal 
arteries but also for the detection and localization of intracra-
nial aneurysms (IAs) using magnetic resonance (MR) 
[19–21] or computed tomography (CT) [6] and include them 
in a normal hologram containing skin, a skull, ventricles, and 
even subarachnoid blood [1, 5, 11]. The automatic segmenta-
tion of an arteriovenous malformation (AVM) is more com-
plex [7]. In this case, magnetic resonance imaging (MRI) is 
the input of preference (Time of Flight (TOF) sequence with 
and without contrast), Computed Tomography Angiography 
(CTA) and Digital subtraction angiography (DSA) can show 
specific parts of the lesion as embolism materials and 
calcifications.

The successful adoption of AR has been observed in vari-
ous domains within the field of neurosurgery [2, 10–12]. 
Notably, the utilization of 3D interactive holograms that can 
be seamlessly integrated with the real-world environment 
enhances anatomical perception and aids in surgical orienta-
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tion [14] (Fig. 2). This also has been shown specifically for 
intracranial aneurysm surgery [1]. Moreover, these 3D holo-
grams serve as valuable tools not only for experienced neu-
rosurgeons but also, notably, for residents and nonoperative 
team members, enhancing their 3D insights [3, 13]. Despite 
these advancements, the widespread integration of AR into 
routine neurosurgical practices has not reached anticipated 
levels. One of the primary impediments to the broader adop-
tion of AR was rooted in limitations related to computational 
and graphical processing capabilities [1, 16]. An important 
asset of integrating AI and AR is the automatization of as 
many steps as possible. Because a plethora of hardware and 
software is used in modern neurosurgical practice, each with 
its own user interface, the introduction of new technology as 
integrated AI and AR should be as intuitive as possible. A 
coherent pipeline for a seamless transition from 2D imaging 
to 3D imaging and ultimately to holographic representation 
necessitates an automated process that accommodates 
diverse file formats. This is particularly crucial when dealing 
with DICOM data, which exhibits wide variability. The stan-
dardization of these imaging files is imperative, leading to 
their conversion into volume files compatible with machine-
learning-trained algorithms, such as NIFTI, for segmenta-
tion. Subsequently, the segmentation output should be 
converted into surface models compatible with AR, such as 
STL files, offering a single-click export to a head-mounted 
display (HMD) interface. This interface should enable the 
concurrent visualization of source images within the holo-
gram and provide a control step over the delineation of auto-
matic segmentations within these source images. Ensuring 
the pipeline’s safety, security, and adaptability, given the 
rapid emergence of new algorithms, is best achieved through 
cloud technology [1, 7, 11, 14].

�5D by Adding Flow and Pulsatility

In the case of cerebral aneurysms or arteriovenous malfor-
mations, complex flow patterns contribute to the genesis 
and progression of the pathology. Therefore, incorporating 
more-dynamic parameters into 3D cerebrovascular models 
seems useful. For certain cases, simplistic approaches were 
shown to provide adequate patient-specific flow models 
[22, 23]. Dedicated MRI techniques facilitate direct indi-
vidual measurements in the cerebral vascular tree that can 
be used for modeling [24] (NOVA, Vassol, River Forest, IL, 
USA). However, advances in MR flow imaging have made 
time-resolved volumetric measurements of blood velocity 
vector fields in the entire brain possible, allowing the study 
of flow patterns, flow rates, collateral flow activation, arte-
rial and venous pulsatility, pulse propagation velocities, 
pressure gradients, and wall shear stresses, among other 

parameters. These parameters promise to provide a detailed 
description and visualization of hemodynamic conditions 
in real time, including adaptations for pulsations and 
breathing With time as fourth dimension (flow) and pulsa-
tility as fifth dimension this technological goal is defined 
by our group as 5D [25]. In our ongoing collaboration with 
this research group, our objective has been to collabora-
tively advance 5D MR flow imaging methods for individu-
als with intracranial aneurysms and arteriovenous 
malformations. Our overarching goal is to integrate these 
techniques into diverse 3D environments, including mixed 
reality (MxR), to enhance our comprehensive understand-
ing of patient-specific hemodynamic characteristics among 
multidisciplinary teams.

�Treatment Planning

The practical utility of models created with AI and AR inte-
gration extends to treatment planning. The objective of simu-
lating diverse interventions is to quantitatively assess their 
implications for perfusion, changes in pressure in the treated 
pathology, and the overarching intracerebral hemodynamic 
consequences. Such modeling need not invariably involve 
intricate machine learning or complex mathematical 
approaches. For instance, through the utilization of a com-
paratively straightforward fluid-structure analysis model, our 
prior work demonstrated the ability to adequately predict the 
impact on cerebral hemodynamics resulting from the combi-
nation of bypass creation and selective parent vessel occlu-
sion [26]. Simulating aneurysm clipping is a more intricate 
process, particularly in light of the growing demand for pre-
operatively determining clip sizes and simulating precise 
clipping angles, driven by the increasing diversity of clip 
sizes and shapes and the rising popularity of minimally inva-
sive approaches with limited bone openings. Various preop-
erative preparation systems for aneurysm clipping exist. The 
advantage of utilizing augmented reality (AR) lies in its 
speed and cost-efficiency, as it eliminates the need for 3D 
printing or other fabrication methods while maintaining a 
true 3D simulation [1] (Fig. 3a, b). An even more significant 
advancement would involve the integration of flow predic-
tion modeling to investigate the impact of microsurgical clip-
ping, potentially mitigating unsuccessful clipping outcomes 
that adversely affect cerebral perfusion. Treatment planning 
for the microsurgical resection of an intracerebral AVM has 
been scarcely reported in the literature [7]. This is likely due 
to the complex nature of brain AVMs and the difficulty of 
rendering their detailed properties and treatment effects, 
where different imaging modalities, such as DSA, MRI and 
CT, have to be merged. Our group aims to take steps in this 
field in the following years.
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a

b

Fig. 3  (a) First-person view of trepanation planning in mixed reality of 
a carotid artery aneurysm (Lumi, Augmedit, Naarden, Netherlands): (b) 
first-person view of clip sizing in mixed reality of an middle cerebral 
artery (MCA) aneurysm

Fig. 4  First-person view of a hologram indicating the left STA (blue) 
and recipient MCA (red) branch to prepare for STA-MCA bypass sur-
gery, where the more proximal vasculature is indicated in yellow

�Treatment Guidance

To guide surgical treatment, first an accurate registration of 
the 3D object is needed for the patient. This can be performed 
with several techniques, although a uniform way to describe 
the accuracy of the registration is lacking [2, 16]. We sug-
gested using target registration error (TRE) for this purpose 
[16]. In two other studies, we found that point-based regis-
tration with AR using quick-response (QR) codes attached to 
the patients to keep the hologram in place on the patient 
independent of the movement of the operation table seems 
accurate enough for the macroscopic phase of neurosurgical 
procedures [9, 10]. We subsequently performed this 
technique in different indications in vascular neurosurgery 
(aneurysms, AVM, and superficial temporal artery (STA) to 
middle cerebral artery (MCA) bypass surgery) [15] (Fig. 4). 
Although registering a hologram on a patient head in the 
operative position is visually very appealing, its true clinical 
benefit is the subject of debate. This should be studied in 
more depth using standardized evaluation metrics [16]. We 

will focus on this topic more in the near future. Once in the 
microscopic phase of the surgery, the use of a hologram is 
even more questionable; the hologram can be insufficiently 
accurate because often sub-millimeter precision is needed in 
vascular lesions and because it could also block the view of 
the surgeon in essential parts of the surgery. Most likely, a 
more significant contribution of AR in vascular surgery 
would be the guided introduction of an external ventricular 
shunt in the case of a subarachnoid bleeding. This procedure 
has properties that make it very suitable for AR guidance: its 
short duration, its purely macroscopic nature, and the fact 
that the current clinical standard (freehand placement) has an 
insufficient success rate (Kakarla 1 in first pass), of approxi-
mately 60% [27, 28]. We expect to publish the results of our 
own research in this field in the near future.

The efforts conducted in treatment guidance lay the 
groundwork for enabling fully automated guidance or even 
the robotic management of neurovascular pathology. A key 
element involves the automatic recognition of the pathology, 
including its surrounding functionally critical and vulnerable 
anatomical structures, thanks to using AI. In AR solutions, 
the resulting segmentation is then accurately registered in a 
coordinate system on the patient, which also potentially 
offers a foundational framework for a robotic system to 
approach the pathology and position a device within or 
around it. Continuous updates are essential to account for 
brain shifts and patient movements. The integration of ultra-
sound and intraoperative DSA, CT, or MRI holds potential 
solutions for addressing these challenges. Robot-assisted 
neurovascular interventions have already been successfully 
performed [29]. Our research group is actively collaborating 
with other research teams that are focused on achieving the 
complete automation of such treatments as the next progres-
sive step.

Artificial Intelligence and Augmented Reality in Vascular Neurosurgery



162

�Conclusion

Artificial intelligence and augmented reality are rapidly 
developing topics within vascular neurosurgery. In the 
research of our own group, we identified four phases of 
development: (1) the integration of AI and AR to create ade-
quate three-dimensional (3D) segmentations; (2) adding 
flow and pulsatility data to create 5D segmentations; (3) 
treatment planning in these models; and (4) treatment guid-
ance using these models. The main drawback described was 
the limited added value in the microscopic phase of neuro-
vascular surgery due to view obstructions and a lack of accu-
racy. The main challenge described was the current limitation 
in computational and graphical processing capabilities. The 
research in this field could lay the groundwork for fully 
automatized treatment strategies in the future.
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�Introduction

Since the introduction of the three-dimensional (3D) exo-
scope as a potential alternative to the operative microscope, 
there have been an increasing number of reports about the 
advantages of the exoscope in microneurosurgical proce-
dures, including cerebral aneurysm clipping [1–8]. These 
reports have established the excellent visual clarity, better 
ergonomics, and educational advantage of the exoscope. 
They have also drawn attention to an important educational 
advantage: The exoscope allows the staff attending a surgery 
to share a high-quality view of the surgical field that realisti-
cally replicates the view of the surgeon [4]. However, 
whether the exoscope can achieve better communication 
between the main surgeon and the mentor than that achieved 
by the surgical microscope remains unclear. In addition, in 
the case of neurosurgical procedures, the mentor may some-
times experience difficult in verbally conveying instructions 
to the surgeon, especially when the surgical field is narrow 
and the mentor cannot directly point out the target in the sur-
gical field.

In laparoscopic surgery, the surgeon performs surgery 
while looking at a surgical monitor, as in exoscope neurosur-
gery. Research on telementoring during laparoscopic surgery 
has been conducted; in this case, the telementoring consisted 
of a mentor in a remote location writing annotations on the 
monitor to communicate with the surgeon [9]. We have also 
used this annotation system to improve communication 

between the surgeon and the mentor during exoscope sur-
gery. This chapter introduces our experience with using an 
exoscope and annotation system during left middle cerebral 
aneurysm surgery in a 63-year-old woman.

�Case Description

�System Details

We used a 3D exoscope (ORBEYE, Olympus, Japan) and an 
annotation system (ADMENIC ANNOTATOR, Carina 
Systems, Japan) for aneurysm surgery. Figure  1 shows a 
schematic of the annotation system and integrated exoscope 
in the operating room. The images of the surgical field taken 
with the exoscope camera were displayed on the main moni-
tor and transferred to the annotation system separately. Then 
the images were sent to a tablet device that was connected to 
the annotation system via Wi-Fi using a wireless local area 
network. The mentor added the annotations to the images 
displayed on the tablet device, and the images with annota-
tions were transferred to a second monitor. The tablet was 
placed in a sterilized bag when the mentor was scrubbed. 
The surgeon performed the surgery while confirming both 
the mentor’s verbal instructions and the annotations on the 
second monitor.
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Fig. 1  Schematic of the annotation system with integrated exoscope in the operating room. The images of the surgical field were transferred to 
the annotation system. The mentor added annotations to the images, and the images with annotations were transferred to a second monitor

�Clinical Description

A 63-year-old woman with an incidentally found, unrup-
tured cerebral aneurysm was referred to our hospital. 
Computed tomography angiography revealed a 7 mm diam-
eter aneurysm located at the bifurcation of the left middle 
cerebral artery (MCA). The aneurysmal neck was broad and 
had a daughter’s sac (Fig. 2a, b). A left pterional approach 
was carried out, and a dissection of the Sylvian fissure was 
performed. The MCA aneurysm was completely exposed 
from surrounding brain tissue and vessels. The aneurysm had 
a broad neck, as shown in the preoperative images, and we 

therefore decided to occlude the aneurysm with two clips. 
Then the mentor traced the outline of the MCA and the 
aneurysm and indicated the direction to insert each of the 
clips on the monitor (Fig. 2c–e). The main surgeon applied 
the first straight clip as indicated by the annotation (Fig. 2f). 
As expected, part of the aneurysm remained, so the surgeon 
closed the remaining part of the aneurysm by applying the 
mini-clip as indicated by the annotation (Fig. 2g). Finally, 
the complete occlusion of the aneurysm was confirmed by 
using indocyanine green (ICG). Postoperatively, the patient 
did well without neurological deficits and was discharged 
home.
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Fig. 2  A 63-year-old woman with left MCA aneurysm. (a) A three-
dimensional reconstructed image of the computed tomography angiog-
raphy shows the left MCA aneurysm. (b) An operative view image 
shows that the aneurysm has a broad neck with a daughter sac. (c) In the 
operating room, the surgeon (on the left side) is looking at both the 
large main monitor and a small second monitor. The mentor (on the 
right side) draws instructions on the tablet, and the resulting image is 
displayed on the second monitor. (d, e) The aneurysm displayed on the 

main monitor (d) and the second monitor with annotation (e). The men-
tor draws green arrows to indicate the direction of insertion for each 
clip. (f, g) Placing the first clip: The surgeon applies the first clip as the 
mentor instructed (large green arrow). (h, i) Placing the second clip: 
The mentor redraws the direction of insertion of the clip (i), and the 
surgeon applies the clip as instructed. (j) Final view of the clipping. (k) 
An indocyanine green image shows that the aneurysm is completely 
occluded

�Discussion

Our case of aneurysmal surgery demonstrated that the sur-
geon could accomplish the clipping as the mentor instructed. 
By adding instructions to the monitor with an annotation sys-
tem, the mentor was able to clearly convey the instructions to 
the surgeon. This was shown to be an advantage of heads-up 
surgery with an exoscope.

Some have reported that the exoscope is equivalent or 
even superior to a surgical microscope in terms of vision and 
surgical ergonomics during neurosurgery [1, 2, 4]. Indeed, 
the surgical results using an exoscope have been reported to 
be equivalent to those using a surgical microscope [4, 7]. The 

exoscope also offers an educational advantage: The operator, 
assistant, and observers can see the same high-resolution 3D 
image [10, 11]. Moreover, Calloni et  al. reported that the 
exoscope does not obstruct the view of the surgeon’s hands, 
which allows a clear dual perception of the surgical field for 
the assisting surgeon and consequently a better orientation 
on the surgical field [12]. However, no reports have exam-
ined how the exoscope affects communication between the 
surgeon and the assistant or instructor. A method of display-
ing annotations on the surgical monitor has been reported to 
be useful in the telementoring of other heads-up surgeries 
using a surgical monitor, including endovascular procedures 
[13]. Lopes et al. reported that telementoring with augmented 
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reality could reduce the time required for suturing proce-
dures by displaying visual instruction in the field of view of 
the mentee [14]. Also, in the field of laparoscopic surgery, an 
annotation system using augmented reality has been reported 
to shorten the time required for the procedure, reduce fail-
ures, and improve the safety of surgery [9]. In the latter two 
reports, the authors speculated that displaying instructions 
on the monitor would allow the mentee to clearly and effi-
ciently understand what the mentor is trying to convey, 
thereby simplifying the process of taking instructions while 
conducting a surgery and also thereby ultimately shortening 
the operation time and improving safety. On the other hand, 
the use of only verbal instructions hampers understanding 
the contents of the instructions, which may lead to the mis-
identification of the target or a delay in recognition [15]. 
Therefore, in aneurysmal clipping surgery via exoscope, the 
surgeon is expected to perform the procedure safely by indi-
cating the important structures on the monitor and providing 
explicit directions about where to insert the clip. Because the 
exoscope surgery is a heads-up surgery using a surgical mon-
itor, it allows for multiple types of information, including the 
annotations, to be displayed on the monitor along with the 
surgical field, unlike when using a surgical microscope.

Middle cerebral artery aneurysms may require a combina-
tion of clip techniques due to the complicated shape of the 
aneurysm neck [16]. Also, surgeons must decide how to 
apply clips for a particular aneurysm to minimize risk of 
postoperative complications and future recurrence [17]. 
Although instruction on the number and types of clips can be 
given outside the surgical field, the mentor cannot easily ver-
bally indicate the direction in which the clips are to be 
inserted. With the annotation system, however, the mentor 
can clearly indicate the direction of clip insertion by simply 
drawing an arrow on the surgical monitor.

Two important limitations of this technique should be 
mentioned. First, the annotation system that we used was not 
applicable to 3D images. For this reason, the annotated 
images were displayed on a second monitor. Second, the 
added annotations did not follow the camera movement. 
Therefore, we had to rewrite the annotation each time the 
viewpoint changed. Future technological advances will 
likely lead to solutions to both of these problems.

�Conclusion

A new method for surgical education using an annotation 
system integrated with an exoscope was introduced and used 
during aneurysm clipping surgery. This system is expected to 
improve communication between surgeons and mentors and 
improve surgical safety.

Declarations  The authors declare that the chapter content was com-
posed in the absence of any  commercial or financial relationship that 
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�Background and Introduction

Microsurgery is a highly specialized and technically demand-
ing surgical subfield that requires extreme precision, techni-
cal skills, and structured and continuous training. 
Microsurgical techniques play a pivotal role in neurosurgery, 
enabling surgeons to perform delicate tasks with great preci-
sion. Given the critical nature of neurosurgical interventions 
and the high technical demand of microsurgery, starting 
microsurgical training during residency becomes of para-
mount importance. Furthermore, neurosurgical and micro-
surgical training specifically represent progressive journeys 
demanding a structured approach for the concrete establish-
ment of skills. Nonetheless, with the increasing complexity 
of neurosurgical cases, the restrictions of working hours in 
residency, and legal and ethical factors to consider, a proper 
training of microneurosurgical skills only in real intraopera-
tive settings becomes difficult to achieve [1].

Therefore, the incorporation of simulation models into 
neurosurgical training programs is nowadays very useful to 
provide residents with a safe and nonthreatening environ-
ment to develop and refine microsurgical skills [2–4]. In fact, 
simulation models offer a range of tools that are adaptable to 
the evolving needs and proficiency levels of neurosurgeons 
at different levels of training. Simulators not only replicate 

the complexity of the intraoperative settings but also allow 
residents at all levels of training to refine their microsurgical 
techniques and enhance their skill development, muscle 
memory, and surgical confidence in a risk-free learning 
space. This allows residents to make and correct mistakes 
without compromising patient safety [5–7].

Given the importance of progressive training for micro-
surgical techniques in neurosurgery, we believe that the 
incorporation of different simulators should be a stepwise 
process. We describe the progressive training program that 
uses simulation models implemented at our Zurich 
Microsurgery Lab of Department of Neurosurgery of 
University Hospital Zurich.

�Training Scheme

The Zurich Microsurgery Lab offers dedicated space and 
tools for a progressive microneurosurgical training of resi-
dents by implementing different simulators. It is equipped 
with microscopes, microsurgical and surgical instruments, 
progressive training plans showing the residents which exer-
cises to perform, hardware and software for virtual-reality 
and augmented-reality training, and simulators made of syn-
thetic or biological material. The microsurgical training is 
structured according to a precise scheme. Before starting 
practicing with one simulation model, residents attend a the-
oretical and visual training session to learn how to properly 
use and profit from the simulator.

At the beginning of the residency journey, trainees in their 
first or second year of residency receive a training session on 
the use of the microscope, the optimal posture to have while 
working with it, the types of microsurgical instruments, and 

Microneurosurgical Training on Simulators: The Zurich 
Microsurgery Lab Experience

Elisa Colombo, Lara Höbner, Martina Sebök, Tristan van Doormaal, Luca Regli, and Giuseppe Esposito

E. Colombo (*) · L. Höbner · M. Sebök · L. Regli · G. Esposito 
Department of Neurosurgery, Clinical Neuroscience Center, 
University Hospital Zurich, University of Zurich,  
Zurich, Switzerland 

Zurich Microsurgery Lab, Department of Neurosurgery, University 
Hospital Zurich, Zurich, Switzerland
e-mail: elisa.colombo@usz.ch 

T. van Doormaal 
Department of Neurosurgery, University Medical Center Utrech, 
Utrecht, Netherlands 

Department of Neurosurgery, University Hospital Zurich, Zurich, 
Switzerland

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-89844-0_22&domain=pdf
https://doi.org/10.1007/978-3-031-89844-0_22#DOI
mailto:elisa.colombo@usz.ch


174

the correct way to handle them. Then trainees learn microsu-
turing and microanastomosis techniques on vessel tubes. 
This first phase of training is performed on 2 mm and 1 mm 
silicon tubes (Pocket Microvascular Anastomosis Card, 
Pocket Suture, LLC, Mesa AZ, USA) and hyper-realistic 
UpSurgeOn three-dimensional models (UpSurgeOn S.r.l. 
Milano, Italy). Trainees follow a list of microsurgical 
exercises in a specific sequence (i.e., microsurgical suturing 
first, microsurgical repair second, and microsurgical anasto-
moses third: end-to-end, end-to-side, and side-to-side). After 
the list of exercises has been completed, these exercises are 
evaluated by a senior attending/lab team member, after 
which the progress of the residents is charted and graded. If 
the quality of the performance of the residents is considered 
sufficient, the second phase of the training can start.

The second phase of the training is offered to neurosur-
geons in their second or third year of residency, who partici-
pate to the intensive 2-day training at the Zurich Microsurgical 
Course, where they gain training experience in microdissec-
tion, microsuturing, and microanastomosis on a perfused 
human placenta model. Human placentas have emerged as 
viable simulators for microsurgical training, mostly for 
microvascular dissection and anastomoses [6, 8]. The value 
of the perfused human placenta lies in the possibility of using 
many human vessels with different diameters to perform the 
exercises mentioned above as many times as needed. At the 
Zurich Microsurgery Course, the performed exercises are 
evaluated and graded by experienced attending team mem-
bers of the Department of Neurosurgery and Plastic Surgery, 
and the performance of the participants is charted and ana-
lyzed to document any improvement. If the Zurich 
Microsurgery Course has been attended successfully, resi-
dents can have access to regular training on placentas at our 
lab as a progression in their training. Furthermore, with the 
placenta model, vessels and aneurysm clipping can also be 
trained, as can the microsuturing techniques used in carotid 
endarterectomy surgery, such as primary closure, closure 
with a patch, and the eversion technique.

In the meantime, residents in their second, third, or fourth 
year of residency also receive lab craniotomy sessions, where 
the following craniotomies and approaches are trained by 
using hyper-realistic 3D UpSurgeOn models: pterional, 
latero-supraorbital, mini-pterional, subtemporal, parasagittal 
interhemispheric, suboccipital, retrosigmoidal, endonasal 
endoscopic transsphenoidal. This is done in a one-to-one or 
one-to-two training scheme—that is, one or two residents 
and one junior/senior attending—an approach that is thought 
to enhance surgical confidence. In this part of the training, 
other microsurgical techniques, such as dura closure under 
the microscope, are progressively trained.

Another useful tool in the training pathway of residents is 
virtual-reality (VR) and mixed-reality (MxR) anatomical 
reconstructions (Augmedit bv, Aagen, Netherlands) [9, 10]. 

Augmented-reality simulators offer an immersive and inter-
active learning environment where trainees can engage with 
virtual anatomical structures and perform simulated surgical 
procedures in real time [9]. Sessions of anatomical study and 
discussions of cases using a dedicated augmented-reality 
simulator are scheduled during the training. Augmented-
reality (AR) sessions allow an enhanced training experience 
by providing 3D interactive reconstructions of the anatomi-
cal structures most relevant to the specific surgical approach, 
the critical appraisal of the most important intraoperative 
steps, and a thorough risk assessment. This AR training is 
offered to residents in their second, third, or fourth year of 
residency. Indeed, augmented-reality and craniotomy train-
ing on 3D models is reinforced by regular attendance in the 
operating room.

Furthermore, residents in their fourth and fifth year of 
training who want to focus their career on cerebrovascular 
surgery then have access to the Zurich Clipping Course. In 
this course, the following techniques are mastered: the main 
standard craniotomies on cadavers (pterional, latero-supra-
orbital, and minipterional; suboccipital, subtemporal, and 
retrosimoidal, and parasagittal interhemispheric); aneurysm 
clipping techniques and trapping on perfused cadaver mod-
els; and further microsurgical training on perfused human 
placenta models.

Consideration of the Placenta Model
The entire microsurgical and neurosurgical training at the 
Zurich Microsurgery Lab is nowadays animal-free. In fact, 
we have totally replaced the use of animals in our courses 
and training programs with the use of perfused and pressur-
ized human placenta models. The technique featuring the 
preparation of the placenta is described elsewhere, as 
reported by our research group [11]. The placenta model is a 
very promising and affordable tool for training residents in 
microsurgical techniques because it resembles the real surgi-
cal environment. Each placenta model contains several 
human vessels of different diameters surrounded by mem-
branes and tissue (stroma), which can be perfused and pres-
surized to simulate operative conditions and allow very 
efficient training in techniques such as microdissection, 
microsuturing, and microanastomoses. Therefore, the pla-
centa model allows trainees to repeat the exercise as many 
times as needed on vessels of different sizes in a nonthreat-
ening training environment [6, 8]. Dissecting placenta ves-
sels also simulates arachnoid dissection. Further advantages 
of the placenta models are reported in Table 1. Placenta sim-
ulators can be used at all levels of training (beginner, inter-
mediate, or expert trainees). Studies have shown that training 
on a perfused human placenta may significantly improve sur-
gical skills, particularly in their confidence, technique, and 
knowledge retention (education outcomes) [12, 13].
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Table 1  Advantages of using perfused human placenta
Realistic tissue characteristics: The placenta provides a natural and lifelike simulation of human tissues, including the complexity of the 
vascular network. This allows surgeons to practice handling delicate blood vessels and soft tissues.

Availability: Placentas are readily available as a byproduct of childbirth, making them accessible resources that lack ethical concerns 
associated with animal use or the limitations of cadaveric availability.

Cost-effectiveness: The placenta is a cost-effective resource, especially when compared to high-fidelity synthetic models or maintaining 
animal laboratories. Its availability as a byproduct of childbirth also adds to its cost-effectiveness.

Ethical considerations: The model’s affordability and ease of use make it accessible to a wide range of training programs, including those in 
resource-limited settings. This broadens the scope of high-quality microsurgical training globally. Using the placenta model reduces surgeon’s 
reliance on animal models, aligning with the principles of the 3Rs (replacement, reduction, and refinement) in animal research. It offers an 
ethical alternative without compromising on the quality of training.

•	 Increased confidence: By providing a realistic and low-
risk environment for practice, the placenta model helps 
build confidence in trainees. This confidence translates 
into better performance in the operating room.

•	 Improved technique: The realistic simulation helps train-
ees to develop fine motor skills and precision, which are 
critical in microsurgery (significant improvements in 
microsuturing, vessel manipulation, and overall surgical 
skill, including microanastomosis techniques).

•	 Knowledge retention: The realistic simulation may help 
trainees to more concretely and stably acquire their 
skills.

�Conclusion

Progressive training in microneurosurgical techniques using 
simulators in a lab is nowadays an important component of 
neurosurgical residency. Neurosurgical residents at all levels 
of training can benefit from training in a lab with the realistic 
replication of surgical scenarios, the development of muscle 
memory, the enhancement of surgical confidence, and the 
mitigation of risks associated with delicate procedures. A 
progressive training approach in neurosurgical residency that 
uses simulation models at different training stages is impor-
tant in the comprehensive development of neurosurgeon 
residents.

Silicon tubes serve as initial tools, providing exposure to 
basic skills and a 3D spatial reconstruction of the intraopera-
tive settings. Placental simulators are great tools to train 
microsurgical techniques, can be used at all levels of training 
(beginner, intermediate, or expert trainees), and represent a 
milestone in our lab training programs. Hyper-realistic 3D 
skull models allow good-quality craniotomy training ses-
sions. Mixed reality allows for teaching surgical anatomy 
with 3D interactive reconstructions of the most relevant ana-
tomical structures. Cadaver models offer a realistic anatomi-
cal setting for advanced specialistic training.

We think that a well-designed resident curriculum inte-
grating simulators to ensure a seamless and effective pro-

gression in neurosurgical and specifically microsurgical skill 
acquisition is nowadays of great importance for residents.
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