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Abstract
The purpose of this research was to demonstrate the effectiveness and clinical outcome of an external carotid artery-radial 
artery graft-posterior cerebral artery (ECA-RAG-PCA) bypass in the treatment of complex vertebrobasilar artery aneurysms 
(VBANs) in a single-center retrospective study. An ECA-RAG-PCA bypass may be a last and very important option in the 
treatment of complex VBANs when conventional surgical clipping or endovascular interventions fail to achieve the desired 
outcome. This study retrospectively analyzed the clinical presentation, case characteristics, aneurysm location, size and 
morphology, choice of surgical strategy, complications, clinical follow-up, and prognosis of the patients enrolled. The data 
involved were analyzed by the appropriate statistical methods. A total of 24 patients with complex VBANs who met the 
criteria were included in this study. Eighteen (75.0%) were male and the mean age was 54.1 ± 8.83 years. The aneurysms 
were located in the vertebral artery, the basilar artery, and in the vertebrobasilar artery with simultaneous involvement. All 
patients underwent ECA-RAG-PCA bypass surgery via an extended middle cranial fossa approach, with 8 (33.3%) undergo-
ing ECA-RAG-PCA bypass only, 3 (12.5%) undergoing ECA-RAG-PCA bypass combined with aneurysm partial trapping, 
and 12 (50.0%) undergoing ECA-RAG-PCA bypass combined with proximal occlusion of the parent artery. The average 
clinical follow-up was 22.0 ± 13.35 months. The patency rate of the high-flow bypass was 100%. At the final follow-up, 15 
(62.5%) patients had complete occlusion of the aneurysm, 7 (29.2%) patients had subtotal occlusion of the aneurysm, and 
2 (8.3%) patients had stable aneurysms. The rate of complete and subtotal occlusion of the aneurysm at the final follow-up 
was 91.7%. The clinical prognosis was good in 21 (87.5%) patients and no procedure-related deaths occurred. Analysis 
of the good and poor prognosis groups revealed a statistically significant difference in aneurysm size (P = 0.034, t-test). 
Combining the results of this study and the clinical experience of our center, we propose a surgical algorithm and strategy 
for the treatment of complex VBANs.
The technical approach of ECA-RAG-PCA bypass for complex VBANs remains important, even in an era of rapid advances 
in endovascular intervention. When conventional surgical clipping or endovascular intervention has failed, an ECA-RAG-
PCA bypass plays a role that cannot be abandoned and is a very important treatment option of last resort.

Keywords Aneurysm · Bypass · High-flow · Microsurgical · External carotid artery-radial artery graft-posterior cerebral 
artery bypass

Introduction

In the treatment of intracranial aneurysms (IAs), surgical 
clipping and endovascular intervention are the two main 
modalities, but they often fail to achieve satisfactory clinical 
results for complex cases, particularly complex vertebrobasi-
lar artery aneurysms (VBANs) of the posterior circulation. 
Flow-diverter device (FD) is a valuable tool in the treatment 
of aneurysms, but there are still shortcomings and the long-
term results of FD in the treatment of complex IAs remain 
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to be clinically proven [1, 2]. In recent years, intracranial-
extracranial (EC-IC) bypass combined with aneurysm trap-
ping or proximal/distal occlusion of the parent artery have 
shown promising results in the treatment of complex IAs 
[3]. A paper by Lawton et al. describes in detail the different 
bypass approaches for the treatment of complex IAs and the 
technical requirements of the vascular neurosurgeon [4]. In 
this study, we describe a single-center treatment experience 
through the clinical results of an external carotid artery-
radial artery graft-posterior cerebral artery (ECA-RAG-
PCA) bypass for complex VBANs. The purpose of this study 
was to demonstrate the choice of surgical algorithm and the 
effectiveness and clinical prognosis of an ECA-RAG-PCA 
bypass in the treatment of complex VBANs.

Materials and methods

Patients

The study protocol was approved by the Institutional Ethics 
Committee of Tianjin Huanhu Hospital. All patients gave 
their written consent. Inclusion criteria for this study were as 
follows: (1) patients were aged 18–80 years, (2) aneurysms 
were located in the vertebrobasilar artery system, (3) diag-
nostic criteria for complex IAs were met, and (4) treatments 
all included an ECA-RAG-PCA bypass. Exclusion criteria 
were as follows: (1) the lesion was not a complex aneurysm, 
(2) the aneurysm was located in the anterior circulation sys-
tem, and (3) the patient had a combination of severe underly-
ing disease (for example, severe cardiopulmonary disease, 
severe endocrine system disease or multiple organ dysfunc-
tion syndrome, and other conditions that make it impossi-
ble to tolerate surgery). Based on the inclusion and exclu-
sion criteria, we retrospectively analyzed cases of complex 
VBANs treated by an ECA-RAG-PCA bypass at our center. 
Clinical data and follow-up information included medical 
history, clinical presentation, physical examination, surgical 
algorithm, complications, and radiological follow-up every 
3 months for the first year after surgery and every 6 months 
thereafter. The primary surgeon involved in this study was 
the corresponding author, and the other authors were blinded 
to the case data collection and clinical follow-up. All data 
in this study were blinded to minimize the risk of bias. The 
modified Rankin Scale (mRS) score was used to assess the 
clinical prognosis of all patients at postoperative follow-up.

Based on previous research experience, although there 
is no clear definition of a complex aneurysm, generally 
accepted characteristics of a complex aneurysm include the 
following: large or giant aneurysm, morphological mani-
festations of dissecting or dolichoectatic morphology, wide 
neck involving a perforator artery, intra-aneurysmal throm-
bosis, atherosclerosis of the aneurysm wall, crucial branch 

arteries originating from the aneurysm wall, and recurrent 
aneurysm after previous therapy [5–8]. For the purposes of 
this study, aneurysms meeting one or more of these charac-
teristics were considered complex VBANs.

Surgical procedure

All patients in this study underwent EC-IC high-flow bypass 
surgery. The choice of whether to combine ECA-RAG-PCA 
bypass with aneurysm partial trapping or proximal occlu-
sion of the parent artery was individualized according to 
the patient’s primary characteristics. Not every patient has 
undergone a balloon occlusion test (BOT), as the reliability 
of BOT is poor. A published meta-analysis showed that even 
with the BOT passing, there was still an overall incidence of 
3.7% of ischemic stroke events [9]. Therefore, the BOT was 
not routinely performed in every patient in this study, as it 
is still unreliable even when the leptomeningeal collateral 
circulation is adequate. Each patient underwent preoperative 
radial arteriography or ultrasonography. All patients passed 
the Allen test, which showed adequate collateral circulation 
through the ulnar artery and palmar arch of the hand. All 
patients were started on aspirin 100 mg/day 1 week before 
surgery and did not stop taking it on the day of surgery. Post-
operatively, patients were asked to continue taking it regu-
larly. No anticoagulation regimen was routinely performed 
in the perioperative period.

The ECA-RAG-PCA bypass is performed under gen-
eral anesthesia through an extended middle cranial fossa 
approach. The patient is maintained in a supine position 
with the head tilted to the opposite side so that the cheek-
bone is at its highest point. The surgical corridor of the 
middle skull base and the anterior cervical triangle is 
fully visualized. The carotid sheath is incised in the neck 
to expose the ipsilateral common carotid artery (CCA), 
external carotid artery (ECA), and internal carotid artery 
(ICA). The curved head incision starts approximately 1 cm 
anterior to the tragus, crosses the zygomatic arch, and con-
tinues across the midline to extend into the contralateral 
hairline. The ends of the zygomatic arches are sectioned, 
the temporalis muscle is turned completely downwards 
through the interfascial space, which gives a broader corri-
dor of the middle skull base for surgery. A frontotemporal 
bone flap is removed using a milling cutter. The sphenoid 
ridge to the anterior clinoid process and the bones of the 
middle skull base are sufficiently drilled. The dura mater 
was carefully incised, and the cerebrospinal fluid was 
released. The temporal lobe is gently retracted so that the 
P2 segment of the posterior cerebral artery (PCA) and the 
corresponding aneurysm can be clearly visualized under 
the operating microscope. For some complex IAs located 
in the middle and lower segments of the basilar artery 
(BA), further grinding and exploration can be performed 
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in the posteromedial (Kawase’s) triangle. The ECA is dis-
sected at the beginning, before issuing branches, with the 
proximal end set aside and the distal end ligated. A radial 
artery (RA) approximately 20 cm in length was extracted 
from the forearm and pressure distended with heparin-
ized papaverine warm saline to prevent vasospasm. The 
proximal RA was anastomosed in an end-to-end fashion 
with the proximal ECA by interrupted 8–0 nylon sutures 
and then tunneled through the skin into the intracranial 
space. We chose the P2 segment of the PCA without the 
perforator arteries and occluded both sides with temporary 
aneurysm clips. The distal end of the RA was anastomo-
sed in an end-to-side fashion with the P2 segment at the 
distal location of the aneurysm using interrupted 10–0 
nylon sutures. The anastomosis cuffs between the recipi-
ent and donor vessels were opposed in an everted fashion 
to ensure that both endothelial layers of the vessels at both 
ends could be attached together and to promote reliable 
patency of the anastomosis. Intraoperative indocyanine 
green fluorescein angiography was performed to assess 
bypass patency in all patients. Digital subtraction angi-
ography (DSA) was used to observe intraoperative bypass 

surgery-induced alterations in cerebral hemodynamics and 
to guide surgical strategies.

Surgical algorithm

Patients included in this study had complex VBANs accord-
ing to the inclusion and exclusion criteria. All enrolled 
patients underwent intraoperative DSA in the immediate 
post-bypass period. As shown in Fig. 1, the surgical algo-
rithm was determined primarily by whether the aneurysm 
has ruptured or not. An important reference for surgical 
strategy is the intraoperative DSA and the ability of the 
bypass graft flow to return to the BA. For patients with rup-
tured aneurysms, we will apply aneurysm clips to localize 
the rupture site while performing ECA-RAG-PCA bypass 
to minimize the risk of re-rupture bleeding from the aneu-
rysm. With an adequate return of the bypass graft blood 
flow to the middle to upper segment of the BA, an ECA-
RAG-PCA bypass combined with aneurysm partial trapping 
was used if the aneurysm and the surrounding anatomical 
structure could be fully exposed, and conversely, an ECA-
RAG-PCA bypass combined with proximal occlusion of the 

Fig. 1  Algorithm for treatment and bypass strategy for complex 
VBANs. VBANs, vertebrobasilar artery aneurysms; Bypass, ECA-
RAG-PCA bypass; DSA, digital subtraction angiography; BA, basilar 

artery; Aneurysm accessible, the aneurysm and its surrounding ana-
tomical structure could be fully exposed
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parent artery was used. If the intraoperative DSA of a patient 
with a ruptured aneurysm shows that there is insufficient 
bypass graft flow to return to the BA, we recommend an 
ECA-RAG-PCA bypass and a partial clip of the ruptured 
aneurysm and then an evaluation of the lesion based on DSA 
1–3 months after the procedure. Proximal occlusion of the 
parent artery is then performed according to the principles 
of individualized treatment. The aim of this surgical strategy 
for ruptured aneurysms is to minimize intra-aneurysmal flow 
pressure and reduce the risk of re-rupture of the aneurysm. 
In patients with unruptured aneurysms, the majority develop 
because of ischemic stroke symptoms or occupying effects. 
With adequate return of the bypass graft blood flow to the 
middle to upper segment of the BA according to intraop-
erative DSA, if a recurrent aneurysm has been previously 
treated (including interventional embolization or surgical 
clipping), an ECA-RAG-PCA bypass with aneurysm partial 
trapping, or at least an ECA-RAG-PCA bypass with proxi-
mal occlusion of the parent artery should be performed if 
possible. If the intraoperative DSA of a patient with a recur-
rent aneurysm shows that there is insufficient bypass graft 
flow to return to the BA, we recommend first performing an 
ECA-RAG-PCA bypass and then evaluating the lesion based 
on the DSA 1–3 months after the procedure, followed by an 
aneurysm partial trapping or a proximal occlusion of the 
parent artery according to the principles of individualized 
treatment. Because recurrent aneurysms are more likely to 
have a poor clinical prognosis, strategies are used to mini-
mize antegrade blood flow within the aneurysm. For com-
plex VBANs treated for the first time, if the aneurysm is a 
saccular aneurysm it is likely that the full aneurysm will be 
exposed and an ECA-RAG-PCA bypass combined with an 
aneurysm partial trapping strategy or a proximal occlusion 
of the parent artery will be performed. The prerequisite is 
that, the bypass graft is able to provide adequate reverse 
blood flow to the BA. Otherwise, we recommend perform-
ing an ECA-RAG-PCA bypass first and deciding on further 
proximal occlusion of the parent artery based on the DSA 
1–3 months after surgery. Nevertheless, the following is a 
description of some aneurysms that cannot be trapped. If 
the aneurysm is not a saccular aneurysm, but a complex 
aneurysm such as a dissecting aneurysm or a dolichoectatic 
aneurysm with extensive involvement of the vertebrobasilar 
artery system, the surgical strategy will be determined by an 
intraoperative DSA in the immediate post-bypass period. 
If the bypass graft blood flow is able to return to the mid-
dle to upper segment of the BA, an ECA-RAG-PCA bypass 
is performed in combination with a proximal occlusion of 
the parent artery. This approach will ensure adequate blood 
supply to the crucial perforators of the basilar artery, while 
blocking antegrade flow to the complex aneurysm and facili-
tating its disappearance. If the bypass graft is not able to 
return blood flow to the middle to upper segment of the BA, 

the bypass graft is not flowing sufficiently, and there is a 
high risk of brainstem infarction from the occlusion of the 
proximal part of the parent artery, so only an ECA-RAG-
PCA bypass strategy is performed. This approach can be 
used to treat the aneurysm by hedging the reverse flow of the 
bypass graft with the antegrade flow of the vertebrobasilar 
artery system, altering the intra-aneurysmal hemodynamics 
and promoting intra-aneurysmal thrombosis. For patients 
with intraoperative reversal of flow in the bypass graft but 
not fully adequate, considering the higher risk of cerebral 
infarction caused by the occlusion of the proximal part of the 
parent artery during the same period, interventional surgery 
or craniotomy to occlude the proximal part of the parent 
artery can be performed 1–3 months after bypass surgery. 
The blood flow in the bypass graft would be judged to be 
stable according to DSA, which may be a safer and more 
effective surgical approach. The surgical algorithm is not 
set in stone, and this is only a basic reference principle. The 
specific surgical plan should be based on the principle of 
individualized treatment.

Clinical follow‑up

Rigorous postoperative follow-up is particularly necessary. 
During the follow-up phase of the study, inpatient review 
follow-up, outpatient follow-up, radiological follow-up, or 
telephone follow-up are recommended. In this study, the 
mRS score was used to obtain clinical outcomes of neu-
rological function. As patients with complex VBANs have 
more severe symptoms of neurological deficit, we divided 
all patients for whom follow-up data were available into two 
groups according to functional changes at the last postop-
erative follow-up: patients with an mRS score of 0–3 were 
defined as having a “good prognosis” and patients with an 
mRS score of 4–6 were defined as having a “poor prog-
nosis”. Obliteration of aneurysm was defined as “complete 
occlusion”, reduction in aneurysm volume from preoperative 
level was defined as “subtotal occlusion”, and no signifi-
cant change in aneurysm volume from preoperative level was 
defined as “stabilization”. Aneurysms that are “complete 
occlusion” or “subtotal occlusion” are defined as “treat-
ment effective”, while aneurysms that are larger than before 
surgery or “stable” are defined as “treatment ineffective”.

Statistical analysis

Quantitative data were presented as mean ± standard devia-
tion (SD). Qualitative data are expressed as rates or compo-
sition ratios. Statistical methods of t-test, chi-square (χ2) test 
or Fisher’s exact test were used in the analysis of differences 
between quantitative and qualitative data, respectively. Two 
sides value of P < 0.05 was considered to be statistically sig-
nificant. All statistical analyses were performed using IBM 
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SPSS software, version 26 (IBM Software Group, Chicago, 
IL). All statistical diagrams were performed with GraphPad 
Prism (version 8.0 software package, GraphPad Software, 
CA, USA).

Results

Patient and aneurysm characteristics

Over a period of more than 4 years from January 2019 to 
March 2023, we treated a total of 24 patients with complex 
VBANs for a total of 24 aneurysms by means of ECA-RAG-
PCA bypass surgery, with the exception of 2 patients who 
were lost to follow-up. Details of the 24 patients are shown 
in Table 1. A total of 18 (75.0%) male patients and 6 (25.0%) 
female patients were treated. The age of the patients ranged 
from 43 to 68 years, with a mean age of 54 ± 8.83 years. 
In this study, 3 (12.5%) patients had subarachnoid hemor-
rhage (SAH), 12 (50.0%) patients had cerebral ischemic syn-
drome, 4 (16.7%) were patients with recurrent aneurysms, 
4 (16.7%) had a mass effect, and 1 (4.1%) was incidental 
finding. Twelve (50.0%) aneurysms were located in the BA, 
1 (4.2%) was in the vertebral artery and 11 (45.8%) involved 
the vertebrobasilar artery. Of the 12 BA aneurysms, 4 were 
located in the basilar apex, 1 in the mid basilar trunk, 1 in 
the lower basilar trunk, and the remaining 6 involved the 
truly holobasilar artery. Aneurysm sizes ranged from 12.4 
to 55.0 mm, with a mean size of 31.5 ± 10.47 mm. Except 
for two saccular aneurysms, most of the aneurysms were 
dissecting or dolichoectatic morphology with extensive 
involvement of the vertebrobasilar artery system, most of 
which were giant aneurysms combined with thrombosis. The 
preoperative mRS scores of the patients were 1 in 1 (4.2%) 
case, 2 in 4 (16.7%), 3 in 6 (25.0%), 4 in 7 (29.2%), and 5 in 
6 (25.0%), respectively. Detailed information on patient and 
aneurysm characteristics is given in Table 2.

Treatment outcomes and follow‑up

All patients were treated with ECA-RAG-PCA bypass sur-
gery and satisfactory patency of the bypass was confirmed 
by DSA after surgery. In our study, bypass surgery was 
performed via an extended middle cranial fossa approach. 
All enrolled patients underwent intraoperative DSA in the 
immediate post-bypass period. Intraoperative DSA in 8 
(33.3%) patients showed insufficient return of bypass graft 
blood flow to the BA, and intraoperative DSA in the remain-
ing 16 (66.7%) patients showed that bypass graft blood flow 
could be able to return to the middle and upper segment of 
the BA. According to the surgical algorithm described in the 
previous section, 3 (12.5%) patients underwent ECA-RAG-
PCA bypass combined with aneurysm partial trapping, 12 

(50.0%) patients underwent ECA-RAG-PCA bypass com-
bined with proximal occlusion of the parent artery, and 8 
(33.3%) patients underwent ECA-RAG-PCA bypass only. 
Special mention needs to be made about the treatment of 
the 12 BA aneurysms. Three of the four cases located in 
the basilar apex underwent ECA-RAG-PCA bypass com-
bined with aneurysm partial trapping, and one underwent 
ECA-RAG-PCA bypass combined with proximal occlusion 
of the parent artery. One case in the mid basilar trunk and 
one case in the lower basilar trunk underwent ECA-RAG-
PCA bypass combined with proximal occlusion of the parent 
artery. Six cases with involvement of the holobasilar artery 
underwent ECA-RAG-PCA bypass only in three cases and 
ECA-RAG-PCA bypass combined with proximal occlusion 
of the parent artery in three other cases. The choice of sur-
gical strategy was based on both intraoperative DSA and 
the patient’s clinical symptoms. In our study, patients with 
ruptured aneurysm were treated by ECA-RAG-PCA bypass 
combined with aneurysm partial trapping or proximal occlu-
sion of the parent artery to reduce the risk of re-rupture of 
the aneurysm (illustration case, Fig. 2). These patients had a 
satisfactory prognostic outcome during follow-up. The dura-
tion of clinical follow-up of the patients ranged from 3 to 
45 months, with a mean follow-up of 22.0 ± 13.35 months. 
During clinical follow-up, there were no procedure-related 
deaths. Four patients developed ischemic stroke complica-
tions and two recovered well clinically after rehabilitation 
therapy. One developed central respiratory failure and had a 
poor clinical prognosis. The mRS scores at the last postop-
erative follow-up were 0 in 4 (16.7%), 1 in 4 (16.7%), 2 in 
8 (33.3%), 3 in 5 (20.8%), 4 in 2 (8.3%), and 5 in 1 (4.2%), 
respectively. There were 11 (45.8%) patients with 0–3 in 
preoperative mRS score but 21 (87.5%) patients with 0–3 
in late mRS score. The clinical prognosis of the patients 
at the final follow-up was significantly improved compared 
to the preoperative period. A comparison of the patients’ 
preoperative and final postoperative follow-up mRS scores 
is shown in Fig. 3. In this study, the final follow-up showed 
good patency of the bypass grafts in all patients, with a 
100% high-flow bypass patency rate. Based on the defini-
tions described previously and the clinical data at the final 
follow-up, 15 (62.5%) patients had complete occlusion of the 
aneurysm, 7 (29.2%) patients had subtotal occlusion of the 
aneurysm and 2 (8.3%) patients had stable aneurysms. The 
effective rate of treatment of complex VBANs was 91.7%. 
A good clinical prognosis was achieved in 21 (87.5%) of the 
patients and a poor clinical prognosis in 3 (12.5%). A patient 
with a large BA dissecting aneurysm was treated with ECA-
RAG-PCA bypass combined with proximal occlusion of the 
parent artery with good results. During clinical follow-up, 
this complex aneurysm almost completely disappeared 
(illustration case, Fig. 4). Please see Table 3 for details of 
surgical treatment and clinical outcome.
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A 59-year-old woman with coma visiting our hospital 
was diagnosed as a massive SAH with CT scan (a), who 
was definitively recognized complex basilar aneurysms and 
treated by ECA-RAG-PCA bypass with aneurysms partial 
trapping. HR-MRI and DSA revealed the aneurysms and 
involvement of PCA or other perforating arteries clearly (b 
and c). We performed right ECA-RAG-PCA bypass with 

aneurysms partial trapping using silver clips. The anasto-
mosis was located in the P2 segment of the PCA (d and e). 
Intraoperative indocyanine green fluorescein angiography 
was utilized to confirm graft artery patency (f). Immedi-
ately after the procedure, slow blood flow in the aneurysms 
and graft patency were observed (g). Re-examination at 
6 months after surgery showed near disappearance of aneu-
rysms and a good patency of graft (h). This patient recovered 
from mRS 5 to mRS 3 in the clinical follow up of 16 months. 
CT = computed tomography, HR-MRI = high-resolution 
magnetic resonance imaging.

This statistical figure reflects the changes in preoperative 
and late mRS scores at the late follow-up. The late mRS 
scores are significantly better than the preoperative mRS 
scores. The red bar graph represents the preoperative mRS 
score. The green bar graph represents the late mRS score. 
There were no cases with mRS score = 6.

A 45-year-old male patient was admitted to hospital with 
hydrocephalus. CT and HR-MRI images revealed hyper-vas-
cular space-occupying lesions with diameters of 5.5 × 2.9 cm 
in the front of the brain stem (a and b). Pre-operative DSA 
and HR-MRI clearly showed a giant dissecting aneurysm 
involved in the left vertebral artery and basilar artery (c). 
Firstly, we performed a left ECA-RAG-PCA bypass (d and 
e). Intraoperative indocyanine green fluorescein angiography 
was utilized to confirm graft artery patency (f). Immedi-
ately after the bypass surgery, DSA was performed to verify 
the good patency of bypass and retrograde blood flow in 
the basilar artery (g and h). One month later after the first 
bypass procedure, the dissecting aneurysm was treated 
by endovascular embolization to occlude proximal parent 
artery. At 1-year re-examination during clinical follow-up, 

Table 2  Patients and aneurysms characters

No. number, SD standard deviation, SAH subarachnoid hemorrhage, 
VA vertebral artery, BA basilar artery

Characteristics Value

No. of patients 24
No. of male patients 18 (75.0%)
Age (years)

  Mean ± SD 54.1 ± 8.83
  Range 43–68

Clinical presentation
  SAH 3 (12.5%)
  Ischemic stroke 12 (50.0%)
  Recurrence 4 (16.7%)
  Compression 4 (16.7%)
  Incidental discovery 1 (4.1%)

Aneurysm location
  VA 1 (4.2%)
  BA 12 (50.0%)
  VA-BA 11 (45.8%)

Aneurysm size (mm)
  Mean ± SD 31.5 ± 10.47
  Range 12.4–55.0

Fig. 2  Illustration case with SAH treated by ECA-RAG-PCA bypass combined with aneurysm partial trapping
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postoperative DSA demonstrated good patency of the bypass 
and retrograde blood flow filling into the upper segment of 
the basilar artery. The aneurysm almost disappeared and the 
branch arteries involved in the aneurysm had good patency 
(i and j).

Results of statistical analysis

Based on the definition and methodology of the prognostic 
grouping of the mRS score described previously, the prognosis 
of the patients at the last follow-up was divided into a “good 
prognosis” group and a “poor prognosis” group. Detailed 
information is shown in Table 4. Statistical analysis showed 
no statistically significant differences between the different 
types of surgery and the final prognosis for the three different 
procedures: ECA-RAG-PCA bypass alone, ECA-RAG-PCA 
bypass with aneurysm partial trapping, and ECA-RAG-PCA 
bypass with proximal occlusion of the parent artery (P = 0.217, 
Fisher exact test). No statistically significant difference was 
found between the aneurysm location and the final clinical 

prognosis for complex aneurysms located in the VA, the BA, 
or in different locations involving the vertebrobasilar artery 
(P = 0.125, Fisher exact test). In terms of aneurysm outcome, 
there was no statistically significant difference between com-
plete occlusion of the aneurysm, incomplete occlusion of the 
aneurysm, and stabilization of the aneurysm (P = 0.256, Fisher 
exact test). In terms of patient age, no statistically significant 
differences were found between the two groups with good 
and poor prognosis (P = 0.906, t-test). However, a statistically 
significant difference was found between the “good progno-
sis” and “poor prognosis” groups in terms of aneurysm size 
(P = 0.034, t-test). This result suggested that the larger the 
aneurysm volume, the worse the prognosis.

Discussion

In our study, all cases underwent flow-replacement bypass 
surgery via ECA-RAG-PCA bypass to the posterior circu-
lation. The results of this study, which showed 24 patients 

Fig. 3  Comparison of preopera-
tive and late mRS scores

Fig. 4  Illustration case with a complex VBAN treated by ECA-RAG-PCA bypass combined with proximal occlusion of the parent artery
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with complex VBANs treated with ECA-RAG-PCA bypass, 
confirmed that ECA-RAG-PCA bypass combined with an 
aneurysm partial trapping or proximal occlusion of the par-
ent artery surgical strategy still plays a very important role 
in the treatment of this type of disease. The blood flow from 
the bypass graft not only fills the distal PCA in an antegrade 
fashion, but also fills the proximal PCA and BA retrogradely, 
as well as the rest of the vertebrobasilar circulatory system 
in a reverse direction. Although, the number of aneurysms 
treated by craniotomy is decreasing with the development of 
endovascular therapy, complex IAs continued to face treat-
ment challenges. Revascularization techniques continue 
to play an important role in the treatment of complex IAs 
when endovascular interventions and traditional craniotomy 
procedures for clipping aneurysms encounter bottlenecks. 
The results of this study also confirm that ECA-RAG-PCA 
bypass techniques combined with aneurysm partial trapping 
or proximal occlusion of the parent artery can achieve satis-
factory clinical outcomes for complex VBANs.

Characteristics and current status of treatment 
for complex VBANs

Complex IAs are currently defined acceptably as those 
with large or giant dimensions, dissecting or dolichoe-
ctatic morphology, wide necks, intra-aneurysmal thrombo-
sis, atherosclerosis of the aneurysmal wall, critical branch 
arteries originating from the lateral wall of the aneurysm, 
or recurrent aneurysms that have been previously treated 
[5–8]. Direct surgical clipping or endovascular intervention 
is not entirely effective and safe for complex VBANs in the 
posterior circulation. In conventional procedures, when the 

Table 3  Summary of treatment results and patients’ outcome

PO proximal occlusion, SD standard deviation, mRS modified Rankin 
Scale

Characteristics Value

Extended middle cranial fossa approach 24 (100%)
Surgical type

  Bypass 8 (33.3%)
  Bypass + partial trapping 3 (12.5%)
  Bypass + PO 12 (50.0%)

Follow up (months)
  Mean ± SD 22.0 ± 13.35
  Range 3–45

Angiographic aneurysm obliteration
  Complete 15 (62.5%)
  Incomplete 7 (29.2%)
  Stabilization 2 (8.3%)

Preoperative mRS score
  0–3 11 (45.8%)
  4–6 13 (54.2%)

Late mRS score
  0–3 21 (87.5%)
  4–6 3 (12.5%)

Aneurysm treatment effectiveness
  Effective 22 (91.7%)
  Ineffective 2 (8.3%)

Patient outcomes
  Favorable prognosis 21 (87.5%)
  Poor prognosis 3 (12.5%)

Table 4  Results of the statistical 
analysis of the favorable 
prognosis and poor prognosis 
groups

PO proximal occlusion, VA vertebral artery, BA basilar artery, No. number
# Fisher exact test
*t-test

Variate No Favorable prognosis Poor prognosis P value

Surgery type
  Bypass 8 6 (75.0%) 2 (25.0%)
  Bypass + partial trapping 3 3 (100.0%) 0 (0.0%)
  Bypass + PO 12 12 (100.0%) 0 (0.0%) #0.217

Aneurysm location
  VA 1 0 (0.0%) 1 (100.0%) #0.125
  BA 12 11 (91.7%) 1 (8.3%)
  VA-BA 11 10 (90.9%) 1 (9.1%)

Aneurysm occlusion
  Complete 15 14 (93.3%) 1 (6.7%) #0.256
  Incomplete 7 6 (85.7%) 1 (14.3%)
  Stabilization 2 1 (50.0%) 1 (50.0%)

Age 24 54.00 ± 8.91 54.67 ± 10.07 *0.906
Size 24 29.86 ± 10.11 43.33 ± 1.15 *0.034
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perforators are inevitably blocked, collateral circulation can 
be inadequate and cerebral infarction may occur. In addition 
to the deep location of the vertebrobasilar aneurysm, the 
complex anatomical relationship with the surrounding vital 
neurovascular structures is a great challenge.

In the current era of endovascular treatment, interven-
tional therapies are the main treatment strategy for cer-
ebrovascular disease. However, endovascular therapy still 
leaves something to be desired in the treatment of complex 
IAs. Thus, microsurgical revascularization holds significant 
importance [10]. Although FD has shown strong clinical 
efficacy, serious complications such as intracranial hemor-
rhage and thromboembolism cannot be ignored [1, 11]. The 
dual antiplatelet therapy of aspirin and clopidogrel is nec-
essary to prevent thrombosis in the parent artery after FD 
placement of a ruptured aneurysm, but this may increase 
the risk of re-rupture of the aneurysm. A study by Kulcsár 
Z et al. in 12 different centers documented 13 patients with 
delayed aneurysm rupture after FD treatment. According to 
the results, reverse remodeling and aggressive thrombus-
related autolysis of the aneurysm wall after FD placement 
may lead to delayed rupture [12]. The high metal coverage 
rate by FD is accompanied by a high rate of thromboembolic 
events, increasing the risk of ischemic infarction, particu-
larly in the posterior circulation [13]. One study showed 
an unfavorable outcome in 29% of patients [14]. In patients 
with BA aneurysms using FDs, the rate of infarction in the 
region of the perforator artery demonstrated in the Phillips 
TJ’s study was as high as 14% [15]. A retrospective study 
of 131 posterior circulation aneurysms treated with FDs 
showed complete and near-complete occlusion of the aneu-
rysm in 78.1% of cases [2]. Siddiqui AH et al. applied FDs 
to treat 27 cases of dolichoectatic vertebrobasilar fusiform 
aneurysms. The rates of hemorrhage complications were 
7.7% and 28.6% in the dual-antiplatelet therapy (DAPT) 
and DAPT plus anticoagulation groups, respectively, and 
the rates of aneurysm complete occlusion were 54.4% and 
25% in the two groups, respectively [16]. In contrast, in the 
present study of complex VBANs treated with ECA-RAG-
PCA bypass, complete and near-complete occlusion of the 
aneurysm was seen in 91.7% of cases, which is better than 
in previous studies. Therefore, radical treatment of complex 
VBANs should be reconsidered with caution. Microsurgical 
revascularization is therefore of great importance.

Microsurgical revascularization techniques

High-flow bypass combined with aneurysm trapping or 
proximal occlusion of the parent artery is an option for 
complex aneurysms that are not amenable to direct surgical 
clipping or endovascular treatment. Based on the advantage 
of fully exposing the neurovascular anatomy associated with 
the aneurysm, Lawton et al. suggested that microsurgery 

combined with revascularization techniques would be more 
advantageous in complex and recurrent aneurysms [17]. In 
this study, all patients with complex VBANs were treated by 
ECA-RAG-PCA bypass techniques. The clinical treatment 
rate was 91.7%, which was generally satisfactory. Superficial 
temporal artery (STA)-middle cerebral artery (MCA) bypass 
was first performed by Yasargil in the 1960s and is widely 
used to treat moyamoya disease, cerebral vascular stenosis, 
or occlusion [18]. Since then, various revascularization tech-
niques have gradually been reported.

EC-IC vascular reconstruction surgery is an important 
tool in the treatment of complex IAs [19]. The treatment of 
aneurysms is based on the principle of individualized treat-
ment. For the purpose of supplemental blood flow, low-flow 
bypass is sufficient. Otherwise, a high-flow bypass is essen-
tial for replacing blood flow in the region of the collateral 
circulation. The major low-flow cerebral revascularization 
procedures in the posterior circulation include STA-PCA, 
STA-superior cerebellar artery (SCA), occipital artery (OA)-
anterior inferior cerebellar artery (AICA), occipital artery 
(OA)-posterior inferior cerebellar artery (PICA), and PICA-
PICA anastomosis [20, 21]. However, when revascularizing 
complex VBANs or larger areas, high-flow bypasses such 
as ECA-RAG-PCA bypass combined with RAG or saphen-
ous vein graft (SVG) are required to provide adequate blood 
flow and higher pressure [20]. In our study, all patients were 
diagnosed with complex VBANs, the vast majority involving 
the entire length of the parent artery or vital branches. All 
cases in this study were treated with ECA-RAG-PCA bypass 
surgery, with the option of occluding the proximal portion of 
the parent artery or partially trapping the aneurysm accord-
ing to individual principles. The SVG is a common vessel 
for revascularization. Because of its very thin walls and the 
monodirectional flow in the longitudinal vessels with venous 
valves, the SVG is susceptible to injury and lacks sufficient 
elasticity. According to Tomizawa M et al., 19.9% of SVG 
and 8.1% of RAG showed occlusion on follow-up angio-
grams [22]. Matsukawa H et al. showed that in the case of 
complex aneurysms treated with EC-IC high-flow bypasses, 
only the SVG was associated with graft occlusion, and the 
RAG became progressively larger in diameter postopera-
tively [23]. In contrast, the intimal, medial, and adventitia 
layer of the RAG are intact, and the vessel wall is thicker 
compared to the SVG. More importantly, the diameter val-
ues of the RAG match well with the PCA and MCA. The 
disadvantage of the RAG is that it is prone to vasospasm. 
Interestingly, vasospasm in the RAG can be overcome by 
performing hydrostatic pressure distension prior to bypass 
[24]. The most common donor vessels for high-flow bypass 
are the ECA or the internal maxillary artery (IMA). The 
ECA was chosen as the donor vessel in this study. The rea-
sons for this are as follows: on the one hand, it is difficult 
to find the IMA through an intracranial approach because 
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of its complex anatomical relationships [25]. Vasospasm is 
another frequent intraoperative complication during the dis-
section of the IMA. In a study on the radiological manage-
ment of epistaxis, the operator placed the guiding catheter 
in the proximal part of the ECA instead of the IMA, in order 
to avoid vasospasm of the IMA [26]. This also confirms that 
the IMA is more prone to vasospasm, which in turn affects 
subsequent bypass surgery operations. The IMA is a termi-
nal branch of the ECA and does not provide adequate and 
stable blood flow compared to the main ECA [27]. In the 
management of complex aneurysms in the posterior circu-
lation, a high and stable blood flow is required for revascu-
larization with replacement flow options. In terms of being 
a donor vessel, the IMA is less advantageous than the ECA 
trunk. Therefore, all patients in this study underwent surgery 
with the ECA trunk as the donor artery for high-flow bypass. 
The rationale for a high-flow bypass for complex aneurysms 
is to reduce the antegrade blood flow to the aneurysm by 
redirecting the flow, either in combination with aneurysm 
trapping or proximal occlusion of the parent artery, in order 
to promote thrombosis within the aneurysm for therapeutic 
purposes [28]. On the other hand, a high-flow bypass can 
provide the corresponding perforator arteries with retrograde 
blood flow to ensure adequate blood supply to the perfora-
tor arteries and, to a certain extent, to counteract the ante-
grade flow from the parent artery [29, 30]. Thus, complex 
VBANs are potentially curable. A study on the hemody-
namic effects of revascularization on intracranial aneurysms 
showed a 40–70% reduction in pressure and wall shear stress 
within the aneurysm compared to the pre-surgical period 
[31]. The hemodynamic changes following high-flow bypass 
surgery not only reduced pressure and wall shear stress in 
the aneurysm, but also largely facilitated the formation of 
intra-aneurysmal thrombus. High-flow bypass surgery pro-
vides adequate blood flow and stable pressure in the area 
of parent artery occlusion. In our cohort study, 33.3% of 
patients underwent ECA-RAG-PCA bypass surgery only, 
without disposing of the aneurysm or performing a proximal 
occlusion of the parent artery. This was due to the intraop-
erative DSA findings of inadequate reversal of blood flow 
from the bypass graft to the BA. Given the extremely high 
risk of ischemic stroke from direct management of complex 
aneurysms or performing proximal occlusion of the parent 
artery in this situation, only ECA-RAG-PCA bypass surgery 
was performed. By counteracting the retrograde flow of the 
bypass graft with the antegrade flow of the parent artery, the 
pressure in the aneurysm is reduced and intra-aneurysmal 
thrombosis is promoted for therapeutic purposes, while the 
blood supply to the corresponding perforator area is ensured 
to reduce the risk of cerebral infarction. This approach may 
not completely cure the aneurysm in the short term, but it 
may lead to a reduction or stabilization of the complex aneu-
rysm. Long-term follow-up clinical outcomes are expected 

to be safe and effective. Thus, ECA-RAG-PCA bypass tech-
niques offer a safe and alternative treatment option for com-
plex VBANs.

Surgical approach for bypass

The extended middle cranial fossa approach provides ade-
quate anterior frontal, temporal, and posterior surgical cor-
ridors. When additional operative space is required, sphe-
noid ridge to the anterior clinoid process and the bones of 
the middle skull base osteotomy provide additional space 
in the Glasscock’s triangle and Kawase’s triangle to cre-
ate vascular anastomosis space for complex IAs. Common 
surgical approaches to treat complex VBANs in the poste-
rior circulation include: (1) an expanded orbitozygomatic 
approach for intracranial aneurysms located in the upper 
two-fifths of the BA region, (2) a transpetrosal approach 
for IAs located in the middle fifth of the BA region, (3) an 
extended far lateral approach for IAs located in the lower 
two-fifths of the BA region and in the intradural segment of 
the VA, and (4) for complex IAs between regions or span-
ning multiple regions, a combined surgical approach is used 
[32]. For the treatment of IAs in the P2 segment of the PCA, 
the subtemporal approach is a classic surgical approach and 
has been used for many years. Professor Drake had made 
an outstanding contribution to the treatment of aneurysms 
of the vertebrobasilar system by the subtemporal approach 
[33, 34]. Strikingly, the obvious disadvantage of the sub-
temporal approach is the severe damage and potential dam-
age to the temporal lobe due to brain retraction [35]. In the 
present study, the extended middle cranial fossa approach 
was used in all patients with complex VBANs. By sever-
ing the zygomatic arch and simultaneously grinding away 
the sphenoid ridge, anterior clinoid process and the middle 
skull base bone through the epidural space, we were able to 
better visualize the aneurysm and gain more surgical space 
to facilitate the procedure. By extended middle cranial fossa 
approach, a greater epidural space can be obtained, which 
can reduce the retraction on the temporal lobe, reduce surgi-
cal complications, and improve clinical prognosis.

Surgical algorithm and safety assessment

Based on our experience, we classify complex VBANs into 
two main categories: ruptured and unruptured. These are 
shown in Fig. 1. In patients with ruptured aneurysms com-
bined with SAH, where preoperative DSA excludes signifi-
cant vasospasm, our center’s treatment principle is to treat 
them as early as possible, unless Hunt-Hess 4–5 or severe 
cerebral vasospasm is present. Otherwise, surgery is delayed 
for about 14 days. Due to the high risk of re-rupture and 
bleeding of the ruptured aneurysm in the short term, we 
opt for ECA-RAG-PCA bypass combined with an aneurysm 
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partial trapping to largely isolate the aneurysm from the cir-
culation and completely cure the aneurysm if the anatomy 
around the aneurysm can be fully visualized. This is illus-
trated in Fig. 5a. If the aneurysm cannot be fully visualized, 
we choose an ECA-RAG-PCA bypass combined with proxi-
mal occlusion of the parent artery to minimize antegrade 
flow to the aneurysm and reduce the risk of re-rupture and 
bleeding. For unruptured aneurysms, if the lesion is a previ-
ously treated recurrent aneurysm, depending on whether the 
overall structure of the aneurysm can be fully exposed, we 
use ECA-RAG-PCA bypass combined with aneurysm isola-
tion or proximal occlusion of the parent artery to minimize 
antegrade blood flow to the aneurysm. Because recurrent 
aneurysms are often clinically severe and complex, failure 
to treat the aneurysm effectively is likely to result in a poor 
prognosis [36–38]. We aim to achieve a clinical cure for 
recurrent aneurysms, while reducing the likelihood of repeat 
surgery or even multiple surgeries in patients with recur-
rent aneurysms and reducing the cost and financial strain on 
patients. For patients with unruptured complex aneurysms 
treated for the first time, we adopt different surgical strate-
gies depending on the results of intraoperative DSA. If intra-
operative DSA after bypass reveals that the bypass graft is 
able to reverse the flow to the middle and upper segment 
of the BA, this suggests that the bypass graft is able to pro-
vide sufficient flow to the original supply area of the parent 
artery, and that the risk of embolism of the perforator artery 
is low, in which case it is safe to occlude the proximal part 
of the parent artery. This is illustrated in Fig. 5b. If intra-
operative DSA after bypass reveals that the bypass graft is 
unable to reverse the flow to the superior middle BA, this 
indicates that the bypass graft is unable to provide sufficient 
blood flow to the original supply area of the parent artery, in 

which case the risk of embolism of the perforator artery and 
cerebral infarction from the occlusion of the parent artery 
is extremely high and even life-threatening, so we adopt an 
ECA-RAG-PCA bypass technique alone. The retrograde 
flow from the bypass graft is counteracted by the antegrade 
flow from the parent artery, altering the intra-aneurysm 
hemodynamics and thereby treating the aneurysm, while at 
the same time ensuring blood supply to the perforator ves-
sels in the affected area and reducing the risk of ischemic 
stroke events. This is illustrated in Fig. 5c.

Black arrows represent antegrade blood flow from the 
parent artery. Blue arrows represent retrograde blood flow 
from the bypass graft. a ECA-RAG-PCA bypass + aneurysm 
partial trapping. b ECA-RAG-PCA bypass + proximal occlu-
sion of the parent artery. c ECA-RAG-PCA bypass alone.

The present center’s experience is to make full use of 
flow-counteraction strategies to treat complex aneurysms. 
For aneurysms that cannot be trapped directly, such as 
those with crucial perforator branches, giant aneurysms 
that block the exposure of the proximal parent artery, or 
bypass grafts that do not provide adequate flow in the 
opposite direction, it is possible to perform a high-flow 
bypass merely at the distal end of the aneurysm, making 
full use of the regulation of blood flow itself, so that the 
flow from the bypass graft through the anastomosis sup-
plies blood in the distal direction on the one hand and in 
the opposite direction on the other, thus promoting throm-
bosis in the aneurysm. This allows the blood flow from the 
bypass graft to be supplied through the anastomosis in a 
cascade to the distal end and in a reverse direction to the 
aneurysm, thus counteracting the antegrade flow of the 
parent artery and promoting thrombosis of the aneurysm. 
This is a simple procedure with fewer potential risks. This 

Fig. 5  Artist illustration of bypass options for complex VBANs
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surgical approach can suppress the further development 
of the aneurysm lesion. The treatment principle has been 
confirmed in our preliminary research [39]. As for the 
choice of anastomosis location, if the recipient artery has 
no perforator vessels, it is placed as close as possible to the 
distal end of the aneurysm to ensure adequate reverse flow 
pressure; if the recipient artery has a perforator branch, a 
suitable location distal to the aneurysm is chosen avoid-
ing the perforator branch. The weak part of the aneurysm 
may be partially clipped to reinforce the aneurysm wall 
and allow it to withstand the shock of changing flow 
pressures. For aneurysms where the anatomy around the 
aneurysm can be directly exposed, as the proximal par-
ent artery or main blood supply artery is a key factor in 
the formation and progression of the aneurysm, the main 
responsible vessel (proximal to the parent artery) can be 
blocked to promote thrombosis within the aneurysm. A 
high-flow bypass can be performed at the distal end of 
the aneurysm where there are no perforator branches. The 
blood flow from the bypass graft can be supplied to the 
distal end through the anastomosis on the one hand, while 
the blood supply to the perforator vessels involved in the 
aneurysm is ensured by retrograde flow. This technique in 
effect completes the partial trapping of the aneurysm, and 
long-term follow-up reveals that the aneurysm is stable, 
shrinking or has disappeared, thus achieving the goal of 
treatment.

In our study, only 3 (12.5%) of the 24 cases are pre-
sented with SAH on admission. These 3 patients with rup-
tured aneurysms were all younger than 60 years of age, 
and clinical follow-up revealed an essentially satisfactory 
prognosis, with no re-ruptured aneurysm bleeding. The 
remaining 21 patients in this group did not rupture during 
clinical follow-up. One patient with incomplete occlusion 
of aneurysm who was followed up for 45 months in this 
study developed a cerebellar infarction after surgery, with 
an mRS score of 4 at final follow-up. This patient had a 
poor prognosis, but his condition had been stable. The 
patient had no cerebral hemorrhage on regular follow-up 
brain CT at the local hospital. The other three patients 
who were followed up for more than 40 months had a 
satisfactory clinical prognosis and did not develop clini-
cal symptoms of cerebral hemorrhage. Our analysis of the 
possible reasons for this phenomenon is due to the fact that 
the high-flow bypass reduces the load of the parent artery 
on the aneurysmal body from the impact of the antegrade 
blood flow, which greatly reduces the intra-aneurysmal 
pressure. The retrograde flow-counteraction effect of ECA-
RAG-PCA bypass promotes thrombus formation within 
the aneurysm, thus strengthening the aneurysm wall to a 
certain extent. With hemodynamic changes at the lesion 
site after completion of the bypass procedure, the aneu-
rysm would be in a state of stabilization or even cure. 

These may account for the greatly reduced risk of aneu-
rysm rupture after a high-flow bypass.

A review by Sia SF et al. showed that patency rates after 
high-flow bypass surgery ranged from 73 to 100% [40]. Our 
experience has shown a 100% patency rate for ECA-RAG-
PCA bypass at long-term follow up, with overall results bet-
ter than previously reported in the literature. Posterior circu-
lation complex VBANs themselves are extremely difficult to 
treat, with severe clinical symptoms and serious treatment 
complications, and have long been a serious challenge for 
the medical community. Raper DMS et al. showed that as 
techniques related to preoperative assessment and postopera-
tive complication identification and management continue 
to develop, bypass graft patency rates are increasing and 
revascularization techniques are becoming safer and more 
effective for specific patients [41]. Our center has been able 
to effectively treat 91.7% of complex VBANs and achieve a 
good clinical prognosis in 87.5% of patients by combining 
ECA-RAG-PCA bypass with aneurysm partial trapping or 
proximal occlusion of the parent artery according to indi-
vidualized treatment principles. The effectiveness and safety 
of surgical treatment at the present center is satisfactory.

The main limitation is the small number of cases in a 
single center, which limits the statistical analysis. Further 
studies with larger samples are warranted to validate the 
significance of the results of this study. The generalization 
of the experience of this study may be potentially limited.

Conclusion

The treatment of complex vertebrobasilar aneurysms has 
long been a challenge for neurosurgeons. When conventional 
surgical clipping of aneurysms and endovascular interven-
tions lead to frustrating results in complex VBANs, ECA-
RAG-PCA bypass combined with aneurysm partial trap-
ping or proximal occlusion of the parent artery remains an 
alternative and preferable option. The results of our study 
show that ECA-RAG-PCA bypass for complex VBANs 
has yielded satisfactory clinical results. Even in an era of 
increasingly advanced interventional therapy, the extremely 
skilled micro-neurosurgical technique continues to play an 
important role in the treatment of complex VBANs.
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