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In an era when endovascular therapy has produced con-
sistently favorable outcomes for straightforward intra-
cranial aneurysms (IAs),17,33 the role of neurovascular 

surgery in IA treatment has become increasingly focused 
on aneurysms that are too complex for conventional clip-

ping or simple endovascular coiling.10,21,31,32 Large, giant, 
or wide-necked aneurysms, particularly those that are ath-
eromatous, calcified, or previously coiled, remain a signifi-
cant challenge to microsurgical clipping or endovascular 
coiling.27 Similarly, fusiform aneurysms that incorporate 
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OBJECTIVE Because simple intracranial aneurysms (IAs) are increasingly treated endovascularly, neurovascular sur-
gery has become focused on complex IAs that may require deconstructive aneurysm therapy with concomitant surgical 
bypass. The authors describe the decision-making process concerning cerebral revascularization and present outcomes 
that were achieved in a large case series of complex IAs managed with cerebral revascularization and parent artery oc-
clusion.
METHODS The authors retrospectively reviewed the medical records, including neuroimaging studies, operative re-
ports, and follow-up clinic notes, of all patients who were treated at the National Brain Aneurysm Center between July 
1997 and June 2015 using cerebral revascularization as part of the management of an IA. They recorded the location, 
rupture status, and size of each IA, as well as neurological outcome using the modified Rankin Scale (mRS), aneurysm 
and bypass status at follow-up, and morbidity and mortality.
RESULTS The authors identified 126 patients who underwent revascularization surgery for 126 complex, atheromatous, 
calcified, or previously coiled aneurysms. Ninety-seven lesions (77.0%) were unruptured, and 99 (78.6%) were located in 
the anterior circulation. Aneurysm size was giant (≥ 25 mm) in 101 patients, large (10–24 mm) in 9, and small (≤ 9 mm) 
in 16 patients. Eighty-four low-flow bypasses were performed in 83 patients (65.9%). High-flow bypass was performed in 
32 patients (25.4%). Eleven patients (8.7%) underwent in situ or intracranial-intracranial bypasses. Major morbidity (mRS 
score 4 or 5) occurred in 2 (2.4%) low-flow cases and 3 (9.1%) high-flow cases. Mortality occurred in 2 (2.4%) low-flow 
cases and 2 (6.1%) high-flow cases. At the 12-month follow-up, 83 (98.8%) low-flow and 30 (93.8%) high-flow bypasses 
were patent. Seventy-five patients (90.4%) undergoing low-flow and 28 (84.8%) high-flow bypasses had an mRS score 
≤ 2. There were no statistically significant differences in patency rates or complications between low- and high-flow by-
passes.
CONCLUSIONS When treating challenging and complex IAs, incorporating revascularization strategies into the surgical 
repertoire may contribute to achieving favorable outcomes. In our series, low-flow bypass combined with isolated proxi-
mal or distal parent artery occlusion was associated with a low rate of ischemic complications while providing good long-
term aneurysm control, potentially supporting its wider utilization in this setting. The authors suggest that consideration 
should be given to managing complex IAs at high-volume centers that offer a multidisciplinary team approach and the 
full spectrum of surgical and endovascular treatment options to optimize patient outcomes.
https://thejns.org/doi/abs/10.3171/2018.4.JNS172752
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normal branches and perforators may be difficult to treat. 
In these cases, rapidly evolving stent technology will like-
ly play an increasing role as a management option in the 
future.2,27 However, there remains a subset of highly chal-
lenging cases that may be best treated with specialized 
microsurgical techniques.

When addressing the most complicated large and giant 
IAs, treatment options include complex surgical approach-
es such as deep hypothermic circulatory arrest as well as 
aneurysmorrhaphy with thrombectomy.4,15,22 Alternatively, 
these challenging lesions can be managed using parent ar-
tery occlusion combined with creative forms of cerebral re-
vascularization to maintain adequate blood flow to the dis-
tal vascular territory.1–9 As the indications for endovascular 
therapy widen, maintaining highly specialized centers that 
provide a full range of endovascular and surgical approach-
es, including cerebral revascularization, is necessary to en-
sure that complex aneurysms can be addressed adequately. 
This report details our experience with cerebral revascu-
larization procedures in a large series of complex IAs for 
which traditional clip reconstruction or endovascular repair 
were felt to carry unacceptably high risks of major compli-
cation. We also present an analysis of our decision-making 
for choosing low- versus high-flow bypass and compare pa-
tency and complication rates between bypass types.

Methods
Patient Selection

We retrospectively reviewed the medical records 
of all patients with an IA treated by a single surgeon at 
the National Brain Aneurysm Center from July 1997 to 
June 2015. Of roughly 2500 patients from the study pe-
riod whose aneurysms were treated surgically, we retro-
spectively identified 126 patients (5.0%) whose complex 
IAs were treated using revascularization and occlusion 
of the parent artery. These aneurysms were considered 
“complex” by our multidisciplinary team when traditional 
treatment methods, including clipping, coiling, or stent-
ing, were felt to carry unacceptably high treatment risks, 
exceeding 5%–10%. Reasons for the high estimated treat-
ment risk in these cases included large or giant aneurysm 
size with associated distortion of the normal microsurgi-
cal anatomy, fusiform aneurysm nature with incorpora-
tion of parent/perforating/efferent vessels into the aneu-
rysm, and/or atheroma/calcification within the aneurysm 
wall. Complete hospital and outpatient medical records, 
including neuroimaging studies, operative reports, and 
follow-up clinic notes, were reviewed in all cases. Each 
case was preoperatively reviewed by a multidisciplinary 
neurovascular team comprising a neurovascular surgeon 
and an interventional neuroradiologist, who decided that 
a strategy of revascularization and parent artery occlusion 
would carry the best chance for a favorable outcome. We 
further based our treatment decision concerning whether 
to complete a bypass and, if so, whether the bypass should 
be high or low flow, using the decision matrix and neuro-
imaging studies as described below.

Preoperative Imaging
All patients underwent CT scanning and MRA (unless 

contraindicated due to metallic implant) as well as 4-ves-
sel catheter 3D rotational cerebral angiography. When 
ICA sacrifice was contemplated, additional cerebral blood 
flow testing included a balloon test occlusion (BTO) with 
Xenon-enhanced CT (until 2000) or SPECT perfusion 
imaging (after 2000). Cerebral blood flow dynamics were 
assessed based on findings from these neuroimaging stud-
ies. In some cases, additional information was obtained re-
garding the adequacy of collateral and bypass-augmented 
flow using intraoperative angiographic evaluation.

Preoperative Balloon Test Occlusion
Preoperative BTO evaluation23 was utilized in cases 

when sacrifice of the internal carotid artery (ICA) was 
contemplated. In our practice, we have used BTO to strat-
ify patients in terms of stroke risk associated with ICA 
occlusion. Patients are categorized into 3 groups based on 
angiographic findings and clinical neurological exami-
nation, as outlined in Fig. 1, to help determine treatment 
recommendations. In general, patients who did not pass 
clinically were offered high-flow bypass if the ICA was 
to be sacrificed. Patients who passed both clinically and 
based on adjunctive imaging findings were offered low-
flow bypass if they were younger than 65 years and in 
good health; otherwise, occlusion without bypass was of-
fered. Those patients who did not undergo bypass were 
excluded from this study. Patients who passed clinically 
but did not pass based on imaging criteria underwent 
high-flow bypass if they were younger than 40 years or 
low-flow bypass if older than 40 years, in poor health, 
or when the superficial temporal artery (STA) was par-
ticularly large in caliber. This classification system was 
designed to identify those patients who would maintain 
adequate blood flow with low-flow bypass alone, which, 
in our experience, is a shorter and more straightforward 
procedure and therefore may carry lower morbidity rates 
than high-flow graft options as long as adequate blood 
flow is achieved. STA size and patient age were consid-
ered important factors when trying to balance the risk of 
perioperative complications with the need to maintain ad-
equate blood supply to prevent distal ischemia following 
parent artery occlusion.

Bypass and Occlusion Techniques
Our techniques for bypass procedures have been de-

scribed previously,19 including differentiation of patients 
based on bypass type.24 When an aneurysm was located 
on a distal middle cerebral artery (MCA) branch, we used 
intraoperative angiography to confirm that we were by-
passing to the correct territory (a cortical branch arising 
from the involved artery). During the same operation, 
once the revascularization procedure had been complet-
ed, we proceeded to treat the IAs surgically by sacrificing 
the parent artery with proximal occlusion, when possible. 
We have generally avoided aneurysm trapping in order 
to limit potential ischemia to perforators arising from the 
trapped segment. When access to the parent artery proxi-
mal to the aneurysm was precluded based on anatomical 
considerations, we utilized a method of distal occlusion 
that has been described previously.18 Delayed endovascu-
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lar parent artery occlusion was utilized in 15 cases, either 
immediately after surgery during the same general anes-
thesia session or within the first 72 hours after surgery as 
a separate procedure. These patients underwent endovas-
cular occlusion of the cervical ICA (6 cases), peripheral 
MCA branch (5 cases), M1 segment (2 cases), or vertebral 
artery (2 cases). We also performed 5 (4.0%) short intra-
cranial (IC)–IC grafts from the ICA to the proximal MCA 
branches or from MCA-MCA, one of which was previ-
ously reported,20 and 6 (4.8%) posterior inferior cerebellar 
artery (PICA)–PICA in situ grafts. Since neither of these 
has been classified as high- or low-flow in previous stud-
ies, they were excluded from high- versus low-flow com-
parisons.

Follow-Up and Outcomes
We completed follow-up with all surviving patients at 

a minimum of 12 months after surgery. Neurological out-
comes were measured using the modified Rankin Scale 
(mRS). The mRS scores were determined by reviewing 
the dictated nursing and physician notes of postopera-
tive follow-up visits. Bypass patency and aneurysm status 
were observed using angiography, which was performed 
by an interventional neuroradiologist at the time of fol-
low-up. We reviewed neuroradiology notes dictated by the 
neuroradiologist to obtain the angiography results. Mor-
bidity and mortality were recorded for all patients who 
had complications intra- or postoperatively or who had an 
mRS score ≥ 3 at follow-up. Patients with an mRS score ≥ 
4 were considered to have suffered major morbidity.

Statistical Analysis
Statistical analysis of the difference between high-flow 

and low-flow outcomes and patency were completed by 
a professional statistician; p values were calculated from 
Fisher’s exact test using RStudio (version 1.0.153).

Results
Aneurysm Characteristics

Most aneurysms were unruptured (97/126, 77.0%) and 
located within the anterior circulation (99/126, 78.6%). 
The most common lesion location was the MCA (63/126, 
50.0%), of which most were at the MCA bifurcation (30, 
47.6%). Thirty-three (26.2%) were located on the ICA, 
while the most common posterior circulation locations 
were the PICA (14/27, 51.9%) and the basilar artery (10/27, 
37.0%; Fig. 2). For more detail concerning specific aneu-
rysm locations, see Table 1.

Aneurysm size was giant (≥ 25 mm) in 101 patients 
(80.2%), large (10–24 mm) in 9 (7.1%), and small (≤ 9 mm) 
in 16 patients (12.7%). Twenty-six patients (20.6%) had 
previously coiled aneurysms, and 25 patients (19.8%) had 
peripherally situated aneurysms, primarily in the PICA 
and MCA distributions.

Treatment With Revascularization
Eighty-three patients underwent a low-flow bypass 

(65.9%), and 32 (25.4%) underwent a high-flow bypass. 
Most bypasses (68/126, 54.0%) were low-flow, simple 
STA-MCA anastomoses (Figs. 3–5). Eight patients (6.3%) 

FIG. 1. Revascularization management based on BTO findings. This test stratifies patients based on clinical and angiographic 
examination into high-flow bypass, low-flow bypass, or occlusion without bypass. A high-flow bypass is used when parent artery 
sacrifice is necessary and patients failed the BTO either clinically or angiographically, while low-flow bypass is offered to patients 
who passed the test; the caliber of the STA and patient age are also taken into account. Reprinted with a modification from Nuss-
baum ES, Mocco J: Cerebral Revascularization: Microsurgical and Endovascular Techniques. Stuttgart: Thieme Medical Publishers, 
2011, with permission.
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underwent occipital artery (OA)–PICA anastomosis for 
a PICA aneurysm, 4 (3.2%) had OA–posterior cerebral 
artery (PCA) bypass for PCA aneurysms, and 3 (2.4%) 
underwent STA-PCA grafts for complex posterior circula-

tion aneurysms (Fig. 6). Twenty-seven (21.4%) high-flow 
grafts were lesser saphenous vein grafts anastomosed 
from the cervical external carotid artery (ECA) to the 
proximal MCA branches (Figs. 7 and 8), and 5 (4.0%) 
were ECA-PCA bypasses. Five grafts (4.0%) were IC-IC, 
while 6 (4.8%) were PICA-PICA in situ. All anastomoses 
are summarized in Table 2. Ninety-four (74.6%) patients 
were treated with proximal occlusion and 27 (21.4%) with 
distal occlusion of the parent artery. Trapping of the in-
volved parent artery was only necessary in 5 cases of rup-
tured dissecting aneurysms, which were felt to be highly 
unstable lesions involving either the supraclinoid ICA (3 
cases) or the M1 segment of the MCA (2 cases).

Outcomes
At the 12-month follow-up, 112 patients had an mRS 

score of 1 or 2 (88.9%), 4 had an mRS score of 3 (3.2%), 6 
had an mRS score of 4 or 5 (4.8%), and 4 patients had died 
(3.2%) (Table 3). Angiographic imaging showed that 83 of 
84 low-flow bypasses were patent (98.8%; 1 patient’s STA-
MCA bypass occluded and required reoperation). Thirty 
(93.8%) of 32 high-flow bypasses were patent at follow-up, 
meaning that low-flow bypass was associated with a slight-
ly higher patency rate than high-flow bypass procedures; 
however, this difference was not statistically significant (p 
= 0.184). All IC-IC and PICA-PICA bypasses were patent 
at follow-up (11/11, 100%). As we avoided trapping unless 
absolutely necessary, permanent and complete aneurysm 
occlusion was achieved in the 5 cases (4.0%) of aneurysm 
trapping. For the remaining cases, proximal or distal oc-
clusion diminished flow across the aneurysm segment to 
limit aneurysm filling, growth, and risk of rupture, while 
also maintaining patency of perforators arising from the 
aneurysm segment.

FIG. 2. Images obtained in a 62-year-old man presenting with hemorrhage from a giant dissecting basilar artery aneurysm and in-
creasing mass effect on the brainstem. A: CT scan showing thrombosis of a giant dissecting basilar artery aneurysm and a coil in 
the distal vertebral artery. B: Anteroposterior injection digital subtraction (DS) angiogram of the right common carotid artery, show-
ing filling of the anterior circulation, MCA, and ACA; patency of the saphenous vein graft (white arrow) to the PCA is also shown, 
with filling of the posterior circulation bilaterally. Note the coil occlusion of the distal vertebral arteries bilaterally (black arrows).

TABLE 1. Characteristics of the 126 aneurysms

Aneurysm Characteristic No. of Aneurysms (%)

Rupture status
 Unruptured 97 (77.0)
 Ruptured 29 (23.0)
Size, mm
 Small (≤9) 16 (12.7)
 Large (10–24) 9 (7.1)
 Giant (≥25) 101 (80.2)
Location
 Anterior circulation 99 (78.6)
  MCA 63 (50.0)
  ICA 33 (26.2)
   Cavernous 12 (9.5)
   Paraclinoid 11 (8.7)
   Supraclinoid segment 10 (7.9)
  Anterior communicating artery 2 (1.6)
  Distal anterior cerebral artery 1 (0.8)
 Posterior circulation 27 (21.4)
  Basilar artery 10 (7.9)
   Basilar apex 5 (4.0)
   Arterial trunk 5 (4.0)
  PICA 14 (11.1)
  PCA 3 (2.4)
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Complications
Major morbidity (mRS score ≥ 4) occurred in 6 patients 

(4.8%), and 4 patients (3.2%) died. Of the 6 patients with 
major morbidity, 3 had high-flow bypass procedures, 2 had 
low-flow procedures, and 1 had an in situ bypass proce-
dure. Of the 4 deaths, 2 patients had high-flow bypasses 
and 2 had low-flow bypasses (Table 4). Overall, of 32 pa-
tients who underwent high-flow bypass, 3 (9.4%) had ma-
jor morbidity, and 2 (6.3%) died. In contrast, of 83 patients 
treated with low-flow bypass, 2 (2.4%) had major morbid-

ity and 2 (2.4%) died. Statistical comparison between low- 
and high-flow bypasses found no significant differences 
in neurological outcome as measured by the mRS score 
(Table 3). IC-IC and in situ bypasses resulted in a 9.1% 
major morbidity rate (1 of 11 cases) and no deaths.

Serious, nonfatal complications included subacute graft 
occlusion resulting in cerebral infarction in 2 patients with 
high-flow grafts. The remaining 4 serious complications 
included a CSF leak associated with severe meningitis 
and vasospasm, acute respiratory distress syndrome as-

FIG. 3. A: Images obtained in a 65-year-old woman with a giant MCA aneurysm. Axial T2-weighted MR image demonstrating a 
giant hypointense lesion with a small amount of surrounding parenchymal hyperintensity, most compatible with a predominantly 
thrombosed giant aneurysm, as evidenced by lack of flow-related phase-shift artifact. B: Anteroposterior right ICA DS angiogram 
demonstrating uniform enlargement of the proximal half of the M1 segment, corresponding to the residual lumen of the mostly 
thrombosed giant aneurysm. C: Anteroposterior DS angiogram of the right common carotid artery obtained 1 day postopera-
tively, demonstrating occlusion of the proximal M1 segment with patency of the ACA territory. Robust flow is seen in the opercular 
branches of the MCA from the STA-MCA bypass (black arrow) with retrograde flow in the distal M1 segment to the level of the 
anterior temporal artery (white arrow). The aneurysm has been obliterated (dashed white arrow).

FIG. 4. Images obtained in a 63-year-old woman with a giant paraclinoid aneurysm and significant mass effect. A: Axial T2-
weighted MRI showing a giant aneurysm in the deep structures of the right cerebral hemisphere. B: Lateral DS angiogram 
showing robust flow through the STA. C: Anteroposterior angiogram of the right common carotid artery showing occlusion of the 
ICA. The image also shows patency of the right STA-MCA bypass (black arrow) with robust filling of the MCA territory distally and 
retrograde flow to the level of the distal MCA branches and M1 (white arrow).
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sociated with severe vasospasm, and severe subarachnoid 
hemorrhage (SAH) in 2 patients that left them with perma-
nent significant neurological deficit. Causes of death were 
rebleeding of a giant dissecting basilar aneurysm (patient 
in Fig. 2), medical complications following wound infec-
tion precipitating sepsis and multiple organ failure, and 
fatal bleeding following an attempted endovascular stent-
ing that was complicated by an anterior cerebral artery 
(ACA) perforation; in addition, 1 patient who presented 
with poor-grade (Hunt and Hess grade V) SAH never re-
covered consciousness.

Other complications included mild myocardial infarc-
tion in 1 patient (0.8%), deep vein thrombosis in 5 patients 
(4.0%), severe SAH in 3 patients (2.4%), and a wound de-
hiscence that required revision in 1 patient (0.8%). One 

patient had an epidural hematoma that required evacua-
tion on the 3rd postoperative day (0.8%). Another patient 
(0.8%) with a giant MCA aneurysm had an STA-MCA 
bypass that was found to be occluded on early postopera-
tive angiography prior to a planned endovascular M1 sac-
rifice and underwent reoperation to redo the bypass. There 
was no clinical consequence of this complication. For a 
comprehensive list of postoperative complications, refer to 
Table 4.

Discussion
In our series, even with a high proportion of large/giant 

and complex aneurysms, we demonstrated that cerebral re-
vascularization with parent artery occlusion is a safe and 

FIG. 6. Images obtained in a 23-year-old patient with a giant ruptured PCA aneurysm. A: Coronal reformatted CT angiogram 
showing a giant left P1–P2 junction aneurysm directed inferiorly. B: Lateral DS angiogram of a vertebral artery injection, dem-
onstrating aneurysm overlying the left P1 segment (black arrow). C: Photomicrograph showing the OA-PCA bypass. Figure is 
available in color online only.

FIG. 5. Images obtained in a 27-year-old woman with CT-negative, lumbar puncture–positive SAH from a fusiform aneurysm. 
A: Lateral DS angiogram of the left ICA, showing fusiform enlargement of the midportion of the posterior division of the MCA 
(black arrow). B: Axial T2-weighted image showing elongated hypointensity residing in the left sylvian fissure compatible with 
fusiform aneurysm of the MCA (white arrow). C: Lateral DS angiogram of the left ECA, demonstrating patency of the STA-MCA 
bypass (black arrow) with excellent filling of distal MCA branches (white arrow). Note coils within the posterior division of the MCA 
and residual thrombosis of the branch distal to the coil. The coil is denoted by the dashed black arrow.
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effective technique to address aneurysms that are not con-
sidered amenable to endovascular treatment or simple mi-
crosurgical clipping.11 Low morbidity and mortality rates 
for revascularization and high rates of bypass patency sug-
gest that cerebral revascularization with parent artery oc-
clusion can provide safe and satisfactory long-term control 
of the majority of complex IAs. Deep vein thrombosis and 
other medical complications occurring in the setting of 
severe SAH were the most commonly encountered com-

plications, emphasizing the need to monitor for such com-
plications in the postoperative period.

Low-Flow Versus High-Flow Bypass
There is contention in the literature concerning which 

bypass method has higher associated rates of neurologi-
cal deficits and ischemic complications.16,32 Advantages 
of low-flow bypass techniques include shorter procedure 

FIG. 8. Images obtained in a 42-year-old patient with a previously clipped, giant M1 aneurysm that regrew. A: Anteroposterior DS 
angiogram of the left ICA, showing a giant aneurysm of the mid-M1 segment. Note the fenestrated aneurysm clip along its base 
(white arrows). B: Anteroposterior DS angiogram of left common carotid artery, showing the ECA-MCA saphenous vein graft 
(black arrow) with excellent filling of MCA branches and occlusion (white arrow) of the M1 segment and the aneurysm.

FIG. 7. Images obtained in a 50-year-old man who previously underwent clipping of a large basilar apex aneurysm and presented 
with fusiform enlargement of the right supraclinoid ICA and a giant right MCA aneurysm. A: Anteroposterior DS angiogram of the 
right ICA demonstrating a multilobulated medially projecting supraclinoid ICA aneurysm (black arrow) and a giant aneurysm (dashed 
black arrow) along the distal M1 segment. Note the clip on the large basilar apex aneurysm (white arrow). B: Intraoperative oblique 
DS angiogram of the right ECA, demonstrating the clip (white arrow) occluding the supraclinoid ICA with diminished filling of the 
M1 aneurysm (dashed black arrow) and brisk antegrade flow in the distal MCA branches from the ECA-MCA saphenous vein graft 
(black arrow). C: Intraoperative photomicrograph of saphenous vein–MCA anastomosis. Figure is available in color online only.
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times and fewer opportunities for intraoperative complica-
tions given the need for fewer anastomoses. In our series, 
the majority of patients were treated using low-flow bypass 
with excellent clinical outcomes; this contrasts with other 
studies,29,34 which have favored high-flow bypass in more 
than 75% of cases. We observed no statistically significant 
differences in postoperative ischemic complications be-
tween high- and low-flow bypass, suggesting that low-flow 
bypass is an important and potentially underutilized op-
tion in selected cases in which adequate blood flow can be 
achieved using a lower-flow bypass technique.

The choice of surgical approach and bypass type can 
often be made based on the particular anatomy associ-
ated with the aneurysm and the adequacy of native col-
lateral supply. When ICA sacrifice is contemplated, BTO 
and subsequent categorization as described above can be 
utilized to aid in deciding between low- and high-flow by-
pass. Our excellent clinical outcomes and, in particular, 
the lack of ischemic complications following parent artery 
occlusion in a series in which the majority of the bypasses 
were low flow, supports its wider utilization. Furthermore, 
because this is the first series to describe the use of a ma-
jority of low-flow bypasses in the management of IAs, the 
present series provides a benchmark for future comparison 
between bypass types.

Aneurysm Trapping
Although prior studies have generally utilized aneu-

rysm trapping, we have found that either isolated proxi-
mal or distal parent artery occlusion performed either 
surgically or endovascularly has generally been adequate 
to achieve aneurysm occlusion. Trapping of the involved 
segment was only deemed necessary in select cases of 
ruptured, dissecting aneurysms involving the supraclinoid 
ICA or M1 segments because of the highly dynamic and 
unstable nature of these lesions. In our experience, revas-
cularization and parent artery occlusion has been safer 
than attempted direct clip reconstruction of such acutely 
ruptured, dissecting aneurysms, which have a great ten-
dency to rebleed during surgical exploration and attempted 
direct reconstruction. Our low rate of rebleeding following 
proximal or distal occlusion alone suggests that avoiding 
aneurysm trapping is a viable strategy for aneurysm treat-
ment, effectively limiting the risk of aneurysm rebleeding 

while also minimizing the risk of ischemic injury from 
loss of local perforators that may also be trapped between 
the clips. Future studies from other centers comparing the 
long-term efficacy of such isolated proximal or distal oc-
clusion compared with trapping will be valuable in provid-
ing additional data on this issue.

Comparison to Previous Studies of Cerebral 
Revascularization

In our experience, achieving a successful outcome in 
these complex cases depends on a combination of factors, 
including an extensive preoperative evaluation of cerebral 
blood flow dynamics, an assessment of the surgical anat-
omy related to the aneurysm with its associated branches 
and perforators, an understanding of the status of cerebro-
vascular reserve, and the surgeon’s expertise and facility 
with the revascularization techniques being performed.3,28 
The current study spans a long period of time during 
which the development of newer endovascular therapies 
such as stent reconstruction have altered patient manage-
ment strategies, but understanding the outcomes and risks 
associated with bypass remains important in weighing its 
use for patients with IAs.9,35

Worldwide, acceptable bypass morbidity ranges be-
tween 6% and 16%, with subacute graft occlusion ac-
counting for 0%–4% of all complications, while mortality 
varies from 2% to 12%.7,14,25,34 In the case of ruptured an-
eurysms, bypass techniques were used in 7% of surveyed 
cases, with a mortality of 21%.3 Similar aneurysm char-
acteristics and clinical presentations to the current study 
have been described by Kato et al., who treated 139 large 
and giant aneurysms using trapping, multiple clips, or an-
eurysmectomy with bypass; however, their study reported 
24.5% morbidity and 7.9% mortality.12 This high rate of 
complications was unrelated to whether the aneurysm had 
ruptured and shows that the incidence of complication 
may vary significantly between centers, limiting the pos-
sible extrapolation of results from single-center studies. In 
Lawton and colleagues’ analysis of Dr. Spetzler’s experi-
ence with bypass for complex aneurysms, the complica-
tion rate was 10% in a series of 63 complex aneurysms in 
61 patients.13 Of all the complications, 7% were directly 
related to the bypass procedure and 3% to nonneurological 

TABLE 2. Anastomosis locations

Bypass No. of Aneurysms (%)

STA-MCA, low flow 68 (54.0)
STA-PCA, low flow 3 (2.4)
OA-PICA, low flow 8 (6.3)
OA-PCA, low flow 4 (3.2)
ECA-MCA, high flow 27 (21.4)
ECA-PCA, high flow 5 (4.0)
IC-IC* 5 (4.0)
PICA-PICA in situ* 6 (4.8)

* Neither IC-IC nor PICA-PICA bypasses have been classified in the literature 
as high- or low-flow, and they were therefore excluded from this comparison.

TABLE 3. Neurological outcome at 12 months based on high flow 
versus low flow

mRS Score*
No. of Patients (%)

p Value†Low Flow High Flow

1 or 2 75 (90.4) 27 (84.4) 0.74
3 4 (4.8) 0 (0) 0.57
4 or 5 2 (2.4) 3 (9.4) 0.13
6 2 (2.4) 2 (6.3) 0.31
Total 83 32

* An mRS score of 1 or 2 is considered a good outcome, an mRS score ≥ 3 is 
considered morbidity, and an mRS score ≥ 4 is considered major morbidity.
† Low-flow versus high-flow bypass. Calculated as Fisher exact test statistic 
between patient categories. Significance was based on p < 0.05.
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TABLE 4. Comprehensive list of perioperative and postoperative complications

Patient 
No.

Sex 
(yrs), 
Age

Location of 
Aneurysm Rupture Size

Type of Bypass  
(flow rate) Brief Description of Complication Outcome

1 71, M Dissecting, basi-
lar artery

Yes Giant ECA-PCA (high flow) Rebleed Death

2 66, M Peripheral PICA Yes Giant OA-PICA (low flow) Infection, sepsis, multisystem organ 
failure

Death

3 39, M Dissecting M1 Yes Giant STA-MCA (low flow) ACA perforation during endovascular 
attempt to occlude vessel

Death

4 58, F MCA Yes Giant ECA-M2 (high flow) Grade V SAH, never regained con-
sciousness

Death

5 64, M MCA No Giant ECA-M2, 2 grafts, 1 to 
anterior division, 1 
to posterior division 
(high flow)

Subacute graft occlusion resulting in 
disabling stroke

Hemiplegia, cognitively good, 
but requiring assistance for 
daily living, mRS score 4

6 72, M Basilar trunk Yes Giant ECA-PCA (high flow) Subacute graft occlusion resulting in 
disabling stroke

Severe disability, skilled nursing 
facility, mRS score 5

7 61, F Paraclinoid Yes Giant STA-MCA (low flow) Severe SAH, permanent severe defi-
cit, dependent condition in skilled 
nursing facility

Nursing home, mRS score 5

8 68, M MCA No Giant STA-MCA (low flow) Bypass occluded on early follow-up 
angiogram necessitating reop w/ 
redo bypass prior to vessel sacrifice

No clinical consequence, full 
recovery

9 63, M Peripheral PICA Yes Giant PICA-PICA (in situ) CSF leak, severe meningitis, vaso-
spasm

Prolonged rehab stay, indepen-
dent, hemiparesis, diplopia 
from 6th nerve palsy, mRS 
score 4

10 49, F Paraclinoid Yes Giant STA-MCA (low flow) ARDS, vasospasm Prolonged rehab, ultimate mod-
erate disability, mRS score 4

11 73, F Supraclinoid ICA Yes Giant ECA-M2 (high flow) Severe SAH, permanent severe defi-
cit, dependent condition in skilled 
nursing facility

Dependent, nursing home, mRS 
score 5

12 55, M Basilar No Giant ECA-PCA (high flow) DVT, treated w/ anticoagulation & IVC 
filter

Normal

13 39, F MCA No Giant STA-MCA (low flow) DVT, treated w/ anticoagulation & IVC 
filter, full recovery

Normal

14 42, M Supraclinoid ICA Yes Giant STA-MCA (low flow) DVT, vasospasm mRS score 3
15 59, F Cavernous ICA No Giant STA-MCA (low flow) DVT Normal
16 44, M Paraclinoid Yes Giant STA-MCA (low flow) DVT, severe vasospasm mRS score 3
17 65, F Paraclinoid No Giant STA-MCA (low flow) Epidural hematoma developed POD 3 

probably related to anticoagulation, 
required surgical evacuation

Normal

18 68, M Supraclinoid ICA Yes Giant STA-MCA (low flow) Mild myocardial infarction Normal
19 45, F Paraclinoid No Giant STA-MCA, 2 bypass-

es using both STA 
divisions (double 
barrel; low flow)

Wound dehiscence requiring revision 
surgery

Normal

20 44, F Supraclinoid ICA Yes Large STA-MCA (low flow) Severe SAH, prolonged vasospasm mRS score 3
21 70, M MCA Yes Giant STA-MCA (low flow) Severe SAH, prolonged vasospasm mRS score 3

ARDS = acute respiratory distress syndrome; DVT = deep vein thrombosis; IVC = inferior vena cava; POD = postoperative day; rehab = rehabilitation.
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causes.13,22 The current study’s low rates of both morbidity 
and mortality demonstrate that bypass remains a potential 
alternative to endovascular therapy and is a particularly 
useful adjunct to limit the risk of distal ischemic injury 
when parent artery occlusion is contemplated. Low-flow 
STA-MCA bypass preserved adequate flow in many cases 
in our series, including in selected cases of ICA occlusion, 
precluding the need for high-flow anastomosis. We suggest 
that such low-flow bypass may represent a favorable option 
given its simplicity and the excellent clinical outcomes 
that were achieved using lower-flow bypass in our series. 
It should be noted that, despite our reasonable results, we 
were challenged in controlling ischemic and hemorrhagic 
complications at the time of parent artery occlusion of gi-
ant dissecting basilar aneurysms, a subset of lesions that 
remains a challenging and ongoing management problem 
for neurovascular surgeons.8

High-Volume Centers and Complication Rates
Lower complication rates at high-volume centers have 

been demonstrated in both endovascular6 and open micro-
surgical5 aneurysm care, suggesting that complex aneu-
rysms may be best addressed at highly specialized cen-
ters.6 Nevertheless, there has been a recent trend toward 
aneurysm treatment at low-volume hospitals6 as well as the 
appearance of centers offering exclusively or almost ex-
clusively endovascular treatment options.30 It is likely that 
these developments will further erode proficiency with 
open microsurgery for IAs, particularly the more compli-
cated cerebral revascularization techniques described in 
this report. This suggests that as the expansion of endovas-
cular therapy further limits the role of open microsurgery 
for IAs, the treatment of those aneurysms that are not ame-
nable to simple endovascular therapy should be undertaken 
as much as possible by specialized and experienced teams 
that can offer the full spectrum of treatment options and 
that have demonstrated lower rates of complications.11,13,24

IC-IC and In Situ Bypass
In this series, we used on occasion both IC-IC bypasses, 

which avoid the need to bypass from an extracranial do-
nor artery, and in situ options, which avoid the need for 
a donor vessel completely. A previous report by Sanai et 
al. illustrated that IC-IC bypasses have patency and com-
plication rates that are similar to those of extracranial-IC 
bypasses,26 while Abla et al. have argued that PICA aneu-
rysms respond best to PICA-PICA anastomosis.1 In this 
series, we performed 11 IC-IC and in situ bypasses with 
only one major complication, corroborating basic safety 
and efficacy, but larger studies are needed to demonstrate 
the complication rates and relative safety of IC-IC and in 
situ bypasses, which may put at risk normal vascular ter-
ritories that are used as the “donor” vessels in such cases.

Limitations
This study has a number of important limitations. Our 

statistical analysis was likely limited by insufficient power 
for comparison of patency between low- and high-flow by-
passes. In addition, our conclusions were limited based on 
the fact that we drew from a single surgeon’s experience, 

which may mean they are not representative of generalized 
surgical results. The study also spans an 18-year period, so 
the indications for surgery and techniques of both bypass 
and competing surgical options were not consistent across 
all patients. Though we presented follow-up information 
on morbidity and mortality, we did not gather data about 
patients with similar presentations who underwent alterna-
tive treatment options, and, therefore, we could not provide 
a direct comparison of outcomes.

Conclusions
Revascularization is a critical tool in the management 

of select patients with complex intracranial aneurysms. 
Aneurysm treatment centers capable of offering various 
bypass techniques are essential for the management of 
such challenging lesions, and BTO provides a classifica-
tion method for low- versus high-flow bypass in selected 
cases. Our comparisons between high-flow and low-flow 
bypasses showed high rates of patency and low compli-
cation rates for low-flow bypass, demonstrating that low-
flow bypass, given its simplicity, should be considered in 
selected patients as described above. We also found that 
either proximal or distal parent artery occlusion alone pro-
vides excellent long-term aneurysm control, potentially 
avoiding the use of the more traditional option of trap-
ping the involved segment, which may carry an increased 
risk of local perforator injury. Since this is a single-center 
experience, we recommend further studies to compare 
low- versus high-flow bypasses. Despite the trend toward 
management of IAs in smaller centers, including centers 
that offer only endovascular therapy, we suggest that more 
complex lesions such as those described in this report are 
best managed in highly specialized centers that maintain 
the full spectrum of management options, including both 
endovascular and open microsurgical techniques.
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