
Management and Long-Term Outcomes of Peripheral Cerebral Aneurysms
Associated with Moyamoya Disease: A Single-Center Case Series
Makoto Mizushima 

Hokkaido University Graduate School of Medicine
Taku Sugiyama 

Hokkaido University Graduate School of Medicine
Haruto Uchino 

Hokkaido University Graduate School of Medicine
Masaki Ito 

Hokkaido University Graduate School of Medicine
Toshiya Osanai 

Hokkaido University Graduate School of Medicine
Miki Fujimura 

Hokkaido University Graduate School of Medicine

Research Article

Keywords: Moyamoya disease, Peripheral cerebral aneurysm, Periventricular anastomosis, Cerebral revascularization, Hemodynamic assessment,
Rebleeding

Posted Date: October 14th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10976871/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full License

Additional Declarations: No competing interests reported.

Page 1/15

https://doi.org/10.21203/rs.3.rs-10976871/v1
https://doi.org/10.21203/rs.3.rs-10976871/v1
https://doi.org/10.21203/rs.3.rs-10976871/v1
https://creativecommons.org/licenses/by/4.0/


Abstract
Peripheral aneurysms arising from periventricular collateral pathways in moyamoya disease (MMD) are rare and remain challenging to manage, particularly
when they persist or are detected after cerebral revascularization. We retrospectively reviewed 79 consecutive patients with MMD who experienced
intracranial hemorrhage during their clinical course between 1989 and 2026 and identified 11 patients harboring 13 peripheral aneurysms. Aneurysms
detected before ipsilateral revascularization were classified as pre-revascularization aneurysms (Pre-R ANs), whereas those first detected after
revascularization were classified as post-revascularization aneurysms (Post-R ANs). Seven patients had Pre-R ANs and four had Post-R ANs. Among the
seven patients with Pre-R ANs, six ultimately underwent combined cerebral revascularization; complete aneurysm resolution occurred in three, whereas
aneurysms persisted in the remaining three. All three patients with Persistent Pre-R AN subsequently experienced rebleeding 4 months to 11 years after
revascularization and underwent parent artery occlusion using N-butyl-2-cyanoacrylate (NBCA), achieving complete aneurysm obliteration without procedure-
related neurological deterioration. Among the four patients with Post-R ANs, two had persistent hemodynamic insufficiency and achieved complete
aneurysm resolution after additional revascularization. Of the remaining two, one underwent neuroendoscope-assisted parent artery trapping and the other
showed spontaneous aneurysm resolution during observation. At final imaging follow-up, all aneurysms had resolved or been obliterated in 10 of the 11
patients. Persistent Pre-R ANs warrant careful long-term surveillance because of the potential for delayed rebleeding. For Post-R ANs, angiographic and
hemodynamic assessment of revascularization adequacy may help guide treatment selection between additional revascularization and aneurysm-directed
treatment.

Introduction
Moyamoya disease (MMD) is a chronic occlusive cerebrovascular disorder marked by progressive stenosis of the terminal internal carotid arteries and the
compensatory formation of fragile collateral vessels at the base of the brain[7, 30]. These abnormal collateral pathways, particularly periventricular
anastomoses such as choroidal and thalamic collaterals, are exposed to chronic hemodynamic stress and may occasionally give rise to peripheral
aneurysms, which can result in devastating intracranial hemorrhage[9]. A systematic review of 72 patients with ruptured choroidal collateral aneurysms
found that 40% of those initially managed conservatively experienced rehemorrhage, with 63% of these events occurring within 35 days; overall, 41% died or
remained permanently disabled[35]. The Japan Adult Moyamoya (JAM) Trial provided randomized evidence supporting direct revascularization surgery for
adult hemorrhagic MMD, with its findings suggesting a reduction in the risk of rebleeding compared with conservative management [6, 26]. However, the trial
was not designed to address aneurysm-specific management and did not provide detailed information on the presence, characteristics, or clinical course of
peripheral aneurysms. Consequently, the optimal management of hemorrhagic MMD complicated by peripheral aneurysms, particularly the indications and
timing for direct aneurysm treatment, remains uncertain.

Several studies have suggested that cerebral revascularization alone, even in the absence of direct aneurysm obliteration procedures, may induce regression
of peripheral aneurysms in MMD by alleviating hemodynamic stress on fragile collateral vessels[11, 21, 28]. However, regression of peripheral aneurysms
after revascularization is not universal; some aneurysms have been reported to remain stable or persist despite successful bypass surgery[4, 28].
Furthermore, aneurysm enlargement, rerupture, or de novo formation after revascularization has also been described[20, 29, 37]. These observations suggest
that cerebral revascularization may induce complex and dynamic alterations in collateral flow patterns, and that transient or localized hemodynamic stress
on fragile periventricular collaterals may persist or even increase during the postoperative period[13, 37].

Parent artery occlusion using liquid embolic materials such as N-butyl-2-cyanoacrylate (NBCA) or Onyx has recently emerged as a less invasive treatment
option for peripheral aneurysms that fail to regress, continue to enlarge, or cause recurrent hemorrhage after cerebral revascularization, providing an
alternative to direct microsurgical intervention[19, 38, 39, 41]. However, these aneurysm-bearing arteries often supply functionally critical deep brain regions
and serve as important collateral pathways in MMD. Therefore, whether parent artery occlusion can be safely performed without worsening neurological
deficits must be carefully determined on a case-by-case basis, and no established criteria currently exist to guide this decision.

Although individualized treatment strategies, including additional cerebral revascularization, microsurgical aneurysm obliteration, endovascular intervention,
and close radiological observation, have all been reported for peripheral aneurysms associated with MMD, these approaches are largely based on isolated
case reports or small case series[1–3, 12, 29, 37]. Consequently, no evidence-based management strategy has been established, particularly for aneurysms
that persist, recur, or newly develop after cerebral revascularization. Therefore, we examined the long-term clinical course and treatment outcomes of
peripheral aneurysms associated with MMD to propose a practical management framework, with particular emphasis on lesions that persist or are detected
after revascularization.

Materials and Methods

Ethics statement
This study was performed in accordance with the Declaration of Helsinki and its later amendments and was approved by the Institutional Review Board of
Hokkaido University Hospital (approval no. 015–0086). The requirement for written informed consent was waived because only existing clinical and
radiological data were used. Study information was posted on the hospital website, and patients were given the opportunity to opt out.

Study population
We retrospectively reviewed 79 consecutive patients with MMD who experienced at least one intracranial hemorrhagic event during their clinical course and
were treated at Hokkaido University Hospital between January 1989 and January 2026, using our institutional MMD database.
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The diagnosis of MMD was confirmed based on cerebral angiography or magnetic resonance angiography (MRA) according to the current Japanese
diagnostic criteria[7, 23]. Among these patients, 11 patients (13.9%) were identified as harboring peripheral aneurysms arising from periventricular collateral
pathways and were included in the present study.

Peripheral aneurysms were defined as aneurysms arising from periventricular anastomoses, including the lenticulostriate artery (LSA), thalamoperforating
artery (TPA), thalamotuberal artery (TTA), anterior choroidal artery (AChA), and posterior choroidal artery (PChA)[8]. One patient included in this cohort (Case
9) was previously described in a case report of neuroendoscope-assisted aneurysm trapping for a ruptured intraventricular aneurysm associated with
MMD[31]. The present study incorporates this case as part of a larger retrospective cohort analysis focused on the clinical course and management of MMD-
associated peripheral aneurysms.

Data collection
Clinical and radiological records were retrospectively reviewed. The following variables were collected: sex, age at diagnosis of MMD, initial clinical
presentation, age and clinical context at aneurysm detection, aneurysm side and location, number of aneurysms, age at aneurysm rupture, interval between
MMD diagnosis and aneurysm rupture, Suzuki stage, history of ipsilateral cerebral revascularization before aneurysm rupture, interval between prior
ipsilateral revascularization and aneurysm rupture when applicable, initial management after aneurysm rupture, postoperative development of bypasses,
angiographic response to initial management, occurrence and timing of rebleeding after initial management, treatment for rebleeding, follow-up duration,
final aneurysm outcome, and final functional outcome assessed using the modified Rankin Scale (mRS).

Aneurysm categorization
Given that cerebral revascularization is the mainstay of surgical treatment for MMD and may substantially alter cerebral hemodynamics, peripheral
aneurysms were categorized according to the timing of detection relative to ipsilateral cerebral revascularization. Aneurysms detected before
revascularization were defined as pre-revascularization aneurysms (Pre-R AN), whereas those first detected after revascularization were defined as post-
revascularization aneurysms (Post-R AN). Pre-R ANs were further subclassified according to their angiographic response to revascularization into Resolved
Pre-R ANs and Persistent Pre-R ANs.

As part of our routine postoperative follow-up protocol, magnetic resonance imaging (MRI) and time-of-flight magnetic resonance angiography (TOF-MRA)
were generally performed in the early postoperative period and at approximately 1, 3, and 6 months. Thereafter, patients were followed with MRI and MRA at
6–12-month intervals according to their clinical condition. Postoperative development of direct and indirect bypasses was angiographically graded according
to the extent of cortical revascularization, as previously described[14, 16, 34]. Revascularization was categorized as excellent, good, or poor according to the
territory supplied by the surgical collaterals. The status of peripheral aneurysms was assessed for interval changes in size or morphology. Resolution was
defined as complete disappearance of the aneurysm on follow-up angiographic imaging, whereas persistence was defined as failure to achieve complete
disappearance. In cases in which aneurysm status could not be reliably determined by MRA, additional evaluation with digital subtraction angiography (DSA)
or CT angiography (CTA) was performed.

Aneurysm response to revascularization was assessed at the lesion level, whereas clinical categorization and outcomes were assessed at the patient level.
In patients with multiple Pre-R ANs, patients with at least one persistent aneurysm were classified as having Persistent Pre-R AN.

Treatment strategy
Treatment decisions were made according to the standards of care and Japanese guidelines available at the time of treatment and were individualized
according to the clinical and hemodynamic status of each patient[7].

In patients with Pre-R AN, combined cerebral revascularization was generally performed as the first-line treatment without immediate aneurysm-directed
intervention. Our combined revascularization procedure typically consisted of direct superficial temporal artery–middle cerebral artery (STA–MCA) bypass
using one or two cortical M4 recipient arteries, together with indirect revascularization. The surgical technique and perioperative management protocol have
been described in detail in our previous reports[5, 17, 22].

For Persistent Pre-R ANs and Post-R ANs, subsequent treatment was individualized on the basis of angiographic and hemodynamic findings. Cerebral
angiography was used to assess bypass patency, the perfusion territory supplied by the established surgical collaterals, and the residual periventricular
collateral pathway harboring the aneurysm. N-isopropyl-p-[¹²³I]iodoamphetamine (¹²³I-IMP) single-photon emission computed tomography (SPECT) was used
to assess residual cerebral hemodynamic compromise. These findings were integrated to determine whether the aneurysm-bearing territory remained
hemodynamically dependent on the periventricular collateral pathway.

When residual hemodynamic compromise was present and further bypass surgery was considered feasible, additional revascularization was considered[18,
33]. Aneurysm-directed treatment, primarily endovascular parent artery occlusion using NBCA, was considered when additional revascularization was
technically infeasible or unlikely to provide further hemodynamic benefit, or when the aneurysm reruptured despite prior revascularization. Microsurgical or
neuroendoscope-assisted trapping was considered when endovascular treatment was not feasible, whereas close observation was selected when the
anticipated treatment risk was considered to outweigh the potential benefit.

Results
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Patient characteristics
A total of 11 patients with MMD–associated peripheral aneurysms were identified. Patient and aneurysm characteristics are summarized in Table 1. The
cohort consisted predominantly of female patients (10/11, 90.9%), with only one male patient (9.1%). The mean age at diagnosis of MMD was 42.5 ± 16.0
years. The initial clinical presentation of MMD was intracranial hemorrhage in 6 patients (54.5%), transient ischemic attack in 2 patients (18.2%), cerebral
infarction in 1 patient (9.1%), and asymptomatic disease in 2 patients (18.2%). The asymptomatic cases were incidentally diagnosed during neuroimaging
performed for unrelated medical conditions.

Table 1
Clinical and aneurysm characteristics of patients with MMD-associated peripheral aneurysms Abbreviations: F, female; M, male; mo, months; y, years; ACh

choroidal artery; AN, aneurysm; CI, cerebral infarction; ICH, intracerebral hemorrhage; LPChA, lateral posterior choroidal artery; MMD, moyamoya disease; MP
posterior choroidal artery; NA, not applicable or not assessable; Rt, right; Lt, left; TPA, thalamoperforating artery; TIA, transient ischemic attack.

Case
No.

Sex Age at
MMD
diagnosis

Initial MMD
presentation

Suzuki
stage

Age at
AN
detection

Detection
context

Side /
location

No.
of
ANs

Age at
AN
rupture

Interval
from
MMD
diagnosis
to AN
rupture

Prior ipsilateral
revascularization

Inter
prior
revas
to AN

1 F 55 ICH 4 55 AN rupture Rt /
TPA

1 55 0 No NA

2 F 56 ICH 3 62 AN rupture Lt /
AChA

3 62 6 y No NA

3 F 33 ICH 4 33 AN rupture Lt/
AChA

1 33 0 No NA

4 F 42 TIA 3 54 AN rupture Lt /
AChA

1 54 12 y No NA

5 M 37 ICH 4 37 AN rupture Rt /
LPChA

1 37 0 No NA

6 F 54 Asymptomatic 4 54 Incidental
detection

Rt /
AChA

1 60 6 y No NA

7 F 65 ICH 3 65 Contralateral
ICH
unrelated to
AN

Rt /
AChA

1 65 0 No NA

8 F 44 ICH 3 44 AN rupture Rt /
LPChA

1 44 9 mo Yes 6 mo

9 F 49 Asymptomatic 3 53 AN rupture Lt /
AChA

1 53 4 y Yes 2 y

10 F 15 CI 4 35 AN rupture Rt /
MPChA

1 35 20 y Yes 20 y

11 F 17 TIA 4 55 AN rupture Rt /
AChA

1 55 38 y Yes 38 y

Clinical and angiographic characteristics of peripheral aneurysms
A total of 13 peripheral aneurysms were identified in 11 patients; one patient harbored three aneurysms. With regard to aneurysm location, the anterior
choroidal artery (AChA) was the most common site, accounting for 9 of the 13 aneurysms (69.2%). Three aneurysms (23.1%) arose from the posterior
choroidal artery, including two from the lateral posterior choroidal artery (LPChA) and one from the medial posterior choroidal artery (MPChA). One
aneurysm (7.7%) arose from the thalamoperforating artery (TPA).

Peripheral aneurysms were identified following aneurysmal hemorrhage in 9 of the 11 patients (81.8%). In one patient (9.1%), the aneurysm was incidentally
detected during neuroimaging for an unrelated medical condition, whereas in another (9.1%), it was identified during evaluation of a contralateral
intracerebral hemorrhage unrelated to the aneurysm. Both of these initially unruptured aneurysms subsequently ruptured during the clinical course. Seven
patients (63.6%) were classified as having Pre-R AN and four (36.4%) as having Post-R AN. Among patients with Post-R AN, the interval between ipsilateral
revascularization and aneurysm rupture ranged from 6 months to 38 years.

Notably, two patients with Post-R ANs (Cases 10 and 11) had ischemic presentations of MMD at 15 and 17 years of age and subsequently experienced
aneurysmal hemorrhage at 35 and 55 years, respectively.

Treatment and clinical course
Management strategies and long-term outcomes are summarized in Table 2. Among the seven patients with Pre-R AN, one patient (Case 7) experienced
devastating aneurysm rupture while awaiting surgery and therefore did not undergo revascularization. The remaining six patients ultimately underwent
combined cerebral revascularization. Complete aneurysm resolution was achieved in three patients (Resolved Pre-R AN), whereas at least one aneurysm
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persisted in the other three (Persistent Pre-R AN). In Case 2, who harbored three aneurysms, one resolved while the remaining two persisted. All three
patients with Persistent Pre-R AN subsequently experienced rebleeding at 4 months, 4 years, and 11 years after revascularization, respectively. All three had
well-established revascularization with no expected hemodynamic benefit from additional bypass surgery and therefore underwent parent artery occlusion
using NBCA.

Table 2
Management and long-term outcomes of MMD-associated peripheral aneurysms

Case
No.

Initial
management
after AN rupture

Bypass
development
after initial
revascularization
(direct /indirect)

AN response
after initial
management

Rebleeding
after initial
management

Interval from
initial
management
to rebleeding

Clinical
category

Treatment
for
rebleeding

Follow-
up (y)

Final AN
outcome

1 Combined
revascularization

Excellent/

Excellent

Resolution No – Resolved
Pre-R AN

– 27.6 Resolution

2 Combined
revascularization

Good/

Good

1 resolved, 2
persisted

Yes 11 y Persistent
Pre-R AN

Targeted
embolization

12.6 Obliteration

3 Combined
revascularization

Poor/

Excellent

Resolution No – Resolved
Pre-R AN

– 12.0 Resolution

4 Combined
revascularization

Good/

Good

Persistence Yes 4 mo Persistent
Pre-R AN

Targeted
embolization

0.9 Obliteration

5 Combined
revascularization

Good/

Excellent

Persistence Yes 4 y Persistent
Pre-R AN

Targeted
embolization

8.5 Obliteration

6 Combined
revascularization

Excellent/

Poor

Resolution No – Resolved
Pre-R AN

– 12.8 Resolution

7 No treatment
(severe
deterioration)

-/- NA NA NA Pre-R AN – 0.2 Untreated

8 Additional
combined
revascularization

Poor/

Poor

Resolution No – Post-R
AN

– 2.1 Resolution

9 Neuroendoscope-
assisted AN
trapping

Excellent/

Good

Obliteration No – Post-R
AN

– 7.6 Obliteration

10 Additional
indirect
revascularization

Good/

Excellent

Resolution No – Post-R
AN

– 5.6 Resolution

11 Observation Good/

Excellent

Spontaneous
resolution

No – Post-R
AN

– 4.7 Resolution

Among the four patients with Post-R AN, two (Cases 8 and 10) had persistent hemodynamic insufficiency and underwent additional revascularization with
occipital artery–middle cerebral artery (OA–MCA) bypass and supplementary encephalo-duro-pericranial synangiosis (EDPS), respectively, resulting in
complete aneurysm resolution in both. One patient (Case 11) showed spontaneous aneurysm resolution without additional intervention. The remaining
patient (Case 9), who developed recurrent hemorrhage despite well-developed direct and indirect collateral pathways, underwent neuroendoscope-assisted
parent artery trapping because additional bypass surgery was considered unlikely to provide further hemodynamic benefit. All aneurysms undergoing direct
aneurysm treatment were completely obliterated without procedure-related neurological deterioration.

At the final available imaging follow-up, all aneurysms had resolved or been obliterated in 10 of the 11 patients; Case 7 did not undergo definitive treatment
because of severe neurological deterioration following aneurysm rupture. The median follow-up from aneurysm detection to the final clinical assessment
was 7.6 years (range, 0.2–27.6 years). At the final follow-up, 7 of the 11 patients (63.6%) had a favorable functional outcome (mRS 0–2).

Representative cases

1) Case 3: Resolution of a Pre-R AN after revascularization
A 33-year-old woman presented with headache, vomiting, and impaired consciousness due to predominantly left-sided intraventricular hemorrhage (Fig. 1A).
Cerebral angiography demonstrated bilateral MMD with prominent choroidal anastomoses and a 5-mm peripheral aneurysm arising from the left AChA,
which was considered the source of hemorrhage (Fig. 1B, C). 123I-IMP SPECT demonstrated hemodynamic compromise in the left cerebral hemisphere.

She underwent left double STA–MCA bypass combined with encephaloduro-myo-arterio-synangiosis (EDMAS). Follow-up angiography two months later
demonstrated well-developed surgical collateral circulation, attenuation of the choroidal anastomosis, and complete disappearance of the AChA aneurysm
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without direct aneurysm treatment (Fig. 1D, E). She subsequently underwent contralateral revascularization and remained free of recurrent hemorrhagic or
ischemic events for more than 10 years, with a final mRS score of 1.

2) Case 5

3) Persistent Pre-R AN requiring NBCA embolization

A 37-year-old man presented with a right temporal lobe hemorrhage. Cerebral angiography demonstrated bilateral MMD and a peripheral aneurysm arising
from the right LPChA, which was considered the source of hemorrhage (Fig. 2A, B). He underwent right combined cerebral revascularization at the referring
hospital.

Four years later, he developed recurrent hemorrhage adjacent to the previous hematoma with intraventricular extension (Fig. 2C). Angiography demonstrated
persistence of the LPChA aneurysm. The direct and indirect surgical collaterals were well developed (Fig. 2D), and 123I-IMP SPECT showed no residual
hemodynamic compromise in the right hemisphere outside the previously damaged temporoparietal region (Fig. 2E). Because additional revascularization
was considered unlikely to provide further hemodynamic benefit, parent artery occlusion with NBCA was performed, resulting in complete aneurysm
obliteration without neurological deterioration (Fig. 2F-H). No further hemorrhagic events occurred during four years of follow-up, and he remained
functionally independent with a final mRS score of 2.

4) Case 8

5) Resolution of a Post-R AN after additional revascularization

A 44-year-old woman initially presented with intraventricular hemorrhage. Cerebral angiography demonstrated bilateral MMD with a prominent right LPChA-
derived periventricular collateral pathway, but no peripheral aneurysm was identified (Fig. 3A, B). Three months later, she underwent right combined cerebral
revascularization with a double STA–MCA bypass.

Six months after revascularization, she developed a right thalamic hemorrhage with intraventricular extension (Fig. 3C). Angiography demonstrated
persistence of the LPChA collateral pathway and a newly detected peripheral aneurysm considered responsible for the hemorrhage (Fig. 3D). The frontal
branch of the STA–MCA double bypass was occluded with limited indirect collateral development (Fig. 3E), and 123I-IMP SPECT demonstrated persistent
right hemispheric hemodynamic compromise (Fig. 3F). Additional revascularization with an OA–MCA bypass combined with EDMAS was therefore
performed. Follow-up angiography six months later demonstrated improved intracranial perfusion and complete aneurysm resolution (Fig. 3G, H). At the last
follow-up, she remained clinically stable with a final mRS score of 3.

Discussion
The present study examined the long-term clinical course and management of MMD-associated peripheral aneurysms arising from periventricular collateral
pathways. Three findings are particularly noteworthy. First, cerebral revascularization resulted in complete aneurysm resolution in half of the patients with
Pre-R AN who underwent surgery, supporting the established hemodynamic rationale for revascularization. Second, all three patients with Persistent Pre-R
AN subsequently experienced rebleeding, occurring from 4 months to 11 years after revascularization, suggesting that persistent aneurysms should not
necessarily be regarded as benign residual lesions. Third, Post-R ANs were observed under different hemodynamic conditions: some were associated with
insufficient revascularization and resolved after additional bypass surgery, whereas others occurred despite well-developed surgical collateral circulation.
These findings suggest that the timing of aneurysm detection relative to revascularization, together with postoperative angiographic and hemodynamic
assessment, may provide a practical framework for individualized management.

Pre-R AN group: Cerebral revascularization remains the first-line treatment
Peripheral aneurysms arising from periventricular collateral pathways before ipsilateral cerebral revascularization are generally considered to result from
chronic hemodynamic stress on fragile collateral vessels in MMD[21]. Importantly, previous angiographic studies have demonstrated that cerebral
revascularization can induce regression of abnormal periventricular anastomoses, including choroidal and other deep collateral pathways, presumably by
providing alternative cortical blood flow and reducing the dependence on these fragile collateral networks[10, 25, 36, 40]. This postoperative remodeling of
the collateral circulation provides a plausible hemodynamic mechanism for the regression of peripheral aneurysms arising from these pathways.
Consequently, cerebral revascularization can reduce this hemodynamic burden and may induce spontaneous aneurysm regression without direct aneurysm
treatment[15, 21, 27, 28]. Previous systematic reviews have reported aneurysm resolution in approximately 75–82% of patients treated initially with cerebral
revascularization, with no reported rebleeding after complete aneurysm disappearance[4, 35]. These observations support cerebral revascularization as the
preferred initial treatment for ruptured Pre-R ANs when technically feasible. However, when rapidly recurrent or life-threatening hemorrhage precludes timely
revascularization, urgent aneurysm-directed treatment may be considered for life-saving purposes, with careful consideration of the risk of compromising
essential collateral flow.

Our findings were generally consistent with this concept. Among the six patients with Pre-R AN who ultimately underwent combined cerebral
revascularization, complete aneurysm resolution was achieved in three (50%) without direct aneurysm treatment. Importantly, however, the remaining three
patients had persistent aneurysms after revascularization, and all subsequently experienced rebleeding at 4 months, 4 years, and 11 years, respectively.
Previous studies have reported similar residual aneurysms after revascularization, although they have generally been described simply as stable lesions. In
the series reported by Ni et al., one of 13 aneurysms (7.7%) remained stable after combined revascularization[28]. Likewise, Liu et al. reported that two of five
pediatric posterior choroidal artery aneurysms (40%) remained stable following indirect revascularization[24]. Furthermore, in the recent systematic review
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by Feng et al., four of 27 aneurysms (14.8%) remained stable and one (3.7%) decreased in size after cerebral revascularization[4]. Importantly, however, the
subsequent long-term clinical course of these persistent aneurysms has not been adequately described, and their long-term risk of rerupture remains
uncertain. Although our sample size is small, the present observations suggest that persistent aneurysms after revascularization may retain a clinically
relevant risk of delayed hemorrhage and therefore warrant continued vascular surveillance.

Several authors have reported primary aneurysm-directed treatment for ruptured peripheral aneurysms associated with MMD, including microsurgical
trapping or clipping and endovascular parent artery occlusion, either alone or in combination with cerebral revascularization[1–3, 12, 32]. However, we believe
these approaches should be adopted with caution, particularly before adequate surgical collateral circulation has been established. In the systematic review
by Wiedmann et al., surgical treatment with or without revascularization was associated with relatively high complication rates, including an overall
complication rate of 25% and permanent neurological deficits in 20% of patients[35]. Similar concerns have also been raised regarding endovascular
treatment because the parent vessels harboring these aneurysms are often fragile periventricular collateral pathways supplying eloquent brain regions
through compensatory collateral circulation. From a hemodynamic perspective, these aneurysm-bearing collateral vessels arise as a compensatory response
to chronic cerebral hypoperfusion. Therefore, direct occlusion of the parent artery before sufficient surgical collateral circulation has developed may interrupt
an essential collateral pathway and substantially increase the risk of ischemic complications. For this reason, we believe that direct aneurysm treatment
should generally be considered only after angiographic and hemodynamic assessment confirms adequate alternative perfusion, or when further
revascularization is technically infeasible or unlikely to provide additional benefit. Conversely, once angiography and cerebral blood flow studies confirm that
the aneurysm-bearing collateral territory is adequately supplied by mature surgical collaterals, the hemodynamic significance of the original periventricular
collateral pathway is expected to be markedly reduced. Under these circumstances, parent artery occlusion by either NBCA embolization or microsurgical
trapping may be performed with a substantially lower risk of ischemic complications. Consistent with this concept, all three patients with persistent
aneurysms after successful revascularization (Persistent Pre-R AN) in our series underwent parent artery occlusion using NBCA without any procedure-
related neurological deterioration.

Post-R AN group: Hemodynamic evaluation–guided individualized management
Although cerebral revascularization is generally expected to reduce hemodynamic stress on periventricular collateral pathways, resulting in regression of
both the collateral vessels and associated peripheral aneurysms, de novo peripheral aneurysms arising from periventricular collateral pathways have
occasionally been reported after ipsilateral cerebral revascularization[20, 29]. Kim et al. reported a patient who developed a de novo distal anterior choroidal
artery aneurysm 4 years after STA–MCA bypass combined with indirect revascularization[20]. The aneurysm subsequently ruptured and was treated with
direct clipping. Likewise, Otawara et al. reported delayed hemorrhage from a persistent anterior choroidal artery aneurysm 10 years after bilateral STA–MCA
bypass combined with indirect revascularization[29]. These reports indicate that peripheral aneurysms may newly develop or persist despite prior ipsilateral
cerebral revascularization. Consistent with these previous reports, 4 of the 11 patients (36.4%) in our cohort belonged to the Post-R AN group, in whom
peripheral aneurysms were first detected after ipsilateral cerebral revascularization. In our cohort, peripheral aneurysms were first detected 6 months to 38
years after ipsilateral revascularization, indicating that such lesions may become clinically apparent over a broad postoperative time course.

Our findings suggest that aneurysms first detected after ipsilateral revascularization are not a homogeneous entity but may arise under at least two distinct
hemodynamic conditions: inadequate revascularization and adequate revascularization. In the former, bypass occlusion or insufficient development of
surgical collaterals results in persistent cerebral hypoperfusion, leaving the aneurysm-bearing periventricular collateral pathway as an essential source of
cerebral blood flow. Consequently, chronic hemodynamic stress on these fragile collateral vessels is not sufficiently relieved, predisposing to de novo
aneurysm formation and subsequent rupture. This mechanism was supported by two patients in our cohort who showed residual hypoperfusion on 123I-IMP
SPECT despite prior revascularization. In both cases, additional targeted cerebral revascularization successfully eliminated the aneurysms, suggesting that
persistent hemodynamic stress on the aneurysm-bearing periventricular collateral pathway due to inadequate bypass coverage was the principal mechanism
of aneurysm formation. In contrast, the mechanism underlying de novo aneurysm formation despite adequate revascularization remains unclear. In this
subgroup, both direct and indirect surgical collaterals were well developed, and 123I-IMP SPECT demonstrated no apparent residual hemodynamic
compromise. Nevertheless, peripheral aneurysms developed on persistent periventricular collateral pathways. Although the precise mechanism remains
speculative, localized flow redistribution, persistent focal hemodynamic stress within the residual collateral network, or time-dependent alterations in
postoperative cerebral blood flow may contribute to aneurysm formation. Because additional revascularization is unlikely to provide further hemodynamic
benefit in these patients, direct aneurysm treatment, such as parent artery occlusion using NBCA, should be considered when appropriate.

Based on these observations, we believe that the management of de novo aneurysms after cerebral revascularization should begin with comprehensive
angiographic and hemodynamic evaluation. Assessment of bypass development and collateral circulation by cerebral angiography, together with evaluation
of cerebral perfusion using SPECT, may help distinguish inadequate from adequate revascularization. This distinction is clinically important because it
directly influences treatment selection, favoring additional targeted revascularization in the former and aneurysm-directed treatment in the latter.

Proposed management framework
Based on the present findings and available literature, we propose the practical management framework shown in Fig. 4.

For Pre-R ANs, cerebral revascularization should generally remain the preferred initial strategy when feasible, followed by imaging surveillance to confirm
aneurysm resolution. Persistent aneurysms require continued follow-up and reassessment of the established surgical collateral circulation. When adequate
revascularization has been achieved and no additional hemodynamic benefit is expected from further bypass surgery, aneurysm-directed treatment may be
considered.

For Post-R ANs, treatment should be guided by angiographic and hemodynamic evaluation. Persistent hypoperfusion or inadequate bypass coverage may
favor additional targeted revascularization, whereas well-established surgical collateral circulation with preserved cerebral perfusion may favor aneurysm-
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directed treatment. This framework should be regarded as an experience-based approach rather than a validated treatment algorithm and requires
confirmation in larger cohorts.

Limitations
This study has several limitations. First, it was a retrospective, single-center case series with a small number of patients, and the observed clinical courses
cannot be used to estimate the true risk of rupture or rebleeding. In particular, the finding that all three patients with Persistent Pre-R ANs subsequently
experienced rebleeding should be interpreted cautiously because of the very small sample size and potential selection bias. In addition, because the cohort
was restricted to patients with a history of intracranial hemorrhage, the findings may not be generalizable to peripheral aneurysms in patients with MMD who
have never experienced hemorrhage. Second, the study period spanned several decades, during which surgical techniques, perioperative management,
imaging protocols, and treatment strategies evolved, and procedures were performed by multiple surgeons. Treatment decisions and follow-up protocols
were therefore not completely standardized. Moreover, although bypass development was graded angiographically, this grading primarily reflects the extent
of cortical revascularization and does not directly quantify whether the specific territory supplied by the aneurysm-bearing collateral pathway was adequately
revascularized. Third, the timing and modality of vascular follow-up varied among patients, and some aneurysms classified as Post-R AN may have been
below the detection threshold on earlier imaging rather than truly developing de novo. Finally, the proposed management framework is based on a small
observational cohort and should be validated in larger multicenter studies before being applied as a standardized treatment algorithm.

Conclusions
Peripheral aneurysms arising from periventricular collateral pathways in MMD exhibit heterogeneous clinical courses and should not be managed uniformly.
Classification according to the timing of aneurysm detection relative to ipsilateral revascularization, together with postoperative angiographic and
hemodynamic assessment, may help guide treatment selection. Cerebral revascularization should be considered the first-line treatment for ruptured
peripheral aneurysms arising before ipsilateral revascularization, as it may reduce hemodynamic stress on abnormal collateral pathways and promote
spontaneous aneurysm regression. Persistent Pre-R ANs warrant careful long-term surveillance because of the potential for delayed rebleeding, whereas
management of Post-R ANs should be individualized according to the adequacy of cerebral revascularization.
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Figure 1

Case 3: Resolution of a Pre-R AN After Revascularization

(A) CT after emergency external ventricular drainage showing predominantly left-sided intraventricular hemorrhage.

(B) Frontal view of the left internal carotid angiogram demonstrating terminal internal carotid artery stenosis with a prominent choroidal anastomosis (white
arrowheads) and a 5-mm peripheral aneurysm arising from the left anterior choroidal artery (white arrow).

(C) Lateral view of the left internal carotid angiogram demonstrating the choroidal anastomosis (white arrowheads) and the peripheral aneurysm (white
arrow).

(D) Lateral view of the left external carotid angiogram obtained two months after surgery, showing well-developed direct STA–MCA bypass (white arrows)
and indirect collateral circulation supplied by the middle meningeal artery (MMA; white arrowheads) and deep temporal artery (DTA; black arrowheads).

(E) Lateral view of the left internal carotid angiogram obtained two months after combined cerebral revascularization, showing attenuation of the choroidal
anastomosis (white arrowheads) and complete resolution of the peripheral aneurysm (dotted circle).

Abbreviations:AChA, anterior choroidal artery; AN, aneurysm; CT, computed tomography; DTA, deep temporal artery; MCA, middle cerebral artery; MMA,
middle meningeal artery; Pre-R, pre-revascularization; STA, superficial temporal artery.
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Figure 2

Abbreviations: CT, computed tomography; AN, aneurysm; LPChA, lateral posterior choroidal artery; MCA, middle cerebral artery; NBCA, N-butyl-2-
cyanoacrylate; Pre-R, pre-revascularization; STA, superficial temporal artery; 123I-IMP SPECT, N-isopropyl-p-[¹²³I]iodoamphetamine single-photon emission
computed tomography.

Case 5: Persistent Pre-R AN Requiring NBCA Embolization

(A) CT at the initial hemorrhagic event showing a right temporal lobe hemorrhage.

(B) Right internal carotid angiogram at the initial hemorrhagic event showing a prominent LPChA-derived choroidal anastomosis (white arrowheads) and a
peripheral aneurysm (white arrow).
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(C) CT four years after cerebral revascularization showing recurrent hemorrhage adjacent to the previous hematoma cavity with intraventricular extension.

(D) Lateral view of the right external carotid angiogram showing a patent STA–MCA bypass and well-developed indirect collateral pathways through the
middle meningeal artery and deep temporal artery.

(E) 123I-IMP SPECT after the recurrent hemorrhage showing no apparent hemodynamic compromise in the right cerebral hemisphere except in the previously
damaged temporoparietal region.

(F) Right internal carotid angiogram after the recurrent hemorrhage showing persistence of the LPChA aneurysm despite well-developed cerebral
revascularization (white arrow).

(G) NBCA cast (white arrowhead) formed following injection through a microcatheter positioned in the right LPChA (white arrow).

(H) Right internal carotid angiogram after NBCA parent artery occlusion showing complete aneurysm obliteration (dotted circle).

 

Figure 3

Case 8: Resolution of a Post-R AN After Additional Revascularization

(A) CT at the initial hemorrhagic event showing intraventricular hemorrhage.

Page 13/15



(B) Lateral view of the right internal carotid angiogram showing a prominent LPChA-derived choroidal anastomosis (white arrowheads) without a peripheral
aneurysm.

(C) CT obtained six months after right cerebral revascularization showing right thalamic hemorrhage with intraventricular extension.

(D) Lateral view of the right internal carotid angiogram after the recurrent hemorrhage showing persistence of the LPChA-derived collateral pathway (white
arrowheads) and a newly detected peripheral aneurysm (white arrow).

(E) Lateral view of the right external carotid angiogram showing occlusion of the frontal branch of the STA–MCA bypass and patency of the parietal branch
(white arrow), with only limited intracranial collateral perfusion through the patent parietal branch (dotted circle).

(F) 123I-IMP SPECT showing hypoperfusion in the right MCA territory.

(G) Lateral view of the right external carotid angiogram showing well-developed intracranial perfusion through the OA bypass (white arrow).

(H) Lateral view of the right internal carotid angiogram obtained six months after additional OA–MCA bypass combined with EDMAS, showing complete
aneurysm resolution (dotted circle).

 

Abbreviations: AN, aneurysm; EDMAS, encephalo-duro-myo-arterio-synangiosis; LPChA, lateral posterior choroidal artery; MCA, middle cerebral artery; OA,
occipital artery; Post-R, post-revascularization; 123I-IMP SPECT, N-isopropyl-p-[¹²³I]iodoamphetamine single-photon emission computed tomography; STA,
superficial temporal artery.
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Figure 4

Proposed Management Framework for MMD-Associated Peripheral Aneurysms

Abbreviations: AN, aneurysm; MMD, moyamoya disease; NBCA, N-butyl-2-cyanoacrylate; Pre-R, pre-revascularization; Post-R, post-revascularization; DSA,
digital subtraction angiography; SPECT, single-photon emission computed tomography.
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