COGNITIVE FUNCTION IN ADULT MOYAMOYA DISEASE

Table 4. Discriminate analysis for prediction model

P value
Neuropsychologic test Fvalue (Prob > F)
Intelligence (WAIS-III)
Verbal IQ .807 404
Performance 1Q 282 614
Full Scale IQ .69 438
Verbal comprehension .087 778
Perceptual organization 118 743
Working memory 16.75 .005%*
Processing speed .033 .861
Memory (WMS-R)
Verbal Index .014 911
Visual Index .017 .901
General Index .002 .964
Attn/Conc Index 139 723
Delayed Index 143 719
Frontal lobe function
Frontal Assessment Battery .063 811
Trail Making Test A 792 408
Trail Making Test B 1.662 245
Wisconsin Card Sorting Test .19 .678
Go/No-GO task .059 .817
No-Go/Go task 231 .648
Apathy Scale 1.073 340
Theory of Mind (Eyes) 8.636 .022%

Abbreviations: Attn, Attention; Conc, Concentration; Eyes,
Reading the Mind in the Eyes; IQ, intelligence quotient; Prob, Prob-
ability; WAIS-II, Wechsler Adult Intelligence Scale-Third Edition;
WMS-R, Wechsler Memory Scale-Revised.

*P < .05, P < .01

standard deviations below the mean of healthy individ-
uals, other reports have shown memory to be unaffected
in adult moyamoya subjects.”** Usually, a lack of
memory  impairment associated with  spared
hypoperfusion in the medial temporal lobe is
characteristic of moyamoya disease. However, our
results showing impairment within group 2 on 3
subtests of the WMS-R could not be explained from the
SPECT data, indicating specific hypoperfusion in the
rest state and impaired cerebrovascular reserve in the
medial temporal lobe. This point remains unresolved,
whereas memory function maybe associated not only
with the medial temporal lobe but also with widespread
subcortical neuronal connections.

Frontal Lobe Functions

An extensive focus on frontal lobe function has not yet
been taken by previous research regarding moyamoya
disease. CBF and IMZ studies have shown that anterome-
dial frontal cortices fed by anterior circulation
develop blood insufficiencies.””? For this reason, several
neuropsychologic test batteries to evaluate frontal lobe
functioning in relation to hemodynamic compromise
were used for this preliminary study. Among these
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batteries, only scores from the TMT-B and Eyes tasks
were shown to be statistically lower in group 1 compared
with group 2. The TMT-B can estimate frontal lobe func-
tion in terms of problem solving and motor planning.?®
Performance on this test is known to be poor in adult pa-
tients with moyamoya disease,'>** and results from group
2, required time to complete the task was longer than
group 1, were compatible with these other studies.
Theory-of-mind tasks examine one’s ability to infer the
mental status of others. Here we used the revised version
of the Eyes test.">” This test had been given to patients
with other kinds of psychiatric disorders, and recent
neuroimaging studies of normal subjects indicate that
performing the Eyes task activates linked brain regions
including the medial prefrontal cortex, orbitofrontal
cortex, amygdala, temporal poles, and superior temporal
sulcus.”® Hirao et al”” has demonstrated that the mean ac-
curacy in the Eyes task generated by schizophrenic pa-
tients was significantly lower than that of normal
subjects. Furthermore, they provided a correlation analysis
between Eyes task impairment and structural alterations
using Voxel-based morphometry, which indicated specific
regional abnormalities in the left ventrolateral prefrontal
cortex of schizophrenic patients. To our knowledge, this
is the first report to show deficiency in theory-of-mind abil-
ity in patients with moyamoya disease. Although we did
not include a structural study, long-term chronic hypoper-
fusion in the anterior circulation could produce a dysfunc-
tion in medial and lateral regions of the anterior frontal
lobe, which might induce the theory-of-mind impairment
observed in group 2.

Discriminate Analysis

To determine which neuropsychologic tasks can best
detect neurocognitive dysfunction in adult patients with
moyamoya disease in a clinical setting, we conducted a
discriminate analysis using crude data from all neuropsy-
chologic tasks. Results showed that the Working Memory
and Eyes tasks were the best predictors, and a model
limited to those tasks successfully classified the patients
into 2 groups. This indicates that these 2 tasks have the
statistical power to diagnose neurocognitive dysfunction
in adult patients with moyamoya disease. Impairment
of these tasks could be the specific neurocognitive deficits
that inflict adult moyamoya patients.

Limitations

There are several limitations to this preliminary study.
First, the definition of “difficulty with social indepen-
dence” is still unclear, and selecting these patients was
not objective, so it maybe biased. A structured evaluation
system determined through a multicenter study is
required. Second, in considering the effect of CBF on neu-
rocognitive function, a history of revascularization surgery
should be matched. However, the aim of this study is not to
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compare neurocognitive function before and after the
revascularization surgery, but to collect long-term conse-
quence of neurocognitive function in adult patients with
moyamoya disease. Third, the number of patients enrolled
in this study was too small. Characteristics such as age,
type of onset, and radiological abnormality were not
matched between groups. However, it is particularly
worth nothing that the several group differences were
revealed even in small set of patients and detailed neuro-
psychologic tasks. This preliminary study would be funda-
mental data for a large-scale research and contributes to
understand the characteristics of cognitive dysfunction in
adult patients with moyamoya disease.

Conclusions

This study profiled neurocognitive function in adult
patients with moyamoya disease using structured neuro-
psychologic tasks. We showed that a broad range of
cognitive functions is disrupted particularly in the pa-
tients with difficulty in social independence. We found
that scores from the Working Memory (WAIS-II) and
Eyes tasks are a novel clinical approach to detect such
disadvantaged subjects even if they lack obvious abnor-
malities in brain images. Our findings also reveal subtle
impairments in intelligence function (Working Memory,
WAIS-III) in the socially independent patient population.
To obtain sufficiently powered evidence regarding the
cognitive deficits reported here, a multicenter prospective
study is needed in patients with moyamoya disease.
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Object. In the study of pediatric moyamoya disease, information on long-term social outcomes and risk factors
for unfavorable social outcomes remains insufficient. The authors analyzed the long-term results of surgical revas-
cularization for pediatric patients with moyamoya disease to determine whether the involvement of a stenoocclusive
lesion in the posterior cerebral artery (PCA), relatively common in pediatric moyamoya disease, represents an under-
lying predictor for unfavorable social outcomes.

Methods. Prospectively collected data on 61 consecutive patients with moyamoya disease who had undergone
combined bypass surgery were analyzed. Neuroradiological features and other baseline clinical factors were incor-
porated into univariate and multivariate analyses to determine any association with an unfavorable social outcome,
defined as difficulty attending regular school or obtaining regular employment.

Results. Posterior cerebral artery involvement detected by angiography on admission was noted in 22 (36.1%) of
the 61 patients. Follow-up data were acquired in 56 patients (91.8%), and the mean follow-up period was 15.8 years.
While transient ischemic attacks were eliminated in 52 (92.9%) of these 56 patients after surgery, and late-onset
ischemic stroke was observed in only 1 patient during the follow-up period, 10 (17.9%) experienced an unfavorable
social outcome. Although younger age at onset, longer duration between onset and surgery, infarction present on
preoperative neuroradiological images, and PCA involvement had been identified as risk factors for an unfavorable
social outcome in univariate analysis, only infarction present on preoperative images and PCA involvement remained
statistically significant after multivariate adjustment.

Conclusions. Posterior cerebral artery involvement can be considered one of the underlying risk factors for
unfavorable social outcome and should be studied further to improve social outcome in pediatric moyamoya disease.
(http:/ithejns.orgldoilabs/10.3171/2013.9.PEDS13111)

Key Worps

moyamoya disease ¢  cerebral revascularization °

social prognosis °

oyvamova disease, characterized by progressive
Mspontaneous occlusion of bilateral internal ca-

rotid arteries (ICAs) and development of abnor-
mal collateral vessels, is one of the major causes of stroke
in childhood. Surgical revascularization is believed to
benefit pediatric patients with moyamoya disease. Such
surgery is classified into 3 categories: direct, indirect, and
combined bypass. While indirect bypass is more com-
monly applied to pediatric patients than direct or com-

Abbreviations used in this paper: ACA = anterior cerebral artery;
EMS = encephalomyosynangiosis; ICA = internal carotid artery;
MCA = middle cerebral artery; mRS = modified Rankin Scale; PCA
= posterior cerebral artery; STA = superficial temporal artery.
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posterior cerebral artery

bined bypass, both types of surgery are equally effec-
tive for pediatric patients.> Recent studies have reported
favorable long-term results for both direct and indirect
bypasses in terms of preventing strokes or transient isch-
emic attacks.3613.1618.2531.3236 However, social outcomes
vary in terms of education and employment at adulthood,
and a substantial portion of the patients suffer from social
adaptation difficulties even after surgery.?’?° Although re-
ports associate several factors with unfavorable social or
functional outcomes,!%31417.2% studies addressing this is-
sue are lacking.

Involvement of a stenoocclusive lesion in the poste-
rior circulation, especially in the posterior cerebral artery
(PCA), is a relatively specific finding in juvenile-onset
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PCA involvement and social outcome in moyamoya disease

moyamoya disease.”” The PCA usually provides much
collateral flow to the anterior circulation in moyamoya
disease, and recent studies revealed a higher prevalence
of ischemic and hemorrhagic stroke in patients with such
PCA involvement.”?* However, any association between
long-term outcomes and PCA involvement in moyamoya
disease has not yet been closely examined.

We hypothesized that PCA involvement in pediatric
moyamoya disease represents an underlying factor for
poor social outcome. To test this hypothesis, we analyzed
long-term follow-up data on consecutive patients who had
survived at least 10 years after undergoing combined by-
pass surgery in childhood. Combined bypass surgery is
superficial temporal artery (STA) to middle cerebral ar-
tery (MCA) anastomosis with encephalomyosynangiosis
(EMS) Since the 1980s, our group has consistently ad-
opted combined bypass as the first-choice treatment for
pediatric patients with moyamoya disease.!*!> This was,
to the best of our knowledge, the longest follow-up study
among the previous reports on direct or combined bypass
for pediatric moyamoya disease.>61113.16

Methods

Patient Population

Between 1984 and 2003, the senior author (S.M.) per-
formed combined bypass surgery on 61 pediatric patients
with moyamoya disease at Kyoto University Hospital in
Kyoto, Japan, and its satellite hospital. The senior author
created a personal database by collecting data on these
consecutive cases including patient identification num-
ber, age at admission, sex, age at Symptom onset, primary
clinical manifestations at onset, clinical condition at ad-
mission (translated later into the modified Rankin scale
[mRS] score with age-specific modification*37), date and
procedure of surgery, and angiographic findings upon
each patient’s first or second admission. These patients
were followed prospectively at our hospital. This study
was approved by the ethics committee of the Kyoto Uni-
versity Graduate School of Medicine.

Diagnosis and Radiological Assessment

Moyamoya disease was diagnosed in the patients ac-
cording to criteria proposed by the Research Committee
on Moyamoya Disease in Japan.#?%34 The diagnoses were
confirmed by cerebral angiography in all cases. Children
with a typical occlusive finding in the unilateral ICA alone
were also considered to have moyamoya disease.3’ Chil-
dren with autoimmune disease, meningitis, brain tumor,
Down syndrome, neurofibromatosis Type 1, or a history of
head irradiation were excluded from the present study.

For all patients, we recorded the presence and distri-
bution of infarction before surgery as revealed through
CT in early cases or MRI. The hemisphere in which in-
farctions was dominantly distributed and the presence of
bilateral infarctions were also recorded. In cases in which
either the original CT scans or MR images were preserved,
one of the authors (T.F) quantitatively assessed the size
of infarction on preoperative images in which the patient
name was hidden. The area of infarction was measured
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with Adobe Photoshop software through manual tracing
of the lesion on the image slice with the maximum lesion

‘size. If the targeted slice contained more than 2 lesions,

the total area of all visible lesions was calculated.
Findings of all angiograms, which had first been re-
viewed by the senior author on patient admission, were
checked again by a coauthor (K.Y.) who was blinded to
all clinical information. Unilateral lesion of the ICA was
defined as unilateral stenosis or occlusion of the terminal
portion of the ICA with the formation of moyamoya ves-
sels accompanied by no or a subtle lesion around the con-
tralateral terminal portion of the ICA. The severity of dis-
ease progression in the ICA was evaluated with a 4-stage
system,?* with a higher ICA stage representing more ad-
vanced stenoocclusive lesions in the anterior circulation.
If the two hemispheres were classified as different ICA
stages, the higher stage was recorded. Involvement of the
PCA was defined as the presence of occlusion or stenosis
greater than 50% in the P, to P; segment of either PCA

(Fig. 1).
Treatment Protocol

Surgical revascularization was indicated for patients
with cerebral ischemic manifestations. Single photon
emission computed tomography (SPECT) was performed
in all but the first few cases to detect hemodynamic im-
pairment, which was considered an indicator suggesting
surgical revascularization. All patients underwent direct
or combined bypass consisting of STA-MCA anastomosis
with or without EMS in each MCA territory as a first-
line treatment. Encephalomyosynangiosis, an indirect by-
pass procedure using the pedicle flap of the temporalis
muscle, was usually combined with STA-MCA anasto-
mosis for patients under 10 years of age. All surgeries
were performed by the senior author (S.M.). Previously
published studies detail the surgical procedure.”® Briefly,
a horseshoe-shaped scalp incision is made surrounding
the parietal branch of the STA, and the temporalis muscle
is dissected along the horseshoe incision to make the ped-
icle flap. The dura is widely opened, preserving the main
branch of the meningeal arteries. After a conventional

Fic. 1. Anteroposterior (left) and lateral (right) views of a vertebral
artery angiogram revealing heavy involvement of bilateral PCAs char-
acterized by occlusion at the P, segment and extensive development of
collateral moyamoya vessels.
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procedure of STA-MCA single anastomosis, the pedicle
flap of the temporalis muscle is placed over the brain sur-
face and sutured to the edge of the remaining dura.

For patients with bilateral ICA involvement, the more
symptomatic or hemodynamically impaired side is revas-
cularized first. The second revascularization for the con-
tralateral MCA territory is performed at least 1 month
after the first revascularization. To assess bypass patency
and improvement of cerebral blood flow, angiography and
SPECT were performed 3 months after the second revas-
cularization. In most cases these bypasses widely covered
the brain surface beyond the MCA territory.?! If SPECT
reveals insufficient hemodynamic improvement in the an-
terior or posterior cerebral artery territories, additional
direct revascularizations are considered to the territories
of the anterior cerebral artery (ACA) or PCA using the
frontal branch of the STA or occipital artery.

Follow-Up Data Collection

All follow-up data were acquired through a medical
interview and neurological examination at the outpatient
neurosurgical clinic. The data obtained at the last visit
were used for analysis. Transient ischemic attacks were
classified into 4 categories by frequency: eliminated, rare
(several times per year), frequent (several times per month
or per week), or exacerbated after surgery. The mRS score
for each patient was recorded. Late-onset stroke was de-
fined as ischemic stroke or intracranial hemorrhage oc-
curring more than 30 days after surgery, causing certain
neurological symptoms, and identified by neuroradiologi-
cal modalities.

The patients were interviewed about educational
background, employment history, and current occupa-
tion. Educational background was assessed in all patients
and classified by type of school: regular class at ordinary
school, special class, or school for the disabled. Employ-
ment was assessed in all patients except homemakers and
those currently enrolled as students. An unfavorable so-
cial outcome was defined as patient difficulty in either at-
tending regular classes or obtaining regular employment.

Statistical Analysis

To compare baseline characteristics, a t-test, the Wil-
coxon rank-sum test, or the Fisher exact test was used as
appropriate. The mRS scores at the last follow-up evalua-
tion and those at first admission were compared by means
of the Wilcoxon signed-rank test. Variables including sex,
age of onset, time interval between onset and first bypass
surgery, presence of infarction in the preoperative image,
infarction area, side of infarction, bilateral infarction,
unilateral ICA lesion, ICA stage, involvement of the PCA,
and late-onset stroke were incorporated into univariate
analysis to identify factors associated with an unfavorable
social outcome. The Fisher exact test and logistic regres-
sion analysis were used for univariate analysis. Variables
with a p value < 0.1 on univariate analyses were selected
for further multivariate analysis. The ICA stage was in-
corporated into multivariate analysis regardless of its p
value in univariate analysis in light of the likelihood of
correlation between ICA stage and PCA involvement.?*
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Variables including missing data were not incorporated
into multivariate analysis. Multiple logistic regression
analysis was used for multivariate analysis. Two-sided p
values < 0.05 were considered statistically significant. All
statistical analyses were performed with JMP software
(version 9, SAS Institute Inc.).

Results

Patient Background

Table 1 summarizes patient backgrounds before sur-
gery. The female-to-male ratio was 1.3 to 1, and the me-
dian age at onset was 6 years (mean 6.5 years, range 015
years). No patient experienced intracranial hemorrhage at
disease onset. At the time of first admission, 47 patients
(77.0%) had an mRS score of 0, 6 (9.8%) a score of 1, 6
(9.8%) a score of 2, and 2 (3.3%) a score of 3. Involvement
of the PCA was detected in 22 patients (36.1%).

Infarction, assessed preoperatively with CT in 25 pa-
tients (41.0%) and with MRI in 36 patients (59.0%), was
detected in 34 patients (55.7%). At the time of retrospec-
tive assessment of the infarction area, the original image
was not available in 8 of the 61 patients because of the
expiration of the film storage period. The median and
mean areas of preoperative infarction measured in the re-
maining cases were 6.4 mm?and 206.1 mm?, respectively
(range 0-1652.9 mm?).

Surgery

A total of 119 surgeries were performed for 61 pa-
tients. Table 2 summarizes the number of revasculariza-
tion surgeries. All patients underwent at least 1 STA-MCA
anastomosis. Forty-three patients (76.8%) underwent by-
pass surgeries twice, while 5 (8.2%) underwent additional
revascularization to the ACA or PCA territory. One patient
experienced a small infarction in the temporooccipital re-
gion immediately after STA-MCA anastomosis, resulting
in transient disorientation but no permanent deficit. The
patency of the bypasses was confirmed in all cases by
means of postoperative angiography.

Follow-Up

The mean follow-up period (+ SD) was 15.8 + 7.0
years, and the mean age at last follow-up was 24.0 + 6.8
years. Follow-up information was not available in 5 pa-
tients (8.2%): 2 were followed up by institutes outside Ja-
pan, and 3 were lost to follow-up when their attendant
doctors in the outpatient clinic were transferred after sur-
gery. The remaining 56 patients for whom follow-up data
were acquired were assessed for further analysis. Base-
line characteristics were not statistically different be-
tween patients with and without follow-up data (Table 1).

Outcome

Transient ischemic attacks were eliminated in 52 cas-
es (92.9%) and rare in 4 (7.1%) during the follow-up pe-
riod. Late-onset ischemic or hemorrhagic stroke occurred
in 4 patients (7.1%). One patient suffered from acute sub-
dural hematoma due to a traffic accident 33 months af-
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PCA involvement and social outcome in moyamoya disease

TABLE 1: Comparison of baseline characteristics of groups with and without follow-up data

Variable Total Followed Up Lost to Follow-Up p Value
no. of patients 61 56 5 NA
females (%) 35 (57.4) 33(58.9) 2 (40.0) 0.642
mean age of admission in yrs + SD 8.6+37 87137 7.8%3.1 0.596
mean age of onset in yrs + SD 6.5+£3.5 6.6+£0.5 58+15 0.629
median delay in yrs until surgery (IQR) 1(0-3) 1(0-3) 1(0.5-4) 0.756
infarction on preop image (%) 34 (55.7) 32 (571) 2 (40.0) 0.647

median area in mm? (IQR)* 6.4 (0-156.0) 7.6 (0-167.9) 0(0-128.5) 0.351

It hemisphere infarction (%) 29 (475) 26 (46.4) 3 (60.0) 0.662

bilat infarction (%) 6(9.8) 5(8.9) 1(20.0) 0.415
unilat ICA lesion (%) 6(9.9) 6 (10.7) 0 1.000
ICA stage (%)

I 7(11.5) 6 (10.7) 1(20.0)

] 29 (41.5) 27 (48.2) 2 (40.0)

Il 23 (37.7) 21(37.5) 2 (40.0)

v 2(3.3) 2(3.6) 0

=2l 25 (41.0) 23 (#1.1) 2 (40.0) 1.000
PCA involvement 22 (36.1) 21(37.5) 1(20.0) 0.645

* Data on the infarction area were not available in 8 of the 61 patients. IQR = interquartile range; NA = not applicable.

ter STA-MCA anastomosis, which resulted in ischemic
stroke in the affected hemisphere. Three patients suffered
from intracranial hemorrhage at the mean age of 26 years
(range 24-29 years). One patient experienced a second
hemorrhage, which resulted in a fatal outcome. The over-
all incidence of late-onset stroke was not significantly as-
sociated with an unfavorable social outcome (Table 3). At
the time of the last follow-up, 40 patients (71.4%) had an
mRS score of 0, 5 (8.9%) a score of 1, 8 (14.3%) a score of
2,2 (3.6%) a score of 3, and 1 (1.8%) a score of 6. Among
the patients with follow-up, no significant difference in
mRS scores was evident between first admission and last
follow-up (p = 0.182).

Seven (18.9%) of 37 patients who were not currently
students or homemakers encountered difficulty in obtain-
ing regular employment. Six patients (10.7%) currently or
previously attended special classes or a school for the dis-
abled. In summary, 10 (17.9%) of 56 patients had an unfa-
vorable social outcome: 4 had difficulty obtaining regular
employment, 3 had difficulty attending regular classes,
and 3 had both difficulties. Univariate analysis revealed
that younger age at onset, longer delay between onset and
surgery, infarction present on the preoperative image, and

TABLE 2: Number of revascularization surgeries by type*

Mode of Revascularization Surgery No. of Surgeries

STA-MCA anastomosis w/ EMS 97
STA-MCA anastomosis w/o EMS 13
STA-ACA bypass 2
OA-PCA bypass 1
other 6

* OA = occipital artery.
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PCA involvement were significantly associated with an
unfavorable outcome (Table 3). The area of infarction
was also significantly larger in patients with an unfavor-
able outcome than in those with a favorable outcome, al-
though the infarction area could not be measured in 7 of
the patients with follow-up because original images were
no longer available. Advanced ICA lesion (Stage III or
IV), unilateral ICA lesion, left hemisphere infarction, and
bilateral distribution of infarction were not significantly
associated with outcome.

Variables including the age of onset, delay between
onset and surgery, infarction present in the preoperative
image, ICA stage, and PCA involvement were incorpo-
rated into a further multivariate analysis (Table 4). In this
analysis, only infarction present on the preoperative image
(OR 9.96, 95% CI 1.08--355.82) and PCA involvement (OR
744,95% CI 1.22-67.79) were identified as significant fac-
tors associated with an unfavorable social outcome. The
frequency of an unfavorable social outcome was stratified
by PCA involvement and delay between onset and surgery
to estimate the impact of the combination of these factors
on social outcome. The frequency of an unfavorable social
outcome reached 50% when PCA involvement and a surgi-
cal delay exceeding 3 years were combined, while that in
patients with neither risk factor was 0% (Table 5).

Discussion

Despite the favorable long-term outcomes overall,
our results reveal that 17.9% of pediatric patients with
moyamoya disease continued to suffer from social adap-
tation difficulties as they matured, even after bypass sur-
gery. The results also suggest that PCA involvement and
presence of infarction on preoperative images are inde-
pendently associated with an unfavorable social outcome.

629

— 104 —



T. Funaki et al.

TABLE 3: Univariate analyses for factors associated with long-term social outcome in all patients with follow-up*

Variable Favorable Outcome (n = 46) Unfavorable Outcome (n = 10) p Value
female 26 (56.5) 7(70.0) 0.500
mean age of onset in yrs £ SD 71+£36 41+18 0.021
median delay until surgery in yrs (IQR) 1(0-2) 3(1.5-9.25) 0.015
infarction on preop image 23 (50.0) 9(90.0) 0.021
median area in mm? (IQR)} 0 (0-67.9) 370.1 (58.8-1220.5) 0.028
It hemisphere infarction 20 (43.5) 6 (60.0) 0.487
bilat infarction 3(6.5) 2(20.0) 0.214
unilat ICA lesion 6 (13.0) 0(0) 0.578
ICA stage =3 17 (37.0) 6 (60.0) 0.288
PCA involvement 13(28.3) 8 (80.0) 0.004
overall late-onset stroke 2(4.4) 2(20.0) 0.142

* All data given as number of patients (%) unless otherwise indicated.
1 Data regarding the infarction area were not available in 7 of the 56 patients with follow-up.

Our results indicating that more than 80% of patients
had a favorable social outcome appear comparable to those
of past studies, in which the frequency of patients with a
normal intelligence quotient or capable of independent
daily activities remained 63.5%—87%.1>17253! Nevertheless,
our results, along with those of several pioneering studies,
shed light on the salient issue of social adaptation in pedi-
atric moyamoya disease. Nakashima et al. reported that ap-
proximately 10% of patients had severe difficulty in social
or school life because of intellectual impairment.”’” While
Phi et al. reported good long-term social outcormes in terms
of education and employment, their results also revealed
that a certain proportion of patients had difficulty planning
their marriages and acquiring driver’s licenses, and that ap-
proximately 20% of the respondents were dissatisfied with
their treatment outcomes.?

Several factors, including preoperative neurological
impairment,'®7? infarction,’*** age of symptom onset,**3
and duration after onset,” have been reported as affect-
ing social or functional outcomes. Our result in univariate
analysis is consistent with these reports. In addition, our
result in multivariate analysis suggests that PCA involve-
ment, which has so far received less attention in long-
term follow-up studies, is also an independent risk fac-
tor for unfavorable social outcomes. Involvement of the
PCA is more likely to occur in younger children'®? and
thus may act as a potential confounder affecting social

TABLE 4: Multivariate analyses for factors associated with
unfavorable long-term social outcome in all patients with
follow-up

Adjusted OR (95% Cl) for

Variable p Value  Unfavorable Social Outcome

mean age of onset 0122  0.80(0.58-1.06) for every yr

outcome in the previous studies. Although several studies
reported that PCA involvement is associated with a high
prevalence of preexisting infarction at diagnosis,?** our
results from the multivariate analysis suggest that both
the preexisting infarction and PCA involvement are inde-
pendently associated with an unfavorable social outcome.

We speculate on several possible reasons why PCA
involvement is associated with unfavorable social out-
comes. Involvement of the PCA may more accurately
represent the overall progression of a stenoocclusive le-
sion in pediatric moyamoya disease.?*?* The other pos-
sible explanation is that PCA involvement may cause fur-
ther reduction in cerebral blood flow because the PCA
usually provides important collateral flow to the affected
anterior circulation via leptomeningeal anastomosis in
patients with moyamoya disease. In particular, a pair of
posterior pericallosal arteries, branches of the PCA, is
well developed in moyamoya disease as a collateral path-
way to the medial frontal cortex. The medial frontal cor-
tex involves various executive, emotional, and behavioral
functions,? and decreased cerebral blood flow in this area
may impede social adaptation abilities even with minimal
infarct. Interestingly, Nakagawara et al. speculated that
long-standing mild hemodynamic ischemia in the medial
frontal lobe could lead to selective neuron loss detected
by SPECT imaging with benzodiazepine receptor radio-
ligand, and cognitive dysfunction in patients with moya-
moya disease.?

Our study has some limitations. First, the result of our
multivariate analysis has a relatively large confidence in-
terval, which can be attributed to the limited number of
cases. However, the baseline characteristics of this study,

TABLE 5: Frequency of unfavorable social outcomes stratified by
PCA involvement and delay until bypass surgery

median delay until surgery  0.118  1.32(0.94-2.03) for every yr Without PCA With PCA
infarction on preop image ~ 0.042  9.96 (1.08-355.82) Length of Delay (yrs) Involvement Involvement

ICA stage =3 0.704 0.67 (0.07-5.11) <3 0 30.8%

PCA involvement 0.029 744 (1.22-67.79) =3 28.5% 50.0%
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such as peak age of onset and female-to-male ratio, were
similar to those in previous large epidemiology studies.15%
Our sample thus can be considered refiective of the general
population of pediatric patients with moyamoya disease.
Second, our analysis did not include 8.2% of patients be-
cause of loss of follow-up, which could cause a certain bias
if the trends of these patients differed significantly from
those of the analyzed patients. Given that the baseline char-
acteristics did not differ statistically between patients with
and without follow-up data, however, such bias is likely
minimal. Third, whether our results can be generalized to
patients treated with an indirect bypass, such as encephalo-
duroarteriosynangiosis, is debatable. Generalization of our
results may be partially allowed because recent reviews
show that direct and indirect bypasses are equally effective
over the long term.>30.3

Viewed from a practical perspective, early revascu-
larization may be required for patients with PCA involve-
ment because the risk of an unfavorable social outcome
markedly increases with the combination of PCA in-
volvement and a delay in surgical treatment (Table 5). An
aggressive revascularization strategy to the PCA or even
ACA territory can also be proposed for patients with PCA
involvement. A more recent study revealed that a stenooc-
clusive lesion of the PCA could progress even after sur-
gery and reduce cerebral blood flow.? Careful follow-up is
needed to minimize an unfavorable social outcome after
bypass surgery of pediatric moyamoya disease.

Conclusions

The results of the present study support the hypoth-
esis that the involvement of a stenoocclusive lesion in the
PCA is one of the possible risk factors for an unfavor-
able social outcome from pediatric moyamoya disease.
The finding of PCA involvement in pediatric moyamoya
disease should receive more attention to ensure further
improvement in social outcomes at adulthood.
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Unstable moyamoya disease: clinical features and impact
on perioperative ischemic complications
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OBJECT Unstable moyamoya disease, reasonably defined as cases exhibiting either rapid disease progression or re-
peated ischemic stroke, represents a challenge in the treatment of moyamoya disease. Despite its overall efficacy, direct
bypass for such unstable disease remains controversial in terms of safety. This study aims to reveal factors associated
with unstable disease and to assess its impact on postoperative silent or symptomatic ischemic lesions.

METHODS This retrospective cohort study included both pediatric and adult patients with moyamoya disease who had
undergone 140 consecutive direct bypass procedures at Kyoto University Hospital. “Unstable moyamoya disease” was
defined as either the rapid progression of a steno-occlusive lesion or repeat ischemic stroke, either occurring within 6
months of surgery. The extent of progression was determined through a comparison of the findings between 2 different
MR angiography sessions performed before surgery. The clinical variables of the stable and unstable disease groups
were compared, and the association between unstable disease and postoperative diffusion-weighted imaging (DWI)-de-
tected lesion was assessed through univariate and multivariate analyses with generalized estimating equations.

RESULTS Of 134 direct bypass procedures performed after patients had undergone at least 2 sessions of MR angi-
ography, 24 (17.9%) were classified as cases of unstable disease. Age younger than 3 years (p = 0.029), underlying
disease causing moyamoya syndrome (p = 0.049), and radiographic evidence of infarction (p = 0.030) were identified as
factors associated with unstable disease. Postoperative DWI-defined lesions were detected after 13 of 140 procedures
(9.3%), although only 4 lesions (2.9%) could be classified as a permanent complication. The incidence of postoperative
DWiI-detected lesions in the unstable group was notable at 33.3% (8 of 24). Univariate analysis revealed that unstable
disease (p < 0.001), underlying disease (p = 0.028), and recent stroke (p = 0.012) were factors associated with DW!-de-
tected lesions. Unstable disease remained statistically significant after adjustment for covariates in both the primary and
sensitivity analyses (primary analysis: OR 6.62 [95% ClI 1.79-24.5]; sensitivity analysis: OR 5.36 [96% CI 1.47-19.6]).
CONCLUSIONS Unstable moyamoya disease, more prevalent in younger patients and those with underlying disease,
is a possible risk factor for perioperative ischemic complications. Recognition of unstable moyamoya disease may
contribute to an improved surgical result through focused perioperative management based on appropriate surgical risk
stratification.

http://thejns.org/doi/abs/10.3171/2014.10.JNS14231

KEY WORDS moyamoya disease; rapid progression; cerebral revascularization; intraoperative complication; vascular
disorders

MAJOR characteristic of moyamoya disease is the one-quarter of adult patients,'*?! while angiographic find-
chronic progression of stenosis in the terminal por- ings in the remaining patients are stable for years. Some
tion of the internal carotid artery (ICA).2* The rate patients demonstrate extremely rapid progression from

of this progression varies by patient. Angiographic pro-
gression can occur in one-half of pediatric patients and

disease onset, resulting in poor outcome.*!"# Fujiwara et
al. and Kim et al. reported similar cases in which rapid an-

ABBREVIATIONS ACA = anterior cerebral artery; DWI = diffusion-weighted imaging; GEE = generalized estimating equation; ICA = internal carotid artery; MCA = middle
cerebral artery; MRA = MR angiography; mRS = modified Rankin Scale; PCA = posterior cerebral artery; STA = superficial temporal artery; TIA = transient ischemic attack.
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giographic progression resulted in fatal outcome.*!® Kim
et al. reported that younger patients were more likely to
suffer from an aggressive clinical course, of whom a sub-
stantial number experienced repeat stroke.!’

While the impact of such unstable disease on clinical
outcome is receiving more focused attention, few studies
have attempted to clearly define this condition. Accurate
risk stratification in moyamoya disease requires objective
definition of disease instability. According to the articles
mentioned above,*"!® disease progression and repeat
stroke are considered essential factors reflecting instabil-
ity of moyamoya disease. The concept of unstable moya-
moya disease defined as either rapid disease progression
or repeat stroke seems reasonable, considering that unsta-
ble angina pectoris, the concept representing instability of
angina pectoris, is also characterized as an exacerbating
or recurrent symptom with rapid progression of stenosis in
the coronary artery.-?%

Treatment of unstable moyamoya disease is challeng-
ing because patients with the disease commonly develop
stroke during the perioperative period or even while await-
ing surgery.”"” Direct bypass, such as superficial temporal
artery—to—middle cerebral artery (STA-MCA) bypass, has
the advantage of contributing to increased cerebral blood
flow soon after surgery.® The safety and efficacy of direct
bypass for unstable disease are, however, controversial»"

This retrospective cohort study had 2 objectives: to de-
tect clinical factors associated with unstable moyamoya
disease and to determine whether the presence of such
instability is associated with postoperative silent or symp-
tomatic ischemic lesions detected on diffusion-weighted
imaging (DWI).

Methods

This study was approved by the ethics committee of the
Kyoto University Graduate School of Medicine.

Selection Criteria

A total of 88 pediatric and adult patients with moya-
moya disease underwent 148 revascularization surgeries
at Kyoto University Hospital between 2009 and 2013. The
inclusion criteria for the present study were as follows:
diagnosis of moyamoya disease or moyamoya syndrome;
patients who underwent direct revascularization at Kyoto
University Hospital in 2009 or thereafter; and patients
who underwent routine postoperative DWI no longer than
14 days after surgery.

Diagnoses were made according. to the criteria pro-
posed by the Research Committee on‘Moyamoya Disease
in Japan.* “Moyamoya syndrome” is defined as a sec-
ondary moyamoya phenomenon caused by an underlying
disease such as an autoimmune disease, meningitis, brain
tumor, hyperthyroidism, Down syndrome, neurofibroma-
tosis Type 1, or a history of head irradiation.?* The pres-
ent study also included unilateral disease in which only 1
side of the ICA was involved. “Direct bypass” was defined
as a direct anastomotic procedure including STA-MCA,
STA-anterior cerebral artery (ACA), and occipital artery—
posterior cerebral artery (PCA) bypasses.

Of the 148 consecutive revascularization procedures, 3

Unstable moyamoya disease

were excluded because they involved only indirect bypass
in the ACA territory. Although postoperative MRI with
DWI was mandatory in our treatment protocol, postop-
erative DWI was not performed after 5 procedures (these
cases were excluded from the study) because a postopera-
tive MRI scan was performed but no DWI was acquired
(4 procedures), and because no MRI was performed since
the patient sought early discharge (1 procedure). None of
these 5 patients presented with a new neurological deficit
after surgery. Consequently, 140 procedures conducted in
86 patients were included in the present study (Fig. 1).

Variables

Unstable moyamoya disease, a primary variable of
interest, was defined as a condition with evidence of ei-
ther rapid stenosis progression or repeated stroke. “Rap-
id stenosis progression” was defined as progression of a
steno-occlusive lesion in an ICA, ACA, MCA, or PCA
that had occurred within 6 months (Fig. 2). Whether the
progression had occurred was determined using an MR
angiography (MRA) scoring system,? and the scores were
compared between 2 different sessions performed before
surgery. Almost all patients referred to our institution had
already undergone MRA, the results of which could be
used as control imaging. If only 1 imaging session had
been performed before surgery, or if the interval between
the 2 sessions was less than 2 weeks, the data were elimi-
nated from further analysis. Decreased antegrade flow due
to bypass in the ipsilateral MCA territory was not regard-
ed as stenosis progression. “Repeat stroke” was defined
as newly developed symptomatic infarctions confirmed on
DWI and occurring at least twice during an interval not
exceeding 6 months.

The other variables possibly affecting surgical outcome
were identified from previous literature: age younger than
3 years,' female sex,”” presence of underlying disease
causing moyamoya syndrome,? transient ischemic at-
tacks (TIAs) occurring at a frequency exceeding 3 times
per month,'s radiographic evidence of preexisting infarc-

88 patients (148 procedures)

3 indirect bypass procedures
5 procedures without postoperative DWI

Sensitivity analysis population
86 patients (140 procedures)

6 procedures unable to assess rapid
progression

Primary analysis population
84 patients (134 procedures)

Stable moyamoya: 110 procedures
Unstable moyamoya: 24 procedures

FIG. 1. Flowchart for patient inclusion.
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FIG. 2. Serial MRA images obtained in a 1-year-old boy representing rapid disease progression. A: Image obtained 2 months
before referral to our hospital, revealing moderate stenosis in the terminal portion of the ICA and M, segment of the MCA bilater-
ally. B: Image obtained at admission to our hospital, revealing signal decrease in the right MCA compared with that obtained 2
months previously, suggesting rapid disease progression in the right MCA. The patient subsequently underwent direct bypass for
the right MCA territory. C: Image obtained 2 months after surgery, revealing an invisible signal in the left MCA, suggesting rapid

disease progression in the left MCA.

tion,>625 recent stroke occurring no more than 6 weeks
before surgery or evidence of recent stroke on preoperative
DWI > advanced stage moyamoya (Suzuki Stages IV, V,
and VI) in the ICA ! and disease involvement in the PCA 1!
“Unilateral disease” was defined as unilateral stenosis or
occlusion of the terminal portion of the ICA with the for-
mation of moyamoya vessels accompanied by no lesion or
a subtle lesion around the contralateral terminal portion of
the ICA. “Severe hemodynamic compromise” was defined
as a defect in the cerebral blood flow both at rest and after
acetazolamide challenge revealed on SPECT. Administra-
tion of antiplatelet agents was also recorded.

Surgery

All patients underwent MRI, SPECT, and angiography
before surgery. Surgical revascularization was indicated
for patients with cerebral ischemic manifestation. Patients
presenting with other symptoms, such as epilepsy and in-
tracranial hemorrhage, were also considered candidates
for surgical revascularization as long as hemodynamic
compromise existed. All patients underwent direct bypass,
STA-MCA anastomosis, or combined bypass comprising
STA-MCA anastomosis and encephalo-myo-synangiosis
as a first-line treatment.® After completing 2 sessions of
revascularization for the MCA territories, some patients
required additional revascularization surgeries for the
ACA and PCA territories. Our surgical procedures and
treatment protocol are described in previous literature. 51213
Antiplatelet agents, if administered, were discontinued for
3 days before surgery and 2 days after surgery.

During general anesthesia, PaCO, and end-tidal CO,
were closely monitored, and the level of PaCO, was strict-
ly maintained between 37 and 40 mm Hg.

Outcome

All silent and symptomatic ischemic lesions, a prima-
ry outcome in this study, were diagnosed by neuroradi-
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ologists based on the results of DWI performed no lon-
ger than 14 days after surgery. A symptomatic lesion was
defined as one causing a decline in the modified Rankin
Scale (mRS) score. Such lesions were classified into either
of 2 categories: cortical infarction or subcortical infarc-
tion. The patency of the bypass was also assessed using
MRA performed in the same imaging session.

Statistical Analysis

Since more than half of the patients underwent mul-
tiple procedures, postoperative outcomes for such patients
might not be statistically independent. In consideration of
these dependencies, we used the generalized estimating
equation (GEE) approach for the demographic descrip-
tions of stable and unstable moyamoya disease as well as
univariate and multivariate logistic regression analyses.?
All p values and confidence intervals were calculated with
robust standard error estimates from the GEE approach
with the independent working correlation structure.

Because of rare outcome events, we selected preop-
erative variables only with p values < 0.05 as covariates
adjusted for the multivariate GEE logistic analysis. In
light of its clinical importance, radiographic evidence of
infarction was incorporated into the multivariate analysis
regardless of its p value. As mentioned in Results, assess-
ment of disease progression was not possible for 6 pro-
cedures; hence, these procedures were excluded from the
primary analysis. We also conducted a sensitivity analysis
that included the 6 procedures, all of which were assumed
to be those of unstable disease (Fig. 1), considering the
possibility that such patients might undergo only 1 MRA
session because of rapid progression. We fit the same GEE
logistic regression for both the primary and sensitivity
analyses. Two-sided values of p < 0.05 and 95% confi-
dence intervals of odds ratios that do not include 1 were
considered significant. All analyses were performed using
JMP (version 9) software and Windows SAS (version 9.3,
SAS Institute Inc.).
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Results
Characteristics of Unstable Disease

Demographics of the 86 patients are summarized in
Table 1. Among the 140 procedures performed in these
patients, 6 procedures could not be assessed for disease
progression for the following reasons: 2 MRI sessions
were performed before surgery, but the interval was less
than 2 weeks (3 procedures); only 1 MRI session was per-
formed before surgery because the patient had suffered a
minor stroke during admission to the neurological depart-
ment at our hospital and was promptly referred to a neu-
rosurgeon (1 procedure); and the surgeon did not require
a second MRI before surgery because a baseline MRI had
been performed shortly before referral (2 procedures).
Postoperative DWT revealed neither silent nor ‘symptom-
atic lesions in these 6 cases. Baseline characteristics of the
134 included and 6 excluded cases were compared, and no
variable significantly differed between the 2 groups except
for the prevalence of recent stroke (9% in the included
group and 50% in the excluded group, p = 0.017).

Of the 134 procedures included in the primary analysis,
24 (179%) were classified as unstable disease (Table 2):
16 as rapid progression, 6 as repeat stroke, and 2 as both.
Disease progression at an interval exceeding 6 months had
occurred before 5 procedures, all of which were classified
in the stable group.

Table 3 summarizes baseline characteristics of the sta-
ble and unstable groups. Compared with the stable group,
the unstable group included more patients younger than
3 years (p = 0.029), more completed stroke as an initial
manifestation (p < 0.001), more evidence of infarction (p
= 0.030), and more underlying disease causing moyamoya
syndrome (p = 0.049). The median interval between the
2 MRA sessions was 90.5 days (range 14-352 days) for
the stable group and 81.5 days (range 27-175 days) for the
unstable group.

TABLE 1. Demographic and clinical characteristics of 86 patients
included in the study

Variable Value*

Median age (yrs, IQR) 18.5 (7.75-39.25)
Female 56 (65.1)
Initial manifestation

TIA 51(59.3)

Completed stroke 18 (20.9)

Intracranial hemorrhage 11 (12.8)

Epilepsy 3(3.5

Asymptomatic 3(3.5)
Underlying disease 7(8.1)
No. of procedures

1 37 (43.0)

2 44 (51.2)

3 5(5.8)

IQR = interquartile range.
* Values are presented as the number of patients (%) unless noted otherwise.

Unstable moyamoya disease

TABLE 2. Details of classification of 134 procedures as stable or
unstable disease

Variable No. of Procedures

Stable disease (110 procedures)

Neither progression nor repeated stroke 105

Progression over >6 mos 5
Unstable disease (24 procedures)

Rapid progression w/in 6 mos 16

Repeated stroke w/in 6 mos 6

Both rapid progression & repeated stroke 2

Overall Qutcome

Postoperative DWI-defined lesions were detected af-
ter 13 (9.3%) of 140 procedures (Fig. 3). Six lesions were
clinically silent, while 7 caused transient or permanent
symptoms. A permanent ischemic complication occurred
in 4 procedures (2.9%). These symptomatic lesions, all of
which occurred in the unstable disease group, represented
a cortical infarction remotely located from the anastomo-
sis site, while the remaining 9 lesions included cortical
and subcortical infarctions (Fig. 3). Lesions on the side
contralateral to the surgery were detected on DWI in 3
procedures. The patency of all bypasses was confirmed
using MRA.

For patients who suffered a permanent ischemic com-
plication, at the time of discharge 1 patient had an mRS
score of 1, and 3 patients had an mRS score of 2. At the
time of last follow-up, 2 of these patients had an mRS
score of 1, and 2 patients had an mRS score of 2.

Association Between Unstable Disease and Postoperative
DWI-Detected Lesions

The incidence of postoperative DWI-detected lesions
in the unstable disease group was 33.3% (8 of 24 pro-
cedures), which was significantly higher than that in the
stable disease group (5/110 procedures [4.5%], p < 0.001).
Infarction causing permanent morbidity was seen after 4
procedures (16.7%) in the unstable disease group, while no
permanent morbidity was observed in the stable disease
group. No stroke occurred after the 14th postoperative day
in either group.

For the univariate analysis, unstable disease (p < 0.001),
underlying disease (p = 0.028), and recent stroke (p =
0.012) were identified as preoperative variables associated
with postoperative DWI-detected lesions (Table 4). The
primary analysis revealed that unstable disease was a sta-
tistically significant factor independently associated with
DWI-detected lesions (OR 6.62 [95% CI1 1.79-24.5]; Table
5). Unstable disease remains statistically significant in the
sensitivity analysis (OR 5.36 [95% CI 1.47-19.6]).

Discussion

The results of the present study suggest that age young-
er than 3 years and underlying disease causing moyamoya
syndrome are associated with unstable moyamoya disease.
Our results indicate that, despite the relatively low overall
ischemic complication rate (2.9%), unstable disease is an
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TABLE 3. Demographic descriptions of stable and unstable moyamoya disease*

Variable Stable (110 procedures)  Unstable (24 procedures) p Valuet

Ageinyrs

Mean + SD 21.3+151 18.0£18.5 0.461

Median (range) 17.5 (0-52) 7.5 (1-51)
Age <3 yrs 3(2.7) 4 (16.7) 0.029
Female 77 (70.0) 13 (54.2) 0.184
Mean systolic BP in mm Hg 120.2 £ 15.2 120.7 £19.9 0.926
Mean diastolic BP in mm Hg 73.2+156 754 £17.0 0.620
Initial manifestation

Completed stroke 16 (14.5) 13 (54.2) <0.001

TIA 74 (67.3) 4(16.7) <0.001

Intracranial hemorrhage 13 (11.8) 3(12.5) 0.943

Other 7(6.4) 4 (16.7)
Underlying disease 7(6.4) 5(20.8) 0.049
Frequency of TIA >3 times/mo 8(7.3) 3 (12.5) 0.339
Radiographic evidence of infarction 66 (60) 20 (83.3) 0.030
Recent stroke 5 (4.5) 7(29.2) <0.001
Unilateral disease 11 (10.0) 3(12.5) 0.713
Suzuki stage

| 5 (4.5) 1(4.2)

Il 32 (29.1) 8 (33.3)

Il 59 (53.6) 14 (58.3)

[\ 14 (12.7) 1(4.2)

\ 0 0
Suzuki Stage =1V 14 (12.7) 14.2) 0.270
PCA involvement 32 (29.1) 10 (41.7) 0.283
Severe hemodynamic compromise} 72 (66.7) 18 (75.0) 0.412
Antiplatelet agent administration 92 (83.6) 21(87.5) 0.709
Median MRI interval in days (range) 90.5 (14-352) 81.5 (27-175) 0.048

BP = blood pressure.

* Values are number of procedures (%) unless indicated otherwise. Mean values are presented as the mean + SD.
1 The p values were calculated with robust standard errors derived from the GEE approach with the independent working correlation structure.

} Data were unavailable for 2 procedures.

independent risk factor for perioperative DWI-detected le-
sions.

The incidence of disease progression in moyamoya dis-
ease, which is receiving more attention especially regard-
ing cases of unilateral disease, is not particularly rare. Dis-
ease progression occurs in 54% of pediatric patients over
a mean period of 5.4 years and in 23.8% of adult patients
over a mean period of 6.1 years.®? A more recent study
estimated the 3-year cumulative incidence of disease pro-
gression as 19% in children and adolescents with unilateral
disease.® Younger age,’5*® female sex,” contralateral an-
giographic abnormality,®*?¢ and underlying cause of moy-
amoya syndrome? have been considered risk factors for
contralateral progression of unilateral disease. The results
of our study, which found younger age and underlying dis-
ease as risk factors for unstable disease, are in line with
these reports. The mean time to progression estimated in
the previous studies ranged from 14.3 to 34 months.141%20
Our results may add important information to those of pre-
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vious studies, because more rapid disease progression was
observed in a substantial number of patients.

Several factors, such as age younger than 3 years,' fe-
male sex,”” presence of underlying disease,®? frequent
TIAs, S radiographic evidence of preexisting infarction,>'625
recent episode of stroke,>'¢ advanced angiographic stage,!
and disease involvement in the PCA,! are believed to in-
crease ischemic complications after bypass surgery for
moyamoya disease. Although young age and preexisting
infarction were generally considered major risk factors for
surgical outcome in moyamoya disease, some controversy
remains in the literature regarding what constitutes a risk
factor. Our univariate result, indicating that underlying dis-
ease and recent stroke are significant, partly coincides with
the literature. In addition, our multivariate results suggest
that unstable disease is another independent risk factor for
perioperative ischemic complications.

On the other hand, our results did not reveal a statistical-
ly significant impact of preexisting infarction on outcome,
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FIG. 3. Lesions detected on postoperative DWI. A: Silent lesions. B: Lesions causing transient symptoms. C: Lesions causing
permanent symptoms.

which contradicts findings of some previous reports.®62 A
possible explanation for this contradiction is that unstable
disease, including infarct as defined, acted as an interven-
ing variable in multivariate analysis, which might dimin-
ish the true effect of infarct on outcome. A relatively high
odds ratio was observed for preexisting infarct, and a study
with a larger sample size may have detected its statistically
significant impact on perioperative ischemic complication.
Another reason we did not find a significant effect from

TABLE 4. Univariate analyses of putative factors and
postoperative DWI-detected lesions

Variable OR (95% Cl) p Value
Unstable moyamoya 10.5 (2.69-41.0) <0.001
Preop factors
Age (yrs) 0.99 (0.94-1.05) 0.792
Age <3 yrs 4.22 (0.39-46.1) 0.238
Female 0.53 (0.13-2.16) 0.379
Systolic BP 1.02 (0.97-1.07) 0.422
Diastolic BP 1.02 (0.97-1.08) 0.360
Underlying disease 6.28 (1.22-32.4) 0.028
Frequency of TIAs >3 times/mo 2.26 (0.43-12.0) 0.336
Radiographic evidence of infarction ~ 7.62 (0.88--65.7) 0.065
Recent stroke 6.28 (1.51-26.1) 0.012
Unilateral disease 0.69 (0.08-6.11) 0.741
Suzuki Stage =1V 2.10 (0.29-7.89) 0.625
PCA involvement 0.97 (0.22-4.26) 0.969
Severe hemodynamic compromise*  6.31 (0.90~44.2) 0.064
Antiplatelet agent administration 2.38 (0.27-21.0) 0.436

* Data were unavailable for 2 procedures.

preexisting infarct might be a difference in surgical proce-
dures. The prestigious study by Kim et al., concluding that
age younger than 3 years and preexisting infarct were risk
factors for surgical ischemic complication, addressed indi-
rect bypass.'® On the other hand, Guzman et al., analyzing
the outcomes of 450 direct bypasses, found no association
between age and perioperative ischemia.’

One possible mechanism of infarction developing af-
ter bypass surgery in the unstable disease group could
be hemodynamic shift after direct bypass. Hayashi et al.
discussed the mechanism of postoperative focal hypo-
perfusion detected by SPECT. They speculated that the
reversed MCA flow induced by the bypass graft could
conflict with the original MCA flow, resulting in relative
hypoperfusion in the remote territory of the MCA. Such a
hemodynamic shift may be more prevalent in unstable dis-
ease. In unstable disease, leptomeningeal collateral flow
may fail to develop sufficiently because of rapid disease
progression. As a result, the bypass flow may conflict more
strongly with the original antegrade flow supplying the
MCA territory. Our finding that all symptomatic lesions
occurring in unstable disease represent a cortical infarc-
tion remotely located from the anastomosis site may sup-
port this speculation.

Our study has several limitations. First, the study exclud-
ed from the primary analysis 6 procedures before which
only 1 session of MRA had been performed. The impact
of possible bias caused by this exclusion may be minimal,
however, because the sensitivity analysis also revealed sta-
tistical significance of unstable disease. Second, the retro-
spective study design meant that the interval between the
2 MRA sessions and the modality of MRA varied among
patients. This might have caused a selection bias regarding
the classification of unstable disease. Third, the result of
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TABLE 5. Estimated ORs and 95% Cls for primary and sensitivity multivariate analyses

Primary Analysis Sensitivity Analysis
Variable OR (95% Cl) p Value OR (95% Cl) p Value
Unstable moyamoya 6.62 (1.79-24.5) 0.005 5.36 (1.47-19.6) 0.011
Underlying disease 2.98 (0.56-15.8) 0.200 3.68(0.72-18.8) 0.117
Radiographic evidence of infarction 3.75(0.39-36.3) 0.254 4.07 (0.42-39.9) 0.228
Recent stroke 1.88 (0.58-6.09) 0.295 1.36 (0.44-4.21) 0.593
the multivariate analysis has a relatively large confidence Acknow|edgments

interval, which is attributable to the small number of cases.
Larger prospective studies are therefore necessary to con-
firm the significant impact of unstable moyamoya disease
on perioperative ischemic complications. These studies
might also reveal the statistical significance of other vari-
ables such as preexisting infarct.

Considering the devastating nature of unstable moy-
amoya disease reported to date,*!® early surgical revas-
cularization might be recommended. Kim et al. similarly
stressed the importance of early surgical intervention for
aggressive moyamoya disease observed in children.”” On
the other hand, our finding, which detected the unstable
state as an independent surgical risk factor, shed light on
the need for preoperative diagnosis and specific periopera-
tive management of unstable moyamoya disease. In terms
of the diagnosis, performing MRA immediately before
surgery might be useful, as the disease progression could
be detected through a comparison with previous findings.
In terms of treatment, perioperative management should
be focused more on preventing ischemic complications.
Although intentional lowering of blood pressure is con-
sidered for patients with hyperperfusion complications,®
those with unstable disease should instead be maintained
in a normotensive or slightly hypertensive state. Strict con-
trol of blood CO, level during surgery, in which PaCO, is
maintained between 37 and 40 mm Hg at our institution,
should also be undertaken. More aggressive use of anti-
platelet agents could be adopted as a possible option for
unstable disease. Although we adopted direct bypass as
the first choice for treating moyamoya disease, tentative
indirect bypass followed by elective direct bypass may be
considered for unstable disease. This strategy can be indi-
cated especially when acute hemorrhagic infarction after
direct bypass as well as hemodynamic shift is concerned.
The efficacy of these possible methods of management of
unstable disease should be tested in future studies.

Conclusions

Unstable moyamoya disease, reasonably defined as
cases of rapid progression or repeated stroke, represents
a clinically challenging condition. It is more prevalent in
patients younger than 3 years and those with underlying
disease causing moyamoya syndrome. Unstable moyam-
oya disease is a possible risk factor associated with peri-
operative ischemic complication. The concept of unstable
moyamoya disease may contribute to further improvement
in the surgical results of moyamoya disease as a result of
focused perioperative management arising from appropri-
ate surgical risk stratification.
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Periventricular anastomosis in moyamoya disease:
detecting fragile collateral vessels with MR angiography
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Departments of "Neurosurgery and *Diagnostic Imaging and Nuclear Medicine, Kyoto University Graduate School of Medicine,
Kyoto; and 2Department of Neurosurgery, National Cerebral and Cardiovascular Center, Suita, Osaka, Japan

OBJECT The authors’ aim in this paper was to determine whether periventricular anastomosis, a novel term for the
abnormal collateral vessels typical of moyamoya disease, is reliably measured with MR angiography and is associated
with intracranial hemorrhage.

METHODS This cross-sectional study sampled consecutive patients with moyamoya disease or moyamoya syndrome
at a single institution. Periventricular anastomoses were detected using MR angiography images reformatted as sliding-
thin-slab maximum-intensity-projection coronal images and were scored according to 3 subtypes: lenticulostriate, tha-
lamic, and choroidal types. The association between periventricular anastomosis and hemorrhagic presentation at onset
was evaluated using multivariate analyses.

RESULTS Of 136 eligible patients, 122 were analyzed. Eighteen (14.8%) patients presented with intracranial hemor-
rhage with neurological symptoms at onset. Intra- and interrater agreement for rating of the periventricular anastomosis
score was good (x,, = 0.65 and 0.70, respectively). The prevalence of hemorrhagic presentation increased with the peri-
ventricular anastomosis score: 2.8% for Score 0, 8.8% for Score 1, 18.9% for Score 2, and 46.7% for Score 3 (p < 0.01
for trend). Univariate analysis revealed that age (p = 0.02) and periventricular anastomosis score (p < 0.01) were factors
tentatively associated with hemorrhagic presentation. The score remained statistically significant after adjustment for
age (OR 3.38 [95% Cl 1.84-7.00]).

CONCLUSIONS The results suggest that periventricular anastomosis detected with MR angiography can be scored
with good intra- and interrater reliability and is associated with hemorrhagic presentation at onset in moyamoya disease.
The clinical utility of periventricular anastomosis as a predictor for hemorrhage should be validated in further prospective
studies.

http://thejns.org/doifabs/10.3171/2015.6.JNS15845

KEY WORDS moyamoya disease; cerebral hemorrhage; magnetic resonance angiography; periventricular
anastomosis; sensitivity and specificity; reproducibility; vascular disorders

ovaMovYa disease is characterized by chronic pro-
M gressive stenosis of the terminal portion of the

bilateral internal carotid artery. Development of
numerous abnormal collateral vessels at the base of the
brain, another characteristic of moyamoya disease, might
be of clinical importance in relation to hemorrhage.!> Peri-
ventricular anastomosis is a novel term for such collater-
als according to vascular morphology’ and is defined as
anastomosis between the perforating or choroidal artery

and medullary artery in the periventricular area. Although
several researchers have documented some characteristics
of such anastomoses 1422 we are among the first to have
taken a systemic approach to the task. In moyamoya dis-
ease, cerebral microbleeds are most commonly observed
in the periventricular area.!''82 It thus seems reasonable
to hypothesize that periventricular anastomosis is related
to hemorrhage. This hypothesis has, however, remained
unproven.

ABBREVIATIONS MRA = MR angiography; STS-MIP = sliding-thin-slab maximum-intensity projection.
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Sliding-thin-slab maximum-intensity projection (STS-
MIP) is a common imaging reformation for CT or MR
angiography (MRA) that facilitates visualization of tar-
get vessels by eliminating the effect of other vessels over-
lapping and obscuring the view.*? Time-of-flight MRA
reformatted using STS-MIP might be useful in assessing
periventricular anastomosis. No previous study, however,
has documented such usefulness, and information on the
reliability of the imaging modality in terms of detecting
anastomosis is lacking.

This cross-sectional study had 2 objectives: to estimate
the reliability of the detection and scoring of periventricu-
lar anastomosis with MRA and to determine whether peri-
ventricular anastomosis detected with MRA is associated
with hemorrhage in moyamoya disease.

Methods

This study was approved by the ethics committee of the
Kyoto University Graduate School of Medicine.

Participants and Setting

All patients with moyamoya disease or moyamoya
syndrome who first visited Kyoto University Hospital af-
ter 2009 were eligible for the study. Diagnosis of moy-
amoya disease was determined according to the proposed
criteria.’® “Moyamoya syndrome” is defined as a second-
ary moyamoya phenomenon caused by accompanying
disorders such as autoimmune disease, meningitis, brain
tumor, hyperthyroidism, Down syndrome, neurofibroma-
tosis Type 1, or a history of head irradiation. Patients who
had undergone MRI and did not meet the imaging require-
ments indicated below and who had already undergone
bypass surgery or another specific treatment elsewhere
were excluded from the study. The study population was
consecutively sampled. All data for the study were col-
lected during the first visit or upon admission.

Imaging Acquisition and Processing

A 3-T MR scanner (Magnetom Trio, Siemens), which
successfully reveals abnormal collateral vessels in moy-
amoya disease S was introduced in 2009 for image acquisi-
tion in patients with moyamoya disease. The time-of-flight
MRA source images were scanned as usual axial sections
with a 32-channel head coil under the following param-
eters: 20-msec repetition time, 3.7-msec echo time, 20°
flip angle, 0.7-mm slice thickness, 220 x 172—mm field of
view with a 384 x 300 matrix, and 0.57 x 0.57-mm pixel
size. The imaging field extended from the level of the fora-
men magnum to beyond the upper margin of the body of
the lateral ventricle. The generalized autocalibrating par-
tially parallel acquisition (GRAPPA) technique’ was used
to acquire a relatively wide scan field in less scan time (5
minutes and 34 seconds).

The MRA data thus acquired were reformatted as STS-
MIP images in a coronal plane perpendicular to the lateral
ventricle and represented as 5- to 15-mm-thick slabs of
overlapping volumes (Fig. 1). A window width of 250 and
a window level of 120 arbitrary units were used to differ-
entiate the vessels, ventricle, and parenchyma. STS-MIP
images were generated on a workstation integrated into
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the picture-archiving and communication system (Aquari-
us iNtuition Viewer version 4.4.7, TeraRecon, Inc)).

Measurement of Periventricular Anastomosis

Periventricular anastomosis, a primary factor of inter-
est, was measured using STS-MIP MRA. Presence of
anastomosis was determined by a rater (T.F) who was
blinded to other clinical information. To estimate intrarat-
er reliability, the rater rated the images twice at a 1-month
interval on a subsample of the last 34 consecutive patients.
Another rater (T.M.) independently rated images from the
same subsample to determine interrater reliability. Raters
had participated in an advance self-training session on 10
representative cases in which periventricular anastomosis
had been confirmed.

The classification and definition of periventricular
anastomosis followed that of our previous study.’ In brief,
anastomosis was defined as a connection beginning at the
perforating or choroidal arteries and ending at the medial
end of the medullary or insular arteries in the periven-
tricular area. Anastomoses were classified into 3 subtypes
(Fig. 1): 1) lenticulostriate, beginning at the lenticulostri-
ate artery and connecting to the medullary artery at the
lateral corner of the frontal horn or body of the lateral
ventricle; 2) thalamic, beginning at the thalamotuberal or
thalamoperforating arteries and connecting to the medul-
lary or insular arteries beneath the ependyma of the lat-
eral or third ventricle (medial type), or beginning at the
thalamogeniculate (or rarely, choroidal) artery and con-
necting to the insular artery superior to the inferior horn
or at the lateral corner of the body of the lateral ventricle
(lateral type); and 3) choroidal, beginning at the plexal
segment of the anterior or posterior choroidal arteries
and connecting to the medullary artery beneath the lat-
eral wall of the trigon of the lateral ventricle. Detection
of at least the proximal part of the medullary artery was
considered a positive indicator for the presence of peri-
ventricular anastomosis. For the thalamic type, a vessel
signal extending outside the thalamus or inside the third
ventricle was judged as a positive indicator. Each subtype
of anastomosis was determined as “present” with a posi-
tive finding in at least one hemisphere, and determined
as “absent” with a negative finding in both hemispheres.
Each subtype was scored 1 for “present” and 0 for “ab-
sent,” and the sum of these subscale scores for each pa-
tient represented the periventricular anastomosis score;
the scores thus ranged from O to 3.

To avoid information bias from detection of hemor-
rhage, MR A images from the chronic phase were used for
the assessment of patients who had experienced hemor-
rhagic stroke.

Other Variables

The outcome variable was hemorrhage as a mode of
presentation (hemorrhagic presentation), defined as in-
tracranial hemorrhage at onset causing any neurological
symptom and detected with CT.

Possible confounders affecting results, including age,
sex, concurrence of disorders causing moyamoya syn-
drome, history of hypertension and diabetes, unilateral
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FIG. 1. Schematic illustration (A) and STS-MIP MR angiograms (B—E) showing periventricular anastomosis. B: Lenticulostriate
type. C and D: Thalamic type. E: Choroidal type. The periventricular anastomosis score is 3 (lenticulostriate, 1; thalamic, 1; and
choroidal, 1) given all images are from the same patient. A = artery; ChA = choroidal artery; LSA = lenticulostriate artery; Med =
medullary; subepend = subependymal; TGA = thalamogeniculate artery; TPA = thalamoperforating artery; TTA = thalamotuberal
artery. Panel A: Modified with permission from Funaki et al: Neurol Med Chir (Tokyo) 55:204-209, 2015.

disease, and evidence of severe hemodynamic compro-
mise, were also measured. Hypertension is diagnosed if
systolic and diastolic blood pressure at first visit or on
admission exceeded 140 mm Hg and 90 mm Hg, respec-
tively, or if the patient was receiving antihypertensive
agents. Diabetes mellitus was defined as use of insulin or
oral glucose inhibitors. Severe hemodynamic compromise
was defined as a defect in the cerebral blood flow both at
rest and after acetazolamide challenge revealed in single
photon emission computed tomography. ‘

Statistical Analysis

Intra- and interrater agreement on the presence of each
periventricular anastomosis was assessed using the kappa
statistic (i), and agreement on rating the periventricular
anastomosis score was assessed using weighted kappa
(k,). The Wilcoxon rank-sum test and Fisher’s exact test
were used as appropriate for the comparison of baseline
characteristics. The Cochrane and Armitage test for trend!
was used to assess the trend in an ordinal variable. Sig-
nificant factors in the univariate baseline comparison were
incorporated into multiple logistic regression models. The
periventricular anastomosis score was analyzed not only
as an ordinal variable but also as an interval variable and
was incorporated into models. We considered p values of
< 0.05 and 95% CI of OR not including 1 significant. All
analyses were performed using JMP software (version 11,
SAS Institute Inc.).

Results

A total of 136 patients were diagnosed with moyamoya
disease or moyamoya syndrome at our hospital between
January 2009 and August 2014. Fourteen patients were ex-
cluded from the study for the following reasons: the MRA
scan field was not sufficiently wide (6 patients); the assess-
ment of MRI was difficult because of metallic artifact (1
patient); the patient had already undergone bypass surgery
at another hospital (6 patients); and the patient had under-
gone coil embolization due to a peripheral aneurysm in
the anterior choroidal artery (1 patient).

Of the remaining 122 patients included in the analysis,
18 (14.8%) had presented with hemorrhage at onset, 66
(54.1%) with ischemic attack, 19 (15.6%) with cerebral in-
farction, and 3 (2.5%) with seizure. Sixteen patients (13.1%)
were asymptomatic or had subtle symptoms such as head-
ache.

Reliability

Intrarater and interrater reliability for the presence of
each subtype of periventricular anastomosis are summa-
rized in Table 1. Very good agreement was observed for
the lenticulostriate type (k = 0.85 for intrarater agreement
and 0.93 for interrater agreement). Agreement for the cho-
roidal type ranged from moderate to good (k = 0.70 for
intrarater agreement and 0.54 for interrater agreement).
Agreement for the thalamic types was moderate (x =
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