


Moyamoya Disease With TIA, SAH, and ICH

revascularization  surgery for  hemorrhagic-onset
moyamoya disease patients with ischemic symptoms was
favorable in our series, despite the higher risk for
postoperative transient cerebral hyperperfusion, as shown
by our most recent report.?

In conclusion, asymptomatic moyamoya disease may
manifest with a dynamic course, so careful follow up is
necessary. Simultaneous manifestation of ischemic attack,
SAH, and ICH in a short period in our case may indicate
the involvement of a specific biological background which
could facilitate the occurrence of various types of
cerebrovascular event in this rare entity.
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Postoperative neurological deterioration in pediatric
moyamoya disease: watershed shift and hyperperfusion

Clinical article
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Object. Young patients with moyamoya disease frequently exhibit extensive cerebral infarction at the time of
initial presentation, and even in the early postoperative period. To investigate clinical characteristics in the early post-
operative period, the authors prospectively analyzed findings of MR imaging, MR angiography, and SPECT before
and after surgery. The authors focused in particular on how postoperative neurological deterioration occurred.

Methods. Between August 2005 and June 2009, 22 patients younger than 18 years of age with moyamoya dis-
ease were treated at Miyagi Children’s Hospital. The mean patient age (+ SD) was 8.58 = 4.55 years (range 2-17
years). Superficial temporal artery—middle cerebral artery bypass and indirect bypass of encephalosynangiosis be-
tween the brain surface and the temporal muscle, galea, and dura mater were performed in 35 hemispheres. Magnetic
resonance imaging and MR angiography were performed before surgery, at 7 days postoperatively, and 3-6 months
after surgery. A *®I-isopropyl iodoamphetamine SPECT scan was also obtained pre- and postoperatively.

Results. During the postoperative period, neurological deterioration was observed after 15 operations (10 cases
of motor paresis, 1 of aphasia, and 4 of sensory disturbance) in 13 patients. All symptoms had resolved by the time
of discharge, except in 2 patients who suffered cerebral infarction. All patients exhibited disappearance (94.3%) or
reduction (5.7%) of transient ischemic attacks (T1As) during the follow-up period. Perioperative studies revealed
2 different types of radiological findings, focal uptake decrease on SPECT indicative of cerebral ischemia due to
dynamic change in cerebral hemodynamics caused by bypass flow, the so-called watershed shift, and perioperative
edematous lesions on MR imaging due to cerebral hyperperfusion. The frequent occurrence of preoperative TIAs was
significantly associated with watershed shift, whereas preoperative MR imaging findings and preoperative SPECT
findings were not. Age at operation was the only factor significantly associated with postoperative hyperperfusion.

Conclusions. In young patients, moyamoya disease exhibits rapid progression, resulting in poor clinical outcome.
The risk of postoperative neurological deterioration in very young moyamoya patients with frequent TIAs should be
noted. The findings in this study showed that direct bypass is not completely safe in patients with moyamoya disease
because it causes dynamic change in postoperative cerebral hemodynamics. (DOI: 10.3171/20104 . PEDS09478)

Key Worns  *
watershed shift

bypasssurgery °* hyperperfusion * moyamoya disease *

MOYAMOYA disease is characterized by progressive
arterial stenosis or occlusion of the intracranial
ICAs and the development of extensive col-
lateral vessels (moyamoya vessels}.??! It is a cause of
stroke and TIA in both pediatric and adult patients. Sur-
gery to revascularize the ischemic brain is a frequently
recommended treatment option in this patient population.

Abbreviations used in this paper: ACA = anterior cerebral artery;
ICA = intemal carotid artery; IMP = isopropyl iodoamphetamine;
MCA = middle cerebral artery; PCA = posterior cerebral artery;
STA = superficial temporal artery; TIA = transient ischemic attack.
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Both direct revascularization through STA-MCA bypass
and various indirect methods have been performed, with
varying success.1281217.19-22 Syrgjcal treatment of young
children, however, is an issue of some concern. Young
patients, and particularly young children, frequently ex-
hibit extensive cerebral infarction at the time of initial
presentation and even in the early postoperative period,
despite the marked advances in recent surgical and pe-
rioperative treatment.1%12182 The longitudinal changes

This article contains some figures that are displayed in color
online but in black and white in the print edition.
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that take place in cerebral hemodynamics after surgery
have not been fully elucidated® To investigate clini-
cal characteristics in the early postoperative period, we
prospectively analyzed the findings of MR imaging, MR
angiography, and SPECT before and after surgery, and
focused on how postoperative deterioration occurred.

Methods

Patient Population

Between August 2005 and June 2009, 22 patients
younger than 18 years of age (8 boys and 14 girls) with
moyamoya disease were treated at Miyagi Children’s
Hospital (Table 1). The mean patient age (+ SD) was 8.58
* 4.55 years (range 2-17 years). All patients satisfied the
diagnostic criteria of the Research Committee on Sponta-
neous Occlusion of the Circle of Willis of the Ministry of
Health, Labor, and Welfare of Japan. Among 22 consecu-
tive patients, the onset of symptoms was ischemic in 16
and marked by seizures in 6. Two patients had neurologi-
cal symptoms (mild hemiparesis) at the time of admis-
sion, All patients underwent combined direct and indirect
bypass. In total, 35 sides were treated. Of the 35 hemi-
spheres, frequent preoperative TIA (more than 2 episodes
during the preceding month) and/or preoperative cerebral
infarction during the month preceding surgery was seen
in 11 hemispheres.

Surgical Procedure

The majority of the patients were treated by the same
surgeon (T.H.). The details of the surgical technique used
in these patients are described elsewhere.> Briefly, both
direct STA-MCA bypass and indirect bypass of encepha-
losynangiosis between the brain surface and the temporal
muscle, galea, and dura mater were performed mainly
toward the frontotemporoparietal region. The initial
surgery in each patient was performed in the dominant
hemisphere, as determined by the clinical symptoms and
findings of SPECT. If dominance was unclear, the left
side of the brain usually was selected for the first surgery.
The second surgery, for the contralateral side, was usu-
ally performed 3 months after the initial surgery. If the
patients were young (3 years of age or less) and suffered
cerebral infarction, the surgery was performed as soon as
possible to prevent additional infarction.

All patients were registered for this study based on
clinical manifestations, MR imaging and MR angiog-
raphy findings, and results of SPECT studies. The MR
imaging and MR angiography studies were performed
before surgery, at 7 days postoperatively, and 3—6 months
after surgery. Cerebral perfusion was measured for all pa-
tients with 12I-IMP SPECT pre- and postoperatively. A
postoperative SPECT study was performed at 3 or 4 days
after surgery to assess early postoperative changes, and
again 3—6 months after surgery to assess the effectiveness
of the operation. Cerebral vasodilatory capacity was also
assessed after an intravenous injection of acetazolamide
(20 mg/kg; maximum dose 1 g) preoperatively and 3-6
months after surgery, unless a severe decrease in uptake
was observed in resting SPECT studies.
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TABLE 1: Summary of findings in 35 surgically treated
hemispheres in 22 pediatric patients with moyamoya disease*

Variable No. of Hemispherest
sex
M 12(8)
F 23(14)
onset
ischemia 24 (16)
seizure 11(6)
preop condition
neurological symptoms
yes 3(3)
no 32(19)
frequent TIA/INF
yes 11(8)
no 24 (14)
preop MR findings
cerebral lesion
yes 13(9)
no 22 (13)
INF 12(8)
ICH 1(1)
MMVs
minimal 13
marked 22
ACA depiction
good 17
poor 18
MCA depiction
good 16
poor 19
A,
occlusion 28
stenosis 7
M
occlusion 3
stenosis 4
PCA lesion
yes 6
no 29
periop neurological symptoms
yes 15 (13)
no 20 (9)
periop MRI findings
INF
yes 2(2)
no 33 (20)
edematous lesion
yes 7(5)
no 28 (17)
(continued)
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TABLE 1: Summary of findings in 35 surgically treated
hemispheres in 22 pediatric patients with moyamoya disease*
{continued)

Variable No. of Hemispherest
condition at FU
neurological worsening
yes 2(2)
no 33(20)
TIA
no 33(20
decreased 2(2)
seizure
no 35(22)
yes 0
new lesion on FU MRI
no 33 (20
yes 2(2)

* FU = follow-up; ICH = intracerebral hemorrhage; INF = infarction;
MMV = moyamoya vessel.
+ Numbers in parentheses represent the number of patients.

Findings on MR Angiography

The findings evaluated on preoperative MR angiog-
raphy of the treated hemisphere included extent of moy-
amoya vessels and involvement of the MCA, ACA, and
PCA. The extent of moyamoya vessels was classified as
absent, minimal, or marked. The MCA and ACA involve-
ment was classified as normal, stenosis, or occlusion. The
depiction of peripheral vessels of the ACA and MCA was
also classified as good or poor.

Findings on SPECT Images

The cerebellum was considered as the reference region
for visual inspection of basal and acetazolamide stress
brain perfusion SPECT images. The SPECT images were
assessed as exhibiting either “preserved” or “decreased”
regional cerebral blood flow. Decreased cerebrovascular
reserve was defined as cerebral perfusion on acetazol-
amide stress SPECT that fell into a lower color range than
that in basal SPECT over at least one-third of any brain
lobe. Postoperative SPECT studies were compared with
preoperative basal SPECT to assess early postoperative
changes (3 or 4 days after surgery) and the effectiveness
of surgery (3—6 months after surgery).

Statistical Analysis

Ordinal logistic regression was used for the analysis
of a total of 35 hemispheres, with SPSS version 16.0 J for
Windows. For all tests, findings of p < 0.05 were consid-
ered significant.

Results

Table 1 presents a summary of neurological condi-
tion and MR imaging and SPECT findings for all patients.
Preoperative cerebral lesions were seen in 13 hemispheres
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(cerebral infarction in 12 and an old intracranial hemor-
rhage in 1). All of the hemispheres exhibited moyamoya
vessels on MR angiography (minimal in 13, marked in
22). The majority of hemispheres exhibited occlusion of
the proximal portions of both A, and M,. Stenosis of the
PCA was seen in 6 hemispheres. Preoperative SPECT
studies revealed decreased cerebral perfusion in 25 hemi-
spheres (Table 2). All 35 hemispheres exhibited decreased
cerebrovascular reserve.

During the postoperative period, neurological deteri-
oration was observed following 15 operations (9 cases of
motor paresis, 1 of aphasia, 4 of sensory disturbance, and
1 of motor paresis and aphasia) in 13 patients (Table 3).
All symptoms resolved by the time of discharge, except
in 2 patients who suffered cerebral infarction and exhib-
ited mild left hemiparesis and motor aphasia. Postopera-
tive SPECT studies performed 3 or 4 days after surgery
(perioperative SPECT) revealed an increase in uptake in
15 of 25 hemispheres that exhibited decreased cerebral
perfusion on preoperative SPECT, whereas 7 of 10 hemi-
spheres with preserved cerebral perfusion preoperatively
exhibited no apparent changes (Fig. 1). High uptake was
clearly observed in 1 patient. On the other hand, although
some increase in uptake was seen around the site of anas-
tomosis, a focal decrease in uptake away from the site of
anastomosis was seen in 12 hemispheres (Fig. 2). Of the
12 hemispheres that exhibited a decrease in uptake, 2 had
defects in uptake that were subsequently found to repre-
sent cerebral infarction on MR imaging studies (Fig. 3).

The onsets of symptoms indicative of infarction
were 6 hours and 2 days after surgery, respectively. The
2 patients involved were each 3 years of age. Postopera-
tive MR imaging studies performed 7 days after surgery
revealed 9 additional lesions compared with the preop-
erative studies. Two were cerebral infarctions, whereas
7 were focal lesions located adjacent to the site of anas-
tomosis that did not exhibit high signal intensity on dif-
fusion weighted images, but did so on T2-weighted and
FLAIR images due to the brain edema caused by cere-
bral hyperperfusion (Fig. 4). All patients but 1 showed the
high uptake adjacent to the lesion on SPECT images. All
of the edematous lesions resolved during the follow-up
period without any significant findings on MR imaging
studies. Follow-up MR imaging studies revealed no sig-
nificant additional lesion, except in 2 patients with cere-

TABLE 2: Summary of SPECT findings in 35 hemispheres in 22
patients with moyamoya disease

Cerebral Perfusion

SPECT Findings Preserved Decreased
precp 10 25
periop changes
increased uptake 1 15
decreased uptake 2 10
no change 7 0
FU
preserved perfusion 10 23
decreased perfusion 0 2
75
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TABLE 3: Characteristics of 13 patients with moyamoya disease and postoperative ischemic symptoms*

Area of Decreased Uptake

Case
No. Age (yrs) Symptom WS HP RecentTIA Preop INF On Preop rSPECT On Preop sSPECT
1 3 LE paresis no no no yes ACA-MCA
3 hemiparesis yes (INF) no yes yes MCA-PCA
2 3 aphasia yes (INF) no yes yes MCA-PCA
3 5 sensory no no no yes hemisphere
4 7 hemiparesis no no yes yes hemisphere
8 hemiparesis yes no yes no ACA-MCA
5 9 hemiparesis yes no yes no MCA-PCA
6 10 UE paresis no yes yes no ACA-MCA
7 10 sensory no no no no NS ACA-MCA
8 12 sensory yes no no no MCA
9 13 sensory no no no no MCA
10 14 hemiparesis no yes no no MCA
1 14 hemiparesis no yes no yes MCA-PCA
12 15 hemiparesis no yes no no NS ACA-MCA
13 17 hemiparesis, aphasia no no no no NS ACA-MCA

* HP = hyperperfusion; LE = lower extremity; NS = not significant; rSPECT = rest SPECT, sensory = sensory disturbance;
SSPECT = acetazolamide stress SPECT; UE = upper extremity; WS = watershed shift.

bral infarction on postoperative MR imaging. The MR
angiography findings revealed significant development
of indirect pial synangiosis as well as patent STA-MCA
bypasses in all hemispheres. Follow-up SPECT studies
demonstrated improvement of both cerebral perfusion
and cerebrovascular reserve in all hemispheres but 2 that
exhibited additional cerebral infarction on MR imaging
studies. Even the hemispheres with postoperative cerebral
infarction exhibited improvement of cerebrovascular re-
serve, except in the infarcted regions.

Of 22 consecutive patients with 35 surgeries, all ex-
hibited disappearance (33 hemispheres, 94.3%) or reduc-
tion (2 hemispheres, 5.7%) of TIAs during the follow-up
period (3—6 months after surgery).

Risk Factors for Perioperative Deterioration

Perioperative neurological deterioration (that is, oc-
curring within 2 weeks of surgery) was detected in 15
hemispheres in 13 patients (Table 3). All symptoms were
resolved by the time of discharge, except those in 2 pa-

Fic. 1. Preoperative (upper) and postoperative (lower) images obtained in a 3-year-old girl. Preoperative MR angiography
study showed minimal moyamoya vessels with poor depiction of the MCA in the right hemisphere. Postoperative SPECT study
obtained 3 days after surgery revealed improvement of right cortical uptake. On postoperative T2-weighted MR imaging and MR
angiography studies obtained 1 week after surgery, the right STA-MCA bypass and the branch of the right MCA were well visual-

ized, and no significant postoperative lesion was seen.
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Fic. 2. Preoperative (upper) and postoperative (lower) images obtained in a 3-year-old girl, demonstrating watershed shift.
Preoperative MR imaging revealed cerebral infarction in the right hemisphere. Preoperative MR angiography revealed marked
moyamoya vessels, with good depiction of the MCA in the left hemisphere. Postoperative SPECT study obtained 3 days after left
direct and indirect bypass was performed revealed improvement of left occipitotemporal uptake, with focal hyperperfusion and
marked decrease in uptake in the left frontal region. On postoperative T2-weighted MR imaging obtained 1 week after surgery, an
ischemic change is noted in the left frontal subcortical area. Postoperative MR angiography revealed increased signal intensity
in the lower branch of the left MCA (black arrowheads) and decreased signal intensity in the upper branch of the left MCA (white
arrowheads).

tients found to have cerebral infarction on MR imaging
studies. Perioperative studies revealed 2 different types
of radiological findings: perioperative focal uptake de-
crease on SPECT study, indicative of cerebral ischemia
(5 patients), and perioperative edematous lesions on MR

imaging study (4 patients). On ordinal logistic regression
analysis, frequent preoperative TIA and/or preoperative
cerebral infarction during the month preceding surgery
was significantly associated with a focal decrease in up-
take on perioperative SPECT studies, whereas preop-

Fic. 3. Preoperative and postoperative findings in a 5-year-old girl. Preoperative MR angiography revealed marked moyamoya
vessels with poor depiction of the MCA in the left hemisphere (e). Preoperative SPECT study revealed a mild decrease in uptake
bilaterally in the frontal area (a). Postoperative SPECT performed 3 days after left direct and indirect bypass revealed a decrease
in uptake in the left frontal region (b). Follow-up SPECT study performed 3 months after surgery revealed marked improvement
of left cortical uptake (c). Follow-up MR imaging (f) performed 3 months after surgery revealed no significant lesion other than
the preoperative one (d). Signal intensity of the left STA-MCA bypass (white arrowhead) and depiction of the left MCA were
more prominent on follow-up MR angiography (g) than on preoperative MR angiography (e). Decreased depiction of moyamoya
vessels was also noted.

J Neurosurg: Pediatrics / Volume 6 / July 2010
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Fic. 4. Preoperative (a), perioperative (b), and follow-up (c) images obtained in a 17-year-old girl who had previously under-
gone bypass surgery in the right hemisphere and who this time underwent left direct and indirect bypass. Preoperative T2-weight-
ed MR imaging revealed no significant cerebral lesion (a). Preoperative MR angiography revealed minimal moyamoya vessels,
with poor depiction of the MCA in the left hemisphere. Postoperative T2-weighted MR imaging performed 7 days after surgery
revealed a hyperintense area in the left parietal region (arrowhead; b). An MR angiography study disclosed an apparently patent
STA-MCA bypass (arrow) with increased intensity in the left MCA. A SPECT study performed 3 days after surgery revealed
improvement of uptake in the left hemisphere, with an area of focal hyperperfusion in the left parietal region corresponding to the
hyperintense area. Follow-up studies performed 3 months after surgery revealed disappearance of the hyperintense area and
focal hyperperfusion (c). Signal intensity of the STA-MCA bypass (arrow) was less prominent than in the acute postoperative

period.

erative MR imaging findings and preoperative SPECT
findings were not (Table 4). On the other hand, age at op-
eration was the only factor significantly associated with
postoperative edematous lesions (Table 5).

Discussion

In young patients, moyamoya disease exhibits rapid
progression, resulting in poor clinical outcome. Several
reports have shown that subsequent preoperative infarc-
tion occurred significantly more often in the younger pa-
tient group.*!>15!82 These findings indicate the need for
early surgery in young patients with moyamoya disease.

On the other hand, despite the marked advances in re-
cent surgical and perioperative treatment,'® young patients
sometimes suffer cerebral infarction in the early postop-

78

erative period. In our series, postoperative transient neuro-
logical symptoms were observed during the perioperative
period in 15 (42.9%) of 35 surgeries, and 2 patients (5.7%
of 35 hemispheres, 9.1% of 22 patients) exhibited postop-
erative cerebral infarction. Taki et al.”* also reported that
postoperative neurological deficits were observed during
the acute stage after surgery in 16 (59.3%) of 27 pediatric
patients who underwent both direct and indirect bypass,
whereas postoperative infarction was seen in one of 27
hemispheres. Kim et al.”? found that the rate of surgery-
related infarction was 28 (13.7%) of 204 in pediatric moy-
amoya patients who underwent indirect bypass, whereas
Scott et al.’® found that it was 11 (4%) of 271. It is inter-
esting that the rate of postoperative stroke differs between
Asian and American series. It seems that the patients in
Asian countries showed a more aggressive clinical course.

J Neurosurg: Pediatrics / Volume 6 / July 2010
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TABLE 4: Characteristics of hemispheres with uptake decrease
on perioperative SPECT

Periop Uptake Decrease

Characteristic +(12sides) —(23sides) pValue
mean age in yrs 698+413 944+442 08638
ischemic onset 8 15 0.857
preop INF 4 8 0.061
marked MMVs 1 il 0.100
A, occlusion 1" 17 0.907
M, occlusion 13 18 0.745
poor ACA depiction 6 12 0.161
poor MCA depiction 6 13 0.447
PCA lesion 2 4 0.113
basal SPECT decrease 12 13 0.269
recent TIA/ANF 7 4 0.018"

* Statistically significant.

The mechanism of postoperative deterioration in these
patients has remained undetermined due to the lack of post-
operative cerebral blood flow analysis and also the absence
of MR studies during the acute stage after direct and indi-
rect bypass. Cerebral hyperperfusion or cerebral ischemia
after surgery has been reported to be a cause of transient
neurological deterioration 35741523 To address this issue,
we prospectively performed ?ILIMP SPECT scanning
within 4 days of surgery, and MR imaging studies 1 week
after surgery in 35 treated hemispheres in patients with
childhood moyamoya disease. Our findings suggested that
2 different mechanisms might have contributed to neuro-
logical deterioration in the early postoperative period. One
is focal decrease in cerebral perfusion remote from the site
of anastomosis detected on perioperative SPECT studies,
whereas the other is edematous lesions at the site of anasto-
mosis detected on MR imaging studies (Fig. 5). Although
underlying ischemia due to a preoperative condition could
have contributed to the postoperative ischemic symptoms,

TABLE 5: Characteristics of hemispheres with edematous lesion
on perioperative MRI

Periop Edemalous Lesion

Characteristic + (7 sides) — (28 sides)  p Value
mean age in yrs 1391268 7.27+381  0.008"
ischemic onset 5 18 0.960
preop INF 1 i 0.848
marked MMVs 5 17 0.796
A, occlusion 5 23 0.585
M, occlusion 6 25 0.776
poor ACA depiction 3 15 0.739
poor MCA depiction 3 16 0.500
PCA lesion 1 5 0.655
basal SPECT decrease 4 21 0.227
recent TIA/INF 1 10 0.209

* Statistically significant.

J Neurosurg: Pediatrics / Volume 6 / July 2010

66

9 of 15 hemispheres with postoperative clinical deteriora-
tion showed these conditions.

Recently, postoperative hyperperfusion syndrome
has come to be considered the cause of postoperative fo-
cal neurological symptoms, despite the relatively low flow
revascularization obtained by surgery for moyamoya dis-
ease.*>15 This syndrome appears as focal edema on MR
imaging, whereas in SPECT studies a marked increase in
uptake is noted at the lesion. However, symptoms resolved
within a period of several minutes to 2 weeks, with mini-
mal or no significant findings on follow-up MR imaging.
Fujimura et al.? reported that the incidence of symptom-
atic hyperperfusion is as high as 38.2% in patients with
adult-onset moyamoya disease, and 5.9% in those with
childhood moyamoya discase. Although edematous le-
sions detected on MR imaging do not always cause
neurological symptoms, the incidence of postoperative
edematous lesions on MR imaging was 20% in our study.
On the other hand, our SPECT studies performed early
in the postoperative period revealed a decrease in uptake
in 14 of 35 surgically treated hemispheres, including 2
hemispheres that exhibited cerebral infarction. This focal
decrease in cerebral perfusion on perioperative SPECT
studies has never been previously reported.

Our findings indicated that not only improvement, such
as increase in perfusion flow in any cerebral region, but
also worsening can occur after revascularization surgery.
Because the region adjacent to the site of anastomosis ex-
hibited an increase in uptake on SPECT, and MR angiog-
raphy revealed a marked increase in signal intensity of the
anastomosed vessels, obvious causes of deterioration such
as occlusion of the STA-MCA bypass could be ruled out.
Intraoperative causes of neurological deterioration such as
effects of anesthesia, hypotension, and temporary occlu-
sion of a cortical vessel or sacrifice of its small branches
were unlikely to have caused the deficits, because in each
case the patient awoke satisfactorily and deterioration oc-
curred hours to days later. The dynamic change in post-
operative hemodynamics due to bypass flow was consid-
ered to be the cause of this deterioration. Heros et al.5 first
reported the possibility that a change in the flow pattern
after STA-MCA bypass causes ischemic symptoms. They
speculated that shifts in the watershed region resulting
from the new flow pattern after bypass grafting may play
an important role in the origins of postoperative neurologi-
cal deficits, They confirmed filling of the flow pattern by
the graft on digital subtraction angiography, and concluded
that the MCA division remote from the anastomosis had
in effect become the “distal field” or “watershed” area of
the MCA territory now supplied by the graft. The graft, by
reversing flow patterns, induced relative hypoperfusion in
the remote territory of the MCA that gradually improved
as flow through the graft increased.

Our findings are the first to confirm a postoperative
change in flow pattern, the so-called watershed shift,
caused by direct bypass. A source of emboli arising from
local problems at the site of anastomosis, such as intimal
tags left within the lumen of the vessel or endothelial in-
jury, could also have caused the cerebral infarction due
to embolism. Lacking early postoperative digital subtrac-
tion angiography studies, we could not conclude but only
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Fic. 5. Schematic drawings of postoperative hemodynamic changes.

Excessive flow from direct bypass causes hyperperfusion.
sion in the remote territory of the MCA.

speculate on the postoperative condition. However, the
pattern of infarction was not that caused by occlusion of a
branch of the MCA, which would have yielded a wedge-
shaped region of infarction including white matter, but
instead was that caused by decrease in perfusion pressure
resulting in subcortical laminar necrosis. Infarction was
not observed distal to the site of anastomosis.

The risk factor for decrease in focal perfusion that we
identified, the watershed shift, was frequent preoperative
TIAs and/or preoperative cerebral infarction during the
month preceding surgery, whereas preoperative MR im-
aging and SPECT findings were not risk factors for this.
Previous reports also showed that the frequent occurrence
of preoperative TIA is an important indicator of instabil-
ity of cerebral hemodynamics.’®* Because the graft, by
reversing flow patterns, induced relative hypoperfusion in
the remote territory of the MCA, ischemic attacks indica-
tive of decreased perfusion with unstable hemodynamics
in the territory of the ICA should be considered a risk fac-
tor. Although not significant in this study (p < 0.15), depic-
tion of PCA and moyamoya vessels, which are important
collateral pathways in the ICA territory, may also affect
hemodynamics.”*!* On the other hand, because low per-
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fusion preoperatively as demonstrated on SPECT studies
was not a risk factor, low cerebral perfusion alone cannot
be considered a risk factor for watershed shift. Additional
study with larger numbers of patients will settle this im-
portant issue. On the other hand, age was the only risk
factor for hyperperfusion in our study. The mechanism
underlying hyperperfusion in moyamoya disease also re-
mains unclear. Duration of preoperative ischemia may af-
fect postoperative cerebral hyperperfusion. Investigation
of a larger number of patients is required to determine
this mechanism.

Among the many different methods of treatment for
moyamoya disease, our choice for its initial treatment is
both direct (STA-MCA bypass) and indirect (encepha-
lomyodurogaleosynangiosis) bypasses. The advantages
of this procedure include both immediate improvement
of cerebral hemodynamics by STA-MCA anastomosis
and subsequent development of marked collateral circu-
lation by the indirect pial synangiosis. During the early
postoperative period, STA-MCA bypass should improve
cerebral hemodynamics and reduce ischemic symptoms.
However, it should be noted that direct bypass is not a
completely safe procedure in moyamoya disease. In our
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patients, watershed shift did not always cause infarction,
although it did occur in 2 patients, each of them 3 years
of age and with marked preoperative cerebral infarction.
Because the infarctions occurred within 3 days of surgery,
and hyperperfusion syndromes have been reported more
than 3 days after surgery,*!5 the possibility of watershed
shift should be considered until the flow through the graft
bypass gradually increases. The more aggressive double
STA-MCA bypass, which can increase perfusion flow in
both the anterior and posterior MCA territories, should be
considered to reduce the risk of watershed shift in high-
risk patients. It should be noted that once permanent neu-
rological deficits have developed, there is little chance for
surgical treatment to improve neurological status.

Conclusions

In young patients, moyamoya disease exhibits rapid
progression, resulting in poor clinical outcome. The risk
of postoperative neurological deterioration in very young
moyamoya patients with frequent TIAs should be noted.
Our findings showed that direct bypass is not a complete-
ly safe procedure in moyamoya disease, because it causes
dynamic changes in postoperative hemodynamics due to
bypass flow.
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Abstract Moyamoya refers to a phenomenon of steno-
occlusive changes at or around the terminal part of the
internal carotid artery (ICA). Moyamoya vessels develop
in patients with (moyamoya syndrome) or without
(moyamoya disease) various underlying diseases or con-
ditions. Recent evidence shows that stenoocclusive
lesions tend to involve the ipsilateral ICA system and
posterior cerebral artery (PCA) predominantly in moy-
amoya disease. A 53-year-old Japanese woman with par-
oxysmal nocturnal hemoglobinuria presented with
cerebral infarction from stenoocclusive involvement in
the ipsilateral ICA and PCA associated with moyamoya
vessels; she had no contralateral vascular lesion.
Although predominant involvement of the ipsilateral
ICA and PCA was associated with underlying disease
(moyamoya syndrome) in the present case, it is a char-
acteristic finding of moyamoya disease. We discuss the
possible pathogenesis of the vascular changes of this
case.
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Introduction

Moyamoya refers to a phenomenon of stenoocclusive
changes at or around the terminal part of the internal
carotid artery (ICA). Moyamoya vessels develop
in patients with (moyamoya syndrome) or without
(moyamoya disease) various underlying diseases or
conditions.”

Paroxysmal nocturnal hemoglobinuria (PNH) is an
acquired stem cell disorder of an abnormal clone in the
bone marrow. It characteristically manifests as chronic
hemolytic episodes, intermittent hemoglobinuria, neu-
tropenia and/or thrombocytopenia, and intravascular
thrombosis.** Although cerebral venous or arterial
thromboses are sometimes associated with PNH and are
major contributors to mortality,”® an association with
moyamoya syndrome has been reported in only one
case.’

We report an additional patient with PNH who devel-
oped cerebral infarction associated with unilateral moy-
amoya phenomenon involving the ipsilateral ICA system
and posterior cerebral artery (PCA) without a contralat-
eral vascular lesion. Although predominant involvement
of the ipsilateral ICA and PCA was associated with
underlying disease, it is a characteristic finding of moy-
amoya disease.*” We discuss the possible pathogenesis
of the vascular changes in our case.

Case report

In June 2007, a 52-year-old Japanese woman with
anemia and transient sensory disturbance in the left
upper and lower limbs was admitted to a local hospital.
Laboratory examination revealed typical hemolytic
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anemia (leukocyte count 2160/mm°®, hemoglobin 8.8 g/
dl, platelet count 13.5 x 10¥/mm”, and lactate dehydro-
genase (LDH) 901 1U/l. Bone marrow examination
revealed hypercellularity in the erythroid series. Cytoge-
netic studies of bone marrow cells showed normal female
karyotype (46XX). PNH was diagnosed by flow cyto-
metric measurement of glycosylphosphatidylinositol
(GPI)-anchored markers on erythrocytes, At follow-up,
her anemia had not progressed.

In November 2007, at age 53, she presented with
sudden stroke and left hemiparesis. Hyperintensity in the
right middle cerebral artery territory on T2- and diffu-
sion-weighted magnetic resonance imaging (MRI) sug-
gested recent infarction (Fig. 1A). MR angiography
(MRA) (3 tesla) showed stenoocclusive lesions in the
distal part of the right ICA and proximal parts of the
anterior, middle, and ipsilateral PCAs and the develop-
ment of moyamoya vessels (Fig. 1B-E). No stenoocclu-
sive lesion was found in the ICA system or the PCA on
the left. Laboratory examination showed slight progres-
sion of anemia (hemoglobin 7.7 g/dl) and hypercoagula-
bility (thrombin antithrombin 111 complex 6.3 ng/
mhb—normal <3.2 ng/ml).

A large infarction in the right cerebral hemisphere
and associated high probability of hemolytic crisis
during bypass surgery precluded surgical revasculariza-
tion. She received only antiplatelet drugs. At the 2-year
follow-up, MR1 showed no additional infarction, and
MRA revealed no progression of the stenoocclusive
lesions.

Discussion

We reported a 53-year-old Japanese woman with PNH
who presented with cerebral infarction as a result of
unilateral moyamoya phenomenon involving the ipsilat-
eral ICA and PCA and with no contralateral vascular
lesion. A 17-year-old Taiwanese girl with PNH has been
reported with the moyamoya phenomenon involving
bilateral ICAs without a PCA lesion.”

We considered the mechanism triggering the develop-
ment of the moyamoya phenomenon in our case and
that of the Taiwanese girl with PNH’ as well as diseases
other than PNH that underlie the moyamoya phenom-
enon, including various prothrombotic disorders (e.g.,
thrombocytopenic  purpura, protein S deficiency,
antiphospholipid syndrome, plasminogen deficiency).'”
We suspect that the moyamoya phenomenon likely
develops from chronic ischemia owing to a prothrom-
botic mechanism. Indeed, in our case, the molecular
markers in the blood for prothrombosis were high
(thrombin antithrombin I11 complex level of 6.3 ng/ml).

o
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Based on this hypothesis of a prothrombotic mecha-
nism, we further speculate that in the present case throm-
bosis initiated in the supraclinoid ICA might have spread
to the ipsilateral proximal PCA via the posterior com-
municating artery and caused the stenoocclusive 1ICA
and PCA lesions associated with moyamoya vessels.

The predominant involvement of the ipsilateral ICA
and PCA found in this case with PNH has been reported
as an angiographic characteristic of moyamoya disease.*’
In a previous study of 85 Japanese patients with moy-
amoya disease, angiographic laterality in individual
patients was common in both ICA and PCA systems,
with a significant probability for lesions with more
advanced ICA and PCA lesions to be on the same side.®
In addition, two Japanese children were reported who
had initial involvement of moyamoya phenomenon in
the ipsilateral ICA and PCA without any contralateral
lesions.” Although unexplained, such angiographic simi-
larity might indicate a similar pathogenesis of moyam-
oya phenomenon in the present case and moyamoya
disease. This hypothesis is consistent with the results of
a recent prospective study in which prothrombotic dis-
orders were detected in moyamoya disease and moy-
amoyasyndrome.'” Those resultsand frequent association
of the moyamoya phenomenon with blood dyscrasia.?’
including that in the present case, suggest a latent pro-
thrombotic mechanism as a common pathogenesis for
the moyamoya phenomenon in moyamoya disease and
some other moyamoya syndromes.
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Abstract

A 69-year-old woman was admitted to our hospital because of fluctuating dysarthria during the past 2
months. Magnetic resonance imaging revealed old cerebral infarction of the left cerebral hemisphere
with acute subarachnoid hemorrhage in the left sylvian fissure. Cerebral angiography showed a large
saccular aneurysm, 14 mm in diameter, at the bifurcation of the left middle cerebral artery (MCA) in as-
sociation with moyamoya vasculopathy with atherosclerosis, including steno-occlusive changes at the
bilateral terminal internal carotid arteries and abnormal net-like vessels at the base of the brain. She
underwent microsurgical neck clipping of the large aneurysm followed by superficial temporal artery-
MCA anastomosis without complication. Intraoperative findings showed no evidence of aneurysm rup-
ture, suggesting that the subarachnoid hemorrhage was due to the intrinsic pathology of moyamoya vas-
culopathy. The postoperative course was uneventful, and the patient was discharged without neurologi-
cal deficit. Association of moyamoya syndrome with large MCA aneurysm is extremely rare, and for-

mation of large aneurysm at the vascular territory of an occluded vessel is apparently unique.

Key words: moyamoya syndrome,
subarachnoid hemorrhage

Introduction

Moyamoya disease is a progressive, occlusive cerebrovas-
cular disease with unknown etiology characterized by
bilateral steno-occlusive changes at the terminal portion of
the internal carotid artery and abnormal vascular network
at the base of the brain.’? Moyamoya disease is frequently
associated with intracranial aneurysms located within the
abnormal basal network or the circle of Willis, probably as
a result of the intrinsic pathology of moyamoya disease
such as hemodynamic stress and fragile structure of the
collateral vessels.#%7#) Most saccular aneurysms on the
circle of Willis are located on the posterior circulation,
and the association of moyamoya disease with middle
cerebral artery (MCA) aneurysm is rare. Furthermore,
the association of moyamoya vasculopathy with large
MCA aneurysm has not been reported previously. Here
we report a rare case with adult onset moyamoya syn-
drome associated with large MCA aneurysm and
subarachnoid hemorrhage (SAH).

Received March 17, 2010; Accepted May 7, 2010
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Case Report

A 69-year-old woman was admitted to our hospital be-
cause of fluctuating dysarthria during the past 2 months.
She had never complained of severe headaches. Magnetic
resonance (MR) imaging incidentally found acute SAH
along the left sylvian fissure (Fig. 1A, B). MR imaging
also showed old cerebral infarction in the left posterior
watershed area without recent cerebral infarction (Fig.
1C, D). Cerebral angiography showed a large saccular
MCA aneurysm (14 mm diameter) with bleb at its
posterior aspect, in association with steno-occlusive
changes of the bilateral terminal internal carotid arteries
and abnormal net-like vessels at the base of the brain (Fig.
2A). Atherosclerotic changes were found in the intracrani-
al major arteries, leading to the diagnosis of moyamoya
syndrome (akin-moyamoya disease) associated with
atherosclerosis.!V Severe stenosis of the distal M1 seg-
ment, just proximal to the large aneurysm, was also ob-
served (Fig. 2B). Collateral circulation for the cerebral
blood flow from the external carotid artery was not detect-
ed (not shown). Xenon single photon emission computed
tomography (SPECT) demonstrated that the cerebral blood
flow and cerebral vascular reactivity were markedly com-
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Fig. 1 Preoperative magnetic resonance images showing an
area of high intensity on the fluid-attenuated inversion recov-
ery (FLAIR) image (A, arrows) and low intensity on the T,*-
weighted image (B, arrowheads) in the left sylvian fissure in-
dicating recent subarachnoid hemorrhage, and an area of high
intensity on the FLAIR image (C) in the left posterior watershed
area without abnormal signal on the diffusion-weighted image
(D) indicating past history of cerebral infarction.

promised in the left cerebral hemisphere (not shown). Sur-
gery was performed to inspect the source of silent bleed-
ing and to prevent future ischemic stroke.

Left fronto-temporal craniotomy was performed. SAH
was observed on the brain surface (Fig. 3A). The left sylvi-
an fissure was split with evacuation of SAH in the fissure
(Fig. 3B). Fragile microvessels had developed within the
sylvian fissure. The aneurysm was carefully detached
from the surrounding structure to observe the bleb on its
posterior aspect (Fig. 3C). Inspection of the aneurysm
found no evidence of recent rupture (Fig. 3D). Aneurysm
clipping using multiple clips was performed with preser-
vation of the M, portion and perforators (Fig. 3E). The dis-
tal M; portion had atherosclerotic appearance, which
might correspond to the angiographic stenotic lesion. The
parent artery (M, portion) was not occluded throughout
the clipping procedure because the intra-aneurysmal pres-
sure was relatively low for the size of the aneurysm. Motor
evoked potentials monitored during clipping remained
consistently normal. Superficial temporal artery (STA)-
MCA single anastomosis was uneventfully performed to
prevent future ischemic stroke (Fig. 3F).

MR imaging on the day after surgery revealed no is-
chemic or hemorrhagic complications (Fig. 4A, B). Posto-
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Fig. 2 A: Preoperative cerebral angiograms showing multiple
steno-occlusive changes around the circle of Willis with net-
like moyamoya vessels and a left large middle cerebral artery
aneurysm. B: Three-dimensional digital subtraction angio-
grams revealing severe stenosis of distal M; segment (arrow)
and bleb at the posterior aspect of the aneurysm (arrowhead).

perative  N-isopropyl-p{*?*Iliodoamphetamine ~SPECT
findings during the acute stage after revascularization sur-
gery showed significant improvement of cerebral blood
flow in the left cerebral hemisphere (not shown). Her
blood pressure was strictly controlled to avoid symptomat-
ic cerebral hyperperfusion.?) The patient was discharged 3
weeks after surgery without neurological deficit. Cerebral
angiography 6 months after surgery revealed the patent
STA-MCA bypass with no aneurysm filling (Fig. 4C-E).
No anterograde blood flow from M, was evident due to the
contribution of the bypass flow to the distal MCA territo-
ry. No cerebrovascular event occurred during the follow-
up period of 6 months.

Discussion

A review found that 56% of the aneurysms associated with
moyamoya disease occurred around the circle of Willis,
22% on the peripheral collateral vessels, and 18% in the
basal ganglia.) Aneurysms around the circle of Willis
predominantly developed in the posterior circulation, and
only 2 of the 73 aneurysms within the circle of Willis arose
on the MCA (2.7%), indicating that the association of
moyamoya disease with MCA aneurysm is relatively rare,
probably due to the lower hemodynamic stress on the
MCA bifurcation in moyamoya disease. Few cases have
discussed the size of the aneurysms, and moyamoya dis-
ease in association with large MCA aneurysm was
unknown. The present case was considered to be
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Fig. 3 Intraoperative photographs showing subarachnoid
hemorrhage on the brain surface (A), evacuation of the thin
subarachnoid hemorrhage (arrowhead) surrounding the
aneurysm (B), M, segment (white arrow) separated from the
aneurysm (black arrow) (C), little evidence of recent rupture
around the aneurysm with the bleb (arrowhead) (D), clipping
was performed using multiple clips, and atherosclerotic change
of the distal M, portion (arrowhead) (E), and superficial tem-
poral artery-middle cerebral artery single anastomosis was per-
formed (F).

moyamoya syndrome with a background of atherosclero-
sis, but also represents large cerebral aneurysm of the
MCA associated with moyamoya vasculopathy.

The present case was considered to develop cerebral
ischemia and SAH in a relatively short period. Most
patients with hemorrhagic-onset moyamoya disease have
intracerebral hemorrhage (ICH) or intraventricular
hemorrhage (IVH).® In contrast, the clinical manifesta-
tions of hemorrhagic moyamoya disease associated with
intracranial aneurysms tend to be SAH (74%) rather than
ICH (34%) or IVH (29%).” The incidence of aneurysm rup-
ture associated with moyamoya disease is unclear. In the
present case, the intraoperative findings indicated that the
cause of SAH was not related to aneurysm rupture. Dis-
ruption of the transdural anastomosis is a possible cause
of SAH.19 The incidence of disease progression in adult
moyamoya disease was proven to be higher than recog-
nized before.? Atherosclerotic background of the disease
might be involved in the disease progression in our case.

The underlying mechanism of this rare association is
totally undetermined. Based on the observation that the
peculiar hemodynamic stress in moyamoya disease con-
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Fig. 4 A, B: T,-weighted (A) and diffusion-weighted (B) mag-
netic resonance images obtained on the day after surgery show-
ing no ischemic or hemorrhagic complications. C-E: Left in-
ternal carotid angiogram (C), left external carotid angiogram
(D), and three-dimensional digital subtraction angiogram of the
left common carotid artery (E) obtained 6 months after surgery
showing no aneurysm filling, patent superficial temporal ar-
tery-middle cerebral artery bypass (arrow), and no antegrade
blood flow from M, due to the contribution of the bypass flow to
the distal middle cerebral artery territory.

tributes to the formation of cerebral aneurysm at the circle
of the Willis,57® the formation of large MCA aneurysm at
the vascular territory of occlusive vessel is apparently
unique. Furthermore, the intraoperative findings showed
relatively low intra-aneurysmal pressure and no evidence
of aneurysm rupture. These findings might support the
idea of initial occurrence of the cerebral aneurysm with
subsequent development of moyamoya vasculopathy.
Whether this association was incidental or had a shared
background remains unclear. Recent studies have shown
the importance of inflammatory response in the pathogen-
esis of cerebral aneurysm and moyamoya angiopathy.1?
Therefore, inflammatory response might be one of the
potential mechanisms of this rare association.
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Abstract

Appropriate management of moyamoya syndrome associated with Graves’ disease is undetermined be-
cause of the rarity of this combination. Patients tend to present with cerebrovascular events such as
transient ischemic attack (TIA) in a thyrotoxic state, which is relieved by proper antithyroid therapy.
Four patients with moyamoya syndrome associated with Graves’ disease were successfully treated with
revascularization surgery on 5 hemispheres among 58 consecutive patients (2-62 years old, mean 34.4
years) with moyamoya disease in 80 hemispheres treated from March 2004 to May 2007. Three patients
presented with TIA, and one patient presented with intracerebral hemorrhage. Three patients were
thyrotoxic at the onset of the cerebrovascular events. All patients underwent revascularization surgery
after normalization of thyroid function. Euthyroid state was strictly maintained perioperatively. One
patient developed symptomatic cerebral hyperperfusion, which was resolved by blood pressure control.
Postoperative courses of the other patients were uneventful, and all 4 patients have remained neurologi-
cally stable after discharge. Cerebrovascular reconstruction surgery is a successful treatment option for
moyamoya syndrome associated with Graves’ disease. Timing of surgery during the euthyroid state and
perioperative management considering the thyroid function and the cerebral hemodynamic change are

the keys to successful surgical treatment.

Key words: moyamoya disease,
cerebral hemodynamics

Introduction

Moyamoya disease is a progressive, occlusive
cerebrovascular disease with unknown etiology
characterized by bilateral steno-occlusive changes at
the terminal portion of the internal carotid artery
and abnormal vascular network at the base of the
brain.’® Quasi-moyamoya disease or moyamoya syn-
drome is the rarely observed characteristic
moyamoya vasculopathy associated with conditions
such as sickle cell disease, Down’s syndrome, and
neurofibromatosis type 1.17) Several cases have been
reported of the coexistence of moyamoya vas-
culopathy and Graves’ disease, which is a female-
dominant autoimmune thyroid disease causing
hyperthyroidism.5-7,9:10.1213.16,19-21)  Qurgical revas-
cularization for moyamoya disease prevents
cerebral ischemic events by improving cerebral
blood flow (CBF), and superficial temporal artery-
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hyperthyroidism,

extracranial-intracranial bypass,

middle cerebral artery (STA-MCA) anastomosis with
or without indirect pial synangiosis is generally used
as the standard surgical treatment.? Application of
this revascularization surgery to the treatment of
moyamoya syndrome associated with Graves’ dis-
ease is still undetermined because of the rarity of
this combination. Ischemic symptoms may be rever-
sible after the medical treatment of hyper-
thyroidism.

Here, we review 4 cases of moyamoya vas-
culopathy and Graves’ disease successfully treated
by revascularization surgery, focusing on periopera-
tive management.

Materials and Methods

A total of 58 consecutive patients (2-62 years old,
mean 34.4 years) were treated for moyamoya disease
in 80 hemispheres by the same surgeon (M.F.) in
Tohoku University Hospital from March 2004 to
May 2007. Four patients treated in 5 hemispheres



