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Clinical implications of intraoperative infrared brain surface
monitoring during superficial temporal artery—middle cere-
bral artery anastomosis in patients with moyamoya disease

Clinical article
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Object. Surgical revascularization for moyamoya disease prevents cerebral ischemic attacks by improving ce-

rebral blood flow (CBF). Symptomatic cerebral hyperperfusion is a potential complication of this procedure, but its
freatment is contradictory to that for ischemia. Because intraoperative techniques to detect hyperperfusion are still
lacking, the authors performed intraoperative infrared monitoring in moyamoya disease using a novel infrared imag-
ing system.

Methods: During superficial temporal artery—middle cerebral artery anastomiosis in 25 patients (26 hemispheres)
with moyainoya disease, the authors monitored the brain sutface temperature intraopératively with the IRIS-V infra-
red imaging system. The average gradation value change (indicating temiperature change) was calculated using com-
mercial software. Magnetic resonance imaging, MR angiography, and N-isopropyl-p-{ "1 Jiodoamphetamine SPECT
studies were performed routinely before and within 10 days after surgery.

Results. Patency of bypass. detailed local hemodynamics, and changes in cortical surface temperatiire around
the anastomosis site were well recognized by the IRIS-V infrared imaging system in all cases.In the present study, 10
patients suffered transient neurological symptoms accompanied by an increase in CBF around the anastomosis site,
recognized as symptomatic hyperperfusion; The increase in temperature was significantly higher in these patients;
Intensive blood pressure control was undertaken, and free-radical scavengers were administered. No patient in the
present study suffered a permanent neurological deficit.

Conclusions. Although the present method does not directly monitor surface CBF, temperature rise around the
anastomosis site during surgery might be an indicator of postoperative hyperperfusion. Prospective evaluation with a
larger number of patients is necessary to validate this technique. (DOZ: 10.3171/2009 4, JNSO8585)

Key Worps. ¢
intraoperative monitoring .+

OYAMOYA disease is a chroni¢, occlusive cere-
M brovascular disease with unknown etiology

and is characterized by bilateral stenoocclusive
changes at the terminal portion of the internal carotid ar-
tery and an abnormal vascular network at the base of the
brain.” Surgical revascularization for moyamoya disease
is believed to be beneficial to prevent cerebral ischemic
attacks by improving CBE. and STA-MCA anastomo-
sis with or without indirect bypass is generally used as

Abbreviations nsed in this paper: CBE = cerebial blood flow:
DW = diffusion weighted; EDMS = encephaloduromyosynangiosis;
BIIMP = N-isopropyl-p-["*1licdoamphetamine: MCA = middie
cerebral aitery; RO = region of interest; STA = superficial temporal
artery; TIA = transient ischemic atfack.
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the standard surgical treatment.''> On the other hand.
several lines of evidence support that not only ischemia
but symptomatic cerebral hyperperfusion is a potential
complication of this procedure in the acule stage S816
Accurate and early diagnosis of postoperative hyperper-
fusion is important because its treatment is contradictory
to that for ischemia. Because intraoperative techniques to
estimate subsequent occurrence of symptomatic hyper-
perfusion are still lacking, we performed intraoperative
infrared monitoring of the surface brain temperature by
using a novel infrared imaging system in the hope that
we can indirectly evaluate changes in surface CBF. We
also evaluated the clinical impact of temperature change
on occurrence of symptomatic hyperperfusion during the
acute stage atter reévascularization.
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Methods

Between March 2005 and December 2006 at Tohoku
University Hospital, we conducted intraoperative moni-
toring of brain surface blood flow by using the IRIS-V
infrared imaging system (Sparkling Photon, Inc) dur-
ing STA-MCA anastomosis on 26 hemispheres in 25
patients with moyamoya disease (female/male ratio 16:9;
age range 7-63 years, mean age 33.4 years). All patients
met the criteria of the Research Committee on Sponta-
neous Occlusion of the Circle of Willis. of the Ministry
of Health, Labor, and Welfare, Japan. Standard angiog-
raphy was performed preoperatively in all adult patients
and whenever possible in pediatric patients. All patients
underwent STA-MCA anastomosis consisting of EDMS
and dural pedicle insertion.?* During surgery the patients
were kept normotensive with normocapnia and a rectal
temperature of 36°C. The room temperature was main-
tained at 23°C to keep the background cortical surface
temperature as constant as possible. After completion of
anastomosis, the high-resolution infrared camera of the
IRIS-V infrared imaging system was set 30 cm above the
brain. and blood flow was continuously monitored for as
long as 3 minutes; including time for placement and re-
lease of the temporary clip (Fig. 1). We used this method
instead of monitoring before and after the surgical proce-
dure because the cortical temperature before starting the
surgical procedure would have been recorded long before
completion of the bypass procedure, and thus might not
have been as accurate as the baseline value because of
temperature changes from the time of craniotomy until
the end of the bypass procedure 7

The IRIS-V infrared imaging system is composed of
3 paris: a main computer, a camera head, and a display
monitor. The size of the camera head is 14 x 16 x 19:cm.
The camera is connected to the main computer part by
folded 5-joint arms (maximum horizontal distance: 80
cm, possible vertical ‘motorized distance 123-155 em
above floor) so that surgeons can bring the camera head
over the operative field whenever necessary. The infra-
red focal plane array detector (barium strontium titan-
ate, 320 x 240 pixels) shows an area.of 110 x 82 mm
using an F30 infrared lens. The detectable temperature is
limited to 35 £ 10°C. Temperatures > 45°C are shown'in
black; whereas those < 25°C are shown in white and are
presented as 8-bit black-and-white images in each pixel.
The detectable wavelength band is 7-14 um. No contrast
medium or radiation was used to obtain the images. The
recording speed was 30 frames/second. All of the images
were stored in the installed computer and recorded with a
digital video device. Obtained images were analyzed with
imaging software by changes in gradation value*1724 I
addition; the ROl was set around the anastomosis site (di-
ameter 100 pixels), and the average gradation value with-
in the ROI was calculated by Matrox Inspector software
(version 8.0, Matrox Electronics Systems, Ltd). Prob-
ability values < 0.05 were considered to be statistically
significant. '

In all cases. preoperative CBF was measured using
ZEIMP-SPECT. The 1-IMP-SPECT studies were 1ou-
tinely performed before surgery and [ and 7 days after
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surgery in all cases. Before surgery and within 10 days
of surgery, 1.5-T MR imaging and MR angiography were
routinely performed. Standard angiography was not per-
formed postoperatively.® The MR imaging studies in-
cluded DW images, FLAIR images, T1- and T2-weighted
images, and T2*-weighted images.

Results

Patency of bypass could be evaluated in all cases at-
tempted. and it was also confirmed by conventional Dop-
pler ultrasonography during the operation and by post-
operative MR angiography during the follow-up period.
Information regarding: Iocal hemodynamics, which in-
cludes flow direction and distribution, could also be eval-
uated in all cases by the IRIS-V infrared imaging system

. throughout the craniotomy. ‘Among the 25 patients who

underwent 26 surgeries, 10 suffered transient postopera-
tive neurological deterioration. These patients exhibited
an intense increase in CBF around the anastomosis site
as detected by: '*I-IMP-SPECT and a thick STA on MR
angiography.>” Intensive blood pressure control with ad-
ministration of oxygen radical scavengers was performed,
and no patient suffered permanent neurological deterio-
ration compared with his or her preoperative neurologi-
cal status. Transient ischemic attacks disappeared or im-
proved in all cases during the follow-up period.

Representative Cases
Case ]

Presentation. This S4-year-old man presented with
frequent TIAs (transient weakness in the left extremity).
Stage HI moyamoya disease was identified, and *I:IMP-
SPECT showed that his right CBF and cerebrovascular
reserve capacities were markedly impaired. Therefore,
STA-MCA anastomosis with EDMS was performed. in
the right hemisphere,

Operation. After exploration of the parietal branch
of the right STA, a frontotemporoparietal craniotomy was
performed. The recipient artery at the M, segment of the
anterior parietal branch of the MCA was explored; and
anastomosis was: performed between the stump: of the
STA (2.0 mm in diameter) and the M, segment (1.0 mm in
diameter). Then, EDMS and dural pedicle insertion were
performed. Intraoperative infrared monitoring disclosed
changes in the color of the bypass to white after the tem-
porary occlusion (indicating decrease in temperature)
(Fig. 2 upper left), and then a change to black (indicating
increase in temperature} 2 seconds after removal of the
clip (Fig. 2 lower left); indicating presence of blood flow
and patency of the bypass. During the color change, the
cooled blood was shown to be pushed away toward the
cranial artery, in both proximal and distal directions of
the M, segment at 1.00 second (Fig. 2 upper right), indi-
cating the presence of a perfusion pressure gradient (Fig.
2 upper right). The patency of the bypass was also con-
firmed by intraoperative Doppler ultrasonography. The
color of the exposed brain around the anastomosis site did
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Fie. 1. Photograph of the IRIS-V. infrared imaging system in the

operating theater. /nset: The infrared and charge-coupled device
camera,

not show significant change before and after removal of
the temporary clip (Fig. 2). The change in average grada-
tion value within the ROl was within 5 points, indicating
no significant increase in temperature after release of the
temporary clip (Fig. 3).

Postoperative Course. The patient’s postoperative
course was uneventful. Patency of the bypass was also
confirmed by MR angiography. The ]-IMP-SPECT
studies performed 1 and 7 days after surgery showed a
slight increase in CBF in the right hemisphere compared
with the preoperative findings. Postoperative DW MR im-
aging showed no evidence of ischemic change, and MR
angiography demonstrated the apparently patent STA-
MCA bypass as a higher intensity signal than the oppo-
site side STA. The patient did not experience neurological
deterioration during the follow-up period.

Case 2

Presentation. This 26-year-old woman presented
with a TIA (transient weakness in the left upper extrem-
ity). Stage 111 moyamoya disease was identified, and '#1-
IMP-SPECT showed that her bilateral CBF and cere-
brovascular reserve capacities were markedly impaired.
Therefore, bilateral bypass surgery was planned.

Operation. An STA-MCA anastomosis with EDMS
was performed in the right hemisphere. After explora-
tion of the parietal branch of the right STA, a frontotem-
poroparietal craniotomy was performed. The recipient
artery at the M, segment of the anterior parietal branch of
the MCA was explored, and anastomosis was performed
between the stump of the STA (1.0 mm in diameter) and
the M, segment (0.8 mm in diameter). Then an EDMS
procedure and dural pedicle insertion were performed.
Intraoperative infrared monitoring disclosed changes in
the color of the bypass to white after the temporary occlu-
sion (indicating a decrease in temperature) (Fig. 4 upper
leff), and a change to black (indicating an increase in tem-
perature) after removal of the clip, indicating presence of

1160

A. Nakagawa et al.

Fia. 2. Case 1. Microscopic views of the surgical field around the
anastomosis: (inset, upper lefl} and intraoperative infrared monitoring
showing changes in color of the STA (arrows) to white after temporary
occlusion, indicating decrease in temperatuire (upper feft) due fo the ab-
sence of blood flow; Right after removal of the clip at 1 second; the color
of the bypass transiently changed to white by cooled blood flow (upper
right, arrowheads) and then changed to black (indicating an increase in
temperature) at 2 seconds (fower fefl), indicating patency of the bypass,
Note that the brain surface color around the anastomosis site (circle,
lower right} did' not significantly change throughout the process. F =
frontal lobe; P = parietal lobe; T = temporal lobe; TC = temporary clip,

blood flow and patency of the bypass (Fig. 4 upper right
and lower [eff). Patency of the bypass was also confirmed
by intraoperative Doppler ultrasonography. The images
also disclosed that the color of the brain surface around
the anastomosis changed significantly to black after re-
moval of the temporary clip until the end of monitoring
(Fig. 4 lower right). The change of average gradation
value within the ROI increased 15-20 points. indicating
a significant increase of temperature after release of the
temporary clip (Fig. 5).

Operation. The patient showed no evidence of neu-
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Fi6. 3. Graph showing the relationship between time after removal
of the temporary clip and changes of the average gradation value within
the ROI around the anastomosis site as evaluated using imaging soft-
ware in Case 1, The increase of gradation value after removal of the
temporary clip was within 5 points, indicating no significant change in
surface temperature.
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Fic. 4. Case 2. Images obtained during intraoperative infrared moni-
toring disclosing changes in color in'the color in the STA (arrows) to
white- after femporary: occlusion (indicating decrease in temperature;
upper left) due to the absence of blood flow. Immedistely after removal
of clip at 1 second, the color of the bypass changes to black (upper
right);indicating the presence of blood flow. The area is even darker
after 4 seconds (lower left). Note that the color of the brain surface
around the anastomosis site (circle. fower right) gradually changes to
black (indicating an increase in temperatiire).

rological deficit immediately after surgery. The BI-IMP-
SPECT studies obtained I day after surgery showed a
slight increase in CBF in the right hemisphere (Fig. 6 cen-
ter) compared with the preoperative findings (Fig. 6 up-
per). Postoperative DW. MR imaging showed no evidence
of ischemic change, and MR angiography demonstrated
the apparently patent STA-MCA bypass as a higher inten-
sity signal than the contralateral STA (Fig. 7 arrowhead).
One day later, she suffered from Huctuating dysarthria,
left facial palsy, and numbness in the left upper linib. A
IZLIMP-SPECT study showed a focal intense increase in
CBF at the site of anastomosis 7 days after surgery (Fig.
T-lower). A diagnosis of hyperperfusion was thus made
based on neéurological symptoms. along with Bl IMP
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Fie. 5. Graph showing the relationship between time after removal
of the tlemporary clip and changes in-average gradation value within the
ROl around the anastomosis site as evaluated by imaging software in
Case 2. There was a significant rise of gradation value after removal of
the temporary clip, indicating significant change in surface tempera-
ture:
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Fie. 6. The »I-IMP-SPECT studies obtained precperatively (upper),
1. day after surgery (center) and 8 days after surgery (lower). Note the
focal infense increase in the CBF at the site of anastomosis (arrow-
heads in lower).

SPECT and MR angiography findings: Intensive blood
pressure control and the use of a free radical scavenger
relieved her symptoms, which completely disappeared 13
days after surgery, at which time she was discharged from
the hospital without neurological deficit. We performed
second-stage surgery on the left side 1 month later.

Postoperative Course; She was discharged unevent=
fully after successful left STA-MCA anastomosis and
EDMS. which resulted in disappearance of her ischemic
attacks as well as a significant improvement in CBF on
the bilateral cerebral hemisphere. She did not exhibit ney-
rological deterioration during the follow-up period:

Neurological Deterioration

In all; 10 patients suffered from transient postopera-
tive neurological: deterioration, which were proved to be
due to hyperperfusion in the present series. The aver-
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Fic. 7. Upper. Left: Preoperative MR angiogram. . Upper Right:
Preoperative FLAIR study. - Lower Left: Postoperative MR angiogram
showing the apparently patent STA-MCA bypass (arrowheads).  Low-
er Right: Postoperative FLAIR study showing high- intensity signal
around the site of anastomosis.

age gradation value change (representing temperature)
was significantly higher in the patients who experienced
symptomatic hyperperfusion (Fig. 8) immediately after
and up to 60 seconds following removal of the temporary
clip.

Discussion

In the present study, our novel infrared imaging sys-
tem allowed us not only successful monitoring of the
bypass patency and comprehensive visual evaluation of
local hemodynamics, but also for the first time; it showed
the possibility of estimating the risk of subsequent oc-
currence of postoperative symptomatic hyperperfusion
by temperature rise around the anastomosis site during
the operation.

Importance of Estimating Risk of Postoperative
Svmptomatic Hyperperfusion in Patients
With Moyamoya Disease

Occurrence of transient postoperative neurological
deficits due to hyperperfusion has been recently recog-
nized as an important potential complication after revas-
cularization surgery for moyamoya disease S5 It is im-
portant to recognize the pathology because strict control
of blood pressure is mandatory in patients with hyper-
perfusion, whereas such treatment is contradictory fo that
in patients with ischemic episodes.>7 In addition, from
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Fia. 8. Graph showing the differences in average gradation value
within the ROl around: the anastomosis site among 10 patients who
had transient neurological deficits die to focal increase of CBF around
the anastomosis site and. 16: patients who did nof, showing significant
increase in gradation value (indirectly showing significant increase in
surface cortical temperature} in: the former group (up-to 60 seconds
after removal of the temporary clip).-* p.< 0.05; ** p < 0.05.

the viewpoint of cognitive functional impairment, the oc-
currence of hyperperfusion cannot be ignored.® The rate
of hyperperfusion in the present series was higher than
that reported in the series dealing with STA-MCA anas-
tomosis in chronic cerebral ischemia, Postoperative cere-
bral hyperperfusion syndrome has been considered to be
less comnion in patients with moyamoya disease because
of the relatively low-flow revascularization obtained
through surgery for moyamoya disease. In our previous
study involving 34 consecutive cases of moyamoya dis-
ease. we reported that STA-MCA anastomosis in patients
with adult-onset moyamoya disease can result in'a sub-
stantial rate (13 [38.2%] of 34) of temporary neurological
deterioration due to transient focal intense increases in
CBE at the site of anastomosis and that intensive blood
pressure control can relieve this condition.” However, the
clinical manifestation is different from hyperperfusion
syndrome after carotid endarterectomy: radical clinical
presentation succeeding intracranial hemorrhage was ob-
served in 1 case, but the majority were limited to subtle,
transient focal neurological deficits mimicking ischemic
attack. with no patient suffering a permanent neurological
deficit. Identification of the predictors for cerebral hyper-
perfusion in patients with moyamoya disease is clinically
important. Preoperative cerebrovascular reserve capac-
ity, severity of ischemia during surgery. patients age,
and anatomical vascular structures around the site of the
anastomosis may affect postoperative cerebral hyperper-
fusion >RIM6I225 Iy our study, most patients showed a pre-
operative cerebrovascular reserve capacity of < 0% (steal
pheniomenon), which may contribute to the high incidence
of postoperative symptomatic hyperperfusion.
Regarding intraoperative ischemic insult during
anastomosis, which may facilitate postischemic hyper-
perfusion, most of the cases were subjected to temporary
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occlusion (30 minutes) at the distal M, segment. It is not
clear how a rapid increase in CBF affects the ischemic
brain in moyamoya disease, although a substantial num-
ber of patients may suffer transient neurological deterio-
ration due to an unknown mechanism. As shown in the
present study, the mean gradation value around the anas-
tomosis site obtained from an infrared image showed a
significant increase in temperature lasting up to 60 sec-
onds in patients who suffer symptomatic hyperperfusion.
According to the calibrated data from the manufacturer.
the IRIS-V system demonstrates 20° of temperature dif-
ference between 25 and 45°C by 8-bit, or 256 gradation
values. Therefore, a 1-point difference in gradation value
is equivalent to 0.08°C. In the present study, the tempera-
ture difference between the 2 groups was calculated to
be 0.28°C at 10 seconds, 0.42°C at 30 seconds, 0.41°C
at 60 seconds, and 0.77°C at 90 seconds after removal
of the temporary clip. However. whether this temperature
increase is benign or a sign of abnormal overflow of CBF
into a previously poorly perfused area, or merely a reac-
tion unrelated to the postoperative phenomenon; is still
uncertain: Even if it is a sign of abnormal overflow, the
threshold remains unknown. Both issues are [imitations
of the present study and should be evaluated prospective-
ly, and for a longer time after removal of the temporary
clip. In light of the fact that STA-MCA anastomosis could
result-in postoperative symptomatic hyperperfusion in
childhood’ as well as in aduli-onset moyamoya disease.
it is worth further studying the relationship between the
pattern of intraoperative cerebral hemodynamics and
postoperative neurological status.

Clinical Implications of Intraoperative Infrared Imaging

Infrared imaging is an established technique for
studying the surface temperature of human organs.®3 In
the past. this technique has been applied in coronary ar-
tery bypass graft surgery to measure the cooling effect of
cardioplegic solutions. or to evaluate coronary perfusion
and graft patency.* With advances in infrared technol-
ogy, including detective wavelength, detective tempera-
ture range, cooling system, and filters. as well as data pro-
cessing, it is now possible to observe surface blood How
with high spatial and time resolution without contact with
blood vessels, radiation exposure, or injection of contrast
medium.”!

The relationship of infrared camera thermography
and quantitative blood flow has been extensively inves-
tigated in the heart. Experimental cardiac studies dem-
onstrated a quantitative correlation between blood flow
and myocardial temperature.® In the isolated pig heart,
in which there is no metabolic contribution to tempera-
ture change, graft flow was found to correlate highly with
a mathematical expression of the temperature change
observed during thermography.? In the brain literature,
Watson et al>* applied high-resolution infrared imag-
ing to the brain of Cvnomolgus monkeys and reported
that the cortical arterial temperatire was related o blood
flow and the temporal temperature profile was identical
to that of blood flow measured by Doppler ultrasonog-
raphy. Moreover, a recent study by Okada et al.l” showed
linear refationships: between cortical surface CBF and
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temperature that were confirmed using a laser Doppler
flowmeter. It is considered that cortical brain temperature
is determined by metabolism and blood flow coupling®®
and sensitive infrared imaging might be a useful measure
provided that there is no significant metabolism change
during monitoring.* Therefore, the increase in tempera-
ture around the anastomosis site in the present study was
considered to be due to an increase in blood flow:

The IRIS-V is a new-generation infrared system with
higher resolution at minimal temperature differences. In
addition, by shifting the sensitive wavelength band up to
7-14 um from 3-5 um, it is possible to detect infrared
rays from near the surface region. Using a previous pro-
totype, we have evaluated patency of bypass in beagles
(vessel diameter as small as 0.5 mm), and e have also
reported that flow territory can be delineated by tempera-
ture difference. Infrared monitoring has also been use-
ful for confirmation of venous drainage during surgical
obliteration of a spinal perimedullary arteriovenous mal-
formation.” Including the novel infrared system present-
ed in this report, future infrared monitoring will not only
serve for intraoperative moniforing but may become a
useful tool for estimation of postoperative risks, although
further examination is necessary.

Conclusions

Temperature rise around an anastomosis site above a
certain threshold during surgery as detected by intraop-
erative infrared monitoring might indicate the subsequent
occurrence of postoperative symptomatic hyperperfusion.
Prospective evaluation with a larger number of patients is
necessary to validate this technique.
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The Leptomeningeal “lvy Sign” on Fluid-
Attenuated Inversion Recovery MR Imaging in
Moyamoya Disease: A Sign of Decreased
Cerebral Vascular Reserve?

BACKGROUND AND PURPOSE: Moyamoya disease is an idiopathic occlusive cerebrovascular disorder
with abnormal microvascular proliferation. We investigated the clinical utility of leptomeningeal high
signal intensity (ivy sign} sometimes seen on fluid-attenuated inversion recovery images in Moyamovya
disease.

MATERIALS AND METHODS: We examined the relationship between the degrée of the vy sign and the
severity of the ischemic sympioms: in 96 hemispheres: of 48 patients with Moyamoya disease. We
classified-each cerebral hemisphere into 4 regions: from anterior 10 posterior. In 192 regions of 24
patients, we examined the relationship between the degree of the. ivy sign and: findings of single-
photon: emission CT, including the resting cerebral blood flow: (CBF) and cerebral vascular reserve
(CVRY):

RESULTS: The degree of the ivy sign'showed a significant positive relationship with the severity of the
Ischemic symptoms (P < ,001). Of the 4 regions; the vy sign was most frequently and prominently
seen’in the anterior part of the middle cerebral artery region. The degree of the ivy sign showed a
negative relationship with the resting CBF (P <.00341 and a more prominent negative relationship with

the CVR (P < .001)

oyamoya disease is an idiopathic cerebrovascular disor-

der characterized by bilateral steno-occlusive changes at
or around the terminal part of the internal carotid arteries
with abnormal vessel proliferation called “moyamoya” at the
base of the brain.!

Leptomeningeal high signal intensity has sometimes been
reported on unenhanced fluid-attenuated inversion recovery
(FLAIR) MR imaging along the cerebral sulci or on the brain
surface in this disease, which has been called the “ivy sign.”>

A recent study found that the ivy sign was more prominent
in the hemispheres with poorer visualization of the cortical
branches of the middle cerebral artery (MCA) on MR angiag-
raphy.” In addition, in our experience, a greater prominence of
the ivy sign indicates more severe ischemic symptoms, which
were found to decrease on follow-up MR images after effective
revascularization surgery.

These findings prompted us to speculate that the degree of
the ivy sign might be correlated with the severity of the isch-
emia. Therefore, to analyze the significance of the ivy sign as an
indicator of ischeniia, we recruited patients with focal isch-
emic symptoms. We then retrospectively examined the rela-
tionship between the degree of the 1vy sign and the severity of
the ischemic symptoms and compared it with the findings of
single-photon emission CT (SPECT).
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CONCLUSIONS: The leptomeningeal ivy sign indicates decreased CVR in Moyamoya disease.

Materials and Methods

Patients

Between September 2003 and June 2007, 61 consecutive patients were
diagnosed with Moyamovya discase according fo the criteria of the
Research Committee on Spontaneous Occlusion of the Circle of Wil-
lis (Movamoya Disease). of the Ministry of Health and Welfare, Ja-
pan.? Of these patients, 11 with intracranial hemorrhage on CT at the
onset of clinical symptoms and 2 with headache or dizziness alone
were excluded. The remaining 48 patients with focal ischemic symp-
toms attributable to I cerebral hemisphere (14 males and 34 females
ranging from 2 to 64 years of age, mean age 33 years) were included in
this refrospective review,

Imaging Examinations

MR imaging was performed in these patients by using a 15T (n = 3;
Signa Horizon LX CVi; GE Healthcare, Milwaukee, Wisy or 1T {(n.=
16; Signa Horizon LX; GE Healthcare) scanner. The MR imaging
protocol included axial T1= and T2-weighted imaging, axial diffu-
sion=weighted imaging, axjal unenhanced FLAIR imaging, and 3D
time-of-flight MR angiography. The FLAIR imaging was performed
by using a fast inversion recovery sequence with TR, 9002 and 9002
ms; TE ;5 120 and 117 ms; T, 2200 and 2100 ms; section thicknesses,
5.9 and 6.9 mm; section gap, 1.0'and 1.0 mm; matrix; 320 X 224 and
320 %192 on the 1.5 and 1T scanners, respectively.

Of 48 patients studied with iodine 123 N-isopropyl-p-iodoam-
phetamine  (**’ILIMP)-SPECT, 18 had" qualitative SPECT only,
whereas the other 30 underwent quantitative SPECT by using a table
look-up method (resting SPECT).>® A SPECT scanner. (SPECT
2000H; Hitachi Medical, Tokyo, Japan} with a 4-head rofating
gamma camera was used for all SPECT studies. In 24 of the aforemen-
tioned 30 patients, "2 I-IMP-SPECT with an acetazolamide injection
{ACZ-SPECT) followed at an interval of 2~7 days. This means that
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ACZ-SPECT was not performed in the remaining 6 patients ar all
because the ACZ injection might have worsened the ischemic symp-
toms in 3 patients who experienced a completed stroke (CS) within 1
month. Two patients had frequent transient ischemic attacks (T1As),
and machine failure precluded performing the examination in the
remaining patient.

The "*I-IMP (111 MBgq, 3 mCi) was injected intravenously from
the antecubital vein. After 10 minutes, 1 arterial blood sample was
taken to calibrate the previously determined standard input function,
and the radioactivity concentration in whole blood was counted by
using a well counter thatwas cross-calibrated to the SPECT scanner. A
single SPECT scan was obtained at a midscan time of 30 minutes after
'#1-IMP administration. In the 2-compartment analysis of **I-IMP,
the distribution velume, which is the ratio of the influx constant to the
cfflux constant, could be set between 40 and 45 mL. The cercbral
blood flow (CBF) was calculated pixel by pixel (128 X 128 matrix) on
the basis of single-SPECT data and a standard input function was
calibrated by using a 1-point arterial blood sample. By administering
ACZ (1000 mg/individual intravenously) 10 minutes hefore the >
IMP infusion, ACZ-activated CBF (ACZ-CBE) maps were also
obtained.

hinaging Analysis

Ivy Sign Scores on FLAIR Images. The ivy sign on FLAIR images
was defined as a lincar high signal intensity along the cortical sulci or
brain surface in the cerebral hemisphere. The corticosubcortical re-
gion of each cerebral hemisphere was divided into the following 4
regions adapted from a previous report (Fig 1)”: the region of the
anterior cercbral artery (ACA), the anterior half of the MCA region
(ant-MCA), the posterior half of the MCA region (post-MCA), and
the region of the posterior cerebral artery (PCA). The ant-MCA and
post-MCA regions were separated by the central suleus, with ihe tem-

poral Jobe belonging to the post-MCA. The degree of the ivy sign (jvy
sign score) in each region was classified into 3 grades (0-2), where
grade zero indicated an absence of the ivy sign, grade 1 indicated that
the ivy sign was seen on less than half of the cortical surface in each
region, and grade 2 indicated that the ivy sign was scen on more
than half of the cortical surface. The ivy sign was scored subjectively
by reviewing all the FLAIR images traversing all the cercbral
hemispheres.

The scoring immediately along the infarcted cortices was consid-
ered uninterpretable. Therefore, in 9 regions harboring foci of cortical
infarcts, the sign over the remaining uninvolved part was estimated
and recorded as the score for those regions. Conversely, in 6 regions
with white matter infarcts, the ivy sign over the cortex was graded
irrespective of the infarct as long as its overlying cortex was spared.
The scores for cach region were summed in cach hemisphere and are
defined as the ivy sign score for that individual hemisphere.

Two neuroradiologists (with 7 and 15 years of experience) re-
viewed the ivy sign independently without knowledge of the clinical
information or SPECT findings. Initial interobserver agreement was
87% in interpreting FLAJR images. When the initial interpretation
differed beiween the 2 raters, the final interpretation was reached by
consensus. A case illustrating the grading of the ivy sign is shown in
Fig 2.

Types of Hemisphere According to Ischemic Symptoms, We
classified the 96 cerebral hemispheres of the 48 patients into 4 grades
of focal ischemic symptoms according to the Research Committee on
Sponianeous Occlusion of the Circle of Willis (Moyamoya Disease) of
the Minisiry of Health and Welfare, Japan”: asymptomatic (AS), TIA,
frequent TIAs, and CS. Accordingly, the respective hemispheres were
called AS, TIA, frequent TIAs, and CS.

Focal ischemic symptoms lasting <24 hours were defined as a
TIA, whereas TIAs more than twice a month were defined as frequent
T1As and focal symptoms for >24 hours were CS.

Quantification of Regional CBF and Cerebral Vascular Reserve,
We quantified the CBF without activation (resting CBF) and ACZ-
CBE. Next, the cerebral vascular reserve (CVR), which is defined as
the percentage difference between the ACZ-CBF and the resting CBF
compared with the resting CBF, was calculated as follows® 1%

CVR(%) = [(ACZ-CBF — resting CBF)/resting CBE] X 100.

The resting CBF and ACZ-CBF were converted by using fully au-
fomated region-of-interesi—based analysis software called a 3D ste-
reotactic region of interest template (3D-SRT). 3D-SRT is software
that was designed to perform region-of-interest analysis of the brain
by using anatomic standardization. This method allows region-of-
interest analysis of the brain with improved objectivity and excellent
reproducibility.""!* The 3D-SRT software obtains the regional CBE
in the corticosubcortical regions of each cerebral hemisphere (SRT-
CBF) for the 8 regions of interest for which the respective volumes are
known (regions of interest A—H, Fig 3).

To match our study design, we recalenlated both the resting CBE
and ACZ-CBF for the 4 regions (ACA, ant-MCA, post-MCA, and
PCA). In our study, these were represented by region of interest A,
region of interest B + region of interest C, region of interest D -+
region of inferest E + region of interest F, and region of interest G +
region of interest H, respectively. In this recalculation, region of in-
terest H. which might partially include the ACA region, was regarded
as within the PCA region.

At this recalculation, the correction was made proportional to the
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Fig 2. A 47-year-old woman with frequent transient left upper and lower motor weaknass. Arrows indicate the ivy sign. The ivy sign
on the left side. The ivy sign scors in individual hemispheres is 6 on the right side and zero

fespectively, and 2 in the ant-MCA and post-MCA regions, respectively. No ivy sign is seen
on the left side.

Fig 3. The template’ of constant regions of interest for the 3D-SRT: A representative &
sections of the. template are. shown: A, call ginal; B¢ al; C, ceotral; D;
parietal; £, angular; F, temporal; G, posterior cerebrali K, pericallosak: I; basal ganglia; J;
thalamus; K’ hippocarnpus: L, cerebellum: Adapted from Takeuchi R et al.™!

volume  of cach region of interest within a certdin region,
as follows:

CBE in Ant-MCA = [VB/(VB + VO)] X
[CBE in region of interest B +
[VCHVB + VC)] X [CBF in region of interest CJ,

where VB is the volume of region of interest Band VG is the volume of
region of interest C.

Four regions of interest (in 3 patients), which contained cortical
infarctions on MR imaging, were excluded from this summation;
though the regions of interest with white matter infarcts alone were
notexcluded.

Statistical Analysis

We examined the relationship between the ivy sign score of individual
hemispheres and the types of hemispheric symptom, Finally, we ex-
amined:the relationship between the ivy sign score with the resting
CBEand CVR on SPECT in 4 total of 192 regions of 24 patients. For
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Fig 4, Bar graph shows the ivy sign score of each type of hemispheric symptom. The vy
sign scores: show: significant: positive. correlation. with the 'grades of clinical’ typss “of
hemispheric symptoms (P <<'.0015.

statistical analysis, the Spearman rank correlation coefficient was de-
termined by using the software package IMP4] (SAS Institute, Tokyo,
Japan), with P < .05 considercd statistically significant.

Results

The ivy sign scores showed a significant positive correlation
with the grade of the clinical type of hemispheric symptom
(eg, AS, TIA, frequent TIA, CS) (Fig 4, P < .001). The score
increased as the clinical symptoms became more severe (je,
from AS to CS). The ivy sign score according to the 4 cortico-
subcortical regions is shown in Fig 5. Both the frequency of
positive ivy signs and its score were highest in the ant-MCA
region, from which they decreased significantly going pos-
teriorly toward the PCA region (P <.001).

Regarding the relationship between the ivy sign scores and
the SPECT findings, the resting CBF decreased significantly,
though slightly; as the ivy sign score increased (Table, P =
-0034) (Fig 6). A more obvious negative correlation was found
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Fig §. Bar graph shows the ivy sign score acterding to 4 tertica-subcortical regions, each color indicating a different grade. Fach color represents the percentage of the score in the
hemisphere compared with all 96 hemispheras for sach wy sigh score. The numbar along the each color sepresents the score.

The relationship between the ivy sign score and SPECT findings®

Resting CBF CVR
{mL/100 g/min}, Median {%), Median
{25th' Percentile, {25th Percentils;
75th Percentile) 75th Percentile)

lvy Sign Score
{No. of Regions)

0 {115 33.3(304,37.2} 9.1{18,30.0
137 32.4{288,35.0) 43{-87,215
2{40} 31.6(28.2,33.6) ~0.2{~74,5.3)

Note:—SPECT indicates single-photon emission CT: CBE cerebral blood flow; CVR,
terebral vascular reserve.

* As the ivy sign score mcreased, the median value of the resting CBF decreased slightly
{P'= 0034} On the other hand, as the Ny sign score increased, the medisn velus of the
CVR decreaset more obviously {7 < .001).

between the score and the CVR (Table, P <.001) (Fig 6): a
higher ivy sign score signified a correspondingly lower CVR;

Diseussion

Diffuse leptomeningeal enharcement in contrast-enhanced
T1-weighted images in patients with Moyamoya disease was
first reported by Ohta et al.”® The pattern of contrast enhance-
ment resembled ivy creeping on stones and was named the ivy
sign. Subsequently, similar leptomeningeal high signal inten-
sity was reported on unenhanced FEAIR images and was also
referred to as the ivy sign.>!*

In this study, we evaluated the ivy sign on FLAIR images in
patients with focal ischemic symptoms and found a significant
positive correlation between the severity of these symptoms and
the degree of the ivy sign. Furthermore; the ivy sign was found to
indicate decreased CVR in Moyamoya disease noninvasively.
This decrease in CVR may be related to the presenting ischemic
symptoms, the severity of which was found to be correlated with
the degree of the ivy sign. Regarding the distribution of the ivy
sign, the high prevalence in the ant-MCA region was consistent
with previous SPECT studies reporting that the CVR in the ant-
MCA region tended to be most severely decreased.™ " In con-
trast, the CVR was relatively preserved in the ACA region and
posterior:part of the cerebral hemisphere. This might be ex-
plained: by the frequent development of transdural collaterals
from the ophthalmic artery”!>’® and leptomeningeal collaterals
trom the less involved PCA.717'®

In general, the CVR is measured by using ACZ, a cerebral

vasculature dilator. In normal areas, its vasodilatory capacity
is preserved and the CBF increases with ACZ activation. In
contrast, in steno-occlusive vascular discase, the cercbral vas-
culature in the area with decreased perfusion pressure is al-
ready dilated to maintain CBE. Therefore, the CBF does not
increase further with ACZ activation (le, areas with reduced
CVR are susceptible to a further decrease in perfusion pres-
sure). In fact, recent studies have shown that the CVR is a
reliable predictor of subsequent ischemic stroke; thus, an eval-
nation of the CVR:should be important for considering the
therapeutic strategy for ischemic disease, including surgical
intervention.!” Indeed, in Moyamoya disease, the CVR is usu-
ally measured to determine whether revascularization surgery
1s necessary and which cerebral hemisphere should undergo
surgery initially.%2%2!

However, any measurement of CVR requirés 2 SPECT
evaluations, including resting and. ACZ activation: studies,
which may be burdensome to patients, and ACZ activation
may cause side effects such as headache and a feeling of dis-
comfort.’*?? Especially in patients with a very severc decrease
in CVR, the administration of ACZ sometimes causes a further
reduction in CBF due to the vascular steal phenomenon to the
adjacent area with relatively preserved CVR.’>?* Therefore,
ACZ should be administered cautiously in patients with severe
ischemic symptomis. Indeed, in 5 of the 30 paticnts in our
study, AGZ activation was not performed for fear of worsening
their ischemic symptoms via the steal phenomenon: In such
cases; observation of the ivy sigh on FLAIR images may help to
assess” the. CVR noninvasively in. Moyamoya. disease. Of
course; we do not mean to imply that quantitative SPECT is
totally replaceable by evaluating the ivy sign, which is subjec-
tive. However, it would be beneficial if the CVR could be pre-
dicted from routine MR imaging sequences.

Asfor the mechanism leading to the development of the ivy
sign, previous reports speculated that this sign was likely to
reflect slow retrograde flow of engorged pial collateral arteries
via leptomeningcal anastomosis,” an opinion with which we
do not completely agree. In general, the leptomeningeal col-
laterals are developed among the distal cortical branches of the
ACA, MCA, and PCA. In Moyamoya disease, however, lepto-
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meningeal collaterals are mainly developed from the PCA and
extend forward to the territory of the anterior circulation, be-
cause the terminal part of internal carotid artery and proximal
ACA/MCA are involved in the steno-occlusive process.” Ac-
cordingly, the leptomeningeal collaterals from the PCA are
more developed in the posterior part of the cerebral hemi-
sphere, which should be shown as a higher ivy sign in the
post-MCA region if the ivy sign really reflected leptomenin-
geal collaterals from the PCA. However, the ivv sign score was
higher in the ant-MCA region in this study; therefore, we
doubt this hypothesis.

Our results showed that a positive ivy sign reflecied a de-
creased CVR by SPECT. That is why we suspect that the ivy
sign reflects maximally dilated pial vasculature to compensate
for the decreased perfusion pressure rather than the lepto-
meningeal collateral arteries. In fact, when a craniotomy is
performed in patients with Moyamoya disease, we observe the
extremely dilated fine pial vasculature at the surface of the
brain, which might be the source of the sign (Fig. 7). Another
possible correlate of the ivy sign raised in the previous ltera-
ture was the congested thickening of the leptomeninges, which
is often seen on the brain surface in this disease (Fig. 7).
Although we admit that this can also be contributory, iis exact
relationship to the ivy sign remains to be clarified.

There are some limitations in our study. The FLAIR images
were obtained by using 2 different scanners of different field
strengths (1T and 1.5T). The appearance of the ivy sign may be
different according to the field strength, which remains
unclarified.

Next, we assessed the relationship between the ivy sign and
SPECT findings in each region respectively, on the assumption
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that the 4 different regions had an equal reference value.
Strietly spealdng, however, both CBF and CVR should have
different reference values according to different regions of the
brain {ie, frontal and occipital lobes normally have different

234

values of CBF and CVR).

Finally, the 4 regions of cach cerebral hemisphere for eval-
aating the vy sign score did not completely correspond to the
regions of interest for CBEF and CVR recaleulated. This incom-
plete correspondence might have been derived from having
used the template. However, we believe that the assessment
was made rather objectively by this automatic region-of-inter-
est process using the templates.



Conclusiens

Our findings showed that the ivy sign on FLAIR ¢can reveal
decreased CVR in Moyamoya disease. This sign may help to
determine the need for surgery and is useful in predicting non-
invasively the CVR before and after revascularization surgery.
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Abstract

Background . In an earlier study, we identified a locus for
Moyamoya disease (MMD) on 17¢25.3.

Methods - Linkage analysis and fine mapping were con-
ducted for two new families in additional to the previously
studied 15 families. Three genes, CARDI4, Raptor, and
AATK, ‘were ~selected based -on key words, namely,
“inflammation”, “apoptosis”, “proliferation”, and “vas-
cular :system”; for further sequencing. A segregation
analysis of 34 pedigrees was performed, followed by a
case—control study in Japanese (90 cases vs. 384 controls),
Korean (41 cases vs. 223 controls), Chinese (23 cases and
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100 controls), and Caucasian (25 cases and 164 controls)
populations.

Results Linkage analysis increased the LOD score from
8.07 to 9.67 on 17¢g25.3. Fine mapping narrowed the
linkage signal to'a 2.1-Mb region. Sequencing revealed that
only one newly identified polymorphism, ss161110142,
which was located at position —1480 from the transcription
site of the Raptor gene, was common to all four unrelated
sequenced familial affected individuals. ss161110142 was
then shown to:segregate in the 34 pedigrees. studied,
resulting ‘in ‘a " two-point. LOD score of 142 (P =
3.89 x 107%). Its penetrance was estimated to be 74.0%.
Among the Asian populations tested (Japanese, Korean,
and Chinese), the rare allele was much more frequent in
cases (26, 33, and 4%, respectively) than in.controls (1, I,
and 0%, respectively) and was associated with an increased
odds: ratio of 52.2 (95% confidence: interval 27.2-100.2)
(P =25 x 10‘49). This allele was, however, not detected
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in the Caucasian samples. Its population attributable risk
was estimated to be 49% in the Japanese population,
66% in the Korean population, and 9% in the Chinese
population.

Conclusion ss161110142 may confer susceptibility to
MMD among East Asian populations.

Keywords Association studies in genetics -
Cerebral stroke - Childhood stroke - Genetic linkage -
Moyamoya disease

Introduction

Moyamoya disease (MMD: MIM%607151) is an idio-
pathic disorder characterized by steno-occlusive lesions
around the terminal portions of the internal carotid arteries
accompanied by collateral vessels (moyamoya vessels) [1].

While the incidence of MMD is worldwide [2], it is
particularly high in East Asian countries, such as Japan,
Korea, and China {3, 4].. In Japan; the most recent preva-
lence and annual incidence statistics were reported to be
10.5 and 0.94 per 100,000 persons, respectively: [3]. In
comparison; the incidence in Europe is estimated to be
about one-tenth of that in Japan [3, 4], while in the USA,
the incidence: is about 0.086 per 100,000 persons and is
higher among Asian Americans and African Americans
than among Caucasian Americans [3, 4]. MMD has been
atfracting  increasing attention 'as an important: cause of
cerebral stroke in children [5]; !

There is epidemiological evidence that about 15% of
MMD. patients have familial occurrence [6, 7]. A recent
genome-wide linkage analysis: identified a susceptibility
locus for MMD at 17g25.3 [8]. The primary. aim of the
study reported here was to carry out positional cloning for
MMD at the 17925.3 locus. Based on our results, we report
here the identification of a rare variant within the promoter
of the Rapror gene that appears to be a strong candidate for
MMD: among East Asians:

Methods
Study population

The study: was approved by the Ethics Committee of the
Kyoto: University Institutional Review Board, and written
informed  consent was obtained from all subjects. Two
groups of case participants were enrolled in this study. The
first group comprised familial participants selected to join
this: study: because of the presence of more than one case
among blood relatives. Specifically, 194 family members
with 36 Japanese probands and five family members with

one Korean proband were enrolled in this study. Medical
records pertaining to vascular diseases and risk factors
were collected from all of the family members for verifi-
cation of the diagnosis. The two new families joined this
study after the first linkage study had been completed.

Members of the probands’ families admitted to Kyoto
University Hospital or any of the other hospitals collabo-
rating in this study were recruited: With the patients’
consent, samples and clinical data were collected, de-
identified and banked.

The second group comprised singular participants who
joined this study as single cases without affected blood
relatives.  Irrespective of the family histories, single
patients who joined without affected blood relatives were
classified as singular participants. These cases were
recruited from Kyoto University (n = 90), Seoul National
University in Korea '(n = 41), ‘the Chinese People’s
Liberation Army General Hospital and Capital Medical
University in China (n = 23), Tubingen: University in
Germany (n = 21), and the Stroke Center, Department of
Neurology,- Palacky  University - and: University ‘Hospital
Olomouc in' the Czech Republic: (n = 4).. Panels of 384
Japanese, 223 Korean; 100 Chinese, and: 164 :Caucasian
(mostly German) participants were selected from the same
respective centers as for singular cases to serve as controls
for this study. Magnetic resonance angiography (MRA)
screening was catried out for all Japanese controls; but not
for all of the Korean, Chinese; and Caucasian controls. The
small incidence of MMD: in the general population was
assumed. not to affect the results of the association study.

The diagnosis of MMD for the probands of the families
or singular participants was rigorously based on the Japa-
nese criteria, the so-called RCMJ (Research:Committee on
Moyamoya Disease of the Ministry of Health, Welfare and
Labor, Japan) criteria (Table 1) '[9} "A number of the
familial participants other than the probands who did not
satisfy the RCMI. criteria: were nevertheless classified as
MMD: cases because they met the “broad” classification
(Table 1) [8].

Linkage analysis and haplotype estimation

Two additional families (pedigrees 19 and 20) were gen-
otyped (Fig. 1). It should be noted that family number 12
was~ vacant for  the previously reported  linked: locus
[8].. Genotyping, mapping, and haplotype estimation were
conducted as previously reported: [8]. Briefly, genomic
DNA was extracted from: blood samples. from ' living
patients using a QIAamp DNA' Blood Mini kit (Qiagen,
Hilden, Germany).

A total of 13" markers (D1752195, D1751847,
D1781806, D175784, 152071148, rs2280147, 152293099,
D178704, D17S668, D175928, 152291395, rs2279395, and
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Table 1 Diagnostic criteria of
Moyamoya disease

RCMYJ criteria: all of the following findings:

Steno-occlusive lesions around the terminal portions of the internal carotid arteries
(including the proximal portions of the anterior cerebral arteries and middle cerebral arteries)

Moyamoya vessels at the base of the brain illustrated by abnormal vascular
networks on conventional angiography or more than two flow voids

in the basal ganglia on MRI

Findings 1 and 2 are present bilaterally

Known diseases with similar angiographic findings (i.e., arteriosclerosis, autoimmune disease,
meningitis, brain neoplasm, Down syndrome, neurofibromatosis type 1,
head trauma, irradiation to the head, protein C deficiency, protein S deficiency,
and other diseases) should be ruled out

Broad classification: any steno-occlusive lesions that fulfill the following findings:

RCMJ, Research Committee on
Moyamoya Disease of the
Ministry of Health, Welfare and
Labor, Japan in 1997; MR],
magnetic resonance imaging

Steno-occlusive lesions around the terminal portions of the internal carotid arteries
Findings of moyamoya vessels may be absent
Bilateral involvement is not essential

Known diseases with similar angiographic findings should be ruled out

Pedigree 1

Pedigrz 16 Peaizree 16 Fedigre2 19

Fedigree (7

Fig. 1 Segregation of the ss161110142 A allele in Raptor in patients
with the Moyamoya disease (MMD) phenotype. All affected
individuals tested showed complete segregation for the 34 pedigrees.

1$2292971) wese genotyped at 5.1-Mb intervals in the
17g25-qter linkage region [8]. The marker locations were
obtained from NCBI Map Viewer (hitp://www nchinlm.
nih.gov/mapview/). The linkage analysis was performed

@ Springer

Pedigree 22 Pedigree 23

Padigree 23

£l

Pedigiee 35

Genomic DNA samples were not available for pedigrees 4, 5, and 18
and for individuals 1122 and 11222 of pedigree 14

using a multipoint parametric linkage method, assuming a
dominant model [7, 8]. We assumed that obligatory carriers
should be treated as affected, as previously reported [§].
The phenotype of unaffected related individuals in the
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pedigrees was classified as “unknown”, while “non-foun-
der” spouses were classified as “unaffected”. On the basis of
the observed prevalence of 6.03 per 100,000 persons [10],
the disease allele frequency should be set at 0.00003015, but
we set it more conservatively at 0.0001 owing to the
increasing number of asymptomatic patients that have
recently been diagnosed by magnetic resonance imaging
(MRI) and MRA [11]. We therefore assumed a phenocopy
frequency of 0.00001. The allele frequencies for each
microsatellite marker were estimated from all unrelated
founders using the Merlin software [12]. Analyses were
carried out using GENEHUNTER ver. 2.0 (hitp://www.
broad.mit.edu/ftp/distribution/software/genehunter/) [ 13].

Since individual 132 of Pedigree 20 had recombination
between 152280147 and rs2293099, we determined the 3’
flanking region by further additional markers, namely
1571166116 (CHMPG6), 139896314 (AZIl), rs62075318
(AZII), and P1026P (BAHCCI). The haplotype for Pedi-
gree 20 was constructed using GENEHUNTER [13],
resulting in the allele frequencies of these four markers
being set at 0.50.

Direct sequencing

All coding exons, intron—exon boundaries, putative pro-
moter sequences, and 3’-untranslated regions (UTRs) of
CARDI14, Raptor (KIAA1303), AATK, and BAHCC1 were
analyzed by direct sequencing of the four affected indi-
viduals (individuals 12, 1411, 112, and 12 in pedigrees 1,
2, 14 and 15, respectively). The CARDI4, Raptor
(KIAA1303), and AATK genes were candidate genes, while
the BAHCCI gene was used to search for possible flanking
markers. Primers for the coding exons were designed from
intron sequences at distances >100 bp from the intron—
exon boundary and commercially synthesized by PROLI-
GO Primers & Probes (Kyoto, Japan; http:/www.
proligo.com) [8]. For Raptor, a regulatory region at about
2 kbp upstream of the first exon was sequenced. We
checked the single nucleotide polymorphism database
(dbSNP) as a reference (http://www.ncbi.nlm.nih.gov/SNP/
index.html). The primers for each gene are shown in
Supplementary Table 1 in the Electronic Supplementary
Material (ESM).

Confirmation of segregation and linkage in familial
cases

A variant (ss161110142) located at position —1480 from
the transcription site of the Rapior gene was tested for
segregation and linkage in the entire families. For three of
the 37 families (pedigrees 4, 5, and 18, respectively), we
were unable fo test the segregation and linkage owing
to the lack of availability of current DNA samples (Fig. 1).

In pedigree 14, genomic DNA samples were not available for
individuals 1122 and 11222. The two-point logarithm of the
odds ratio (LOD) score was calculated for the 34 genotyped
pedigrees using GENHUNTER with the same parameter set
as that used for the mapping described above. The penetrance
was estimated as the proportion of subjects with MMD
according to the broad classification among the genotyped
subjects with the A allele of the ss161110142 G/A SNP.

Association study and statistical analysis

Six other Raptor SNPs, namely, rs9911978, rs12950635,
1rs4890047, 154889863, 1511655474, and rs8080957, were
then tested for association with MMD in the case—control
study. These SNPs were selected to capture the variability
of the first 65 kb of the Rapror gene by using the Tagger
program [14] with criteria of * > 0.65 and a minor allele
frequency of >0.05 in Japanese and Europeans. A third
rationale by which to select these SNPs was to test whether
a haplotype harboring the ss161110142 A allele could be a
founder haplotype. Typing was conducted using the Tag-
Man probe (TagMan SNP Genotyping Assays; Applied
Biosystems, Foster City, CA).

The association with MMD was tested using the Coch-
ran—Armitage test, and deviation from Hardy—Weinberg
equilibrium (HWE) was investigated using Fisher’s exact
test. The association between Rapror haplotypes and MMD
was tested using the THESIAS software [15]. In order to
correct for the number of tested SNPs, two-sided P values
<0.0071 (ie., 0.05 divided by 7) were considered to
indicate statistical significance. The population attributable
risk (PAR) is defined by: PAR = 100 x (K — y)/K, where
K is the population prevalence and y is the phenocopy
proportion [16]. PAR can be estimated by the proportion of
the number of cases with the ss161110142 A allele.

Results
Clinical and demographic features of the participants

A total of 37 families participated in this study (Fig. 1).
Specifically, 194 Japanese and five Korean family partici-
pants joined the study (Table 2). There were three peaks
for clinical onset among Japanese patients: the first peak
occurred at <10 years of age, the second small peak at 30—
40 years, and the third peak at 50-60 years. Approxi-
mately, 42% of the Japanese patients were diagnosed
before the age of 15 years. Thee major symptom of these
pediatric patients was transient ischemic attacks (TIA). In
contrast, the absence of symptoms or hemorrhage were the
major symptoms in adult cases. These observations are
consistent with a recent nationwide study [10].
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Table 2 Summary of demographic and clinical profiles of cases and controls

Study cohort

Familial participant

Single subject participant

Cases Japanese Korean Japanese Korean Chinese Caucasian
Number of participants 194 5 90 41 23 25
Age (mean =+ SD) 39.2 £ 20.6 23.1 £ 12.8 477 + 18.8 383 + 134 253+ 133 264 £ 15.2
Female:male 119:75 3:2 68:22 28:13 14:9 17:8
Number of pedigrees 36 1 0 - 0 0
Number of patients 109 2 - - - -
Female:male 76:33 1:1 - - - -
Family history - - 0 3 0 0
Characterization of patients
Age of onset (years)
<10 29 1 19 0 7 14
10-20 17 0 8 5 6 0
20-30 11 0 7 7 4 3
30-40 16 1 9 9 3 5
40-50 9 0 25 12 3 2
50-60 16 0 10 5 0 1
60+ 11 0 8 3 0 0
Unknown 0 0 4 0 0 0
Young onset (<15) 46 1 25 1 10 14
Adult onset (15<) 63 1 61 40 13 11
Clinical symptoms
Cerebral infarction 13 0 8 14 3 11
TIA 39 1 33 8 1 2
Hemorrhage 14 0 19 0 3 1
Unknown stroke 1 1 1 16 6 3
Seizure 5 0 1 0 0 2
Headache 9 0 8 2 2 3
Asymptomatic 23 0 4 0 0 1
Other 5 0 16 1 8 2
Total 109 2 90 41 23 25
Clinical symptoms: young onset (<15 years)
Cerebral infarction 4 0 0 0 1 2
TIA 29 1 16 0 1 2
Hemorrhage 0 0 2 0 0 0
Unknown stroke 1 0 0 1 2 3
Seizure 4 0 0 0 0 2
Headache 4 0 5 0 0 3
Asymptomatic 2 4] 0 0 0 1
Other 2 0 2 0 6 1
Total 46 1 25 1 10 14
Female:male 28:18 0:1 22:3 1:0 6:4 9:5
Clinical symptoms: adult onset (>15 years)
Cerebral infarction 9 0 8 14 2 9
TIA 10 0 17 8 0 0
Hemorrhage 14 0 17 0 3 1
Unknown stroke 0 1 1 15 4 0
Seizure 1 0 1 0 0 0
Headache 5 0 3 2 2 0
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Table 2 continued
Study cohort Familial participant Single subject participant
Cases Japanese Korean Japanese Korean Chinese Caucasian
Asymptomatic 21 0 <4 0 0 0
Other 3 0 10 1 2 1
Total 63 61 40 13 11
Female:male 48:15 1:0 43:18 27:13 8:5 8:3
Controls Japanese Korean Chinese Caucasian
Number of participants 384 223 100 164
Age (mean =+ SD) 60.8 £ 9.6 40.0 + 8.4 382+ 103 48.0 + 19.6
Female:male 205:179 198:25 100:0 71:93
Angiography* 384 46 0 68
Screening by angiography (%) 100.0 20.6 0 41.5

TIA, Transient ischemic attack; other, including unknown symptoms or other types; SD, standard deviation

* Angiography: conventional angiography, magnetic resonance angiography (MRA), computed tomography (CT), among others

The study also included 90 Japanese, 41 Korean, 23
Chinese, and 25 Caucasian singular participants (Table 2).
With the exception of three cases, none of these patients
had family histories.

A brief description of the 384 Japanese, 223 Korean,
100 Chinese, and 164 Caucasian controls is given in
Table 2.

Fine mapping of the 17¢q25.3

The addition of the two newly recruited families (pedigrees
19 and 20) increased the LOD score from 8.07 [8] to 9.67.
One patient (individual 132 in pedigree 20) had recombi-
nation between rs2280147 and rs2293099 (Supplementary
Fig. 1 in ESM). Fine mapping using the four additional
SNPs, namely, rs71166116 (CHMPG6), 19896314 (AZI1),
1562075318 (AZI1), and P1026P (C>T) (BAHCCI),
revealed recombination between rs62075318 and a variant
in BAHCC1 (P1026P) in pedigree 20, indicating that the
core region was a 2.1-Mb region between D17S1806 and
BAHCCI (P1026P).

This region contained 40 genes, including BAIAP2,
whose sequence was reported in our earlier publication [8].
To select candidate genes, we chose the key words
“inflammation” [17], “apoptosis” [18] or “proliferation”
and “vascular system” [3, 4], all of which have been
reported to be associated with pathological conditions of
MMD. The selected genes were CARDI4, which plays key
roles in immune reactions [19], AATK, which is reported to
be involved in apoptosis [20], and Rapfor [regulatory
associated protein of mammalian target of rapamycin
(mTOR)] [21], which is associated with tissue hypertrophy

22], is a regulator of hypoxia-inducible factor [23], and is
involved in HLA class I antibody-mediated endothelial cell
proliferation [24].

Sequencing

We sequenced CARDI4, Raptor, and AATK in four un-
related affected individuals. The results are shown in
Supplementary Table 2 in ESM. Among these SNPs, the
Raptor ss161110142 G/A polymorphism appeared to be
very interesting because all four sequenced affected indi-
viduals were found to be heterozygous.

Confirmation of segregation and linkage
with the ss161110142

We then genotyped the 34 families for the ss161110142 G/
A SNP. As shown in Fig. |, all affected individuals in the
tested families were found to carry the ss161110142 A
allele and showed complete segregation. The two-point
LOD score was calculated to be 14.2 (P = 3.89 x 107%).
The estimated penetrance of the A allele was 74.0% (88/
119) [95% confidence interval (CI) 66-82%].

Association study

The last stage of our analysis consisted of a case—control
association study for MMD performed in different ethnic-
ities. The ss161110142 A allele was common in the Asian
cases (from 4% in Chinese cases to 33% in Korean cases),
while its frequency was about 1% in Japanese and Korean
controls (Table 3). The ss161110142 A allele was not
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