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Table 3 Clinical data of the 59 cases in Group I-A

29.2+4.1
36.9+3.6

Mean age at delivery, yrs
Mean weeks of gestation at delivery
Previous deliveries

none 32 (54.2%)
one 21 (35.6%)
two 4 (6.8%)
three 2 (3.4%)
Previous bypass surgery
yes 34 (57.6%)
no 24 (40.7%)
unknown 1 (1.7%)
Cerebral events during gestation
yes 3 (5.1%)
ICH 1
TIA 2
no 56 (94.9%)

Delivery method
vaginal delivery
natural labor

14 (23.7%)
3

painless labor 11
caesarean section 45 (76.3%)
scheduled 41
emergent 2
others 2
Cerebral events during delivery and puerperium
yes 0 (0.0%)
no 55 (100%)
ADL at discharge
unchanged 58 (98.3%)
deteriorated 1(1.7%)
Prognosis of the child
alive, no sequela 54 (91.5%)
alive, status unknown 2 (3.4%)
deceased through abortion 2 (3.4%)
deceased (SIDS) 1 (1.7%])

ADL: activities of daily living, ICH: intracerebral hemor-
rhage, SIDS: sudden infant death syndrome, TIA: tran-
sient ischemic attack.

undergone previous bypass surgery, no statistical
significance was found (p = 0.07).

Three cerebral events (5.1%) occurred during
gestation (intracerebral hemorrhage in 1 case and
transient ischemia in 2). A 30-year-old primipara
who had been treated with EC-IC bypass developed
intracerebral hemorrhage requiring emergent brain
surgery. Although the child was delivered success-
fully by scheduled caesarean section at 32 weeks of
gestation, this patient remained severely disabled
{mRS 4). No sequelae were noted in the other two
cases. No attacks occurred during delivery or during
the puerperal period, and the neonates exhibited no
problems associated with their mothers’ MMD. Two
stillbirths were delivered by intentional abortion,
and one death during the infantile period was diag-
nosed as sudden infant death syndrome unrelated to
MMD.
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II. Group I-B (cases of MMD newly diagnosed)

Perinatal cerebrovascular attacks occurred in 5
patients with undiagnosed MMD. Figure 1 shows
the demographics and clinical course of these
patients. The mean age at delivery was 30.0 = 4.9
years. Three patients presented with intracranial
hemorrhage, and 2 suffered cerebral ischemia. Case
1 had previously delivered twice developed in-
tracranial hemorrhage during pregnancy and was
newly diagnosed with MMD. After emergent brain
surgery, her gestation continued and she delivered a
baby by scheduled caesarean section at 37 weeks.
The maternal outcome was good (mRS 0) and the
child survived (although no reply was received re-
garding any deficits in the child). Case 2 was a
primipara who experienced serious intracerebral
hemorrhage during pregnancy (no data was provid-
ed regarding weeks of gestation). Although an emer-
gency craniotomy and caesarean section were per-
formed, the mother eventually died; the child ex-
hibited no deficit. Case 3 primipara developed in-
tracranial hemorrhage during natural vaginal labor
at 39 weeks of gestation. The child was delivered by
emergent caesarean section without deficits, but the
mother was rendered disabled (mRS 2). Case 4
suffered an ischemic attack during pregnancy and
MMD was diagnosed. An elective caesarean section
was performed at 37 weeks of gestation and no defic-
it remained in either mother or child. Case 5 devel-
oped severe pregnancy-induced hypertension ac-
companied by fetal distress syndrome, which re-
quired a caesarean section at 31 weeks of gestation.
The delivery was uneventful, but the patient devel-
oped a cerebral infarction 3 days after delivery,
resulting in mild neurological deficits (mRS 1). The
infant also exhibited a sequela caused by the fetal
distress.

Results of Survey II

Feedback was obtained from 338 female patients (for
a response rate of 61.0%). Among these, 146 patients
{43.2%) had undergone 278 deliveries. Forty-seven
patients had already been diagnosed with MMD be-
fore their first pregnancy, whereas 97 patients were
diagnosed after delivering all their children.
Another two patients were diagnosed with MMD af-
ter their first or second deliveries and subsequently
gave birth to other infants. Thus, all deliveries could
be divided into two groups: 76 deliveries by 49
patients with previously diagnosed MMD (Group II-
A), and 202 deliveries by 99 patients unaware of
their MMD at childbirth and diagnosed later in life
(Group II-B).
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Age (number of previous deliveries)

sk
hemorrhage
?\/"4{/

33 (2)

23 (0)

30 (0)

hypertension
sfetal distress syndrome
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Mother Child
wks mRS
' 0 Alive
{Details unknown)

6 normal
2 normal
0 normal
1 disabled

spregnancy-induced 31 wks 3rd puerperal day

Fig. 1 Clinical course of the five cases in Group I-B. CS: caesarean section, mRS: modified Rankin scale, OP: neu-
rosurgical operation, VL: vaginal labor. *Weeks of gestation unknown.

L
ly)

Table 4 shows the clinical data. The mean age of
diagnosis with MMD was 13.2 £ 8.2 years (1 to 34
years), and 71.4% of the patients were diagnosed be-
fore the age of 20 years. EC-IC bypass was per-
formed in 44 (89.8%) patients and 63 (82.9%) deliv-
eries occurred after surgical treatment. Among all
76 deliveries, 23 (30.3%) were vaginal deliveries, and
53 (69.7%) underwent caesarean section. The occur-
rence of previous bypass surgery had no significant
effect on the selection of delivery methods (p =
0.37).

Neurological events were detected in 5 (6.6%)
deliveries. Although all these patients had under-
gone bypass surgery previously, the incidence of the
event in surgically-operated cases was not sig-
nificantly different from non-operated cases (p =
0.38). Two events occurred during delivery and
three occurred during the puerperal periods, and all
were transient, leaving no deficit. The incidence of
neurological events did not differ between vaginal
delivery and caesarean section (p = 0.51). No neuro-
logical events were reported during these pregnan-
cies.

Group II-A (cases of MMD diagnosed previous-

II. Group II-B (cases of MMD undiagnosed at
childbirth)

Table 5 shows detailed data. The mean age at diag-
nosis of MMD was 43.1 + 10.7 years (23 to 69 years),
and it is difficult to clarify whether the patients in
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this group had already contracted MMD or the level
of severity. Among all 202 deliveries, 183 (90.6%)
were vaginal deliveries, while caesarean section was
employed in 19 (9.4%) cases. Transient neurological
events were noted in four (2.0%) cases, all related to
vaginal delivery. No serious events occurred leading
to deficits, and no adverse events during pregnancy
were reported.

Discussion

This is the first nationwide survey of pregnancy and
delivery associated with MMD in Japan. The authors
designed a survey for all the perinatal medical cen-
ters intended to reveal the current clinical situation
regarding pregnancy and delivery associated with
MMD (Survey I). While this design has the advan-
tage of providing accurate medical information on
each delivery, it also has the potential disadvantages
of limiting each observation period to only a single
perinatal period while failing to extract information
about the medical history of each patient. This infor-
mation is important, especially when a patient has
given birth repeatedly. Another survey, therefore,
was designed as Survey II. A major limitation must
be noted, that patients who responded to the ques-
tionnaire were likely to be those in relatively good
condition, as any fatalities or severely-disabled
patients would have dropped out (inclusion bias).
Furthermore, there might be some recall bias in this
type of survey. Accordingly, the results must be
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Table 4 Clinical data of the 76 deliveries in Group II-A
(49 patients)

J. C. Takahashi et al.

Table 5 Clinical data on the 202 deliveries in Group
II-B (99 patients)

34.6+6.6 (20 to 49)
13.2+8.2 (1 to 34)

Mean age at present (range), yrs
Mean age upon diagnosis of MMD (range),

yrs

Clinical type of MMD
ischemic 31 (63.3%)
hemorrhagic 7 (14.3%)
ischemic to hemorrhagic transformation 2 (4.1%)
others or unknown 9 (18.4%)

Number of deliveries by each patient

one 27 (55.1%)

two 17 (34.7%)

three 5 (10.2%)
Previous bypass surgery

yes 63 (82.9%)

no 10 (13.2%)

unknown 3 (3.9%)

Delivery method

vaginal delivery 23 (30.3%)

natural labor 21
painless labor 2
caesarean section 53 (69.7%)
scheduled 47
emergent 4
others 2
Neurological events during delivery and
puerperium
yes 5 (6.6%)
vaginal delivery
TIA during delivery 1
TIA during puerperium 1
caesarean section
seizure during delivery 1
unknown during delivery 1
TIA during puerperium 1
no 67 (88.1%)
unknown 4 (5.3%)

MMD: moyamoya disease, TIA: transient ischemic attack.

viewed with careful consideration for these biases.

This survey revealed that the incidence of the seri-
ous perinatal neurological complications is low
when MMD has been diagnosed and treated previ-
ously. The one case of intracerebral hemorrhage
during the gestational period, however, indicates
that this group still has a risk of devastating
perinatal stroke. In general, pregnancy induces vari-
ous physiological changes including hypercoagu-
lability, pregnancy-induced hypertension, and
eclampsia.*'® Accordingly, intracranial ischemic
and hemorrhagic attacks are believed to increase in
pregnancy.%>)

In MMD, an EC-IC bypass has been reported to
apparently improve hemodynamic ischemia,!011 so
it is possible that previous surgical treatments serve
to protect against perinatal ischemic stroke to some
extent. However, neither positive nor negative effect
of EC-IC bypass on the pregnancy and delivery with

141

Mean age at present (range), yrs 50.8 +10.9 (28 to 73)

Mean age upon diagnosis of MMD (range), 43.1+10.7 (23 to 69)
yrs

Clinical type of MMD

ischemic 32 (32.3%)
hemorrhagic 26 (26.3%)
ischemic to hemorrhagic transformation 5 (5.1%)

others or unknown
Number of deliveries by each patient

36 (36.4%)

one 23 (23.2%)

two 54 (54.5%)

three 18 (18.2%)

more 4 (4.0%)
Delivery method

vaginal delivery 183 (90.6%)

natural labor 182
painless labor 1
caesarean section 19 (9.4%)
scheduled 9
emergent 10
Cerebral events during delivery and
puerperium
yes 4 (2.0%)
vaginal delivery
syncope during delivery 1
syncope during puerperium 1
TIA during puerperium 2
no 188 (93.1%)
unknown 10 (5.0%)
Bypass surgery after childbirth
yes 58 (58.6%)
no 37 (37.4%)
unknown 4 (4.0%)

MMD: moyamoya disease, TIA: transient ischemic attack.

MMD was proved in this survey. As for intracranial
hemorrhage, the preventive effect of an EC-IC by-
pass remains totally unproven®!® and is now under
examination in the Japan Adult Moyamoya Trial,
which is a randomized controlled trial to study the
effect of EC-IC bypass surgery on hemorrhagic
MMD.9

Scheduled caesarean section was employed in
over two-thirds of the patients already diagnosed
with MMD, and no serious events were noted dur-
ing delivery. This selection could be the result of an
obstetrician’s decision to avoid hyperventilation and
excessive elevation of blood pressure during natural
labor. However, the present study detected no seri-
ous stroke during vaginal delivery. Therefore, there
seems to be no evidence that vaginal delivery should
be avoided in cases of MMD. It is notable that pain-
less labor with epidural anesthesia was successfully
undertaken in many of the recent cases of vaginal
delivery with MMD in Survey 1.

At present, there is no definite evidence for the

Neurol Med Chir (Tokyo) 52, May, 2012



MMD and Pregnancy

management of pregnancy with already diagnosed
MMD. However, in terms of the perinatal physiolog-
ical changes and the susceptibility to both ischemic
and hemorrhagic stroke in MMD, it is desirable that
the cerebral hemodynamic state should be well eval-
uated before pregnancy, and treated if severely im-
paired. In addition, extreme hypertension should be
corrected during the perinatal period. Caesarean
section is a good choice, but painless vaginal deliv-
ery can be also considered.

The present study revealed that fatal stroke can
occur if a patient with undiagnosed MMD becomes
pregnant. Severe disability or death resulted from
hemorrhage rather than ischemia, which is the same
result as seen in previous reports.®) This study also
identified a case of intracranial hemorrhage just
during vaginal delivery. The relationship between
perinatal hypertension and hemorrhagic event is un-
clear, as detailed data on patient blood pressure
were not requested in the questionnaire. In addition,
the frequency of perinatal stroke cannot be esti-
mated because it is impossible to determine the
number of pregnant women with occult, asympto-
matic MMD. Realistically, it appears quite difficult
to prevent catastrophic perinatal hemorrhagic
stroke from moyamoya vessels if MMD remains un-
diagnosed. The low prevalence of MMD (6.03 per
100,000 Japanese” and much lower in Western coun-
tries) does not justify the screening of all young
women with magnetic resonance angiography. At
present, the course of action seems limited to taking
precautions for pregnancy-induced hypertension
and making an accurate diagnosis immediately after
the onset of stroke, which enables effective treat-
ment in the acute period.

In Survey II, while some minor events occurred
with low frequency, no serious event was detected
with pregnancy and delivery in patients with un-
diagnosed MMD. Although this appears curious at
first glance, some reasons can be given for this
result. In all but two patients, diagnosis of MMD
was made after all births had taken place, and it is
unclear whether the onset of MMD predated the
births and how severely it affected the patients. In
addition, Survey II has the above-mentioned inclu-
sion bias that could be caused by the dropping out of
catastrophic cases. Therefore, the risk of undiag-
nosed MMD-associated pregnancy should not be
underestimated.

For any pediatric and young-adult female MMD
patient, expected pregnancy is a serious issue. The
present study has revealed the current situation, but
further research is needed regarding selection of the
delivery method, the effect of previous bypass sur-
gery on perinatal stroke prevention, and early diag-
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nosis and clinical management following
cerebrovascular events in undiagnosed cases. Fur-
thermore, it should be emphasized that greater coor-
dination among obstetricians, neurologists, and neu-
rosurgeons could help female patients with MMD
give birth with greater success. The authors strongly
hope that practical guidelines for managing MMD-
associated pregnancy are established in the near fu-
ture.
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Abstract

Introduction The purpose of this study was to propose new
magnetic resonance (MR) criteria of diagnosing moyamoya
disease (MMD) from cisternal moyamoya vessels (MMVs)
on 3-T magnetic resonance imaging (MRI)/magnetic reso-
nance angiography (MRA) and compare the diagnostic ac-
curacy of the existing MR criteria and the proposed MR
criteria.
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Methods Participants comprised 20 consecutive patients
with MMD (4 males, 16 females) diagnosed clinically using
conventional angiography and 20 controls (13 male and 7
female arteriosclerosis patients). In these participants, 3-T
MRI/MRA was evaluated by the existing MR criteria, which
use MMVs in the basal ganglia, and the proposed MR
criteria, which use cisternal MMVs, and then these two
criteria were statistically compared by McNemar’s test.
Results Diagnostic accuracy was 62.5% with the existing
MR criteria and 97.5% with the proposed MR criteria. The
proposed MR criteria was more sensitive (1.00) than the
existing MR criteria (0.45), but less specific (0.95) than the
existing MR criteria (1.00).

Conclusion The proposed MR criteria using cisternal
MMVs showed significantly higher diagnostic accuracy
than the existing MR criteria. We believe that our proposed
MR criteria will be beneficial for diagnosing MMD.

Keywords Cisternal moyamoya vessels - Moyamoya
disease - Magnetic resonance angiography - Magnetic
resonance imaging - T2-weighted imaging

Abbreviations

ACA Anterior cerebral artery

AUC Area under the curve

CSF Cerebrospinal fluid

FSE Fast spin echo

ICA Internal carotid artery

MCA  Middle cerebral artery

MIP Maximum intensity projection
MMD  Moyamoya disease

MMVs Moyamoya vessels

MR Magnetic resonance
MRA  Magnetic resonance angiography
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MRI Magnetic resonance imaging
ROC Receiver operating characteristic
SNR Signal-to-noise ratio

SWI Susceptibility-weighted imaging
T2WI  T2-weighted imaging

TOF Time-of-flight

Introduction

Moyamoya disease (MMD) is a relatively rare disorder in
which distal portions of the internal carotid arteries (ICAs)
and/or proximal portions of the anterior cerebral artery
(ACA) and/or middle cerebral artery (MCA) become pro-
gressively steno-occlusive with secondary formation of col-
lateral vessels and abnormal vascular network called
moyamoya vessels (MMVs) [1]. This disease occurs pre-
dominantly in Japanese, but occurrence has also been
reported in other countries [2, 3]. The etiology of MMD
has been unknown for long, but recently, its responsible
genes are being identified [4]. There are reported links
between moyamoya-like state and a wide variety of other
disorders such as radiation arteritis, Down’s syndrome, and
so on; they are excluded clinically [5]. By the finding of
conventional angiography, disease severity is frequently
classified into one of six progressive stages (Suzuki’s stage)
[1]. MMD is well known to cause transient ischemic attacks,
cerebral infarction, or intracranial bleeding in both children
and adults [6, 7]. Intracranial bleeding, in particular, often
results in poor outcomes [1]. Cases with relatively mild and
slow progression are usually treated more conservatively,
while cases with faster progression are treated surgically,
such as with vascular bypass methods [2]. Treatment of
MMD depends on the possibility of faster deterioration, so
frequent follow-up imaging as well as accurate diagnosis
and staging of the disease on each examination is indispens-
able in the clinical situation.

MMD has been diagnosed using diagnostic criteria that
apply results from conventional angiography and magnetic
resonance imaging (MRI)/magnetic resonance angiography
(MRA) independently [5]. In the existing guideline, conven-
tional angiography still remains to be the gold standard for
the diagnosis of MMD in principle [8, 9], and the relatively
large number of patients that do not fulfill the diagnostic
criteria from MRI/MRA need diagnostic conventional angi-
ography [5, 10, 11]. Conventional angiography can visual-
ize stenosis of both normal vessels and MM Vs more clearly
and definitively, therefore enabling more precise evaluation
of vessels, which is necessary for surgical treatment. One
drawback of the existing diagnostic criteria using conven-
tional angiography is the possibility of unwanted side effects
such as contrast media allergy which might be serious in
some cases [12]. Another drawback of the existing

@ Springer

diagnostic criteria is the technical difficulty of conventional
angiography in pediatric cases due to the narrow artery and
need for sedation.

Nowadays, 3-T magnetic resonance (MR) is widely
used in clinical situations and has been reported to show
superiority to 1.0/1.5-T MR in the diagnosis of various
neurological disorders [13—15]. The higher spatial reso-
lution and signal-to-noise ratio (SNR) of 3-T MR are
useful for evaluating the fine features of MMD. MMVs
have been reported to be better delineated with MRA at
3-T than at 1.5-T [15]. For microbleeds in MMD, repre-
senting an important factor for prognosis [16],
susceptibility-weighted imaging (SWI) has been reported
to offer better detection at 3-T than 1.5-T MRI [17]. In
the clinical situation, MRI/MRA findings have been used
for the diagnosis of MMD, such as cisternal MMV and
the fluid-attenuated inversion recovery ivy sign [18, 19].
Among these fine features of MMD, the cisternal MMVs
visualized as a distinct feature of MMD on 3-T MR
might be beneficial for diagnosing MMD. These fine
features of MMD visualized by recent MR technique
have been available by now; therefore, an updated guide-
line which reflects these benefits has been needed. This
study proposes new diagnostic criteria for MMD using
cisternal MMVs evaluated by routine clinical 3-T MR/
MRA. We hypothesized that the proposed MR diagnostic
criteria using 3-T MR can diagnose MMD more accu-
rately by evaluating cisternal MMVs than the existing
MR criteria, which evaluates MMVs in the basal ganglia.
The purpose of this study was to evaluate the diagnostic
accuracy of the proposed MR criteria and the existing
MR criteria using 3-T MRI/MRA.

Materials and methods
Patients

All study protocols were approved by the local ethics com-
mittee and written informed consent was obtained from all
patients or their parents. The study included 20 consecutive
patients with MMD from March 2004 to April 2008 (4
males, 16 females; mean age, 26.3 years; range, 2—58 years)
and 20 controls (13 male and 7 female arteriosclerosis
patients; mean age, 64.7 years; range, 27-87 years). All
MMD patients had been diagnosed clinically using the
existing diagnostic criteria, including conventional angiogra-
phy. Suzuki’s stages of MMD patients are shown in Table 1.
Cases of unilateral MMD were not included in this study.
Control arteriosclerosis patients showed multivessel stenosis.
Four cases showed greater than or equal to three vessel steno-
ses, eight cases showed two vessel stenoses, and eight cases
showed stenosis of one vessel.
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Table 1 The diagnostic catego-

ry of MMD patients and controls Existing MR criteria Proposed MR criteria Suzuki’s stage

Age (years), sex Diagnosis Category Category Right Left

2,F MMD 4 5 4 4
6,F MMD 3 5 3 4
6, F MMD 2.5 4.5 3 2
7, F MMD 2 5 2 3
8, F MMD 3 5 2 4
8, M MMD 5 5 4 4
13, F MMD 1 5 2 3
14, F MMD 1 5 2 2
21, F MMD 1 45 2 2
21, F MMD 2.5 5 4 4
22,F MMD 1 5 4 4
31, F MMD 2 s 3 3
32, F MMD 1 5 3 2
35, F MMD 1 4 2 2
47, F MMD 3 5 3 3
48, F MMD 1 5 4 3
49, F MMD 1 5 3 3
49, M MMD 1 4.5 2 2
50, M MMD 1 5 3 3
58, M MMD 1 5 3 3
27, M CTR 1 4
30, M CTR 1 1
41, F CTR 1 1
42, F CTR 1 1
61, F CTR 1 1
65, M CTR 1 1
66, M CTR 1 1
66, M CTR 1 1
66, M CTR 1 1
69, F CTR 1 1
70, F CTR 1 1
73, M CTR 1 1
74, M CTR 1 1
74, F CTR 1 1
76, M CTR 1 2.5
76, M CTR 1 1
76, F CTR 1 1
77, M CTR 1 1
78, M CTR 1 1

MMD moyamoya disease, CTR 87, M CTR 1 1

control

Image acquisition for image acquisition. The following parameters were used

for TOF MRA: repetition time, 22 ms; echo time, 3.7 ms;
All patients and controls underwent 3D time-of-flight (TOF)  flip angle, 20°; slice thickness, 0.7 mm; slab thickness,
MRA and fast spin echo (FSE) T2-weighted imaging  33.6 mm; number of slabs, 3; field of view, 200x 150 mm;
(T2WI) using a 3-T MR scanner (Magnetom Trio; Siemens,  matrix, 320x240; voxel size, 0.625x0.625%0.7 mm; and
Erlangen, Germany). A dedicated head array coil was used  acquisition time, 5 min 51 s. The following parameters were
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used for FSE T2WI: repetition time, 3,200 ms; echo time,
79 ms; echo trains per slice, 14; slice thickness, 3 mm; slice
gap, | mm; field of view, 220 176 mm; matrix, 448x360;
voxel size, 0.6x0.5%3 mm; and acquisition time, 1 min
44 s,

Diagnostic methods

The existing MR criteria for the diagnosis of MMD using
MRI/MRA [5] and the proposed MR criteria for the diag-
nosis of MMD using 3-T MRI/MRA are shown in Table 2
and Figs. I and 2.

In the Sylvian valley, T2WI shows cisternal MMVs as
worm-like structures and a network of numerous randomly
formed flow voids in axial slices (Fig. 3). Source images
from TOF MRA also show MMVs as a network of numer-
ous randomly formed high signal intensity structures in the
cisternal low signal intensity (Fig. 4). In this study, cisternal
MMVs were evaluated on T2WI and TOF MRA with source
images.

Image evaluation

Two board-certified neuroradiologists (T.S. and A.Y. with
over 8 years of experience) evaluated T2WI and TOF MRA
using the existing and proposed MR criteria. Evaluation
based on MRI/MRA for each side was classified into five
categories (5, absolutely positive; 4, probably positive; 3,
unclear; 2, probably negative; and 1, absolutely negative).

The procedure for evaluation using the existing MR
criteria is as follows: (a) evaluation of whether stenosis
exists at the ICA, ACA, and/or MCA on the right side; (b)
evaluation of MMVs in the basal ganglia on T2WI (Fig. 2)
on the right side; and (c) repetition of the same evaluations
for the left side.

Table 2 The existing and proposed MR criteria for diagnosing MMD

The existing MR criteria [5]
When MRI and MRA clearly demonstrate all the below findings,
conventional cerebral angiography is not mandatory.

1. Stenosis or occlusion at the terminal portion of the ICA and/or at
the proximal portion of the ACA and/or the MCA (Fig. 1).

2. An abnormal vascular network in the basal ganglia on MRA. An
abnormal vascular network can be diagnosed when more than two
flow voids are seen on one side of the basal ganglia on MRI (Fig. 2).

3. Bilateral appearance of 1 and 2.
The proposed MR criteria

1. Stenosis or occlusion at the terminal portion of the ICA and/or at
the proximal portion of the ACA and/or the MCA (Fig. 1).

2. An abnormal vascular network of cisternal MMV apparent in
bilateral Sylvian valleys on T2ZWI or MRA (Figs. 3 and 4).

3. Bilateral appearance of 1 and 2.

a) Springer
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Fig. 1 MRA maximum intensity projection (MIP) of MMD showing
stenosis of bilateral ICAs

The procedure for evaluation using the proposed MR
criteria is as follows: (a) evaluation of whether stenosis
exists at the ICA, ACA, and/or MCA on the right side; (b)
evaluation of MMV’ in the Sylvian valley (Figs. 3 and 4) on
the right side; and (c) repetition of the same evaluation on
the left side.

In this study, evaluation was performed on the right and
left sides separately because the degree of stenosis of arter-
ies and formation of MMVs are not symmetrical in all
MMD patients [20]. In the existing MR criteria and the
proposed MR criteria, the concordance rate of the scores
by the two neuroradiologists was evaluated by the kappa
coefficient. If the scores for each side did not fully agree, the
scores were decided by consensus. The diagnostic category
for the patient was defined as the average of category scores

Fig. 2 Axial FSE T2WI shows MMV at the level of the basal ganglia.
Flow voids indicating abnormal vascular networks are visualized at
bilateral putamina
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Fig. 3 Axial FSE T2WI shows MMVs at the level of the Sylvian
valley. Flow voids of MMVs were apparent in bilateral Sylvian valleys

of the left and right sides. Sample images of an MMD
patient are shown in Fig. 5. The diagnostic category by the
existing MR criteria was 1, and that by the proposed MR
criteria was 5.

Statistical analysis

As the first analysis, receiver operating characteristic (ROC)
curves for both the existing and proposed MR criteria were
used for statistical evaluation of diagnostic accuracy. Area
under the curve (AUC) for each criteria was then calculated
and comparisons of diagnostic accuracy for the existing and
proposed MR criteria were performed using Hanlay’s meth-
od, with values of p<0.05 considered significant [21].

As the second analysis, cutoff points were calculated for
each criteria to maximize sensitivity and specificity. Using

Fig. 4 MRA source image also shows MMVs at the level of the
Sylvian valley. MMVs were apparent in bilateral Sylvian valleys as
high signal intensity
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these cutoff points for each criteria, diagnostic accuracies of
the two criteria for clinical diagnosis were calculated
according to results from conventional angiography and
compared using McNemar’s test [22].

As the third analysis, to avoid calculation bias from
comparing two criteria with separate cutoff points, a com-
mon cutoff point was determined at the median of the range
(category 3). Categories <3 were considered as not MMD
and categories >3 were considered as MMD, with category
3 included in MMD to maximize the sensitivity of the
diagnostic method. With this common cutoff point, diag-
nostic accuracies of the two criteria for clinical diagnosis
using conventional angiography were calculated and com-
pared using McNemar’s test [22].

Results

The kappa coefficient of the scores of the two neuroradiol-
ogists by the existing MR criteria was 0.63, and that by the
proposed criteria was 0.89. ROC curves for the two criteria
are shown in Fig. 6. The diagnostic categories for MMD
patients and controls are shown in Table 1. Standard devia-
tions for the existing MR criteria were 0.71 in MMD
patients and 0 in controls, and those for the proposed MR
criteria were 0.26 in MMD patients and 1.16 in controls.
Median values for the existing MR criteria were 1 in MMD
cases and 1 in controls, and those for the proposed MR
criteria were 5 in MMD patients and 1 in controls.

AUC of the existing MR criteria was 0.725 (two-sided
95% confidence interval, 0.567-0.883). AUC of the pro-
posed MR criteria was 0.999 (two-sided 95% confidence
interval, 0.988-1.000). A comparative test using Hanlay’s
method showed that the difference of the two AUCs was
0.274, with a standard error of 0.080 and a correlation
coefficient between the two AUCs of 3.403. A significant
difference between the two criteria was identified (p=
0.0007).

In the second analysis, cutoff points were calculated for
each criteria to maximize sensitivity and specificity using
ROC curves. The cutoff point for the existing MR criteria
was 1.5 (sensitivity, 0.45; specificity, 1.00), compared to
3.25 (sensitivity, 1.00; specificity, 0.95) for the proposed
MR criteria. Using conventional angiography as the gold
standard, accuracies of the two criteria with each cutoff
point were 72.5% for the existing MR criteria and 97.5%
for the proposed MR criteria. McNemar’s test showed a
significant difference between the two criteria (p=0.006).

In the third analysis, the cutoff point for the existing and
proposed MR criteria was the common cutoff point of 3.
Using conventional angiography as the gold standard, accu-
racies of the two criteria with the common cutoff point were
62.5% for the existing MR criteria and 97.5% for the

@ Springer
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Fig. 5 MRA MIP, T2WI, and
MRA source images from a
patient with MMD (category S
by the proposed MR criteria;
category 1 by the existing MR
criteria). a MRA MIP. b T2WI
at the level of the Sylvian
valley. ¢ T2WT at the level of
the basal ganglia. d MRA
source image at the level of the
Sylvian valley. e MRA source
image at the level of the basal
ganglia

proposed MR criteria. McNemar’s test showed a significant
difference between the two criteria (p=0.001).

The results of the second and third analyses are also
shown in Table 3.

1.0 4 oo Existing MR criteria
e Proposed MR critetia
0.8+ ,
e Referenceline
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g
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—
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Fig. 6 ROC curves of the two criteria
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Discussion

This study evaluated 3-T MRI/MRA in 20 MMD patients
and 20 controls using the existing and proposed MR criteria
for the diagnosis of MMD. AUC of ROC curves for these
two criteria showed a significant difference. Accuracies of
the existing and proposed MR criteria showed a significant
difference according to McNemar’s test using each cutoff
point and common cutoff point. The proposed MR criteria
using 3-T MRI/MRA showed superior diagnostic accuracy
for MMD.

The existing diagnostic criteria of MMD were defined by
the Research Committee on Spontaneous Occlusions of the
Circle of Willis (MMD) of the Ministry of Health and
Welfare of Japan in 1997 [5]. At that time, 1.0- or 1.5-T
MR was widely used and 3-T MR was not widely available
in clinical situations. In the evaluation of MMD patients,
features of vessels delineated by MRI/MRA using 1.0/1.5-T
MR might be suboptimal for definitive diagnosis in more
than a few cases [11]. Substantial cases were unable to be
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Table 3 The results of the sec-
ond and third analyses

Cutoff point Sensitivity Specificity  Accuracy (%)
Second analysis ~ Existing MR criteria 1.5 0.45 1.00 72.5
Proposed MR criteria ~ 3.25 1.00 0.95 97.5
Third analysis Existing MR criteria 3 62.5
Proposed MR criteria 97.5

diagnosed using MRI/MRA alone, so conventional angiog-
raphy has been required as the gold standard for definite
diagnosis of MMD in not a few patients, including pediatric
cases [23].

If the definite standard with high accuracy of diagnosis
using the relatively less-invasive MR had settled, more
patients could skip conventional angiography. This would
prove beneficial for MMD patients, particularly for children.
Several studies have discussed the diagnosis of MMD using
MRI/MRA, mainly using 1.5-T MR [11, 24-27]. Although
1.5-T MR can be used for diagnosing MMD in the clinical
setting, the accuracy of diagnosis has been suboptimal due
to the intrinsic difficulties of acquiring higher spatial reso-
lution and higher SNR [28]. In many cases, conventional
angiography has been used as the gold standard for the
clinical diagnosis of MMD under the existing diagnostic
criteria [8—10].

Cisternal MMVs, one of the fine features of MMD, are
defined as tortuous small vessels in the Sylvian valley other
than the MCA and its perforators and are visualized as
worm-like structures on axial slices in MRI/MRA [18, 29]
(Figs. 3 and 4). These cisternal MM Vs have been visualized
using high-resolution T2WI with constructive interference
in steady-state imaging on 1.5-T systems and may be ben-
eficial in diagnosing MMD using MRI [30]. However, this
sophisticated technique requires a relatively long scan time
and has thus been difficult to use in screening and frequent
follow-up examinations.

Nowadays, 3-T MR has been introduced widely into clin-
ical situations. Various features of MMD have been reported
to be more clearly apparent with 3-T MR than with 1.5-T MR,
including vascular abnormalities on MRA and microbleeds on
SWI [15, 17]. Some reports have noted that 3-T MRI/MRA
visualizes more fine features of MM Vs than MRI/MRA at 1.0/
1.5-T [14, 15]. As 3-T MRI offers a higher SNR than 1.0/1.5-
T MR, a higher spatial resolution on T2WI can be achieved.
Also, 3-T MR has a longer longitudinal relaxation time than
1.0/1.5-T MR, allowing improved T1 contrast and a higher
signal on TOF MRA. These superior properties of 3-T MRY/
MRA might have performed a significant role in improving
the accuracy of diagnosing MMD in this study.

With the existing MR criteria, MMV is evaluated as flow
voids in the basal ganglia on T2WI. On routine clinical 3-T
MR images, flow voids in the basal ganglia may be difficult
to detect. Compared to 1.5-T MRI, the basal ganglia
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sometimes show as areas of low signal intensity on 3-T
MRI due to the rich iron content [31], so low-signal flow
voids might be difficult to detect in the basal ganglia.
Conversely, with the proposed MR criteria, MMVs were
steadily evaluated in the Sylvian valley where low-signal
vascular flow voids are more readily apparent against the
background of high signal intensity cerebrospinal fluid
(CSF) on T2WI [29]. In addition, 3-T MRA showed MMVs
more clearly in both the basal ganglia and Sylvian valley
due to the longer longitudinal relaxation time [15]. In the
present study, T2WI and MRA were evaluated together in
both the existing and proposed MR criteria, which may
prevent influences of artifacts such as CSF flow void in
the Sylvian valley complementarily and facilitate evaluation
of the fine features of MM Vs in the proposed MR criteria.

If MMD can be definitively diagnosed using only 3-T
MRI/MRA, conventional angiography can be skipped. This
may be beneficial for the first diagnosis of MMD, as the
procedure for conventional angiography can have unwanted
side effects [12]. In addition, this may be beneficial for
patients with slow progression, who can be followed up
using MRI/MRA alone and treated conservatively without
surgical therapy unless frequent imaging examinations show
deterioration [32]. Diagnosis of MMD using 3-T MRI/MRA
alone may thus be beneficial for accurate first diagnosis and
subsequent imaging follow-ups for early treatment [33, 34].

Several limitations must be considered when interpreting
the results of this study. First, age-matched controls were not
enrolled in the study. This is because MMD patients in this
study were younger than the control patients with arterio-
sclerosis. The incidence of MMD shows peaks in two age
groups: children at approximately 5 years old and adults in
their mid-40s [3, 35]. Second, we used cisternal MMVs in
the Sylvian valley for diagnosis, but MM Vs do not become
obvious at stage 1 and vanish at stages 5 and 6 [1]. The
proposed MR criteria may not work in such low-stage and
higher-stage cases. Suzuki’s stages 1 and 2 are considered as
the early stages of MMD. Stages 3 and 4, which are the most
frequently observed stages, are clinically important and
have to be clinically discriminated. Suzuki’s stages 5 and 6
are considered as the final stages of MMD [1, 35]. And
onset of the disease at stage 5 or 6 is rare, so evaluation of
cisternal MMVs may be feasible in many cases. Diagnosis
of stage 1 cases by MRI/MRA is one of our future tasks and
under way.
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Conclusion

This study evaluated the accuracy of the proposed MR
criteria for diagnosing MMD using cisternal MMV visual-
ized by 3-T MRI/MRA. The diagnostic accuracy of the
proposed MR criteria was higher than that of the existing
MR criteria. We believe that the proposed MR criteria using
3-T MRI/MRA will prove beneficial for diagnosing MMD.
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