Fig 3. A and B Brain images after cerebral infarction. Induction of cortical cerebral infarction
without thage is confirmed by MR T2-weighted images |4) and T1-weighted images (B) on day
7 aher induction of stroke. C-G, Vascular structure 9 days sfter cerebral infarction. Compared with
the contralateral nonischemic hemisphere (L), remarkable atrophic changes are cbserved in the
ischemic hemisphere (£l With SR images, in contrast to the nonischemic side (0}, degradative
changes in penetrating intracerebral artenes are observed on the ischemic side, though surface
branches of the MCA are still visualized [A. In coronal sections of cerebral SR micraangiograms (6.
compared with the contralateral nonischemic hemisphers, penetrating intracersbral arteries are
scarcely visualized in the ipsi 1 ischamic b pi (i, the latter appeared as an apparantly
*avascular area”). Scale bars: 1 mm (C and A, 500 wm (D and A, and Z mm (G)

the vasculature. However, current angiographic methods, us-
ing conventional x-ray imaging, did not provide images of
arteries <200 pm in diameter.**' Mammography, which has
the highest spatial resolution in clinical practice, also does not
have sufficient resolution to visualize small vessels with a di-

phology of small cerebral vessels in situ through imaging stud- ~ ameter of <50 pm."" Microangiographic techniques have
ies. Herein, we demonstrate that small cerebral vessels canbe  been developed by using fine-focus x-rays and sensitive films
clearly visualized by microangiography by using SR. to evaluate the microcirculation in the brain.” These methods

Conventional angiography is commonly used to evaluate  enable visualization of human cortical perforating arteries and
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medullary long branches (100 pwm in diameter) by using 1-cm-
thick sections of brain.*” However, the limit of detection by
using these methods applied to thick sections has been re-
ported to be vessels of 50 um in diameter.”® Furthermore,
visualization of smaller arteries required thin sections cut with
a microtome.*” The latter method is not well-suited to the
evaluation of 3D cerebral vascular trees.

Compared with these conventional methods, the princi-
pal advantage of SR is the small size of the electron beam,
thereby providing a high-intensity x-ray point source. Us-
ing a nearly parallel beam of SR, along with a precise detec-
tion system (pixel size of 4.5 um), allowed us to obtain
high-quality angiographic images with excellent spatial res-
olution. Furthermore, setting SR at an energy level just
above the K absorption of barium produced the highest
contrast images. SR imaging provides a powerful tool to
reveal the morphology of small cerebral arteries such as
superficial and deep penetrating arteries, allowing analysis
of their physiologic and pathologic properties under a va-
riety of conditions (ie, borderzone in infarction**** and
microaneurysm formation).

Fluorescence microscopy is another tool potentially useful for
analysis of the microcirculation.”® Although fluorescence micros-
copy provides visualization of microcirculation at the brain sur-
face, the advantage of SR imaging is visualization of small vessels
that have penetrated into the brain parenchyma, such as the sub-
cortex. In addition, SR imaging allows performance of microan-
giography with an optimal projection. When the latter is com-
bined with a microinjector, sequential real-time images can be
obtained, providing the substrate for hemodynamic analysis.

In this article, we investigated SR imaging after stroke and
showed that the SR image reflects pathologic changes previ-
ously abserved by using anatomic/microscopic analysis. On
day 9 after MCA occlusion, arteries on the surface of the cere-
brum were visualized by SR, though penetrating intracerebral
arteries were not detected. Previous studies have shown that
the integrity of the distal cortical artery is usually maintained
after occlusion of the proximal artery and that collateral flow is
established through expansion of previously existing and/or
formation of new vascular channels.”*?® Analysis with en-
hanced MR imaging has shown cerebral parenchymal en-
hancement in the stroke area by 1 week after cerebral infarc-
tion,”” indicative of blood flow in the peri-ischemic area. In
contrast, penetrating intracerebral arteries were dramatically
decreased in number in the ischemic hemisphere, though cor-
tical branches on the brain surface were maintained after MCA
occlusion. It has previously been shown that microvasculature
in the ischemic territory displays adhesion of polymorphonu-
clear leukocytes in postcapillary venules, followed by the dis-
ruption of the microvascular network.® These previous find-
ings are consistent with the results of our vascular images
obtained by SR after ligation of the MCA.

Conclusion

Our study demonstrates, for the first time, the morphologic
features of small vascular networks in murine brain by mi-
croangiography by using SR imaging, Our approach provides
a powerful tool for evaluating potential angiogenic/antiangio-
genic therapeutic strategies, as well as pathologic examination
of the cerebral microarterial tree.
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Abstract
Background/Aims: The aim of this study is to clarify the re-
lationship between lesion detectability by diffusion-weight-
ed magnetic resonance imaging (DWI) and the etiology of
transient ischemic attacks (TIAs). Methods: A retrospective
study was performed on 72 patients with carotid TIAs who
underwent DWI studies within 2 weeks after the last epi-
sode. Results: Lesions were detected in 24 of 72 patients
(33%). The detectability of lesions was 12% (3/25) in the
large-artery atherosclerosis (LA) group, 57% (8/14) in the car-
dioembolism (CE) group, 8% (1/13) in the small-artery occlu-
sion (SA) group, and 60% (12/20) in the other etiology or un-
determined etiology (UD) group. Detectabilities in the CE
group and the UD group were higher than those in the LA
and SA groups. Of 24 patients with DWI-positive lesions, 17
(71%) had embolic sources in the heart; 9 were classified in
the UD group because they had embolic sources both in the
heart and large artery. Conclusion: Ischemic DWI lesions in
TIAs are most likely caused by a cardioembolic mechanism.
In TIA patients showing lesions on DWI, heart disease should
be surveyed as the possible embolic source.

Copyright © 2007 5, Karger AG, Basel

Introduction

According to the Ad Hoc Committee on classification
of cerebrovascular disease of 1975, transient ischemic at-
tacks (TTAs) are defined as ischemic cerebrovascular dis-
ease in which focal cerebral dysfunction resolves within
24 h [1]. It has been known for years that CT or T;- and
T,-weighted magnetic resonance imaging (MRI) may oc-
casionally depict small ischemic lesions in TIA patients
[2-7]. More recently, diffusion-weighted imaging (DWT)
has made it possible to demonstrate ischemic lesions in
TIA patients with relatively high frequency [8]. Several
studies have shown that the detectability of DWT lesions
in TIA patients increases in correlation with the duration
of TIA symptoms. However, clarification as to whether
the detectability of DW1 lesions is related to the etiology
of TIA is still lacking. In the majority of previous studies
reporting DW1 detectability of TIA lesions, both types of
TIAs - in the carotid artery territory and the vertebral
artery territory — were included indiscriminately. This
makes accurate evaluation of TIA duration difficult,
since onset and end of symptoms are often obscure in a
vertebral artery territory TIA. Therefore, we included
only patients with carotid TIA in the present study, ex-
amining the relationship between the etiology of TIA and
the detectability of DWT lesions.
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Subjects and Methods

A retrospective analysis was performed on 72 patients with
carotid TIA who were admitted to our department during the in-
terval from May 1998 to July 2005, and who underwent DW1 stud-
ies within 14 days of symptom onset after the last TIA. Fifty-two
patients were male. The mean (* SD) age of patients was 69 * 10
years. Patients with isolated amaurosis fugax were excluded. MRI
was performed using a Siemens Magnetom Vision 1.5-tesla MR
unit, DW1 scanning was performed with a single-shot, multislice
spin echo and echo planar imaging sequence. DWI parameters
comprised: TE = 123 ms; FOV =23 X 23 cm; matrix = 128 X 200,
and slice thickness = 4 mm. Diffusion gradients were applied in
the through-plane direction with a b value of 1,100 s/mm?. Since
1999, imaging parameters have been changed to TE = 100 ms and
matrix = 98 X 128. Diffusion gradients were applied in each x, y,
and z direction with b values of 1,000 s/mm?, and trace imaging
was calculated. Conventional MRI studies included T,-weighted
(TR/TE: 630/14) and T;-weighted (TR/TE: 5,400/99) images, and
fluid attenuationinversion recovery (TR/TE/TE:9,000/105/2,400)
images were obtained when required.

We assessed whether each patient had ischemic lesions and/or
arterial disease compatible with symptoms by reviewing DWI
films and the results of conventional cerebral angiography, MR
angiography, and carotid ultrasonography. We assessed the pres-
ence or absence of cardiac embolic sources based on 12-lead ECG
findings, transthoracic and/or transesophageal echocardiogra-
phy and, when required, 24-hour ECG monitoring. Referring to
the TOAST classification [9], all patients were classified into four
groups: large-artery atherosclerosis (LA) group, cardioembolism
(CE) group, small-artery occlusion (SA) group, and other etiology
or undetermined etiology (UD) group. The LA group included
patients with more than 50% stenosis of intracranial or extracra-
nial large arteries or with a complicated lesion of more than 3.5
mm in the aortic arch based on findings of conventional cerebral
angiography, MR angiography, carotid ultrasonography and
transesophageal echocardiography. Patients in this group should
not have had significant heart disease. The CE group included
patients with significant heart disease that can become an em-
bolic source, such as mechanical prosthetic valves, mitral stenosis
with atrial fibrillation, atrial fibrillation, left atrial/atrial append-
age thrombus, sick sinus syndrome, recent myocardial infarction
within 4 weeks prior to the study, left ventricular thrombus, di-
lated cardiomyopathy, akinetic left ventricular segment, atrial
myxoma, infective endocarditis or patent foramen ovale with pe-
ripheral thrombus but without LA. The SA group included pa-
tients who had neither significant heart disease nor LA, nor other
evidence of disease. The TIA symptoms in this group should have
corresponded to any of the traditional clinical lacunar syndromes
and should not have been associated with cortical symptoms. The
UD group included patients who could not have been classified
into other groups because of the following reasons: (1) they had
other causes of cerebral ischemia, such as dissection of cervical/
cranial arteries, vasculitis or hypercoagulopathy, (2) they had cor-
tical symptoms in spite of an absence of association with signifi-
cant heart discase, large-artery lesions or evidence of other dis-
eases, and (3) they had both significant heart disease and more
than 50% stenosis in a large artery or aortic complicated lesions
greater than 3.5 mm. This classification was made by mutual
agreement by three neurologists. We also examined the duration

Diffusion MRI and TIA

of TTA symptoms and the time from onset of TIA to DW1in each
patient, Furthermore, we reviewed the correlation between these
factors and the detectability of lesions. We also studied whether
patients had risk factors for atherosclerosis such as hypertension,
diabetes mellitus, hyperlipidemia and smoking, and whether they
had a history of cerebral infarction,

Statistical Analysis

Statistical analysis was performed using a commercially avail-
able software package (Statview, version 5, SAS Institute Inc.,
Cary, N.C,, USA). Data were expressed as means * SD. The level
of p <0.05 was determined to indicate statistical significance. We
statistically compared the four groups as classified above using
one-way factorial ANOVA or the Kruskal-Wallis test.

The table of baseline patient characteristics was analyzed us-
ing the Yates corrected x” or Fisher test, as appropriate.

Resuits

Twenty-four of 72 patients (33%) had small ischemic
lesions on DWI. There was no significant difference in
baseline characteristics between patients with positive
DWI lesions and those with negative DWI lesions (ta-
ble 1). As shown in table 2, the duration of symptoms was
significantly longer in patients with positive DW1 lesions
(4.0 £ 5.1 h) than in those with negative DW1 lesions (1.4
+ 2.5 h) (p < 0.01). The time from TIA onset to DWI
study was also significantly longer in patients with posi-
tive lesions (4.5 * 4.1 days) than in those with negative
lesions (2.0 * 3.2 days) (p < 0.01). The detectability of le-
sions increased in correlation with the duration of TIA
symptoms, as shown in figure 1. The detectability of le-
sions was also influenced by time from TIA onset to DW1,
as follows: detectability was 14% (4/29) in the group un-
dergoing DWT at 0-12 h after TIA, 33% (5/15) in the
group undergoing DWI at 12-24 h after TIA, 43% (3/7)
in the group undergoing DW1 at 1-3 days after TIA, 60%
(6/10) in the group undergoing DWI at 3-7 days after
TIA, 57% (4/7) in the group undergoing DW1 at 7-10 days
after TIA, and 50% (2/4) in the group undergoing DWI
at 10-14 days after TIA. Thus, the detectability of lesions
was somewhat lower in patients undergoing DW1 within
24 h after TIA than in those undergoing DWI more than
24 h after TIA.

Cerebral angiography was carried out on 25 patients,
MR angiography on 58 patients, carotid ultrasonography
on 71 patients, transthoracic echocardiography on 58 pa-
tients and transesophageal echocardiography on 60 pa-
tients. The type of etiology was classified as LA group, 25
patients; CE group, 14 patients; SA group, 13 patients, and
UD group, 20 patients. The breakdown of the 20 patients
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Fig. 2. Details of 24 TIA patients with
DWI-positive lesions. a 83% of DW1I-posi-
tive patients belong to the CE or UD
groups. b 71% of DWI-positive patients
have heart disease, either independently or

LA 13%

SA 4%

71%

in association with other etiologies.

in the UD group was as follows: (1) 1 patient with both
antiphospholipid antibody syndrome and a significant
lesion in a large artery, and 1 other patient with cervico-
cranial dissection and significant atherosclerotic lesions
in a large artery, (2) 2 patients with cortical symptoms in
association with no abnormality in the heart, large artery
and other tests, and (3) 16 patients with both significant
heart disease and significant stenotic lesions in large ce-
rebral arteries and/or aorta. As shown in table 3, the de-
tectabilities of lesions in the CE group (57%) and the UD
group (60%) were significantly higher as compared with
those in the LA group (12%) and the SA group (8%).
The duration of symptoms in the CE group was some-
what longer than in the other three groups, although the
difference was not significant (table 3). Time from TIA
onset to DWI was somewhat longer in the CE and UD

40 Eur Neurol 2008;59:38-43

groups as compared with the other two groups. How-
ever, results of one-way factorial ANOVA indicated that
there was no significant difference in time from TIA to
DWI studies between the groups (table 3). DWI studies
were performed within 24 h after TIA in 39 patients and
more than 24 h after TIA in 33 patients. Percentages of
patients undergoing DWT studies within 24 h after TIA
were 64% (16/25) in the LA group, 50% (7/14) in the CE
group, 62% (8/13) in the SA group, and 40% (8/20) in the
UD group. There were no significant differences in the
frequency of early DW1 studies between the four groups
(Kruskal-Wallis test). The CE and UD groups had high-
er lesion detectability irrespective of time from TIA to
DWI studies.

A total of 14 patients had multiple lesions on DW1. The
frequency of multiple lesions in each group was as fol-

Uno/Taguchi/Oe/Nagano/Yamada/
Moriwaki/Naritomi
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Table 1. Baseline patient characteristics

Table 3. Comparison of four TIA groups

DWI positive DWT negative LA CE SA uD
(n=24) (n=48) (n=25) (n=14) (n=13) (n=20)
Age, years 68+ 10 69+ 10 Positive DW1 lesions 3 (12) 8(57)" 1(8) 12 (60)"
Male gender 18 (75) 34(71) Duration of
Hypertension 15 (63) 34 (71) symptoms, h 15230 38+52 17%£28 25%39
Diabetes mellitus 4(17) 10 (21) Time from TIA
Hypercholesterolemia 9(38) 21 (44) to DWI, days 1.8%26 36%41 26145 36%4.1
Smoking 13 (54) 31 (65)

History of stroke 1(4) 8(17)

Figures in parentheses indicate percentages.

Table 2. Duration of symptoms and time to MRI studies in DWI-
positive and DW1-negative patients

Figures in parentheses indicate percentages.

! The frequency of DWI-positive lesions is significantly high-
er in the CE and the UD groups as compared with the LA and SA
groups (p < 0.05).

Table 4. The type of heart diseases and lesion detectability in the
CE group

DWI positive ~ DWT negative

40*51*
45%4,1*

14%*25
20%32

Duration of symptoms, h
Time from TIA to MRI, days

* p <0.01: significantly longer as compared with the diffusion-
negative patients,

lows: in the LA group, 2 of 3 patients with positive lesions
(67%) had multiple lesions; the number of lesions was 3
and 5, respectively. In the CE group, 3 of 8 patients (38%)
had multiple lesions; the number of lesions was 3 in 2
cases and 4 in the other. In the SA group, 1 positive pa-
tient had only a single lesion (0%). In the UD group, 9 of
12 patients (75%) had multiple lesions; the number of le-
sions was 2 in 5 cases, 3 in 3 cases and 6 in the remainder.
Thus, no remarkable relationship was observed between
the number of lesions and the etiology.

Of all 24 patients with ischemic lesions on DWI, 8 pa-
tients (33%) belonged to the CE group, 12 patients (50%)
to the UD group, 3 patients (13%) to the LA group, and 1
patient (4%) to the SA group (fig. 2). Of the 12 patients
with positive DW1 lesions who belonged to the UD group,
9 had significant heart disease in association with signif-
icant large-artery lesions. Thus, of all 24 patients with
ischemic lesions on DWT, 17 patients (71%) had significant
heart disease either independently or concomitantly with
large-arterylesions (fig. 2). In the CE group, 5 of 7 patients
with atrial fibrillation had positive DWI lesions (table 4).

Diffusion MRI and TIA

Type of heart diseases DWI DWI
positive negative
Atrial fibrillation 5 2
Mechanical prosthetic valve 1 1
Akinetic left ventricular segment 2 0
Sick sinus syndrome 0 1
Patent foramen ovale with
peripheral thrombus 0 2
Discussion

In recent years, quite a few studies have reported the
presence of ischemic lesions on DWI following TIA. In
these previous studies, the detectability of TIA lesions on
DWTI ranged from 20 to 70% [8, 10-16]. Detectability in
the present study was 33%, showing a somewhat lower
value as compared with previous studies. This may be
partly related to the difference in the timing of DWT ex-
aminations between the present study and the previous
studies. In the present study, approximately 54% of pa-
tients underwent DWI within 24 h after TIA onset; the
detectability in these patients was low, at 21%. On the
other hand, in most previous studies the majority of TIA
patients underwent DWI examinations more than 24 h
after TIA onset. When we calculated only the detectabil-
ity of lesions in our patients undergoing DWI more than
24 h after TIA onset, the detectability increased to 48%,
showing similar values to those reported in previous
studies. The above-mentioned reasoning can also be in-
ferred from the study of Rovira et al. [10]. In their study,
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only 9% of patients underwent DW1 within 48 h after
TIA, and the detectability of lesions in the entire group
showed a high value, reaching 67%. In a transient isch-
emia experiment using rats, the value of the average ap-
parent diffusion coefficient decreased significantly dur-
ing the ischemic period and then normalized at 60-90
min after ischemia, followed again subsequently by a sig-
nificant reduction more than 12 h after ischemia [17]. As
confirmed in the above experiment, the detectability of
lesions on DWI may decrease for a while after a short pe-
riod of transient cerebral ischemia, and may increase
thereafter, although the mechanisms remain unclear.
Kidwell et al. [8] first pointed out that the detectability of
lesions on DWT in patients with TIA increases in correla-
tion with the duration of symptoms. Since then, similar
results have been reported by several authors. In the study
by Rovira et al. [10], the detectability of lesions in TIA
patients with symptoms lasting less than 6 h was 59%,
whereas the value was 100% in patients with symptoms
lasting more than 6 h. Crisostomo et al. [11] reported that
the detectability of lesions in patients with symptoms
lasting more than 1 h was significantly higher as com-
pared with patients with symptoms lasting less than 1 h.
Inatomi et al. [12] also reported that the detectability of
lesions was significantly higher in TIA patients with
symptoms lasting more than 30 min than in those with
symptoms lasting less than 30 min. In our study, the de-
tectability of lesions also tended to increase according to
the increase in TIA duration.

Previously, few workers performed detailed investiga-
tions on the relationship between the detectability of
DWI lesions and the etiology of TIA. Rovira et al. [10]
reported that the detectability of DW1 lesions was higher
in TIA patients with large-artery lesions than in those
with cardiac lesions. However, the report lacks credibili-
ty, since the number of patients in their study was small;
only 4 patients had cardiac lesions, whereas 19 patients
had large-artery lesions. Nakamura et al. [16] reported
higher detectability of DWT lesions in TIA patients with
atrial fibrillation as compared with those without atrial
fibrillation. However, they focused only on atrial fibrilla-
tion and did not clarify DWI detectability in TIA patients
without atrial fibrillation who had other types of heart
diseases. In the present study, the presence or absence of
large-artery lesions and/or cardiac disease was surveyed
in a retrospective manner reviewing the results of con-
ventional cerebral angiography, MR angiography, carotid
ultrasonography, 12-lead ECG, transthoracic or trans-
esophageal echocardiography, and 24-hour ECG moni-
toring. The patients were then classified into four groups

42 Eur Neurol 2008;59:38-43

according to the etiology of TIA, such as LA, CE, SA and
UD groups. The results indicated that the detectability of
lesions in the CE group and the UD group was higher
than that in the other groups. Time from TIA to DWI
studies was almost the same in the four groups. Lesion
detectability was higher in the CE and UD groups than
in the other groups, even when the comparison among
the subgroups undergoing DWI studies had been made
within 24 h after TIA onset. Therefore, the higher detect-
ability in the CE and UD groups is unrelated to time from
TIA to DWI studies. The mean duration of TIA symp-
toms in the CE group was more than 3 h, which was the
longest of all the groups. In general, cardioembolic stroke
produces severer symptoms than artery-to-artery embol-
ic stroke. This may be attributable to the fact that emboli
originating in the heart tend to occlude larger blood ves-
sels for longer durations as compared with artery-to-ar-
tery emboli. This is probably also true in cases of TIA.
Microemboli originating in the heart likely occlude larg-
er blood vessels for longer durations as compared with
artery-to-artery microemboli. Accordingly, ischemic du-
ration may be longer in TIA patients with heart disease
than in those with other types of etiology, and ischemic
lesions may be larger in TIA patients with heart disease
than in those with other types of etiology. Probably for
such reasons, ischemic lesions in cardioembolic TIA may
be more readily found on DWI than those in other types
of TIA. In the present study, 16 of 20 patients in the UD
group had heart disease, and 9 had ischemic lesions on
DWI. In these 9 patients, TIA was most likely caused by
a cardioembolic mechanism rather than another type of
etiology. Johnston et al. [18] conducted a follow-up study
in 1,707 patients with TIA for 90 days. In their study,
10.5% of patients developed cardioembolic stroke during
the follow-up period, and approximately half of them had
stroke within 48 h after TIA. Thus, cardioembolic stroke
may occur soon after TIA ata considerably high frequen-
cy. A DWI study is considered useful to evaluate etiolog-
ical mechanisms of TIA. If ischemic lesions are detected
on DWI, the presence of heart disease should be suspect-
ed, and appropriate medication should be considered to
prevent cardioembolic stroke.
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Increase in circulating CD34-positive cells in
patients with angiographic evidence of

moyamoya-like vessels
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Increasing evidence points to a role for circulating endothelial progenitor cells, including
populations of CD34-positive (CD347) cells, in maintenance of cerebral blood flow. In this study,
we investigated the link between the level of circulating CD34* cells and neovascularization at
ischemic brain. Compared with control subjects, a remarkable increase of circulating CD34* cells
was observed in patients with angiographic moyamoya vessels, although no significant change was
observed in patients with major cerebral artery occlusion (or severe stenosis) but without
moyamoya vessels. Our results suggest that the increased level of CD34" cells associated with
ischemic stress is correlated with neovascularization at human ischemic brain.
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Introduction

Increasing evidence points to a role for bone
marrow-derived immature cells, such as endothelial
progenitor cells, in maintenance of vascular home-
ostasis and repair. CD34-positive (CD34°) cells
comprise a population enriched for endothelial
progenitor cells whose contribution to neovascula-
ture includes both direct participation in forming
the neovessel and regulatory roles as sources of
growth/angiogenesis factors (Majka et al, 2001).
Previously, we have shown accelerated neovascular-
ization after administration of CD34* cells in an
experimental model of stroke (Taguchi et al, 2004b)
and induced by autologous bone marrow mono-
nuclear cells (rich cell fraction of CD34° cells)
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transplanted locally into patients with limb ische-
mia (Taguchi et al, 2003). In addition, we have
observed a positive correlation between the level of
circulating CD34* cells and regional blood flow
(Taguchi et al, 2004a). and cognitive function
(Taguchi et al, 2007) in patients with chronic
cerebral ischemia.

In this study, we have evaluated the level of
circulating CD34* cells in patients with unusually
accelerated neovascularization induced by progres-
sive occlusion (or severe stenosis) of the supracli-
noid portion of the internal carotid artery, the
proximal region of the anterior, and/or middle
cerebral artery characterized angiographically by
the presence of moyamoya-like vessels (Natori et
al, 1997) that supply ischemic brain as collaterals.
We have investigated the hypothesis that circulating
bone marrow-derived immature cells might be
associated with neovascularization at ischemic sites
in the human brain.

Patients and methods

The institutional review board of the National Cardiovas-
cular Center approved this study. All subjects provided



informed consent. A total of 50 individuals, including 24
patients with occlusion or severe stenosis (>90%) at the
C1 portion of the internal carotid artery or the M1 portion
of the middle cerebral artery, and 26 age-matched healthy
volunteers with cardiovascular risk factors, but without
history of vascular disease, were enrolled. The diagnosis
of cerebral artery occlusion or stenosis was made
angiographically and four patients were found to have
classical angiographic evidence of moyamoya-like vessels,
including one with right C1 occlusion, one with right M1
occlusion, and two with bilateral C1 severe stenosis. All
patients with cerebral artery occlusion or stenosis had a
history of cerebral infarction. Individuals excluded from
the study included patients who experienced a vascular
even! within 30 days of measurements, premenopausal
women, and those with evidence of infection and/or
malignant disease. The number of circulating CD34° cells
was quantified as described (Taguchi et al, 2007). In brief,
blood samples (200 ul) were incubated with phycoerythrin-
labeled anti-CD34 antibody, fluorescein isothiocyanate-
labeled anti-CD45 antibody, 7-aminoactinomycin-D
(7-AAD), and internal control (all of these reagents are in
the Stem-Kit; BeckmanCoulter, Marseille, France). After
incubation, samples were centrifuged, and supernatant was
removed to obtain concentrated cell suspensions.
7-Aminoactinomycin-D-positive dead cells and CD45-ne-
gative cells were excluded, and the number of cells forming
clusters characteristic of CD34 " cells (i.e., low side scatter
and low-to-intermediate CD45 staining) was counted. The
absolute number of CD34* cells was calculated using the
internal control. Mean cell number of duplicate measure-
ments was used for quantitative analysis. Statistical
comparisons among groups were determined using analysis
of variance or 7 test. Individual comparisons were
performed using a two-tailed unpaired Students’ t-test or
Mann-Whitney’s U-test. Mean + s.e. is shown.

Table 1 Baseline characteristics

CD34 * cells and moyamoya-ike vessels
T Yoshitara &f of

Results

Enrolled individuals were divided into three
groups: control subjects, patients with cerebral
occlusion or severe stenosis, but without the
presence of vessels with angiographic characteris-
tics of moyamoya disease, and patients with angio-
graphic evidence of moyamoya-like vessels.
Baseline characteristics of the groups are shown in
Table 1. The modified Rankin scale evaluation of
patients with and without moyamoya-like vessels
was 0.5+0.5 and 1.3+0.2, respectively (P=0.15).
Comparing these groups, there was a significant
difference in the ratio of gender and treatment with
aspirin between groups. However, no significant
difference was observed in the number of circulating
CD34* cells in control group between genders
(male, n=13, CD34* cells=0.93+0.10/uL; female,
n=13, CD34* cells=0.85+0.11/uL: P=0.59) and
treatment with aspirin (aspirin (+), n=6, CD34~
cells=0.76+0.12/uL; aspirin (-), n=20, CD34*
cells=0.93 £ 0.09/uL: P=0.26), indicating mild and
nonsignificant effects of gender and treatment with
aspirin on the level of circulating CD34" cells. In
univariate analysis of control subjects, each cere-
brovascular risk factor and treatment with statins
showed no significant difference in the number of
circulating CD34* cells (data not shown).

A representative angiogram showing characteris-
tics of moyamoya-like vessels is shown in Figures
1A and 1B. Angiographic moyamoya-like vessels
were observed around the M1 portion of an
occluded middle cerebral artery. Compared with a
normal subject (Figure 1C) and patients without
angiographic evidence of moyamoya-like vessels
(Figure 1D), a remarkable increase in levels of

Total Control Major artery occlusion/stenosis Pvulue for trend
Moyamoya (-] Moyamoya (+)
N 50 26 20 4
Age, years 608+1.1 L5219 61510 59.3%5489 0.85
Male, n (%) 33 (66) 13 (50) 18 (90) 2 (50) n.m
Risk factor, n (%) :
Hypertension 35 (70) 16 (62) 15 (75) 4 (100) 0.24
Hyperlipidemia 26 (52) 14 (54) 10 (50) 2 (50) 0.96
Diabetes mellitus 11 [22) 7 (27) 4 (20) 0(0) 0.46
Smoking 15 (30) 7 (27) 8 {40) 0 (0) 0.25
Treatment, n (%)
Ca channel blockers 20 [40) 10 (38) 8 (a0) 2 (50) n.g1
f-Blockers 5 (10) 3 (1) 1 (5] 1 (25) 0.44
ACE inhibitor 7 (14) 4 (15) 2 (10) 1(25) 0.70
ARB 12 (24) 5 (19) 5 (25) 2 (50) 0.40
Diuretics 4 (8) 2 (7) 1(5) 1(25) 0.40
Statin therapy 14 (28) 9 (34) 4 (20) 1 (25) 0.54
Aspirin 19 (38) 6 (23) 10 (50) 3 (75) 0.05
Ticlopidine 12 (24) 3(m) B (40) 1 (25) 0.08
ACE. angiot converting enzyme; ARB, ang in 2 receptor bloch
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Figure 1 Increased levels of circulating CD34* cells in patients with angiographic evidence of moyamoya-like vessels, (A, B)
Representative angiogram from a patient with moyamoya-like vessels. Unusually accelerated neovascularization (based on
angiographic features of moyamoya-like vessels, arrowheads) was observed around an acclusive M1 lesion (arrow). Anterior-
posterior view (A) and lateral view (B) of the right internal carotid artery showed angiographically. (C-E) After exclusion of 7-
aminoactinomycin-D (7-AAD)-positive dead cells and CD45-negative cells (nonleukocytes), CD34 * cells cluster at low side scatter.
Representative fluorescence-activated cell sorting analyses from a control subject (C), a patient without moyamoya-like vessels (D),
and a patient with moyamoya-like vessels (E) are shown. (F) A more than two-fold increase in circulating CD34 * cells was observed
in patients with moyamoya-like vessels, compared with control subjects and patients without moyamoya-like vessels (*P < 0.001)

SS Lin: side-scatter linear scale.

peripheral CD34* cells was observed in patients
with moyamoya-like vessels (Figure 1E) based on
fluorescence-activated cell sorting. To confirm this
impression, levels of circulating CD34* cells were
quantified (control, CD34* cells=0.8940.07/uL;
moyamoya (), CD34° cells=0.98+0.13/uL; moya-
moya (+), CD34* cells=2.28+0.53/uL) and found
to be significantly increased in patients with
moyamoya-like vessels more than two-fold higher
than in controls (Figure 1F, P<0.001).

Discussion

In this study, we have found that a feature of
unusually accelerated neovascularization, evidence
of moyamoya-like vessels in the immediate locale of
an occluded major cerebral artery, can be correlated
with a robust increase in the level of circulating

CD34* cells. The latter was determined using a
newly developed method that enables guantifica-
tion of few CD34* cells in peripheral blood in a
highly reproducible manner.

After acute cerebral ischemia, mobilization of
CD34" cells from bone marrow has been shown in
stroke patients (Taguchi et al, 2004a). Furthermore,
transplantation of CD34 * cells (Taguchi et al, 2004b)
and bone marrow cells (Borlongan et al, 2004a,b)
has been shown to restore cerebral blood flow in
experimental models of stroke. In chronic ischemia,
transplantation of CD34"* cells has also been shown
to accelerate neovascularization, including forma-
tion of collateral vessels, in patients with chronic
ischemic heart disease (Boyle et al, 2006) and limb
ischemia (Kudo et al, 2003). In addition, there is a
report regarding the correlation between inadequate
coronary collateral development and reduced num-
bers of circulating endothelial progenitor cells in
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patients with myocardial ischemia (Lambiase et al,
2004). In this study, we show, for the first time, a
correlation between neovascularization of the cere-
bral arterial circulation and increased levels of
circulating CD34° cells. Our results support the
hypothesis that circulating CD34" cells potentially
contribute to neovascularization at sites of ischemic
brain injury.
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Association between Signal Hyperintensity on
T1-Weighted MR Imaging of Carotid Plaques and
Ipsilateral Ischemic Events

BACKGROUND AND PURPOSE: To investigate associations between cerebral ischemic events and
signal hyperintensity in T1-weighted MR imaging (T1WI) of carotid plaque according to stenosis
severity and 1o estimate persistence of T1WI signal hyperintansity

METHODS: A total of 222 patients (392 atherosclerotic carotid arteries) underwent plaque imaging
using 3D inversion-recovery-based T1WI (magnetization-prepared rapid acquisition with gradient-echo
IMPRAGE]). Carotid plaque with intensity on MPRAGE of >200% that of adjacent muscle was
categorized as "high signal intensity” and correlated with ipsilateral ischemic events within the
previous 6 months. A total of 68 arteries (35 patients) underwent repeat MR imaging a total of 70 times
at a median interval of 279 days (range, 10-1037 days)

RESULTS: Ipsilateral ischemic events were more frequent in patients with MPRAGE high signals than
in patients with low signals in the 0%—29%, 30%-69%, and 70%-99% stenosis groups: Relative risk
(85% confidence interval) was 2.50 (0.96-6.51), 7.55 (1.84-31.04), and 1.98 (1.01-3.90), respectively
In the 70 cases of repeat MR imaging, 29 of 30 cases with high signals on the preceding MR imaging
maintained high signals. Of the 58 arteries that underwent repeat MR imaging, 4 of 22 carotid arteries
with high signals developed ipsilateral subsequent ischemic events within 1 year, whereas none with
low signals developed subsequent events.

CONCLUSIONS: Carotid plague signal hyperintensity on T1WI is strongly associated with previous
ipsilateral ischemic events, persisting over a period of months, and may indicate risk of subsequent
events. Larger clinical trials are warranted to clarify associations between signal hyperintensity and risk

therosclerotic carotid plaque represents a major cause of
cerebral ischemia." Superiority of carotid endarterectomy
to medical treatment has been confirmed for symptomatic
carotid artery with severe stenosis (70%—99%) by the North
American Symptomatic Carotid Endarterectomy Trial
(NASCET) and the European Carotid Surgery Trial (ECST),
but =7 operations were performed to avoid 1 stroke.”” At the
same time, symptomatic patients with 50%-69% stenosis
have been shown to benefit from moderate reduction of stroke
risk by surgery, whereas patients with <50% stenosis do not
benefit from surgery.™* However, cerebral ischemic episodes
are not restricted to severe stenosis of the carotid artery,”* and
a substantial fraction of ischemic strokes in the territory of the
carotid artery are unrelated to carotid stenosis.' Methods of
noninvasively identifying “at risk” plaques are thus required.
Many studies have focused on MR imaging to characterize
carotid plaques by using various imaging sequences, However,
standardized sequence parameters and evaluation criteria to
identify “at risk” plaques in MR imaging have not yet been
established. Signal hyperintensity of carotid plaque in inver-
sion recovery-based 3D T1-weighted imaging (alternatively
known as magnetization-prepared rapid acquisition with gra-
dient echo [MPRAGE])® was associated with recent ischemic
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of subsequent cerebral ischemic events.

events,”” and was related to complicated plaques (type VI as
proposed by the American Heart Association).™®

We have performed carotid plaque imaging using
MPRAGE since December 2001 for patients with suspected or
confirmed carotid artery stenosis. The present study investi-
gated associations between ischemic events and MPRAGE sig-
nal hyperintensity according to severity of stenosis in the ca-
rotid artery, and estimated persistence of MPRAGE signal
hyperintensity as a potential risk factor for ischemic events.

Methods

Population

Since December 2001, MR imaging of the carotid artery has been per-
formed for patients with suspected or confirmed atherosclerosis of the
carotid artery after provision of oral informed consent on admission to
the Departments of Neurology or Neurosurgery of our hospital. We re-
viewed the medical records of 222 consecutive patients who underwent
MR imaging between December 2001 and June 2004. This study was
performed in accordance with the ethics guidelines of our hospital. Of the
444 carotid arteries, 45 occluded arteries (at origin of the internal carotid
artery, n = 39; common carotid artery, n = 1; top of the internal carotid
artery or horizontal portion of the middle cerebral artery, n = 5) and 7
surgically treated carotid arteries (endarterectomy, n = 5; stent grafting,
n = 2) were excluded from the study. A total of 392 carotid arteries from
222 patients were thus enrolled in this study.

Patient characteristics were recorded retrospectively by reviewing
medical records. Ischemic events ipsilateral to the carotid artery within
the previous 6 months were recorded, including cerebral infarction, tran-
sient ischemic attack, and retinal ischemia (amaurosis fugax and retinal
artery occlusion). Emboligenic cardiac di (including persistent and
paroxysmal atrial fibrillation, mitral valve stenosis, implantation of pros-
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thetic heart valves, dilated cardiomyopathy, endocarditis, and acute

myocardial infarction within the previous 6 months) were also recorded.
Recorded risk factors of atherosclerosis included hypertension, diabetes
mellitus, hyperlipidemia, and cigarette smoking,

MR Imaging

MR imaging was performed using a Magnetom Sonata 1.5T system (Sie-
mens, Erlangen, Germany) with standard neck array and spine array coils
(Fig 1). Plaque imaging was performed using MPRAGE in transaxial
section with null blood condition (effective inversion time, 660 ms; TR,
1500 ms) and the water excitation technique to suppress fat signals. TR
was defined as the interval between successive inversion pulses. Other
imaging variables were: TE, 5.0 ms; FOV, 180 X 180 mm; matrix, 256 X
204; section thickness, 1.25 mm; 56 partitions; covering 70 mm around
the carotid bifurcation; data acquisition time, 5 minutes. Multislab 3D
time-of-flight (TOF) MR angiography (MRA) was also performed to
facilitate delineation of lumen shape and plaque morphology (TE, 4.4
ms; TR, 35 ms; same spatial resolution as MPRAGE). Contrast MRA was
performed after MPRAGE and 3D TOF MRA using rapid infusion of 0.1
mmaol/kg body-weight gadolinium-diethylene-triaminepentaacetic acid
(Gd-DTPA) ata rate of 2.0-3.0 mL/s after a test bolus of 1 mL Gd-DTPA
for timing evaluation at the same rate. Typical imaging variables com-
prised: TR, 3.2 ms; TE, 1.3 ms; section thickness, 1.0 mm; 64 partitions;

788 Yamada | AJNR 28 | Feb 2007 | www.ajnr.org

Fig 1. Volume of plaque imaging
A, Maximum intansity projection for contrast MRA of the
cervicel arieries. Volume of plague imaging with MPRAGE
is indicated between the 2 transv
B, Near-coronal muftiplanar reconstruction of MPRAGE
C, Source image of MPRAGE 3 mm craniz
carotid hifurcation shows relatively homogand

5@ bars

the right
us signal
imtansity in the neck

0, Zoomed source image of MPRAGE demanstrates dark
lumen of the right intemal carotid artery (ICA) and the
external carotid artery (ECA) Circle indicates region of
intarast placed in the SCM

E, Zoomed source image of TOF MRA at the same position
demonstrates bnght lumen of the carotid artenes Plague
CA (astensk) demonstrates signal hyperintensity
ocleidomastoid muscle

FOV, 360 x 200 mm; matrix, 512 X 208; data acquisition time, 14 sec-

onds; near coronal section

Follow-Up MR Imaging

Of the 222 patients, 28 patients underwent one repeat MR imagingand 7
patients underwent 2 repeat MRIs for follow-up of carotid atherosclero-
sis up to June 2005, depending on clinical demands. Among the 28 pa

tients with one repeat MR imaging, 4 carotid arteries were excluded be-
cause of occlusion and 6 arteries were excluded as a result of surgical
treatment before initial MR imaging (n = 1) and between initial and
repeat MR imaging (»# = 5). Among the 7 patients with 2 repeat MRIs, 2
arteries were excluded because of occlusion. MPRAGE signals from
plaques were thus compared a total of 70 times in 58 arteries from 35
patients, For arteries that underwent 2 repeat MRIs, first repeat MR im-
aging was compared with initial MR imaging, and the second repeat MR
imaging was compared with the first repeat MR imaging.

Evaluation of MR Imaging

Carotid stenosis was measured using contrast MRA according to the
methods defined by the NASCET'® and categorized into 3 groups:
mild or no stenosis (0%—29%), moderate stenosis (30%—69%), and
severe stenosis (70%-99%). One observer evaluated signal intensity
of plaques on MPRAGE relative to signal intensity in adjacent muscle




Fig 2 Examples of classic carotid plagues

A, An example of low signal intensity plague. Top and bottom rows show 3 corresponding sections with 2.5-mm intervals of TOF MRA and MPRAGE, respectively. A 76-year-old man has
left carotid artery stenosis and no history of ipsilateral ischemic events. The carotid plague (arows) displays no signal hyperintensity relative to the id.'-i\'-"'“ muscle

8, An example of high signal intensity plaque. Top and bottom rows show 3 corresponding sections with 2.5-mm intarvals in initial and follow-up MR imaging. A 58-year-old man experienced

cerebral infarction in

he temiory of the right middle cersbral artery 12 days before initial MR imaging, which reveals a

right carotid plague with haterogeneous MPRAGE signal

hyperintensity (top row). At 4 months after initial MR imaging, the patient again developed cersbral infarction in the right middle carebral artery territory. Follow-up MR imaging at 5 months
after initial MR imaging [bottom row) shows mild increase of MPRAGE high signal intensity region

(typically the sternocleidomastoid muscle) as measured by placing a
round region of interest 5- 8 mm in diameter on a standard console of
the clinical MR system (Fig 1D). If the plaque displayed signal inten-
sity =>200% of muscle intensity at any place or section in the plaque,
that plaque was categorized as "high signal intensity.” Otherwise, the
plaque was categorized as “low signal intensity” (Fig 2).

For carotid plaque with high signal intensity, volume of the region
with signal intensity >200% of the muscle intensity was calculated

using Dr. View/PRO version 5.2 software (Asahi Kasei Information
Systems, Tokyo, Japan) on a stand-alone workstation.

Statistical Analysis

Two-tailed t tests or Mann-Whitney tests were used for comparison

of means, 2-sided Fisher exact tests for comparison of proportions,

paired t tests for comparison of paired variables, and y” tests for linear

trends of ischemic events according to stenosis severity. Associations
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Table 1: Baseline characteristics of carotid arteries according to

symptoms
Symptomatic  Asymptomatic
(n=74) (n = 318) (4
Age |years) 699 + 83" 00 +78 BAT2
Female sex 14.9(11/74) 17.3(55/318) 7308
AF and prosthetic heart vaive 5.4(4/74) 6.9(22/318) 7882
Hypertension 79.7 (59/74) 83.3(265/318) 4857
Diabetes mellitus 39.2 (29/74) 39.9(127/318) 1.0000
Hyperiipidemia 62.2 (46/74) 56.0(178/218) 3630
Cigarette smaking 297(22/14)  233(74/318) 2930

MNote:—AF indicates atrial fibrillation. Values for age
represent percentage of carotid arteries, with raw

sent maan = SO; other values
provided in parentheses

between MPRAGE signal intensity and ipsilateral ischemic events
were analyzed by considering each artery independently. All analyses
were performed using Prism version 4.0 software for Windows
(GraphPad Software, San Diego, Calif).

To calculate interobserver variability in categorization of carotid
plaque as high or low signal intensity, a second observer categorized
carotid plaque signals for the first 100 arteries after completing con-
sensus reading of the last 10 carotid plaques as training between first
and second observers. For calculation of intracbserver variability, the
first observer repeated categorization of plaque signals for the first 100
arteries at > 1 month after first observation. All interpretations of MR
imaging were performed in a blinded manner. Interobserver and in-
tracbserver agreement was calculated using k statistics.

Association between Signal Hyperintensity and Previous
Ischemic Events

A total of 74 carotid arteries were associated with ipsilateral isch-
emic events within the previous 6 months (cerebral infarctions,
n = 45; transient ischemic attack, n = 20; retinal ischemia, n = 9).
Patients displaying carotid arteries with and without ipsilateral
ischemic events exhibited no significant differences in age, sex,
hypertension, diabetes mellitus, hyperlipidemia, or cigarette
smoking status. A total of 24 carotid arteries were present in pa-
tients with atrial fibrillation, whereas 2 carotid arteries were from
a single patient with a prosthetic aortic valve (Table 1). No pa-
tients were diagnosed with mitral stenosis, dilated cardiomyopa-
thy, endocarditis, or acute myocardial infarction.

MPRAGE high signal intensity was assigned to 170 of 392
carotid plaques (Fig 2). The k values for interobserver and in-
traobserver agreement were 0.729 and 0.792, respectively (good
agreement). After excluding carotid arteries from patients with
atrial fibrillation or prosthetic heart valves, a total of 370 carotid
arteries were included in evaluation of association with previous
ischemic events. Relative risks (95% confidence interval) of ca-
rotid arteries with MPRAGE high signals compared with carotid
arteries with MPRAGE low signals for 0%-29%, 30%—69%,
70%~99% stenosis groups were 2.50 (0.96-6.51), 7.55 (1.84—
31.04), and 1.98 (1.01-3.90), respectively (Table 2). In addition,
risk of high signal intensity carotid arteries with 0%—29% and
30%-699% stenoses resembled risk of low signal intensity carotid
arteries with 709-99% stenosis: relative risks (95% confidence
intervals [CI]) were 0.87 (0.34—2.24) and 1.34 (0.65-2.78), re-
spectively. Frequency of ischemic events in MPRAGE high signal
intensity plaques increased with stenosis severity (P = .0133).
Median interval between MR imaging and previous ischemic
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events for MPRAGE high and low signal intensity groups was 20
days (range, 0-180 days) and 51 days (range, 6-179 days), re-
spectively. Mann-Whitney tests revealed no significant differ-
ences between the 2 intervals (P = ,0854).

In MRPAGE high signal intensity plaques, volume of the
high signal intensity region was larger in symptomatic plaques
than in asymptomatic plaques. Mean (£ SD) volume for 0%~
29%, 30%-— 69%, and 70%—99% stenosis groups in symptom-
atic plaques was 249 =+ 301, 186 * 327, and 166 * 331 mm’,
respectively—larger than in asymptomatic plaques at 48 = 72,
123 = 169, and 115 = 200 mm’, respectively. Mann-Whitney
tests revealed a significant difference for 0%-29% stenosis
(P = ,0247) but not for 30%—69% (P = .5102) or 70%-99%
stenosis (P = .3177).

Follow-Up MR Imaging

A total of 70 comparisons in 58 arteries were performed be-
tween successive MRIs at a median interval of 279 days (range,
10-1037 days). Initial status of high or low signal intensity was
maintained on repeat MR imaging for most comparisons; only
4 of 40 low signal intensity carotid arteries changed to high
signal intensity, and only 1 of 30 high signal intensity carotid
arteries changed to low signal intensity (Table 3). Volume of
the region with signal intensity >200% of muscle intensity
tended to be similar between successive MRIs (P = .690) (Fig
3). Mean stenosis did not change significantly in the 70 com-
parisons, at 44.2 = 30.0% for the preceding MR imaging and
45,0 = 30.2% for follow-up MR imaging (P = .487).

For investigation of subsequent events, 6 arteries from pa-
tients with atrial fibrillation and 2 arteries with ipsilateral middle
cerebral artery occlusion at the horizontal portion were excluded
from the 58 arteries. Among the remaining 50 carotid arteries, 4
of 22 carotid arteries with high signals displayed subsequent
events, compared with 0 of 28 arteries with low signals (P =
.0473) (Table 4). Repeat MR imaging of the 4 carotid arteries with
subsequent events was performed at 9, 16, 16, and 27 days after
subsequent events. Volume of the 4 arteries did not reveal any
specific features compared with the other arteries (Fig 3).

Discussion
More ischemic events occurred in patients with high signals on
MPRAGE than in those who showed low signals in each of the
subgroups of patients with mild, moderate, and severe steno-
sis. Volume of high signal intensity was significantly larger in
symptomatic plague than in asymptomatic plaque for patients
with mild stenosis. We also demonstrated in a subgroup that
underwent multiple MR imaging that hyperintensity was
maintained over a period of months, and MPRAGE high sig-
nals may offer an indicator of risk for subsequent events.
MPRAGE is a TIWI and displays intraplaque components
that have short T1 as high signal intensity. Mechanisms of the
short T1, however, are complex. Many previous studies have
shown that lipid-rich necrotic cores display signal hyperinten-
sity on TIWL'*"** Other studies have shown that intraplaque
hemorrhage or thrombus exhibit high signal intensity on
TIWL"'*'® Although methemoglobin is considered to be a
cause of high signal intensity, the duration of methemoglobin
in carotid plaques remains unclear. Lipid signals are very weak
in advanced plaques.'’ Signal hyperintensity in this study was
not attributable to lipids, as fat-suppression technique was
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Table 2 Risk of ipsilateral ischemia according to MPRAGE signal intensity and stenosis after excluding patients with atrial fibrillation and

prosthetic heart valves
0%-29% (n = 152) 30%—63% (n = 114) 70%~99% (n = 100) Total (n = 366)

Stenosis 5 A F (%) s A F (%) 5 A F (%) S A F (%)
MPRAGE

High signal intensity B 26 188 18 44 280 2 36 429 51 106 25

Low signal intensity ] m 15 2 50 38 B 9 Al 19 190 a1
P 0.0889 0.0004 0.0498 <f1.0001
Relative risk (95% CI) 2.500 |0.9603-6.508) 7.548 (1.836-31.041) 1.982 (1.008-3.900) 3.573 (2.201-5.801)
Note:—MPRAGE indicates magnetization-prepared rapid acquisition with gradient echo; S, symptomatic within previous 6 months; A, asymptomatic within previous & months; F, frequency
of carotid anterkes in patients with ipsil C, i interval. P values wete calculated using the Fisher exact test between MPRAGE high and low groups for symptoms

(S) in each stenosis group. Relative risk of ischemic events was calculatad for MPRAGE high carotid aneries compared with low carotid arteries in each stenosis group

Table 3: Number of carotid arteries displaying MPRAGE high and

low signal intensity according to interval between repeat and the

preceding MRI, and signal intensity change on repeat MRI
Number Associated with

Number on Signal Intensity Change
Preceding MRI on Repeat MRI
High to Low to
Interval High Low Low High
<90 days 5 | 1 0
90-179 days 8 7 0 1
180364 days 9 8 ] 0
= 365 days 8 16 0 3
Total 30 40 1 4
900 T
800 1
700 /
600 S ———
) al
£ 500
€ 400 1
300 T
200 1
100
0 ¢t
initial repeat
Fig 3. Comparison of high signal y volume ¢ MR imaging

Companson was done 34 times 2 MR imagings with high signal
intensity in both or either of the 2 MR images. Median interval was 279 days (range,
10-1037 days). High signal intensity volume (mean + SO} was 148 = 182 mm® &t the
initial MR imaging and 144 + 217 mm” at the repeat MR imaging. Paired f test displayed
no significant change (P = 630). Broken lines indicate 4 carotid anenies associated with
subsequent events within | year after initial MR imaging

used. Protein-rich viscous tissue can form another cause of
signal hyperintensity.'”'? The actual cause of TIWT signal hy-
perintensity should thus be investigated further.

In the follow-up study, signal hyperintensity was repeatedly
observed (Table 3), and high signal intensity volume did not
change significantly. Repeat MR imaging of 4 carotid arteries with
subsequent events that was performed 9-27 days after these
events exhibited no specific change in volume compared with the
other arteries (Fig 3). These results may be attributable to contin-
uous or recurrent intraplaque hemorrhage. However, we cannot
conclude that signal hyperintensity is due to recent hemorrhage

in this study. Erythrocyte membranes and iron have been shown
to be present within the necrotic cores of human atherosclerotic
coronary plaques even in the absence of recent hemorrhage, and
intraplaque hemorrhage is related to progression and instability
of suchlesions.*” If this is the case in carotid plaque, as in coronary
plaque, the necrotic core of a carotid plaque can be at least par-
tially formed by intraplaque hemorrhage, and thus no clear bor-
der would exist between intraplaque hemorrhage and necrotic
core.

Size and location of high signals may be important for vul-
nerability. In the coronary artery, “at risk” plaques can be
morphologically characterized by a large lipid-rich core and
thin fibrous cap.*?' In the case of the carotid artery, however,
numerous authors have stressed the importance of in-
traplaque hemorrhage.”>** Conversely, other authors have re-
ported no significant differences in frequency of hemorrhage
between symptomatic and asymptomatic patients.***® The
real causes of carotid plaque vulnerability thus remain contro-
versial. Volume of the high signal intensity region was signif-
icantly larger in symptomatic carotid plaque than in asymp-
tomatic plaque for the 0%-29% stenosis category, but not for
the 30%-69% or 70%-99% categories. Carotid plaques with
subsequent events did not display extremely large volumes for
high signal intensity regions (Fig 3). Assessment of fibrous cap
thickness and integrity is also important when evaluating
plaque vulnerability and has been achieved using T2-weighted
imaging and TOF MRA.""*7** Some authors have reported
higher percentages of symptomatic patients for ruptured caps
(70%) compared with thick caps (9%) using multicontrast
MR imaging.*® Plaque ulceration may be related to stroke
risk.*™*! Better prediction of vulnerability may be achieved by
combining MPRAGE with these techniques.

This study was performed using a commercially available
clinical machine and standard neck- and spine-array coils
without additional hardware. Image acquisition time was
short (5 minutes for MPRAGE). MPRAGE with fat suppres-
sion and null blood condition suppresses background signals
and highlights signal hyperintense tissues with short T1, so
image interpretation is relatively simple.”** Although mo-
tion artifacts were present to various degrees, predominantly
attributable to respiration and swallowing, these were insuffi-
cient to result in the exclusion of any patients from the present
study. 3D data acquisition is essential for visualizing the en-
tirety of irregularly shaped plaques.

This study examined suspected and confirmed atherosclerotic
carotid stenosis that may be related to cerebral ischemia depend-
ing upon clinical demands. Some biases in the study population
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Stenosis Number at Initial MRI

Subsequent Events

Ischemic Events Surgical Treatment Censored

Number of low signal intensity carolid aneries
0%—29% Stenosis
30%—69% Stenosis
70%-99% Stenosis
Total
Number of high signal intensity carotid arteries
0%-29% Stenosis
30%—68% Stenosis
70%—99% Stenosis
Total 7
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Note:—MPRAGE indicates magnetization-pregared rapid acquisition with gradient echo. Ischemic events include ischemic stroke and transient ischemic attack. Surgical treatment includes
d and far stenting

carotid

may thus be present. Reasons for MR imaging of the carotid ar-
tery varied, including screening of cervical artery stenosis, suspi-
cion of complicated plaque on ultrasonography, inconclusive ul-
trasonography results due to calcification and high position of
stenosis, refusal of conventional angiography by patients, and
preoperative evaluation of carotid artery stenosis. Potential em-
bolic sources, such as complicated plaque in the aortic arch and
persistent foramen ovale, were not surveyed.

Conclusion

We conclude that carotid plaque hyperintensity on MPRAGE,
a heavy 3D T1WI technique, is associated with previous cere-
bral ischemic events. MPRAGE hyperintense signals persist
over a period of months, and may represent a potential indi-
cator of risk for subsequent cerebral ischemia. Longitudinal
studies with large subject populations are required to clarify
whether MPRAGE hyperintense signals indicate risk of subse-
quent cerebral ischemic events.
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Paradoxical Cerebral Embolism Causing Internal Carotid
Artery Occlusion
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Abstract

Paradoxical cerebral embolism (PCE) is defined to be a pathological condition in which emboli originating
from the venous system reach the cerebral arterial circulation via the right-to-left (R-L) shunt. In patients
with PCE, emboli originating from the venous system most commonly pass through the patent foramen ovale
during Valsalva-provoking activities which increase the right atrial pressure above the left atrial pressure. The
size of cercbral infarction caused by PCE is generally small, since the size of emboli which can pass through
the R-L shunt is small. Here, we report a case of PCE which occluded the internal carotid artery (ICA).

Key words: paradoxical embolism, internal carotid artery, pulmonary embolism, deep vein thrombosis
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Case Report

A 64-year-old female was admitted to our hospital be-
cause of disturbed consciousness, hypoxemia and left hemi-
paresis. The patient had a history of insomnia, depression,
and hyperlipidemia.

On admission, physical examination revealed a cyanotic
woman with respiratory rate 18 times per minute. Her body
temperature was 37.0C, blood pressure 100/50 mmHg, and
her heart rate was increased to 108 beats per minute. On
neurological examination, she was lethargic. Her eyes were
deviated to the right. She had left hemiparesis. The labora-
tory findings were as follows (normal values in bracket): se-
rum levels of FDP and D-dimer were elevated to 25 pg/ml
(<5 pg/ml) and 16.0 pg/ml (<1.0 pg/ml), respectively. The
blood gas analysis disclosed severe hypoxemia with hy-
pocapnia showing PaO; 48 mmHg and PaCO; 28 mmHg.
Carotid duplexsonography showed no atherosclerotic change
in either side of carotid arteries. Diastolic flow velocity of
right ICA was not detected by duplex scanning suggesting
the distal occlusion of right ICA. Magnetic resonance (MR)
imaging revealed acute infarction in the right basal ganglia
(Fig. 1-A). MR angiography disclosed the occlusion of the
right ICA (Fig. 1-B). The enhanced chest computed to-
mography revealed filling defects in both pulmonary arter-
ies. Perfusion lung scintigraphy showed multiple perfusion

defects in both sides of the lungs (Fig. 1-C). These findings
were consistent with pulmonary thromboembolism. The pul-
monary arierial pressure, estimated using transthoracic echo-
cardiogram, was increased to approximately 80 mmHg.
Transesophageal echocardiography (TEE) detected no
thrombus in the left atrium or appendage, and no compli-
cated atheroma in the aortic arch but demonstrated the R-L
shunt through patent foramen ovale (PFO) definitively with-
out Valsalva maneuver (Fig. 2). The contrast transcranial
color-coded sonography (TCCS) also confirmed the R-L
shunt without Valsalva maneuver. Duplexsonography of
lower extremities revealed multiple thrombi in the right pop-
liteal, posterior tibial, and peroneal deep veins. The diagno-
sis of PCE in association with pulmonary thromboembolism
was established on the basis of clinical, laboratory, and ra-
diological findings. She was treated conservatively with in-
travenous heparin administration followed by oral warfarin
administration. Her right hemiparesis and hypoxemia were
markedly improved to the degree that she could walk with-
out aids in the room air. The contrast TCCS at one month
after onset failed to demonstrate the R-L shunt even during
Valsalva maneuver. The pulmonary arterial pressure was de-
clined to approximately 46 mmHg at that time. She was dis-
charged with minimal neurological deficits.
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