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Abstract

The pathogenesis of cortical microinfarcts (CMIs) is considered to be heterogeneous including cerebral small vessel disease
(SVD) such as hypertensive vasculopathy (HV) and cerebral amyloid angiopathy (CAA). Recent advances in MRI have
enabled the detection of CMIs in vivo. To investigate the characteristics of CMIs in advanced cerebral SVD, we performed
a retrospective analysis of 85 patients with cognitive impairment who had multiple lobar cerebral microbleeds (CMBs) on
3 T MRI. Among them, 41 (48.2%) patients were classified into the strictly lobar CMB group (i.e. probable-CAA group),
and 44 (51.8%) patients were classified into the non-lobar with lobar CMBs group (i.e. mix-CMBs group). The relationship
between CMIs and CMBs, cortical superficial siderosis (cSS) and white matter hyperintensity was evaluated. Nine of the
41 (22.0%) patients with probable-CAA had a total of 19 CMIs, while 12 of the 44 (27.3%) patients with mix-CMBs had a
total of 38 CMIs. In the probable-CAA group, the presence of CMIs was significantly associated with the presence of ¢SS
(p<0.001). In addition, a close spatial association between CMIs and cSS was observed. On the contrary, in the mix-CMB
group, the presence of CMIs was significantly associated with the number of lobar CMBs in the frontal lobe (p =0.034).
Our results suggest that CMIs in the probable-CA A may be attributable to more severe CAA, while CMIs in the mix-CMBs
indicate an advanced HV, especially when observed with more numerous lobar CMBs.

Keywords Cortical microinfarcts - Cerebral microbleeds - Cerebral amyloid angiopathy - Hypertensive vasculopathy -
Cortical superficial siderosis - Magnetic resonance imaging

Introduction

Cortical microinfarcts (CMIs) are frequently detected in
the brains of elderly subjects at autopsy as small foci with
diameters ranging from 50 pm to a few millimeters. They
are restricted to the cerebral cortex, and could be related to
cognitive impairment [1]. The pathogenesis of CMIs may
be heterogeneous and has been presumed to be caused by
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cerebral small vessel disease (SVD), microembolism and
hypoperfusion [2]. It is believed that small cortical vessel
eventually occludes and leads to CMI although the patho-
genic mechanism has not been fully elucidated. In the cer-
ebral SVD, CMIs usually occur at the latest stage [3].
Cerebral amyloid angiopathy (CAA) and hypertensive
vasculopathy (HV) are two representative forms of cerebral
SVD. CAA is associated with multiple strictly lobar cerebral
microbleeds (CMBs), cortical superficial siderosis (cSS)
and a posterior distribution of white matter hyperintensity
(WMH) [4]. Although a pathological examination is the gold
standard for the diagnosis of CAA, the condition can be
diagnosed noninvasively according to the modified Boston
criteria in the setting of lobar intracranial hemorrhage (ICH),
lobar CMBs and cSS [5]. A recent study has suggested that
the presence of multiple (> 2) strictly lobar CMBs is a spe-
cific finding for moderate to severe CAA even in the absence
of lobar ICH [6]. This finding—in addition to the Boston
criteria—may strengthen the diagnosis of probable-CAA
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[7]. In contrast, HV is associated with deep/infratentorial
(i.e. non-lobar) CMBs, lacunar infarction and WMH with
no predilection for brain region including peri-basal ganglia
[8]. Mixed (non-lobar with lobar) CMBs are also thought to
reflect HV, but the synergistic effects of HV and CAA may
also contribute to the development of mixed CMBs [9, 10].

Until recently, CMIs have remained invisible on conven-
tional MRI. We first reported the in vivo detection of CMIs
using 3-Tesla (3 T) MRI with the combination of three-
dimensional double inversion recovery (3D-DIR) and three-
dimensional fluid attenuated inversion recovery (3D-FLAIR)
[11]. The small high-intensity intracortical lesions present
on these images were demonstrated to represent pathological
CMIs in our radiological-histopathological correlation stud-
ies [12, 13]. Several studies on CMIs using 3 T or 7 T MRI
have been reported in both hospital and population-cohort
settings [14-21]. However, no research has focused on CMIs
in patients with multiple lobar CMBs. CMBs are consid-
ered to represent focal accumulation of hemosiderin-laden
macrophages indicating a small amount of previous bleed-
ing from advanced cerebral SVD [22]. Therefore, multiple
lobar CMBs are considered to indicate widespread severe
arteriopathy in lobar location, including small penetrating
cortical vessels. From this point of view, we focused on
CMIs in patients with multiple lobar CMBs which may rep-
resent advanced cerebral SVD. We aimed to investigate the
relationship between CMIs and other neuroimaging markers
of SVD in patients with multiple lobar CMBs (either with
strictly lobar or mixed CMBs), and thereby making it clear
the characteristics of CMIs between these two groups.

Methods
Study subjects and data collection

We performed a retrospective analysis of our database of
215 patients with cognitive impairment (male, n=86;
mean age, 75.8 +7.7 years) who were recruited from the
Department of Neurology and Memory Clinic of Mie Uni-
versity Hospital between August 2009 and July 2013. Of
these, 127 were diagnosed with Alzheimer’s disease (AD),
11 with AD with cerebrovascular disease, 50 with mild
cognitive impairment, 16 with vascular dementia, and 11
with other disorders. All diagnoses were based on respec-
tive pre-established criteria [23—26]. Their average Mini-
Mental State Examination (MMSE) score was 22.2 +4.9
(mean + SD). Patients with single lobar CMBs or strictly
deep CMBs were excluded from this analysis. Patients
without CMBs were also excluded. Finally, patients with
multiple (>2) lobar CMBs were included in this analysis.
Then, patients with multiple (>2) lobar CMBs were classi-
fied according to the distribution of their CMBs into strictly

@ Springer

lobar (i.e. probable-CAA based on the Boston criteria [5, 7])
and mixed (i.e. mix-CMBs).

The demographic and clinical information was obtained
by a review of the patients’ medical records. In all patients,
the presence of hypertension, hyperlipidemia, and diabetes
was determined based on a prior medical diagnosis and treat-
ment. Smoking was defined by a history of tobacco use.
We compared the characteristics of the included (those with
multiple lobar CMBs) and excluded patients (those without)
to assess the selection bias.

This study was approved by the ethical review board of
Mie University Hospital and the requirement for written
informed consent was waived because of the retrospective
study design. This study was performed in accordance with
the ethical standards established in the 1964 Declaration of
Helsinki and its subsequent amendments.

Neuroimaging data and analyses

The MRI studies were performed with a 3 T MR unit
(Achieva, Philips Medical System, Best, The Netherlands)
as described previously [11]. DIR imaging was performed
using two different inversion pulses. The long inversion
time and short inversion time were defined as the intervals
between the 180° inversion pulse and the 90° excitation
pulse, respectively, which was optimized for human brain
imaging by the vendor. The 3D DIR settings were as follows:
field of view, 250 mm; matrix, 208 X 163 (256 X 256 after
reconstruction; in-plane resolution, 0.98 mm X 0.98 mm);
section thickness, 0.65 mm (contiguous slices); TSE factor
173; repetition time (ms)/echo time (ms), 5500/247; long
inversion time (ms)/short inversion time (ms), 2550/450;
number of signals acquired, two; and acquisition time, 5 min
13 s for 3D. 3D FLAIR imaging was obtained in a sagittal
direction; then, axial and coronal images were reconstructed.
The 3D FLAIR settings were as follows: field of view,
260 mm; matrix, 288 X 288 (364 x 364 after reconstruction;
in-plane resolution, 0.68 X 0.67 mm); section thickness,
I mm with 0.5 mm overlap; no parallel imaging; repeti-
tion time (ms)/echo time (ms), 6000/400; inversion time,
2000 ms; number of signals acquired, two; and acquisition
time, 5 min 12 s. Regarding 3D FLAIR and 3D DIR, axial
and coronal images with a slice thickness of 1 mm were also
reconstructed from the 3D data, and were used for the evalu-
ation of CMIs. Intracortical lesions were considered to be
positively detected if they were exclusively detected as high
signal foci on both 3D DIR and 3D FLAIR. Susceptibility-
weighted imaging (SWI) was performed to detect CMBs and
¢SS. The SWI settings were follows: field of view, 230 mm;
matrix, 320251 (512 x 512 after reconstruction; in-plane
resolution, 0.45 mm X 0.45 mm); section thickness, 0.5 mm
(contiguous slices); minIP with 5 mm, repetition time (ms)/
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echo time (ms), 22/11.5 (in-phase), 33 (shifted); number of
signals acquired, one; flip angle 20° and acquisition time,
5 min 45 s. To achieve optimal diagnostic quality images,
SWI was displayed in the transverse plane with a slice thick-
ness of 1.6 mm.

CMB, WMH and lacunar infarction were defined accord-
ing to the STandards for ReportIng Vascular changes on
nEuroimaging (STRIVE) consensus [27]. The topographi-
cal distribution of CMB was evaluated using the Microbleed
Anatomical Rating Scale (MARS) [28]. WMH was assessed
using the age-related white matter changes (ARWMC) scale
[29]. ¢SS was defined by the presence of linear residues
of chronic blood products in the superficial layers of the
cerebral cortex showing a characteristic gyriform pattern
of a low signal on SWI and was excluded if it was contigu-
ous with any ICH [30]. CMI was defined as an intracortical
lesion (<5 mm) detected as high signal foci on both 3D DIR
and 3D FLAIR images [11]. Images were analyzed by one
neurologist (Y. I.) and two neuroradiologists (M. U. and M.
M.) who were blinded to clinical data. Lesions with com-
plete agreement by all raters were included.

Statistical analyses

All statistical analyses were performed using the SPSS soft-
ware program (version 21 for Windows IBM Corp.). We
explored the differences in the baseline characteristics of
the included and excluded patients. We then assessed the
clinical characteristics and MRI findings of patients with and
without CMIs in the probable-CAA and mix-CMB groups.
The y? test or Fisher’s exact test was used for categorical
variables and Student’s ¢ test or the Mann—Whitney test was
used for continuous variables. To investigate the odds ratios
for the presence of CMI, a multivariable logistic regres-
sion analysis was performed with covariates related to the
presence of CMI in the univariate analysis. Covariates were
inputted using the incremental stepwise method. In addition,
we compared the characteristics of CMIs (relationship to
MRI markers, count, size, prevalence in each cerebral lobe,
spatial relationship to CMBs and cSS) between the proba-
ble-CAA and mix-CMB groups using the y* test or Fisher’s
exact test for categorical variables and Student’s ¢ test for
continuous variables. p values of <0.05 were considered to
indicate statistical significance in all analyses.

Results

Of the 215 patients, 41 had single lobar or strictly deep
CMBs and 89 had no CMBs, so 85 patients with multi-
ple (>2) lobar CMBs were included in the final analysis.
Those who were excluded were not significantly different

from those included in the analysis except for the average
MMSE score and the prevalence of hypertension (Table 1).
Among the 85 patients with multiple (>2) lobar CMBs, 41
(48.2%) patients showed probable-CAA and the remain-
ing 44 (51.8%) patients showed mix-CMBs. The clinical
characteristics of the 85 patients are shown in Table 2.
CMIs were detected in 9 of the 41 (22.0%) patients in the
probable-CAA group, and 12 of the 44 (27.3%) patients in
the mix-CMB group (p =0.57). A flowchart of the patient
selection is shown in Fig. 1. Representative images of
CMIs from one patient each in the probable-CAA and
mix-CMB groups are shown in Fig. 2.

Comparison between the probable-CAA
patients with or without CMIs

There were no significant differences in age, gender,
MMSE score, or the prevalence of vascular risk factors
between probable-CAA patients with or without CMIs.
The patients with CMIs had significantly more lobar
CMBs in the whole cerebral lobe (p =0.031), frontal
lobe (p =0.035) and parietal lobe (p =0.015) in compari-
son with those without CMIs. Furthermore, the WMH in
the whole brain, and the frontal and the parieto-occipital
lobes was significantly more severe in the patients with
CMIs than in those without CMIs (whole brain, p =0.029;
frontal lobe, p =0.013; parieto-occipital lobe, p=0.024).
The prevalence of lobar ICH and cSS in the patients with
CMIs was significantly higher than those in patients with-
out CMIs (lobar ICH, p=0.031; ¢SS, p<0.001) (Table 3).
A multivariable logistic regression analysis adjusted for
age and gender revealed that the presence of CMI was
inversely associated with the absence of ¢SS in the
probable-CAA group [OR 0.013; (95% CI 0.001-0.142);
p<0.001].

Table 1 Characteristics of the included and excluded patients

Included (n=285) Excluded (n=130) p value

Age, years, 75.9+8.8 75.7+6.9 0.877
mean =+ SD

Male, n (%) 36 (42.4) 50 (38.5) 0.509

MMSE, mean+SD 21.1+5.2 22.8+4.7 0.017*

Hypertension, n (%) 49 (57.6) 46 (35.4) 0.001*

Diabetes mellitus, 13 (15.3) 25 (19.2) 0.459
n (%)

Dyslipidemia, n (%) 23 (27.1) 24 (18.5) 0.136

Smoking, n (%) 13 (15.3) 13 (10.0) 0.244

MMSE, Mini-Mental State Examination; SD, standard deviation
*p <0.05 for included vs. excluded
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Table 2 Characteristics in

8 . All (n=385) Probable-CAA (n=41) Mix-CMBs (n=44) p value
patients with probable-CAA and
mix-CMBs Age, years, mean + SD 75.9+8.8 75.949.9 76.6+9.6 0.985
Male, n (%) 36 (42.4) 19 (46.3) 17 (38.6) 0.473
MMSE, mean + SD 21.1+5.2 20.9+59 21.3+4.6 0.751
Hypertension, n (%) 49 (57.6) 16 (39.0) 33 (75.0) 0.001*
Diabetes mellitus, 1 (%) 13 (15.3) 6 (14.6) 7(15.9) 0.870
Dyslipidemia, n (%) 23 (27.1) 9 (22.0) 14 (31.8) 0.306
Smoking, n (%) 13 (15.3) 7(17.1) 6 (13.6) 0.660
CMI, n (%) 21 (24.7) 9 (22.0) 12 (27.3) 0.570
CMB count, median (IQR)
Lobar 9 (3-40) 4(2-29.5) 15.5 (4.25-63) 0.005*
Frontal 2 (1-6) 1(1-4) 3(1-8) 0.042*
Parietal 2 (0-13.5) 1(0-8.5) 3 (1-15.75) 0.172
Temporal 2 (0-13.5) 1(0-6.5) 7 (1-22.25) <0.001*
Occipital 1(0-3) 1(0-2.5) 1(0-4.75) 0.152
Insula 0 (0-0) 0 (0-0) 0 (0-0) 0.959
Deep 0(0-3) 0 (0-0) 2.5 (1-7.5)
Infratentorial 0(0-1) 0 (0-0) 1(0-4)
WMH, ARWMC, median (IQR)
Whole 12 (8-17) 10 (6-14.5) 16 (10-19) 0.002*
Frontal 5 (4-6) 4 (3-6) 5.5 (4-6) 0.224
Parieto-occipital 5 (4-6) 4 (3-6) 5.5 (4-6) 0.044*
Temporal 0 (0-2.5) 0(0-2) 1 (0-3) 0.071
Infratentorial 0 (0-0) 0 (0-0) 0 (0-6) 0.019*
Basal ganglia 1(04) 0(0-2) 2 (0-6) 0.002*
Lobar ICH, n (%) 10 (11.8) 7(17.1) 3(6.8) 0.186
Lacunes, n (%) 43 (50.6) 11 (26.8) 32 (72.7) <0.001%*
¢SS, n (%) 14 (16.5) 11 (26.8) 3(6.8) 0.013*

ARWMC, age-related white matter changes; CAA, cerebral amyloid angiopathy; CMB, cerebral micro-
bleed; CMI, cortical microinfarct; cSS, cortical superficial siderosis; ICH, intracranial hemorrhage; IQR,
interquartile range; mix-CMBs, mixed cerebral microbleeds; MMSE, Mini-Mental State Examination; SD,
standard deviation; WMH, white matter hyperintensity

*p <0.05 for probable-CAA vs. mix-CMBs

Comparison between mix-CMB patients
with or without CMIs

There were no significant differences in age, gender,
MMSE score, prevalence of vascular risk factors, WMH,
lobar ICH, lacunar infarction or ¢SS between the mix-
CMB patients with or without CMIs. The numbers of lobar
and infratentorial CMBs were significantly higher in the
patients with CMIs than in those without CMIs (lobar
CMBs, p=0.007; infratentorial CMBs, p=0.010), while
the number of deep CMBs did not differ to a statistically
significant extent (Table 4). In a multivariable logistic
regression analysis adjusted for age and gender, the num-
ber of lobar CMBs in the frontal lobe was significantly
associated with the presence of CMIs in the patients with
mix-CMBs [OR 1.058; (95% CI 1.004-1.115); p=0.034].
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Characteristics of CMis in the probable-CAA
and mix-CMB patients

On comparing the clinical characteristics and neuroimag-
ing markers between probable-CAA patients with CMIs and
mix-CMB patients with CMIs, the prevalence of ¢SS in the
probable-CAA group was significantly higher than in the
mix-CMB group (88.9% vs. 8.3%, p<0.001). In contrast,
the prevalence of hypertension and lacunar infarction in the
mix-CMB group was significantly higher than in the prob-
able-CAA group (hypertension 33.3% vs. 91.7%, p=0.016;
lacunar infarction 33.3% vs. 83.3%, p=0.032). Furthermore,
the number of CMBs in the temporal lobe and severity of
WMH in the whole brain and basal ganglia were signifi-
cantly higher in the mix-CMB group than in the probable-
CAA group (CMBs in the temporal lobe, p=0.028; WMH
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Fig. 1 Flowchart of patient -
selection. CMB, cerebral All SUbJeCtS
microbleed; CMI, cortical (n =21 5)
microinfarct; mix-CMBs, mixed
cerebral microbleeds; probable- Excluded Sinale/No lobar CMB
CAA, probable cerebral amyloid 9 _
angiopathy; SL-CMBs, strictly (n=130)
lobar cerebral microbleeds
Multiple (= 2) lobar CMBs
(n = 85)
| |
Probable-CAA Mix-CMBs
(n=41) (n = 44)
Probable-CAA Probable-CAA Mix-CMBs Mix-CMBs
with CMIs without CMIs with CMIs without CMIs
(n=09) (n = 32) (n=12) (n=32)

Fig.2 Representative images of “Probable-CAA with CMIs” and
“Mix-CMBs with CMIs”. Image from a patient with probable-CAA
with CMIs: 3D DIR (a) and 3D FLAIR (b) images show cortical
microinfarct (CMI) in the right parietal lobe (insert, white arrow).
Susceptibility-weighted imaging (SWI) (¢) shows cortical superficial

siderosis (cSS; white arrow) and lobar cerebral microbleeds (CMBs;
white arrowhead) in the right parietal lobe. Image from a patient with
mix-CMBs with CMIs: 3D DIR (d) and 3D FLAIR (e) images show
CMIs in the right parietal lobe (insert, white arrows). SWI (f) shows
both deep and lobar CMBs (white arrowheads)
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Table 3 Comparison between

. . Patients with probable-CAA With CMIs (n=9) Without CMIs (n=32) p value
probable-CAA patients with or
without CMIs Age, years, mean + SD 79.8+4.4 74.8+10.8 0.184
Male, n (%) 4 (44.4) 15 (46.9) 1.000
MMSE, mean + SD 22.6+5.3 20.5+6.0 0415
Hypertension, n (%) 3(33.3) 13 (40.6) 1.000
Diabetes mellitus, 7 (%) 2(22.2) 4.(12.5) 0.597
Dyslipidemia, n (%) 1(11.1) 8 (25.0) 0.654
Smoking, n (%) 0(0.0) 7(21.9) 0.315
CMB count, median (IQR)
Lobar 37 (5-48.5) 3.5(2-8.5) 0.013*
Frontal 4 (1.5-10) 1(0.25-3) 0.035%*
Parietal 10 (2.5-17.5) 1(0-3.5) 0.015*
Temporal 8 (5-12.5) 1(0-2) 0.128
Occipital 2 (0.5-8) 0(0-2) 0.052
Insula 0 (0-0) 0 (0-0) 0.865
WMH, ARWMC, median (IQR)
Whole 14 (11.5-15) 8 (6-13) 0.029*
Frontal 6 (5-6) 4 (3-6) 0.013*
Parieto-occipital 6 (4-6) 4 (2-6) 0.024*
Temporal 0(0-3) 0 (0-1.75) 0.466
Infratentorial 0 (0-0) 0 (0-0) 0.793
Basal ganglia 0(0-2.5) 0(0-2) 0.963
Lobar ICH, n (%) 4 (44.4) 3094) 0.031%*
Lacunes, n (%) 3(33.3) 8 (25.0) 0.680
¢SS, n (%) 8 (88.9) 3094) <0.001*

ARWMC, age-related white matter changes; CAA, cerebral amyloid angiopathy; CMB, cerebral micro-
bleed; CMI, cortical microinfarct; cSS, cortical superficial siderosis; ICH, intracranial hemorrhage; IQR,
interquartile range; MMSE, Mini-Mental State Examination; SD, standard deviation, WMH, white matter

hyperintensity
*p<0.05

in the whole brain, p=0.028; WMH in the basal ganglia,
p=0.023).

In the probable-CAA group, 19 CMIs were detected over-
all: most were found in the parietal lobe (n=38; 42.1%) fol-
lowed by the temporal lobe (n=4; 21.1%). In contrast, 38
CMIs were detected overall in the mix-CMB group: most
were found in the temporal lobe (n=14; 36.8%) followed by
the parietal lobe (n=8; 21.1%). However, there were no sig-
nificant differences in the mean number, size or distribution
of CMIs between the probable-CAA and mix-CMB groups
(Table 5). Although the frequency of CMIs close to CMBs
in the same gyrus did not differ to a statistically significant
extent between these two groups, the prevalence of CMlIs co-
existing with ¢SS in the same cerebral lobe in the probable-
CAA group was significantly higher in comparison with the
mix-CMB group (21.2% vs. 2.6%, p=0.038).
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Discussion

The major findings of our study were as follows. In the
probable-CAA group, the presence of CMIs showed a close
relationship with ¢SS. On the other hand, numerous lobar
CMBs, especially in the frontal lobe, were related to the
presence of CMIs in the mix-CMB group. The characteris-
tics of CMIs in these two groups were not markedly differ-
ent, except for the probable-CAA group showing a higher
prevalence of co-existing with ¢SS in the same cerebral lobe.

Several histopathological studies have demonstrated
a significant association between severe CAA and CMIs
[31-34]. In addition, a recent study showed a strong associa-
tion between CMIs at autopsy and higher numbers of lobar
CMBs on antemortem MRI in patients with CAA; thus, it
has been suggested that these two types of lesions share
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Table 4 Comparison between Patients with mix-CMBs With CMIs (n=12) Without CMIs (n=32) p value
mix-CMBs patients with or
without CMIs Age, years, mean + SD 742+11.8 76.5+5.8 0.390
Male, n (%) 541.7) 12 (37.5) 1.000
MMSE, mean +SD 20.3+4.2 21.7+4.7 0.388
Hypertension, n (%) 11 (91.7) 22 (68.8) 0.240
Diabetes mellitus, 1 (%) 0(0.0) 7(21.9) 0.163
Dyslipidemia, n (%) 6 (50.0) 8 (25.0) 0.152
Smoking, n (%) 2 (16.7) 4(12.5) 0.658
CMB count, median (IQR)
Lobar 56 (13-235.75) 12 (4-31.25) 0.007*
Frontal 7 (3-83.5) 2.5 (1-4) 0.009*
Parietal 15.5 (3-54) 2 (0-9.5) 0.014*
Temporal 19 (6.25-73.75) 2 (1-13) 0.005*
Occipital 6 (2-15.75) 1(0-2) 0.003*
Insula 0 (0-1.75) 0 (0-0) 0.055
Deep 4.5 (1.25-10) 2 (1-5.75) 0.255
Infratentorial 5 (1-12.25) 1(0-2) 0.010*
WMH, ARWMC, median (IQR)
Whole 18 (13.75-22.75) 13.5 (10-18) 0.112
Frontal 6 (4-6) 5 (4-6) 0.507
Parieto-occipital 6 (4.5-6) 5 (4-6) 0.145
Temporal 1.5 (0-3) 0.5 (0-3) 0.668
Infratentorial 0 (0-2.75) 0 (0-0) 0.161
Basal ganglia 4 (0.5-6) 2 (0-6) 0.341
Lobar ICH, n (%) 1(8.3) 2 (6.3) 1.000
Lacunes, n (%) 10 (83.3) 22 (68.8) 0.461
¢SS, n (%) 1(8.3) 2 (6.3) 1.000

Table 5 Characteristics of CMIs
in the patients with probable-
CAA and mix-CMBs

ARWMC, age-related white matter changes; CMB, cerebral microbleed; CMI, cortical microinfarct; cSS,
cortical superficial siderosis; ICH, intracranial hemorrhage; IQR, interquartile range; mix-CMBs, mixed
cerebral microbleeds; MMSE, Mini-Mental State Examination; SD, standard deviation; WMH, white mat-

ter hyperintensity
*p<0.05

Probable-CAA  Mix-CMBs (n=12) p Value
(n=9)
CMI count, total 19 38
Count, mean + SD 2.1+1.3 32+2.6 0.281
Size (mm), mean + SD 2.8+0.5 2.8+0.6 0.749
CMI prevalence in each region, n (%)
Frontal 3(15.8) 7(18.4) 1.000
Parietal 8 (42.1) 8 (21.1) 0.095
Temporal 4 (21.1) 14 (36.8) 0.227
Occipital 3(15.8) 5(13.2) 1.000
Insula 1(5.3) 4 (10.5) 0.655
CMI close to CMBs in the same gyrus, n (%) 8 (42.1) 12 (31.6) 0.432
CMI in the same cerebral lobe with ¢SS, n (%) 4 (21.1) 1(2.6) 0.038*

CAA, cerebral amyloid angiopathy; CMB, cerebral microbleed; CMI, cortical microinfarct; ¢SS, cortical
superficial siderosis; mix-CMBs, mixed cerebral microbleeds; SD, standard deviation

#p<0.05
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an underlying mechanism [35]. Another histopathological
study showed that the MRI-defined CMBs in CAA patients
were heterogeneous and partly corresponded to hemorrhagic
CMIs [36]. In our study, the probable-CAA patients who had
CMIs had a greater number of lobar CMBs than those with-
out CMIs. Furthermore, 42% of CMIs were present in the
same cerebral gyrus as lobar CMBs; thus, it seemed reason-
able to infer that there is a close relationship between CMIs
and lobar CMBs. We also found that the presence of CMIs
was independently associated with the presence of ¢SS in the
probable-CAA group, which was in line with the findings of
a recent study [19]. In addition, we showed a spatial asso-
ciation between CMIs and ¢SS in the probable-CAA group.
These findings may suggest that patients with CMIs have
more severe CAA [4]. Histopathological studies with 7 T
postmortem MRI have suggested that CMIs are more often
involved the superficial cortical layer than the deep layers
of the brains with advanced CAA, and are frequently asso-
ciated with cSS after hemorrhagic transformation [37, 38].
Although there is some topographical inclination in terms
of the depth in the cerebral cortices, CMIs, CMBs and cSS
are distributed together with each other and are thought to
be induced by CAA as a common mechanism.

We found that, compared to the probable-CAA patients
with CMIs, the mix-CMB patients with CMIs showed a
higher prevalence of hypertension and lacunar infarctions
and severe WMH in the whole brain and basal ganglia,
indicating HV as the underlying vasculopathy. In addition,
when focusing on the mix-CMB group alone, the number
of CMBs in the frontal lobe was associated with the pres-
ence of CMIs. These findings collectively indicate that HV is
responsible mostly for CMIs in the mix-CMB patients. Our
results are consistent with an observation by Pasi et al. that
mix-CMBs are driven mostly by HV, although it is difficult
to exclude the concomitant presence of different degree of
CAA in mix-CMBs [39]. Indeed, advanced HV and CAA
frequently coexist in autopsy specimens [40]; pial and cor-
tical vessels simultaneously affected by both HV and CAA
have also been observed [41]. Thus, synergistic effects of
HV and CAA may lead to the development of lobar micro-
bleeds in patients with mixed-CMBs [9, 10]. In addition,
advanced CAA and HV itself promote cerebral hypop-
erfusion and cause a vicious cycle of A} production and
vasoconstriction of the cortical blood vessels [42].Cerebral
hypoperfusion may accelerate the vascular amyloid deposi-
tion and subsequent CMI formation [31].

This study is associated with some limitations. First, the
sample size was relatively small, and the statistical power
was, therefore, limited. In particular, there was a small
number of CMI-positive subjects, since the sensitivity of
the in vivo detection of CMIs with 3 T MRI is relatively
low in comparison with that with 7 T MRI [2]. Second, a
recent postmortem histopathological study showed that the

@ Springer

detection of some CMIs on standard examination is indica-
tive of hundreds or even thousands of CMIs throughout the
whole brain [43]. The size of the CMIs is variable, ranging
from several hundred micrometers to 5 mm [1]. Our previ-
ous study revealed that the limit of detection was 1 mm in
diameter [12]. Thus, relatively large CMIs seemed to be
selectively detected in the present study. Third, we did not
examine potential biomarkers for vascular amyloid depo-
sition including amyloid-PET and the cerebrospinal fluid
AP, and APy, values [44, 45]. Finally, the present results
could not delineate CMISs potentially caused by microem-
boli, which have a distinctive pathoetiology and thera-
peutic strategy. They may exhibit different radiological
features from CMIs due to small vessel disease [46, 47].

In conclusion, our study shows the features of CMIs
in patients with multiple lobar CMBs on 3 T MRI. The
CMIs in the probable-CAA group may be attributable to
more severe CAA. In contrast, it is presumed that CMIs
in mixed-CMBs is related to severe HV, especially when
observed with more numerous lobar CMBs.
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