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Abstract: Cerebral microinfarcts are associated with cognitive impairment and dementia. Small vessel
diseases such as cerebral arteriolosclerosis and cerebral amyloid angiography (CAA) have been found
to be associated with microinfarcts. Less is known about the associations of these vasculopathies
with the presence, numbers, and location of microinfarcts. These associations were examined in the
clinical and autopsy data of 842 participants in the Adult Changes in Thought (ACT) study. Both
vasculopathies were categorized by severity (none, mild, moderate, and severe) and region (cortical
and subcortical). Odds ratios (OR) and 95% CIs for microinfarcts associated with arteriolosclerosis
and CAA adjusted for possible modifying covariates such as age at death, sex, blood pressure,
APOE genotype, Braak, and CERAD were estimated. 417 (49.5%) had microinfarcts (cortical, 301;
subcortical, 249), 708 (84.1%) had cerebral arteriolosclerosis, 320 (38%) had CAA, and 284 (34%) had
both. Ors (95% CI) for any microinfarct were 2.16 (1.46–3.18) and 4.63 (2.90–7.40) for those with
moderate (n = 183) and severe (n = 124) arteriolosclerosis, respectively. Respective Ors (95% CI) for
the number of microinfarcts were 2.25 (1.54–3.30) and 4.91 (3.18–7.60). Similar associations were
observed for cortical and subcortical microinfarcts. Ors (95% Cis) for the number of microinfarcts
associated with mild (n = 75), moderate (n = 73), and severe (n = 15) amyloid angiopathy were 0.95
(0.66–1.35), 1.04 (0.71–1.52), and 2.05 (0.94–4.45), respectively. Respective Ors (95% Cis) for cortical
microinfarcts were 1.05 (0.71–1.56), 1.50 (0.99–2.27), and 1.69 (0.73–3.91). Respective Ors (95% Cis) for
subcortical microinfarcts were 0.84 (0.55–1.28), 0.72 (0.46–1.14), and 0.92 (0.37–2.28). These findings
suggest a significant association of cerebral arteriolosclerosis with the presence, number, and location
(cortical and subcortical) of microinfarcts, and a weak and non-significant association of CAA with
each microinfarct, highlighting the need for future research to better understand the role of small
vessel diseases in the pathogenesis of cerebral microinfarcts.

Keywords: arteriolosclerosis; cerebral amyloid angiopathy; microinfarcts; cortical; subcortical

1. Introduction

Cerebral microinfarcts play an important role in the clinical manifestation and severity
of cognitive impairment and dementia [1–3]. While systemic risk factors of cerebral microin-
farcts, such as hypertension and myocardial infarction, have been well studied [4–6], less is
known about local risk factors, such as vasculopathies. Arteriolosclerosis and cerebral amy-
loid angiopathy (CAA) are the two most commonly found cerebral arteriopathies in older
adults [2]. Arteriolosclerosis is a cerebral small vessel disease (thickening and hardening of
the walls of the arteries in the brain) commonly found in subcortical regions [7] and leads to
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ischemic strokes, hemorrhagic strokes, or vascular dementia [8]. CAA, amyloid β protein
contained in blood vessels within the brain, occurs primarily in the medium-sized arteries
and arterioles in the leptomeningeal and cortical regions [9,10]. The presence of CAA can
lead to hemorrhages ranging from micro hemorrhages to aneurysms, resulting in cognitive
impairment and even death [11]. A higher severity of each of the cerebral vasculopathies
has been reported to be associated with a greater burden of microinfarcts [12–15]. Clinical
expression of dementia or cognitive impairment is associated with lesions in specific brain
regions [16]. Despite evidence that cortical microinfarcts are specifically associated with
poor global cognition, semantic memory, perceptual speed, and visuospatial abilities [17],
the influence of vasculopathies on the location of microinfarcts remains understudied. Few
studies have examined the relationships between vasculopathies and the number and loca-
tion of microinfarcts. Thus, this study examined the relationships of cerebral vasculopathies
(arteriolosclerosis, CAA) with the presence, numbers, and regions of microinfarcts.

2. Materials and Methods
2.1. Data and Participants

We used data from the Adult Changes in Thought (ACT) study. The ACT is a prospec-
tive cohort study that enrolled community-dwelling adults aged ≥ 65 years without
dementia. Participants were members of Kaiser Permanente Washington (formerly Group
Health). Total enrollment over the course of the study is >5000. ACT began in 1994–1996
with an enrollment of 2581 participants and an expansion cohort of 811 participants en-
rolled in 2000–2003 [18,19]. In 2004, the study began continuous enrollment to replace
attrition from dementia, dropout, and death, ensuring a consistent cohort of ≥2000 at risk
for dementia. Data were collected on demographics and clinical variables and from blood
samples during enrollment and follow-up visits. Participants were also asked whether
they would allow an autopsy on their brains after they die. As of March 2022, the ACT has
850 autopsies. The study participants underwent biennial cognitive screening, and those
who screened “positive” (Cognitive Abilities Screening Instrument score ≤ 86) underwent
a full neuropsychological evaluation. The study completeness of the follow-up index
is >97% [20]. The current study is based on 842 ACT participants who had autopsy data
on cerebral microinfarcts and cerebral vasculopathies. The study protocols were approved
by the Kaiser Permanente Washington Institutional Review Boards. The Seattle University
IRB has determined the study to be exempt from IRB review in accordance with federal
regulation criteria.

2.2. Cerebral Microinfarcts

Cerebral microinfarcts were identified during an autopsy by extensive neuropatho-
logical examinations performed by board-certified neuropathologists ensuring the data
met current diagnostic criteria, including the National Institute on Aging–Alzheimer’s
Association (NIA-AA) consensus guidelines [21,22]. A rapid autopsy dissection on cortical
brain regions (frontal, temporal, parietal, and occipital) and subcortical regions (caudate
nucleus, putamen, internal capsule, and thalamus) were obtained on all cases with post-
mortem interval (PMI) < 8 h to ensure highest quality research tissue. All ACT brains
underwent H&E/LFB staining for every sampled region as part of the standard diagnostic
neurohistology workup [23]. Examiners were blinded to clinical and pathologic diagnoses.
Cerebral microinfarcts were categorized into three levels: none, one, and multiple (≥2).
Chronic microinfarcts in cortical gray matter regions (frontal, temporal, occipital, and
parietal) were classified as cortical, and those with a caudate nucleus, putamen, internal
capsule, and thalamus were classified as subcortical.

2.3. Cerebral Vasculopathies

Arteriolosclerosis was assessed by histological examination using existing H&E-
stained sections from each region of interest. The severity of this pathology was graded
based on the concentric hyaline thickening of vessel walls. Smaller arterioles, less than
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approximately 50 microns, were evaluated. The severity was categorized into four levels:
none, mild (mild thickening of the vessel media, mild fibrosis), moderate (partial loss of
smooth muscle cells in the media, moderate hyaline fibrosis), and severe (complete loss of
smooth muscle cells in the media, severe hyaline fibrosis, lumen stenosis) [24,25].

Cerebral amyloid angiopathy (CAA) was assessed using Congo red histochemical
stains to assess the degree of compacted amyloid β deposits in the brain leptomeninges
and occipital cortex. Congo red stains amyloid protein aggregates when in a compacted
form [13]. Congophilic amyloid in blood vessels is called CAA, and its severity is ranked
on a four-point scale: none; mild, amyloid restricted to the tunica media without significant
destruction of smooth muscle cells; moderate, the tunica media replaced by amyloid and
thicker than normal; or severe, extensive amyloid deposition with focal wall fragmentation
or even double barreling of the vessel wall, microaneurysm formation, fibrinoid necrosis,
and leakage of blood through the blood vessel wall [26,27].

2.4. Other Variables

The covariates to be adjusted for included age at death, sex, last mean systolic and
last mean diastolic blood pressures, antihypertensive medication use, APOE e4, Braak,
and CERAD. They were selected in an effort to minimize their effects on the specific
vasculopathy/microinfarcts relationships. The last mean blood pressure was defined as
the mean of the last four consecutive measurements from ACT visits closest to death
in this study. A study reported that a minimum of a 5-year time period is required to
have progressive development of vascular impairment occur [28]. Data on the use of
antihypertensive medications were collected from participants’ self-reports in the four
consecutive visits. Antihypertensive medication use was assessed using the question,
“Are you taking prescribed medication for blood pressure now?” and was categorized
as “never used”, “current user”, and “past user” in four consecutive data points. In this
study, if a patient was a “current user” during the last four visits, then the patient would be
classified as ever-used antihypertensive medication. APOE genotyping has been completed
by the University of Washington Alzheimer’s Disease Research Center Genotyping Core
as part of the ACT study using previously established methods [29,30]. APOE e4 status
is classified as 0 = absence of the e4 allele, 1 = 1 or 2 copies of the e4 allele. Data on
Braak stages and Consortium to Establish a Registry for Alzheimer’s disease (CERAD)
criteria for neuropathological diagnosis of Alzheimer’s disease were also collected. Braak
criterion evaluates the density and distribution of neurofibrillary tangles and is catego-
rized as 0 (none or normal), 1 (very mild), 2 (mild), 3 (moderate), 4 (moderately severe),
5 (severe), and 6 (very severe) [31,32]. CERAD criterion evaluates the highest density of
neocortical neuritic plaques and is categorized as 0 (not identified), 1 (mild), 2 (moderate),
and 3 (severe) [31,32].

2.5. Statistical Analysis

We conducted a cross-sectional design in which the associations of vasculopathies
with microinfarcts were examined. For descriptive statistics, we compared characteristics of
vasculopathies and microinfarcts, testing for statistical significance using Chi-square tests
(all variables, including age, were categorical). Descriptive analysis was first performed
for the overall cohort with and without cerebral microinfarcts (417 of the 842 participants
had cerebral microinfarcts) and was then repeated among those with and without cortical
(n = 301 of 842 had cortical) and subcortical (249 of 842 had subcortical) microinfarcts. To
keep the sample size as large as possible, we did not exclude the patients with missing
values. If a variable had a missing value, we converted the missing value into the category of
“unknown”. Multivariable-adjusted logistic regression models were used to estimate odds
ratios and 95% confidence intervals for the presence of cerebral microinfarcts associated
with the two cerebral vasculopathies (arteriolosclerosis and CAA). Covariates included
in the model were age, sex, late-life mean BP, antihypertensive medication use, APOE
genotype, Braak, and CERAD stages. We then repeated the model to estimate adjusted OR
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(95%) for cortical and subcortical microinfarcts. Finally, we developed an ordered logistic
regression model to estimate the associations of a cerebral vasculopathy (arteriolosclerosis,
CAA, respectively) with the categorical number of microinfarcts, one and more than one,
adjusting for the same covariates as above. We used absence or mild arteriolosclerosis as a
reference group because only 8 participants had absent arteriolosclerosis (in comparison to
absent CAA as a reference group).

3. Results
3.1. Participant Characteristics

Microinfarcts were present in 417 (49.5%) participants; 176 (42.2%) had one, and 241
(57.8%) had multiple. Cortical and sub-cortical microinfarcts were present in 301 (72.2%)
and 249 (59.7%) participants, while 133 (31.9%) had both. CAA was present in 320 (38%)
participants, arteriolosclerosis in 708 (84.1%), and 284 (34%) had both (Table 1).

Table 1. Characteristics of the Participants (n = 842).

Variables
N/Mean (%/STD)

Microinfarcts Presence Cortical Microinfarcts Subcortical Microinfarcts

No
(n = 425)

Yes
(n = 417) p No

(n = 541)
Yes

(n = 301) p No
(n = 593)

Yes
(n = 249) p

Age at death

<80
68 27

<0.0001

79 16

<0.0001

81 14

<0.01

(16.0) (6.5) (14.6) (5.3) (13.7) (5.6)

80–89
173 162 220 115 231 104

(40.7) (38.8) (40.7) (38.2) (39.0) (41.8)

90+
184 228 242 170 281 131

(43.3) (54.7) (44.7) (56.5) (47.4) (52.6)

Sex

Male
185 171

0.46

231 125

0.74

248 98

0.27
(43.5) (41.0) (42.7) (41.5) (43.5) (39.4)

Female
240 246 310 176 335 151

(56.5) (59.0) (57.3) (58.5) (56.5) (60.6)

APOE e4

No
293 294

0.33

337 210

0.70

410 177

0.79

(68.9) (70.5) (69.7) (69.8) (69.1) (71.1)

Yes
121 106 148 79 162 65

(28.5) (25.4) (27.4) (26.2) (27.3) (26.1)

Unknown
11 17 16 12 21 7

(2.6) (4.1) (3.0) (4.0) (3.5) (2.8)

Braak

0
16 9

0.11

19 6

0.11

21 4

0.16

(3.8) (2.2) (3.5) (2.0) (3.5) (1.6)

I–II
114 90 144 60 145 59

(26.8) (21.6) (26.6) (19.9) (24.5) (23.7)

III–IV
152 148 190 110 218 82

(35.8) (35.5) (35.1) (36.5) (36.8) (32.9)

V–VI
141 169 186 124 206 104

(33.2) (40.5) (34.4) (41.2) (34.7) (41.8)

Unknown
2 1 2 1 3 0

(0.5) (0.2) (0.4) (0.3) (0.5) (0.0)

CERAD

Absent
105 86

0.15

130 61

0.11

143 48

0.41

(24.7) (20.6) (24.0) (20.3) (24.1) (19.3)

Sparse 113 95 141 67 146 62
(26.6) (22.8) (26.1) (22.3) (24.6) (24.9)

Moderate
94 110 118 86 143 61

(22.1) (26.4) (21.8) (28.6) (24.1) (24.5)

Severe
113 126 152 87 161 78

(26.6) (30.2) (28.1) (28.9) (27.2) (31.3)
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Table 1. Cont.

Variables
N/Mean (%/STD)

Microinfarcts Presence Cortical Microinfarcts Subcortical Microinfarcts

No
(n = 425)

Yes
(n = 417) p No

(n = 541)
Yes

(n = 301) p No
(n = 593)

Yes
(n = 249) p

Antihypertensive
Medication use

No
138 112

0.08
169 81

0.39
193 57

<0.01(32.5) (26.9) (31.2) (26.9) (32.5) (22.9)

Yes
287 303 371 219 400 190

(67.5) (72.7) (68.6) (72.8) (67.5) (76.3)

Unknown
0 2 1 1 0 2

(0) (0.5) (0.2) (0.3) (0) (0.8)

Mean systolic
blood pressure

132 136
<0.001

133 136
0.03

132 139
<0.0001(21.5) (22.5) (21.6) (22.9) (21.2) (23.5)

≥140 mmHg 138 177 183 132 200 115
(32.5) (42.4) (33.8) (43.9) (33.7) (46.2)

<140 mmHg 285 238
0.01

355 168
<0.01

390 133
<0.01(67.1) (57.1) (65.6) (55.8) (65.8) (53.4)

Unknown
2 2 3 1 3 1

(0.5) (0.5) (0.6) (0.3) (0.5) (0.4)

Mean diastolic blood
pressure

69 71
0.02

70 71
0.14

70 72
<0.01(10.6) (11.9) (10.7) (12.3) (11.0) (11.8)

≥90 mmHg 13 32 19 26 26 19
(3.1) (7.7) (3.5) (8.6) (4.4) (7.6)

<90 mmHg 410 383
0.02

519 274
<0.01

564 229
0.16(96.5) (91.8) (95.9) (91.0) (95.1) (92.0)

Unknown
2 2 3 1 3 1

(0.5) (0.5) (0.6) (0.3) (0.5) (0.4)

Cerebral amyloid
angiopathy

Absent
268 254

0.71

350 172

0.07

363 159

0.82

(63.1) (60.9) (64.7) (57.1) (61.2) (63.9)

Mild
77 75 97 55 108 44

(18.1) (18.0) (17.9) (18.3) (18.2) (17.7)

Moderate
70 73 81 62 105 38

(16.5) (17.5) (15.0) (20.6) (17.7) (15.3)

Severe
10 15 13 12 17 8

(2.4) (3.6) (2.4) (4.0) (2.9) (3.2)

Arteriolosclerosis

Absent
5 3

<0.0001

7 1

<0.0001

5 3

<0.0001

(1.2) (0.7) (1.3) (0.3) (0.8) (1.2)

Mild
123 55 139 39 153 25

(28.9) (13.2) (25.7) (13.0) (25.8) (10.0)

Moderate
170 183 226 127 245 108

(40.0) (43.9) (41.8) (42.2) (41.3) (43.4)

Severe
53 124 81 96 98 79

(12.5) (29.7) (15.0) (31.9) (16.5) (31.7)

Unknown
74 52 88 38 92 34

(17.4) (12.5) (16.3) (12.6) (15.5) (13.7)

Dementia (yes) 116 215
<0.01

223 158
<0.01

243 138
<0.01(39.1) (51.6) (41.2) (52.5) (41.0) (55.4)

3.2. The Associations between Covariates and Vasculopathies and Presence of Microinfarcts

The prevalence of microinfarct was significantly higher with older age, 54.7% in those
aged ≥ 90 years, 38.8% in those 80–89 years, and 6% below 80. Females were not signifi-
cantly more likely to have a microinfarct than males. They had higher last mean systolic
(≥140 mmHg: 32.5% vs. 42.4%) and diastolic (≥90 mmHg: 3.1% vs. 7.7%) blood pressures
and were more significantly likely to be taking antihypertensives (67.5% vs. 72.7%). There was
minimal difference between those with or without APOE e4 (28.5% vs. 25.4%). Compared to
participants without microinfarcts, those with a microinfarction had a higher prevalence of
arteriolosclerosis (81.4% vs. 86.8%) but not of CAA (36.5% vs. 39.1%) (Table 1).
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3.3. The Associations between Covariates and Vasculopathies and Location of Microinfarcts

The prevalence of microinfarct in both cortical and subcortical regions, respectively, were
significantly higher with older age, 56.5% and 52.6% in those aged ≥ 90 years, 38.2% and 41.8%
in those 80–89 years, and 5.3% and 5.6% below 80. Females were not significantly more likely to
have both cortical and subcortical microinfarcts than males. They had higher last mean systolic
(≥140 mmHg: 43.9% vs. 33.8% cortical, 46.2% vs. 33.7% subcortical) and diastolic (≥90 mmHg:
8.6% vs. 3.5 cortical, 7.6% vs. 4.4% subcortical) blood pressures and were more significantly
likely be taking antihypertensives (72.8% vs. 68.6% cortical, 76.3% vs. 67.5% subcortical). There
was minimal difference between those with or without APOE e4 (26.2% vs. 27.4% cortical,
26.1% vs. 27.3% subcortical). Participants with cortical microinfarcts had a higher prevalence
of CAA (42.9% vs. 35.3%) but not arteriolosclerosis (80.1% vs. 82.4%). Those with subcortical
microinfarcts had a higher prevalence of arteriolosclerosis (85.1% vs. 83.6%) but not of CAA
(36.1% vs. 38.8%) (Table 1).

3.4. Associations of Severity of Arteriolosclerosis with Presence, Number, and Location of
Cerebral Microinfarcts

No or mild arteriosclerosis was present in 58 (13.9%) and 128 (30.1%) participants
with and without cerebral microinfarcts, respectively. Moderate arteriolosclerosis was
present in 183 (43.9%) and 170 (40.0%) participants with and without cerebral microinfarcts
(adjusted OR when compared with no or mild arteriolosclerosis, 2.16; 95% CI, 1.46–3.18;
Table 2). Severe arteriolosclerosis was present in 124 (29.7%) and 53 (12.5%) participants
with and without cerebral microinfarcts (adjusted OR when compared with no or mild
arteriolosclerosis, 4.63; 95% CI, 2.90–7.40; Table 2). Moderate and severe arteriolosclerosis
had similar associations with a number of microinfarcts (Table 2). Both moderate and severe
arteriolosclerosis had significant associations with cortical microinfarcts, with adjusted Ors
(95% Cis) of 1.86 (1.21–2.86) and 3.79 (2.35–6.12; Table 2). Respective adjusted Ors (95% Cis)
for subcortical microinfarcts were 2.23 (1.38–3.61) and 4.04 (2.39–6.82; Table 2).

Table 2. Association of cerebral amyloid angiopathy and arteriolosclerosis with microinfarcts presence.

Variables

Adjusted Odds Ratio (95% CI)

Microinfarcts
(Presence)

Microinfarcts
(Numbers)

Microinfarcts
(Cortical)

Microinfarcts
(Subcortical)

Arteriolosclerosis 1

Moderate 2.16 (1.46–3.18) * 2.25 (1.54–3.30) * 1.86 (1.21–2.86) ** 2.23 (1.38–3.61) **

Severe 4.63 (2.90–7.40) * 4.91 (3.18–7.60) * 3.79 (2.35–6.12) * 4.04 (2.39–6.82) *

Unknown 1.61 (0.98–2.62) 2.20 (1.38–3.52) ** 1.69 (0.99–2.89) 2.13 (1.19–3.82) ***

Cerebral amyloid
angiopathy 2

Mild 0.93 (0.64–1.36) 0.95 (0.66–1.35) 1.05 (0.71–1.56) 0.84 (0.55–1.28)

Moderate 1.02 (0.68–1.54) 1.04 (0.71–1.52) 1.50 (0.99–2.27) 0.72 (0.46–1.14)

Severe 1.40 (0.60–3.29) 2.05 (0.94–4.45) 1.69 (0.73–3.91) 0.92 (0.37–2.28)

Note: * p ≤ 0.0001, ** p ≤ 0.001, *** p ≤ 0.01. Adjusted for last systolic blood pressure, last diastolic blood pressure,
APOE e4 genotype, age, sex, Braak, CERAD, and antihypertensive medication use. 1 Reference: absence or mild
arteriolosclerosis. 2 Reference: absence of cerebral amyloid angiopathy.

3.5. Associations of Severity of CAA with Presence, Number, and Severity of
Cerebral Microinfarcts

No CAA was present in 254 (60.9%) and 268 (63.1%) participants with and without cere-
bral microinfarcts, respectively. Mild, moderate, and severe CAA was present in 75 (18.0%),
73 (17.5%), and 15 (3.6%) participants with cerebral microinfarcts, and 77 (18.1%), 70 (16.5%),
and 10 (2.4%) of participants without cerebral microinfarcts, respectively (Table 1). When
compared with no CAA, adjusted Ors (95% Cis) for cerebral microinfarcts associated with
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mild, moderate, and severe CAA were 0.93 (0.64–1.36), 1.02 (0.68–1.54), and 1.40 (0.60–3.29),
respectively; (Table 2). Similar associations were observed with a number of microinfarcts
(Table 2). When compared with no CAA, adjusted Ors (95% Cis) for cortical microinfarcts
associated with mild, moderate, and severe CAA were 1.05 (0.71–1.56), 1.50 (0.99–2.27), and
1.69 (0.73–3.91), respectively; (Table 2). Respective adjusted Ors (95% Cis) for subcortical
microinfarcts were 0.84 (0.55–1.28), 0.72 (0.46–1.14), and 0.92 (0.37–2.28); (Table 2).

4. Discussion

The findings from the current study demonstrate that cerebral microinfarcts were
common in older adults, and their presence, number, and location were associated with
a higher prevalence of arteriolosclerosis but not with CAA. We also observed that when
adjusted for potential confounders, including age, sex, last systolic blood pressure, last
diastolic blood pressure, APOE e4, Braak, and CERAD, the presence of moderate and severe
arteriolosclerosis was associated with significantly higher odds of cerebral microinfarcts.
Furthermore, this association was graded in that the higher severity of arteriolosclerosis
was associated with higher odds of microinfarcts and that this association was similar for
cortical and subcortical microinfarcts. Furthermore, we observed incrementally higher odds
of microinfarcts in the presence, number, and cortical regions with higher severity of CAA.
These findings suggest that the underlying pathophysiology of cerebral vasculopathies
has a complex relationship with cerebral microinfarcts, a better understanding of which is
necessary to develop appropriate interventions to lower the vasculopathy-associated risk
of dementia.

The Rush Memory and Aging Project and the Religious Orders Study, a large brain
autopsy study (n = 1066) comparable to ours (n = 842), reported 18% significantly higher
odds of having cerebral microinfarcts associated with the presence of severe arterioloscle-
rosis [7]. This is numerically lower than the odds of microinfarcts observed in our study.
While underlying causes of these differences may lie in the differences in study popula-
tions and/or methodologies, it is also possible that there are differences in the underlying
pathophysiology. The complexity is further compounded by the observation that in the
Rush study, arteriolosclerosis had no association with cortical microinfarcts, while in our
study, arteriolosclerosis had similar strong associations with both cortical and subcortical
microinfarcts. While understanding the underlying causes of these differences is beyond
the scope of the current study, these observations provide new information about potential
heterogeneity in the complex and poorly understood relationship between arterioloscle-
rosis and cerebral microinfarcts. Although our study did not examine the association
between atherosclerosis and microinfarcts, the Rush study reported a similar magnitude
of the associations between atherosclerosis and arteriolosclerosis with microinfarcts [7].
This is interesting because atherosclerosis and arteriolosclerosis have different underly-
ing pathophysiologic mechanisms, the former being atheromatous and the latter being
non-atheromatous [33]. However, because both may coexist and contribute to microinfarct
formation, it is difficult to estimate the true contribution of arteriolosclerosis [34,35].

The Rush Memory and Aging Project and the Religious Orders Study also provide
useful background information for the interpretation of CAA and microinfarct observed in
our study. A study based on the Rush Memory and Aging Project and the Religious Orders
Study reported that higher severity levels of arteriolosclerosis increased the risk of one or
multiple microinfarcts by about 20% and that amyloid angiopathy increased the risk by
13% [7]. In that study [7], the presence of CAA was associated with 13% higher odds of
cerebral microinfarcts. In our study, the association between CAA and microinfarcts was
numerically stronger (104% higher), but it was not significant, likely due to inadequate
power. Similarly, there were differences in the magnitude of the associations between
arteriolosclerosis and microinfarcts. However, like the Rush study, we also observed that
CAA had no association with subcortical microinfarcts and that CAA was associated with
42% and 69% higher odds of having cortical microinfarcts. Although neither association
was significant, likely for the same reason of inadequate power, the numerically stronger
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associations with more severe CAA suggest a dose-response in the relationship, which may
provide additional insights into this relationship.

Arteriolosclerosis and CAA are two possible major causes of cerebral microinfarcts,
which in turn have long been known to be associated with neurodegenerative changes,
leading to cognitive impairment and dementia, especially in late-life older adults. Small
vessel diseases such as arteriolosclerosis could lead to cerebral hypoperfusion, fibrinoid
necrosis, and degeneration of vascular myocytes, resulting in cerebral microinfarcts. In
consequence, cerebral microinfarcts in both cortical and subcortical brain regions can lead
to cognitive impairment and dementia by causing cumulative, brain-wide disruptions to
neural connectivity, glial dysfunction, and neuroinflammation [15,36,37]. The relationship
between these vasculopathies and cerebral microinfarcts has been variously reported by
smaller autopsy studies [38,39]. Findings from the current study, taken together with the
Rush study with a similar sample size, suggest that the relationship between vasculopathies
and cerebral microinfarct is complex and yet to be fully understood. Considering the
role of cerebral microinfarcts in the causation of dementia [40], it is important to better
understand the pathophysiology of cerebral vasculopathies so that targeted interventions
can be developed to lower the risk of dementia. People with Alzheimer’s disease diagnosed
were found to have a high degree of vessel pathology (e.g., arteriolosclerosis, CAA), and
the vessel pathology increases the risk of developing clinical dementia even in people with
a low burden of AD pathology [24,37].

Despite this study being based on a relatively large autopsy sample from a longitudinal
community-based cohort, we acknowledge our study’s limitations. We looked at only two
vasculopathies such as CAA and arteriolosclerosis in relation to microinfarct genesis. There
might be other factors influencing microinfarct formation. Microinfarcts were calculated
from the four cortical and four subcortical brain regions. In addition, CAA was collected
only in the brain leptomeninges and occipital cortex. Moreover, we could not assess
the relationships between vasculopathies and microinfarcts in each individual region
because the four brain regions were lumped into cortical and subcortical. All these may
underestimate the total microinfarct and CAA burden in other regions. The autopsy-based
microinfarcts data limit our inference on causality. It is possible that microinfarcts preceded
CAA and arteriolosclerosis. The ACT participants with over 90% non-Hispanic white urban-
dwelling enrolled in one of the largest managed care systems may limit generalizability to
other population settings. In addition, the autopsy participants are not a random sample of
the broader ACT sample.

5. Conclusions

The findings of the current study demonstrate that cerebral microinfarcts were com-
mon in older adults. The presence of moderate and severe arteriolosclerosis had a significant
association with the presence, number, and location (cortical and subcortical) of cerebral
microinfarcts when potential confounders were adjusted. In addition, the association
was graded in that higher severity in arteriolosclerosis had higher odds of microinfarcts.
However, the association with CAA was weak and non-significant. These findings un-
derscore the need for additional studies to better understand the complex relationship
between additional different vasculopathies (e.g., vasculitis, lacunar infarcts) and cerebral
microinfarcts so that interventions can be developed for primary prevention of vascu-
lopathies, microinfarcts, and cognitive impairment. In addition, future studies can focus
on whether incremental relationships are present in vasculopathies and cognition, such as
in microinfarcts.

Author Contributions: Study concept and design, data acquisition, data interpretation, manuscript
writing: M.-K.S. Data analysis and interpretation: Y.C.; Data interpretation and critical review of the
manuscript for important intellectual content: A.A., E.Z. and J.M.R. All authors have read and agreed
to the published version of the manuscript.



J. Clin. Med. 2023, 12, 3807 9 of 10

Funding: This research was funded by NIH/NIA R03AG070579. The ACT study was funded by the
National Institute on Aging (U19AG066567). The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health, the Department
of Veterans Affairs, or the U.S. Government.

Institutional Review Board Statement: The Seattle University IRB has determined the study to be
exempt from IRB review in accordance with federal regulation criteria.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the ACT.
For more information you can visit: https://actagingstudy.org/ (accessed on 4 May 2022).

Acknowledgments: Data collection for this work was additionally supported, in part, by prior
funding from the National Institute on Aging (U01AG006781). We thank the participants of the Adult
Changes in Thought (ACT) study for the data they have provided and the many ACT investigators
and staff who steward that data. You can learn more about ACT at: https://actagingstudy.org/
(accessed on 4 May 2022).

Conflicts of Interest: The authors have no conflict of interest to report.

References
1. Zhang, L.; Biessels, G.J.; Hilal, S.; Chong, J.S.X.; Liu, S.; Shim, H.Y.; Xu, X.; Chong, E.J.Y.; Wong, Z.X.; Loke, Y.M.; et al. Cerebral

microinfarcts affect brain structural network topology in cognitively impaired patients. J. Cereb. Blood Flow Metab. 2020,
41, 105–115. [CrossRef]

2. Kalaria, R.N.; Sepulveda-Falla, D. Cerebral Small Vessel Disease in Sporadic and Familial Alzheimer Disease. Am. J. Pathol. 2021,
191, 1888–1905. [CrossRef] [PubMed]

3. Kapasi, A.; Leurgans, S.; Arvanitakis, Z.; Barnes, L.; Bennett, D.; Schneider, J. Aβ (Amyloid Beta) and Tau Tangle Pathology Modifies
the Association Between Small Vessel Disease and Cortical Microinfarcts. Stroke 2021, 52, 1012–1021. [CrossRef] [PubMed]

4. Jiménez-Balado, J.; Riba-Llena, I.; Abril, O.; Garde, E.; Penalba, A.; Ostos, E.; Maisterra, O.; Montaner, J.; Noviembre, M.; Mundet, X.; et al.
Cognitive Impact of Cerebral Small Vessel Disease Changes in Patients with Hypertension. Hypertension 2019, 73, 342–349. [CrossRef]
[PubMed]

5. Boulouis, G.; Charidimou, A.; Pasi, M.; Roongpiboonsopit, D.; Xiong, L.; Auriel, E.; van Etten, E.S.; Martinez-Ramirez, S.;
Ayres, A.; Vashkevich, A.; et al. Hemorrhage recurrence risk factors in cerebral amyloid angiopathy: Comparative analysis of the
overall small vessel disease severity score versus individual neuroimaging markers. J. Neurol. Sci. 2017, 380, 64–67. [CrossRef]

6. Charidimou, A.; Boulouis, G.; Pasi, M.; Auriel, E.; van Etten, E.S.; Haley, K.; Ayres, A.; Schwab, K.M.; Martinez-Ramirez, S.;
Goldstein, J.N.; et al. MRI-visible perivascular spaces in cerebral amyloid angiopathy and hypertensive arteriopathy. Neurology
2017, 88, 1157–1164. [CrossRef]

7. Arvanitakis, Z.; Capuano, A.W.; Leurgans, S.E.; Buchman, A.S.; Bennett, D.A.; Schneider, J.A. The Relationship of Cerebral Vessel
Pathology to Brain Microinfarcts. Brain Pathol. 2016, 27, 77–85. [CrossRef]

8. Kalaria, R.N. The pathology and pathophysiology of vascular dementia. Neuropharmacology 2017, 134, 226–239. [CrossRef]
9. Wilcock, D.M.; Gordon, M.N.; Morgan, D. Quantification of cerebral amyloid angiopathy and parenchymal amyloid plaques with

Congo red histochemical stain. Nat. Protoc. 2006, 1, 1591–1595. [CrossRef]
10. Rensink, A.A.; de Waal, R.M.; Kremer, B.; Verbeek, M.M. Pathogenesis of cerebral amyloid angiopathy. Brain Res. Rev. 2003,

43, 207–223. [CrossRef]
11. Grabowski, T.J.; Cho, H.S.; Vonsattel, J.P.; Rebeck, G.W.; Greenberg, S.M. Novel amyloid precursor protein mutation in an Iowa

fam-ily with dementia and severe cerebral amyloid angiopathy. Ann. Neurol. 2001, 49, 697–705. [CrossRef] [PubMed]
12. van Rooden, S.; Goos, J.D.C.; van Opstal, A.M.; Versluis, M.J.; Webb, A.G.; Blauw, G.J.; van der Flier, W.M.; Scheltens, P.; Barkhof,

F.; van Buchem, M.A.; et al. Increased Number of Microinfarcts in Alzheimer Disease at 7-T MR Imaging. Radiology 2014,
270, 205–211. [CrossRef] [PubMed]

13. Soontornniyomkij, V.; Lynch, M.D.; Mermash, S.; Pomakian, J.; Badkoobehi, H.; Clare, R.; Vinters, H.V. Cerebral Microinfarcts
Associated with Severe Cerebral β-Amyloid Angiopathy. Brain Pathol. 2010, 20, 459–467. [CrossRef] [PubMed]

14. Smith, E.E.; Schneider, J.A.; Wardlaw, J.M.; Greenberg, S.M. Cerebral microinfarcts: The invisible lesions. Lancet Neurol. 2012,
11, 272–282. [CrossRef]

15. Suter, O.-C.; Sunthorn, T.; Kraftsik, R.; Straubel, J.; Darekar, P.; Khalili, K.; Miklossy, J. Cerebral hypoperfusion generates cortical
watershed microinfarcts in Alzheimer disease. Stroke 2002, 33, 1986–1992. [CrossRef] [PubMed]

16. Arvanitakis, Z.; Leurgans, S.E.; Barnes, L.L.; Bennett, D.A.; Schneider, J.A. Microinfarct Pathology, Dementia, and Cognitive
Systems. Stroke 2011, 42, 722–727. [CrossRef]

17. Cholerton, B.; Larson, E.B.; Baker, L.D.; Craft, S.; Crane, P.K.; Millard, S.P.; Sonnen, J.A.; Montine, T.J. Neuropathologic Correlates
of Cognition in a Population-Based Sample. J. Alzheimer’s Dis. 2013, 36, 699–709. [CrossRef]

https://actagingstudy.org/
https://actagingstudy.org/
https://doi.org/10.1177/0271678X20902187
https://doi.org/10.1016/j.ajpath.2021.07.004
https://www.ncbi.nlm.nih.gov/pubmed/34331941
https://doi.org/10.1161/STROKEAHA.120.031073
https://www.ncbi.nlm.nih.gov/pubmed/33567873
https://doi.org/10.1161/HYPERTENSIONAHA.118.12090
https://www.ncbi.nlm.nih.gov/pubmed/30606062
https://doi.org/10.1016/j.jns.2017.07.015
https://doi.org/10.1212/WNL.0000000000003746
https://doi.org/10.1111/bpa.12365
https://doi.org/10.1016/j.neuropharm.2017.12.030
https://doi.org/10.1038/nprot.2006.277
https://doi.org/10.1016/j.brainresrev.2003.08.001
https://doi.org/10.1002/ana.1009
https://www.ncbi.nlm.nih.gov/pubmed/11409420
https://doi.org/10.1148/radiol.13130743
https://www.ncbi.nlm.nih.gov/pubmed/24029643
https://doi.org/10.1111/j.1750-3639.2009.00322.x
https://www.ncbi.nlm.nih.gov/pubmed/19725828
https://doi.org/10.1016/S1474-4422(11)70307-6
https://doi.org/10.1161/01.STR.0000024523.82311.77
https://www.ncbi.nlm.nih.gov/pubmed/12154250
https://doi.org/10.1161/STROKEAHA.110.595082
https://doi.org/10.3233/JAD-130281


J. Clin. Med. 2023, 12, 3807 10 of 10

18. Larson, E.B.; Wang, L.; Bowen, J.D.; McCormick, W.C.; Teri, L.; Crane, P.; Kukull, W. Exercise Is Associated with Reduced Risk for
Incident Dementia among Persons 65 Years of Age and Older. Ann. Intern. Med. 2006, 144, 73–81. [CrossRef]

19. Kukull, W.A.; Higdon, R.; Bowen, J.D.; McCormick, W.C.; Teri, L.; Schellenberg, G.D.; van Belle, G.; Jolley, L.; Larson, E.B.
Dementia and Alzheimer Disease Incidence. Arch. Neurol. 2002, 59, 1737–1746. [CrossRef]

20. Siskind, V. Quantification of completeness of follow-up: A prospective cohort study. Lancet 2002, 360, 724. [CrossRef]
21. Montine, T.J.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Dickson, D.W.; Duyckaerts, C.; Frosch, M.P.; Masliah, E.;

Mirra, S.S.; et al. National Institute on Aging—Alzheimer’s Association guidelines for the neuropathologic assessment of
Alzheimer’s disease: A practical approach. Acta Neuropathol. 2011, 123, 1–11. [CrossRef]

22. Braak, H.; Del Tredici, K.; Rüb, U.; de Vos, R.A.; Jansen Steur, E.N.; Braak, E. Staging of brain pathology related to sporadic
parkin-son’s disease. Neurobiol. Aging 2003, 24, 197–211. [CrossRef] [PubMed]

23. Sonnen, J.A.; Larson, E.B.; Crane, P.; Haneuse, S.; Li, G.; Schellenberg, G.D.; Craft, S.; Leverenz, J.; Montine, T.J. Pathological
correlates of dementia in a longitudinal, population-based sample of aging. Ann. Neurol. 2007, 62, 406–413. [CrossRef] [PubMed]

24. Blevins, B.L.; Vinters, H.V.; Love, S.; Wilcock, D.M.; Grinberg, L.T.; Schneider, J.A.; Kalaria, R.N.; Katsumata, Y.; Gold, B.T.;
Wang, D.J.J.; et al. Brain arteriolosclerosis. Acta Neuropathol. 2020, 141, 1–24. [CrossRef]

25. Skrobot, O.A.; Attems, J.; Esiri, M.; Hortobágyi, T.; Ironside, J.W.; Kalaria, R.N.; King, A.; Lammie, G.A.; Mann, D.; Neal, J.; et al.
Vascular cognitive impairment neuropathology guidelines (VCING): The contribution of cerebrovascular pathology to cognitive
impairment. Brain 2016, 139, 2957–2969. [CrossRef]

26. Rabin, J.S.; Nichols, E.; La Joie, R.; Casaletto, K.B.; Palta, P.; Dams-O’connor, K.; Kumar, R.G.; George, K.M.; Satizabal, C.L.;
Schneider, J.A.; et al. Cerebral amyloid angiopathy interacts with neuritic amyloid plaques to promote tau and cognitive decline.
Brain 2022, 145, 2823–2833. [CrossRef] [PubMed]

27. Vonsattel, J.P.G.; Myers, R.; Hedley-Whyte, E.T.; Ropper, A.H.; Bird, E.D.; Richardson, E.P. Cerebral amyloid angiopathy without
and with cerebral hemorrhages: A comparative histological study. Ann. Neurol. 1991, 30, 637–649. [CrossRef]

28. Zhao, M.; Zhang, L.; Wang, Z.; Wang, X.; Wang, Y.; Wei, H.; Li, R.; Du, Y. Dynamic analysis of blood pressure changes in
progressive cerebral infarction. Int. Health 2014, 7, 293–297. [CrossRef]

29. Emi, M. Genotyping and sequence analysis of apolipoprotein E isoforms. Genomics 1988, 3, 373–379. [CrossRef]
30. Hixson, J.; Vernier, D. Restriction isotyping of human apolipoprotein E by gene amplification and cleavage with HhaI. J. Lipid Res.

1990, 31, 545–548. [CrossRef]
31. Postupna, N.; Rose, S.E.; Bird, T.D.; Gonzalez-Cuyar, L.F.; Sonnen, J.A.; Larson, E.B.; Keene, C.D.; Montine, T.J. Novel Antibody

Capture Assay for Paraffin-Embedded Tissue Detects Wide-Ranging Amyloid Beta and Paired Helical Filament-Tau Accumulation
in Cognitively Normal Older Adults. Brain Pathol. 2011, 22, 472–484. [CrossRef] [PubMed]

32. Wharton, S.B.; Wang, D.; Parikh, C.; Matthews, F.E.; Brayne, C.; Ince, P.G.; on behalf of Cognitive Function and Ageing
Neuropathology Study Group. Epidemiological pathology of Aβ deposition in the ageing brain in CFAS: Addition of multiple
Aβ-derived measures does not improve dementia assessment using logistic regression and machine learning approaches. Acta
Neuropathol. Commun. 2019, 7, 198. [CrossRef]

33. Dos Santos, V.P.; Pozzan, G.; Castelli, V.; Caffaro, R.A. Arteriosclerosis, atherosclerosis, arteriolosclerosis, and monckeberg me-dial
calcific sclerosis: What is the difference? J. Vasc. Bras. 2021, 20, e20200211. [CrossRef]

34. van Veluw, S.J.; Shih, A.Y.; Smith, E.E.; Chen, C.; Schneider, J.A.; Wardlaw, J.M.; Greenberg, S.M.; Jan Biessels, G. Detection, risk
factors, and functional consequences of cerebral microinfarcts. Lancet Neurol. 2017, 16, 730–740. [CrossRef] [PubMed]

35. Vasan, R.S.; Pan, S.; Larson, M.G.; Mitchell, G.F.; Xanthakis, V. Arteriosclerosis, Atherosclerosis, and Cardiovascular Health: Joint
Relations to the Incidence of Cardiovascular Disease. Hypertension 2021, 78, 1232–1240. [CrossRef] [PubMed]

36. Miklossy, J. Cerebral hypoperfusion induces cortical watershed microinfarcts which may further aggravate cognitive decline in
Alzheimer’s disease. Neurol. Res. 2003, 25, 605–610. [CrossRef]

37. Boyle, P.A.; Yu, L.; Nag, S.; Leurgans, S.; Wilson, R.S.; Bennett, D.A.; Schneider, J.A. Cerebral amyloid angiopathy and cognitive
outcomes in community-based older persons. Neurology 2015, 85, 1930–1936. [CrossRef]

38. Cao, L.; Tan, L.; Wang, H.-F.; Jiang, T.; Zhu, X.-C.; Yu, J.-T. Cerebral microinfarcts and dementia: A systematic review and
meta-analysis. Curr. Alzheimer Res. 2017, 13, 802–808. [CrossRef]

39. Okamoto, Y.; Yamamoto, T.; Kalaria, R.N.; Senzaki, H.; Maki, T.; Hase, Y.; Kitamura, A.; Washida, K.; Yamada, M.; Ito, H.; et al. Cerebral
hypoperfusion accelerates cerebral amyloid angiopathy and promotes cortical microinfarcts. Acta Neuropathol. 2011, 123, 381–394.
[CrossRef]

40. Olichney, J.M.; Hansen, L.A.; Hofstetter, C.R.; Grundman, M.; Katzman, R.; Thal, L.J. Cerebral Infarction in Alzheimer’s Disease
Is Associated with Severe Amyloid Angiopathy and Hypertension. Arch. Neurol. 1995, 52, 702–708. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.7326/0003-4819-144-2-200601170-00004
https://doi.org/10.1001/archneur.59.11.1737
https://doi.org/10.1016/S0140-6736(02)09861-6
https://doi.org/10.1007/s00401-011-0910-3
https://doi.org/10.1016/S0197-4580(02)00065-9
https://www.ncbi.nlm.nih.gov/pubmed/12498954
https://doi.org/10.1002/ana.21208
https://www.ncbi.nlm.nih.gov/pubmed/17879383
https://doi.org/10.1007/s00401-020-02235-6
https://doi.org/10.1093/brain/aww214
https://doi.org/10.1093/brain/awac178
https://www.ncbi.nlm.nih.gov/pubmed/35759327
https://doi.org/10.1002/ana.410300503
https://doi.org/10.1093/inthealth/ihu087
https://doi.org/10.1016/0888-7543(88)90130-9
https://doi.org/10.1016/S0022-2275(20)43176-1
https://doi.org/10.1111/j.1750-3639.2011.00542.x
https://www.ncbi.nlm.nih.gov/pubmed/21999410
https://doi.org/10.1186/s40478-019-0858-4
https://doi.org/10.1590/1677-5449.200211
https://doi.org/10.1016/S1474-4422(17)30196-5
https://www.ncbi.nlm.nih.gov/pubmed/28716371
https://doi.org/10.1161/HYPERTENSIONAHA.121.18075
https://www.ncbi.nlm.nih.gov/pubmed/34601961
https://doi.org/10.1179/016164103101202048
https://doi.org/10.1212/WNL.0000000000002175
https://doi.org/10.2174/1567205013666161201200429
https://doi.org/10.1007/s00401-011-0925-9
https://doi.org/10.1001/archneur.1995.00540310076019

	Introduction 
	Materials and Methods 
	Data and Participants 
	Cerebral Microinfarcts 
	Cerebral Vasculopathies 
	Other Variables 
	Statistical Analysis 

	Results 
	Participant Characteristics 
	The Associations between Covariates and Vasculopathies and Presence of Microinfarcts 
	The Associations between Covariates and Vasculopathies and Location of Microinfarcts 
	Associations of Severity of Arteriolosclerosis with Presence, Number, and Location of Cerebral Microinfarcts 
	Associations of Severity of CAA with Presence, Number, and Severity of Cerebral Microinfarcts 

	Discussion 
	Conclusions 
	References

