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Abstract

Brain microinfarcts are common in aging and are associated with cognitive impairment. Anterior
and posterior watershed border zones lie at the territories of the anterior, middle, and posterior
cerebral arteries, and are more vulnerable to hypoperfusion than brain regions outside the
watershed regions. However, little is known about microinfarcts in these regions and how they
relate to cognition in aging. Participants from the Rush Memory and Aging Project (MAP), a
community-based clinical-pathologic study of aging, underwent detailed annual cognitive
evaluations. We examined 356 consecutive autopsy cases (mean age-at-death, 91 years (SD=6.16);
28% men) for microinfarcts from 3 watershed brain regions (2 anterior and 1 posterior) and 8
brain regions outside the watershed regions. Linear regression models were used to examine the
association of cortical watershed microinfarcts with cognition, including global cognition and 5
cognitive domains. Microinfarcts in any region were present in 133 (37%) participants, of which
50 had microinfarcts in watershed regions. Persons with multiple microinfarcts in cortical
watershed regions had lower global cognition (estimate=—0.56, SE=0.26, p=0.03) and lower
cognitive function in the specific domains of working memory (estimate=-0.58, SE=0.27, p=0.03)
and visuospatial abilities (estimate=-0.57, SE=0.27, p=0.03), even after controlling for
microinfarcts in other brain regions, demographics, and age-related pathologies. Neither the
presence nor multiplicity of microinfarcts in brain regions outside the cortical watershed regions
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were related to global cognition or any of the 5 cognitive domains. These findings suggest that
multiple microinfarcts in watershed regions contribute to age-related cognitive impairment.
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Introduction

Microinfarcts are focal areas of necrosis of ischemic origin that are not observed on gross
examination, and are commonly found in the aging brain (Smith et al., 2012). While
advances in neuroimaging modalities contribute to the detection of microinfarcts (van Veluw
et al., 2015a, van Veluw et al., 2015b), the full spectrum, especially the smallest of
microinfarcts, is most accurately identified by neuropathological examination. It is
becoming increasingly recognized that microinfarcts, above and beyond, macroscopic
infarcts, are important contributors to neurologic dysfunction, including cognitive
impairment. Multiple large community-based studies show a higher frequency of
microinfarcts in persons with dementia, with their presence being a relatively independently
associated with dementia or cognitive impairment (Brundel et al., 2012, Kovari et al., 2004,
Sonnen et al., 2007, Troncoso et al., 2008, White et al., 2002), and previous studies by our
group and others, indicate persons with multiple microinfarcts have the most cognitive
impairment(Arvanitakis et al., 2011, Sonnen et al., 2007). However, despite these latter
studies which took account of common neuropathologies of aging and dementia, the clinical
impact of microinfarcts, especially in the context of Alzheimer’s disease (AD) pathology,
has also been challenged (Lee et al., 2000).

Precise mechanisms for microinfarct pathogenesis and their contribution to cognitive
dysfunction are still largely unclear. Multiple underlying causes may contribute to
microinfarct pathology including small vessel disease, hypoperfusion, and microemboli (van
Veluw et al., 2017). In addition, some studies suggest the etiology of microinfarct pathology
differs depending on the location of microinfarct burden (Arvanitakis et al., 2011, Kovari et
al., 2004). Microinfarcts can be found in all brain regions, particularly in regions more
vulnerable to hypoxic-ischemia. The cerebral hemisphere is supplied by the anterior, middle,
and posterior cerebral arteries. The brain watershed regions are supplied by the distal arterial
branches of 2 or more major arteries, and located the furthest from arterial supply, making
them making more vulnerable to hypoxic-ischemic events than any other brain region
(Miklossy, 2003, Suter et al., 2002). Based on their cortical location in the brain, watershed
regions are often specified as either anterior watershed regions, located between the cortical
territories of the anterior and middle cerebral arteries, or posterior watershed regions, located
between the anterior-middle and posterior-middle cerebral arteries. In addition to cortical
watershed regions, deep subcortical watershed regions have also been described, which
overlie the territories of the deep arterial lenticulostriate and white matter perforators arising
from the middle cerebral artery, and cerebellum watershed regions, bordered by the major
cerebellar arteries (Lee et al., 2005, Mangla et al., 2011).
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Due to their increased susceptibility to ischemia and hypoperfusion, watershed regions are
interesting areas to investigate microvascular pathologies. In addition, older persons may be
particularly vulnerable, because cerebral vessel disease pathology including atherosclerosis
and arteriolosclerosis is common (Arvanitakis et al., 2017). There are limited data on the
frequency of microvascular pathologies in watershed regions, and the role of watershed
microinfarcts in cognitive impairment in older persons is yet to be explored. To address this
gap in our knowledge, we collected data from 356 Rush Memory and Aging Project (MAP)
participants to document the presence of microinfarcts (single vs. multiple) in cortical
(anterior and posterior) watershed regions, and the association with cognitive impairment.
Controlling for demographics and neuropathological factors, we investigated whether there
was an independent association of cortical watershed microinfarcts, above and beyond the
presence of microinfarcts in other brain regions, with global cognition and five different
cognitive domains proximate to death.

Study Design

Brain specimens were obtained from a consecutive subset of deceased and autopsied
participants of the Rush MAP, effective from January 1, 2013, as this was when watershed
regions were added to the MAP study for neuropathological evaluation. Rush MAP is an
ongoing epidemiologic clinical-pathological cohort study of aging, which began in 1997,
and approved by the Institutional Review Board of the Rush University Medical Center
(Chicago, IL). We used demographic, neuropathological, and clinical data. Participants are
enrolled without known dementia, give informed consent to the study, and agree to brain
donation at the time of death. Follow-up and autopsy rates exceed 80%.

Clinical Data

Structured and uniform baseline and clinical assessments were conducted annually, and
included a medical history, neuropsychological testing, and a physical examination with a
focus on the neurologic examination. A standard battery of neuropsychological tests was
administered at baseline and each follow-up evaluation. All neuropsychological data were
reviewed by clinicians blinded to previously data collected. In addition to the Mini-Mental
State Examination, which was used for clinical descriptive purposes only, an additional 17
individual cognition tests were administered to create a composite summary indices for
global cognition and 5 cognitive domains. Seven tests of episodic memory, 3 of semantic
memory, 3 of working memory, 2 of perceptual speed, and 2 of visuospatial ability, were
administrated as previously described (Bennett et al., 2006, Wilson et al., 2002). Raw
individual of all test scores were converted to z scores and averaged to obtain a measure of
global cognitive function score. Summary scores for each cognitive domain were derived by
averaging the z scores of the neuropsychological tests specific to that particular cognitive
domain.

Neuropathological Data

Brain autopsies were the performed at Rush University Medical Center (Bennett et al., 2012,
Bennett et al., 2013) with an average post-mortem interval of 8.4 hours (SD=5.67). All
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neuropathologic data were collected at the Rush Alzheimer’s Disease Center laboratory.
Following an external examination, one hemisphere was fixed for at least 48-72hrs in 4%
paraformaldehyde in 0.1 M phosphate buffer. Paraformaldehyde-fixed cerebral and
cerebellar hemispheres were cut into 1 cm coronal slabs and a standard set of 11 regions
were blocked, including 3 cortical watershed regions (2 from the anterior and 1 from the
posterior watershed areas), 4 cortical regions outside the watershed regions (middle
temporal, entorhinal, inferior parietal, and anterior cingulate cortices), 2 subcortical regions
(basal ganglia and thalamus), hippocampus, and midbrain. In addition, blocks were taken for
any macroscopic infarcts observed during gross examination. All blocks were dehydrated,
embedded in paraffin wax and sections (6um) stained with hematoxylin-eosin were assessed
for microscopic pathologies (AD pathology and microscopic infarcts) (Figure 1b).

Anatomic location of cortical watershed regions—The focus of this study was to
investigate microvascular pathologies in the cortical watershed regions, bordered by the
large cerebral arteries. The anatomic location of the anterior watershed is located between
the border zones of the anterior and middle cerebral arterial territories. For the purpose of
this study, two anterior watershed regions were taken; the midfrontal gyrus (Brodmann area
9/46) and anterior white matter taken deep to the midfrontal cortex. We specify the two
regions as midfrontal anterior watershed and white matter anterior watershed. The posterior
watershed lies within the border zone of the middle-posterior and middle-anterior cerebral
arterial territories. The posterior watershed region was taken medial to the posterior parietal
cortex (Brodmann area 7), and included the parieto-occipital cortex with underlying white
matter (Figure 2).

Post-mortem assessment of Alzheimer’s disease pathology—AD pathology was
assessed in the midfrontal watershed, middle temporal, entorhinal, and inferior parietal
cortices, and in the hippocampus. Paraffin-embedded blocks were sectioned into 6um
sections and stained with a modified Bielschowski stain. Manual counts of neuritic and
diffuse plaques, and neurofibrillary tangles from all 5 regions were averaged across regions
and divided by the SD to create a summary measure of the AD pathology score across the 5
regions in each case, as previously described (Schneider et al., 2004).

Post-mortem assessment of macroscopic and microscopic infarcts—Location,
age, and size of macroscopic infarcts visible on gross examination were documented.
Subsequently, the age of infarct was confirmed by microscopy and documented as acute,
subacute, or chronic. Paraffin-embedded blocks for the standard set of 11 regions were
sectioned into 6um sections, stained with hematoxylin and eosin, and assessed for
microinfarcts. Age (acute, subacute, and chronic) and location for all microinfarcts was
documented as previously described (Arvanitakis et al., 2011). Because cognitive function is
assessed on average about 1.1 (SD=1.41) years prior to death, only chronic microinfarcts
were included in analyses. Acute and subacute infarcts, which by definition occur
approximately 6 months or less before death were excluded.
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Statistical Analyses

Results

Six variables were created to indicate the presence of microinfarcts in the following
locations:1) all brain regions including 3 cortical watershed and 8 regions outside watershed,
2) total cortical watershed (including three watershed regions), 3) all 8 brain regions outside
the cortical watershed areas, 4) midfrontal watershed, 5) white matter anterior watershed,
and 6) posterior watershed (Figure 1a). For each of these regions, we created a dichotomous
variable indicating presence of any microinfarct vs. no microinfarcts present, as well as a 3-
level variable indicating none, single, and multiple microinfarcts for variables 1, 2, and 3.

Initial bivariate associations of microinfarcts within and outside the cortical watershed
regions with demographic, clinical, and neuropathology variables were examined with a
Spearman correlations, chi-square, and £tests. Linear regression models were used to
investigate whether watershed microinfarcts were associated with level of global cognition
and five cognitive domains, at the last available cognitive assessment proximate-to-death,
after adjusting for microinfarcts in other brain regions, demographics (age, sex, education),
and other pathologies (AD pathology and macroscopic infarcts). For total microinfarcts in
any region, and then for microinfarcts split into watershed versus all other regions, we first
ran models with the dichotomous (any vs none) variable, and then ran similar analyses with
the 3-level variable including presence of none, single, and multiple microinfarcts. All
analyses were programmed with SAS/STAT software version 9.4 (SAS Institute Inc, Cary,
NC) using a Hewlett Packard server with a Linux operating system.

Table 1 shows characteristics of study participants. Vascular lesions were frequent, with 125
(35%) participants having macroscopic infarcts, 133 (37%) participants having
microinfarcts, including 51 (14%) participants having both macro- and microinfarcts. Of the
125 participants with macroscopic infarcts, 56 had cortical infarcts, 97 subcortical, and 23
had infarcts in brainstem and/or cerebellum. Twenty-seven (8%) participants had both
macroinfarcts and cortical watershed microinfarcts, compared to 46 (13%) who had both
macroscopic and microinfarcts in brain regions outside the watershed.

Of the 133 participants with microinfarcts, 50 had microinfarcts located in cortical
watershed regions and 97 in brain regions outside the watershed areas. These were not
mutually exclusive. Over half (28/50 or 56%) had microinfarcts in only watershed regions,
whereas 22 (44%) had microinfarcts in both watershed and other brain regions. Out of 50
participants with watershed microinfarcts, 18 had microinfarcts in the midfrontal anterior
watershed, 15 in the white matter anterior watershed and 24 in the posterior watershed
(Table 1).

Cortical watershed microinfarcts were positively associated with age-at death (p=0.04),
while microinfarcts in brain regions outside the watershed regions were not (p=0.10).
Microinfarcts in watershed regions were not associated with sex (p=0.32) or education
(0=0.42). Association of microinfarcts in brain regions outside the watershed with sex did
not reach standard threshold for clinical significance (=0.06), and were not associated with
education (p=0.83).
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Cortical Watershed Microinfarcts and Cognition

We examined the relationship of microinfarcts with cognition using linear regression models
adjusting for demographics (age, sex, and education), AD pathology score, and macroscopic
infarcts. We classified microinfarcts by location (cortical watershed regions vs brain regions
outside the watershed areas) to investigate if there is a differential relationship with
cognition for microinfarcts in watershed regions. Presence of microinfarcts in any region
was not associated with global cognition, although a trend for association with cortical
watershed microinfarcts was noted (Table 2, Models 1 and 3).

We and others have previously shown that multiple microinfarcts have a stronger association
with cognition then having a single microinfarct (Arvanitakis et al., 2011, Sonnen et al.,
2007). Therefore, we ran similar analyses after categorizing the number of microinfarcts
observed as none, single, and multiple. Compared to persons with no microinfarcts, persons
with multiple microinfarcts in any brain region had lower cognition (Table 2, Model 2).
When examining multiple microinfarcts by region, multiple microinfarcts in cortical
watershed regions were associated with lower global cognition (estimate = —0.54; SE = 0.26,
p-value = 0.04), while microinfarcts in other regions were not (estimate = 0.12; SE = 0.14,
p-value = 0.40 for single microinfarct; estimate = —0.26; SE = 0.19, p-value = 0.16 for
multiple microinfarcts). Finally, in a model including single and multiple microinfarcts from
both locations, only multiple microinfarcts in cortical watershed regions were associated
with lower cognition (Table 2, Model 4).

Cogpnitive function is complex and comprised of multiple related systems which may be
related differentially with pathology. We therefore constructed linear regression models to
examine associations of single and multiple microinfarcts in cortical watershed and in other
brain regions with 5 different cognitive domains. In our analyses, multiple watershed
microinfarcts were significantly associated with lower cognitive function for working
memory and visuospatial ability (Table 3). Association with semantic memory did not reach
the threshold for clinical significance, and no associations were observed with episodic
memory and perceptual speed. Neither the presence of single nor multiple microinfarcts in
other brain regions were significantly related to any of the cognitive domains.

Discussion

In this autopsy study of 356 community-dwelling older persons, microinfarcts were present
in nearly forty percent of subjects, of whom over a third had microinfarcts in cortical
watershed regions. Subsequent analyses showed that the presence of multiple watershed
microinfarcts were associated with lower cognitive function globally and in the domains of
working memory and visuospatial ability, even after adjusting for microinfarcts in other
brain regions. Further, we did not find that microinfarcts in other brain regions were
associated with cognition. Associations of multiple watershed microinfarcts with cognition
were observed after adjusting for demographics, Alzheimer’s pathology, and macroinfarcts,
suggesting these watershed microinfarcts have an important independent association with
cognition in aging.
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A previous study investigated the involvement of cortical watershed microinfarcts with
dementia (Suter et al., 2002). Investigators showed a significant association between
watershed microinfarcts and AD dementia; however, the association was not independent of
demographics or other age-related neuropathologies. We and others have found significant
associations between cortical microinfarcts with cognition in large community-based cohorts
(Arvanitakis et al., 2011, Ince et al., 2016, Launer et al., 2011, Troncoso et al., 2008);
however information regarding the involvement of watershed microinfarcts with cognitive
function is lacking, and to our knowledge the relationship between watershed microinfarcts
with cognition or cognitive domains has not been explored. Though the numbers are still
relatively small, this current study provides support for the hypothesis that watershed
microinfarcts are important contributors to cognitive impairment in aging and that their
effect may even be stronger than microinfarcts in other brain regions. This suggests
watershed microinfarcts may be partly driving previously observed associations between
microinfarcts and cognition. Indeed, it may also be that watershed microinfarcts serve as the
proximate and the most apparent marker of the adverse impact of global cerebral ischemia
on neuronal and synapse function.

We are extending our previous findings by adding watershed regions to other commonly
investigated regions for microinfarcts in aging. Previous examination of microinfarcts in
Rush MAP did not specifically evaluate white matter anterior or posterior watershed regions.
By including these regions in our protocol, overall frequency of microinfarcts increased to
37%, a more complete representation of microinfarct burden than our previous studies (24%
in Rush MAP (Schneider et al., 2007) and 30% in the Religious Orders Study (ROS)
(Arvanitakis et al., 2011)). Our estimate is also slightly higher than other population-based
cohorts including Baltimore Longitudinal Study of Aging (BLSA) (22%) (Troncoso et al.,
2008) and similar to the MRC Cognitive Function and Aging Study (MRC-CFAS) (36%)
(Ince et al., 2016). However, the Honolulu Asian Aging Study (HAAS) documented a much
higher frequency of microinfarcts (64%) (Launer et al., 2011), which may be attributed to
the study being based on Japanese- American men, who have been shown to have higher
rates of vascular disease. While sampling more regions may drive up the number of
participants recognized to have microinfarcts, variation in estimated proportions in cases
with microinfarcts is unlikely to be entirely determined by sampling strategy, as one study
documented a frequency of 19% when 38 regions were sampled (White et al., 2002) and
another study documented 30% when 9 regions were sampled (Arvanitakis et al., 2011). In
the current study microinfarcts are common in watershed regions, particularly favoring the
posterior watershed region, an expected observation, given the posterior watershed region
overlies the edges of all three cerebral arterial territories, predisposing this area to increased
ischemic events. We suggest cortical watershed brain regions may prove to be important
regions to sample when evaluating microvascular pathologies, given their prevalence and
relation to cognition.

It is important to note that while both neuropathological examination and neuroimaging
modalities can detect the presence of microinfarcts, the standards differ. Neuropathological
examination can detect the smallest of lesions, from 100um to a few mm, whereas advanced
neuroimaging techniques can generally detect lesions greater than > 1mm in size (van Veluw
et al., 2017). Use of both modalities have facilitated studies investigating the association of
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microinfarcts and neurologic function (Hilal et al., 2016, Wang et al., 2016). However, it
remains unclear whether microinfarct subtypes detected by different modalities have the
same underlying pathogenesis. We have previously showed that multiple microinfarcts
across cortical and subcortical regions were associated with lower cognitive function, and
lower function in several cognitive domains including perceptual speed and episodic and
semantic memory (Arvanitakis et al., 2011). In this current study, presence of multiple
microinfarcts in watershed regions lowered global cognitive function and was associated
with lower levels of working memory and visuospatial ability. While working memory is
often considered a frontal predominant function, we will need further numbers to determine
whether the cognitive profile of executive impairment differs in cortical watershed vs. brain
regions outside the watershed zones, and also within individual watershed regions. It is
interesting to note that watershed microinfarcts were associated with visuospatial skills but
not language in the present study. The lower performance in visuospatial abilities may be
attributed to the disruption of frontal — parietal networks (Oh et al., 2012), an effect perhaps
secondary to the inclusion of posterior watershed regions, as the posterior parietal cortex is
presumed to be associated with visuospatial perception (Constantinidis et al., 2013). In
extension to our previous studies, we were able to examine the effects of watershed
microinfarcts vs. microinfarcts in other brain regions with cognition and in specific cognitive
domains. Only microinfarcts in the watershed regions were significantly associated with
cognitive decrements, suggesting there may be heterogeneity within microinfarct pathology
spectrum. Indeed, the relatively small numbers in this study could also still remain a factor.
Future studies investigating mechanistic differences underlying watershed microinfarcts, if
any, are warranted. Indeed, neuroimaging efforts may serve well to further understand
watershed microinfarct-associated changes.

The contribution of vascular disease to cognitive decline and dementia is complex and
diverse. In addition, the high prevalence of vascular disease provides a compelling target for
intervention, from a public health standpoint (Satizabal et al., 2016). There is an increasing
need in the field of aging to accurately quantify total burden of microinfarcts in the brain to
further understand the pathogenic mechanisms involved and their contribution to vascular
disease and cognition. Indeed, there is an emerging literature associating microinfarcts with
a number of cardiac diseases and vascular risk factors, including a clinical history of stroke
(Ince et al., 2016), atrial fibrillation (Wang et al., 2016), ischemic heart disease, congestive
heart failure (Hilal et al., 2017), hypertension (Ince et al., 2016), and blood pressure (Graff-
Radford et al., 2017, Wang et al., 2009). Together, these may be important factors when
considering risk factors for watershed microinfarct pathogenesis. In an episode of perturbed
hemodynamic factors, watershed regions are most vulnerable to low cerebral perfusion
(hypoperfusion) and most likely the first brain regions to be affected (Miners et al., 2015).
Experimental animal model studies of ischemic injury provide compelling evidence linking
chronic cerebral hypoperfusion, which may be mediated by accelerated A deposition, with
cognitive impairment (Duncombe et al., 2017, Okamoto et al., 2012). Alternatively,
increased blood pressure or high arterial pulsations in older persons also have important
ramifications for microvascular disease (Kim et al., 2017). Prospective studies investigating
the relationship between watershed microvascular pathology with cerebral blood flow would
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be informative concerning mechanisms of vascular disease, in particular cerebral
hypoperfusion.

It is plausible that an unrecognized large burden of microinfarcts (Westover et al., 2013)
induces peri-lesional neural deficits which can lead to structural alterations (Summers et al.,
2017), resulting in possible cognitive impairment. Further, there may also be diffuse changes
in the brain associated with microinfarcts, such as, microbleeds (Lauer et al., 2016) and
white matter demyelination/hyperintensities (Wang et al., 2016), disrupting cognitive
networks. Vessel abnormalities, small- and large vessel disease, are both important
contributors to vascular cognitive impairment and microinfarct burden. Where
arteriosclerosis and atherosclerosis increases the odds for subcortical microinfarcts,
significant cerebral amyloid angiopathy has been shown to increase the odds for cortical
microinfarcts (Arvanitakis et al., 2017), suggesting etiology of microinfarct pathology may
be different depending on their location in the brain; further supporting the idea of
heterogeneity within the microinfarct pathology spectrum. Indeed, there may also be non-
structural vascular abnormalities which cause vasoconstriction, consequently leading to
hypoperfusion (Love and Miners, 2016). Taken together, many factors may cause
microinfarcts, including manifestations of both small and large vessel disease. Future work
to further examine vessel pathologies, vascular risk factors, and cardiac disease in relation to
watershed border zones will further aid and refine the understanding of vascular contribution
to cognitive impairment.

There are several limitations with this study. Microinfarct assessment was performed on 11
brain regions from one hemisphere, a relatively limited number of regions (Smith et al.,
2012, Westover et al., 2013). However, including additional cortical watershed regions to our
methodology provides a more accurate estimation of microinfarct burden. It is important to
note that there is variability in the location of watershed border zones across individuals and
therefore it may be difficult to identify the correct anatomic location of cortical watershed
regions. Variability may include a shift due to the development of leptomeningeal
collaterals, smaller arteries branching of the distal ends of the anterior, middle, and posterior
cerebral arteries (Momjian-Mayor and Baron, 2005, Tariq and Khatri, 2008). Lastly, due to
the small number of microinfarcts in the individual cortical watershed regions, we were
unable to detect potential effects or to examine the relationship between individual
watershed regions with global cognition and/or cognitive domains. Ongoing
neuropathological assessments of these brain watershed regions will provide further power
to address these questions.

This study also has notable strengths. Detailed systematic neuropathological assessment was
performed blinded to clinical data. Participants underwent an annual detailed battery of
neuropsychological tests, measures of global cognition and 5 different cognitive domains.
MAP is a community-based cohort comprised of both men and women with and without
dementia at autopsy and has a high clinical follow up and autopsy rates, and therefore is not
subjected to selection bias. Finally, we are using new data from watershed regions, which
have not been previously documented in this cohort.
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. Brain microinfarcts are common in older persons.
. Microinfarcts are common in cortical watershed brain regions.
. Cortical watershed microinfarcts are related to cognitive impairment.
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Figure 1.

Summary of brain regions taken (a) for neuropathologic evaluation (b). Abbreviations: AD —
Alzheimer’s disease; WS — watershed
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Figure 2.
Representation of the anatomic location of anterior and posterior watershed regions taken for

evaluation of microscopic infarcts. The vertical dashed line (a) demarcates the level at which
the anterior watershed regions, midfrontal and white matter anterior watershed regions were
taken in the coronal brain slab (ai). Image aii shows the presence of a chronic microscopic
infarct in the cortex of the midfrontal watershed region. The vertical dashed line (b)
demarcates the level at which the posterior watershed region was taken in the coronal brain
slab (bi). Image bii shows the presence of a chronic microscopic infarct in the white matter
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of the posterior watershed region. Abbreviations: MAWS - Midfrontal anterior watershed,;
WMAWS — White matter anterior watershed; PWS — Posterior watershed. Scale bar 100um.
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Table 1.

Demographic, clinical, and pathological characteristics of participants (N=356)

Characteristics Mean (SD) or N (%)
Clinical
Age at death, years 90.5 (6.16)
Age 90+ 202 (56.7%)
Sex, men 99 (27.8%)
Education, years 14.6 (3.09)
Last MMSE score proximate to death 20.5(9.33)
Last clinical evaluation, years 1.1(1.41)

Cognition, proximate-to-death

Global -0.9 (1.15)
Episodic Memory -0.9(1.27)
Semantic Memory -0.8 (1.34)
Working Memory -0.8 (1.14)
Perceptual Speed -1.05 (1.02)
Perceptual Orientation -0.5(1.10)
Neuropathologic
PMI, hours 8.4 (5.67)
AD pathology score 0.8 (0.62)
Macroinfarcts presence 125 (35.1%)
Cortical, n 56
Subcortical, n 97
Brainstem/cerebellum, n 23
Microinfarcts 133 (37.4%)
Cortical WS 50 (14.0%)
Location
Midfrontal anterior WS, n 18
White matter anterior WS, n 15
Posterior WS, n 24
Quantity
Single, n 33
Multiple, n 17
Other brain regions 105 (29.5%)
Quantity
Single, n 71
Multiple, n 34

Abbreviations: PMI — post-mortem interval; WS — watershed; MMSE — Mini-Mental-State-Examination
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Table 2.

Relation of watershed microinfarcts with global cognition

Region Model 1 Model 2
: 0.14
036 Single 013 0.30)
All Brain Regions Any (0.12 '0 76)
Multiple —0.33 .
(0.16, 0.04%)
Model 3 Model 4
. -0.77
028 Single | (0.19, 0.69)
Cortical Watershed | Any © 16. 0.07)
Multiple —0.56 "
(0.26, 0.03*)
. 0.16
002 Single {014 0.26)
Other Brain Regions | Any © 12.0 89)
e - -0.22
Multiple | 5 19 '0.25)

Values in cells are estimated coefficients (SE, p-value). Values based on linear regression models controlling for age, sex, education, AD pathology
summary score, and macroscopic infarcts. Models 1 and 3 used dichotomous (none vs. any) variables, and models 2 and 4 used trichotomous (none,
single, and multiple) variables for microinfarct measures. Significant (p<0.05) associations indicated with an asterisk*
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Table 3.

Relation of watershed microinfarcts with cognitive domains

Brain Microinfarct Episodic Semantic Working Visuospatial  Perceptual
Regions Measure Memory Memory Memory Ability Speed

Single -0.11 -0.22 -0.06 -0.15 -0.24
9 (0.21,0.60) (0.23,0.44) (0.20,0.78)  (0.20,0.46)  (0.18, 0.20)

Cortical Watershed

Multiple -0.35 -0.50 -0.58 -0.57 -0.08
(0.29,0.22) (0.31,0.10) (0.27,0.03*) (0.27,0.03*) (0.24,0.75)
single 0.15 0.06 0.24 0.15 0.08
(0.15,0.32) (0.17,0.72)  (0.14,0.10) (0.14,0.29)  (0.13,0.52)
Other Brain Regions
Multiple -0.19 -0.17 -0.24 0.13 -0.15

(0.21,0.37) (0.23,0.46) (0.20,0.22)  (0.20,0.50)  (0.18,0.41)

Linear regression models with terms for age, sex, education, AD pathology summary score, and macroscopic infarcts. All models used
trichotomous variables for microinfarct measures (none, single, and multiple). Values in cells are estimated coefficients (SE, p-value). Significant
(p<0.05) associations indicated with an asterisk*

Neurobiol Aging. Author manuscript; available in PMC 2019 October 01.



	Abstract
	Introduction
	Methods
	Study Design
	Clinical Data
	Neuropathological Data
	Anatomic location of cortical watershed regions
	Post-mortem assessment of Alzheimer’s disease pathology
	Post-mortem assessment of macroscopic and microscopic infarcts

	Statistical Analyses

	Results
	Cortical Watershed Microinfarcts and Cognition

	Discussion
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

