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Abstract
Introduction:

This study aimed to 1) develop a quantitative approach to automate detection of cortical CAA-positive
vessels separate from B-amyloid plaques, 2) validate digital pathology classifier for CAA against manual
scoring, and 3) characterize the spatial distribution of perivascular B-amyloid plaques in relation to CAA-
positive vessels.

Methods

Digital pathology classifiers were trained on the HALO Al platform to distinguish cortical CAA-positive
vessels from B-amyloid plaques in the calcarine cortex. Classifiers were applied to digitized
histopathologic slides (n = 100), previously rated by expert neuropathologists. Slide level digital
quantitative measures for CAA (CAA classified area and vascular B-amyloid percent positivity) and for B-
amyloid plaques (B-amyloid plaque classified area) were compared with manual CAA scores and
Alzheimer’s disease neuropathologic change (ADNC). Perivascular plaques, defined as B-amyloid
plaques within a 0- to 150-micron concentric distance from the center of CAA-positive vessels, were
identified.

Results

Participants had a mean age of 91.1 (SD = 5.6) years at death, with 76% being women. Digital pathology
quantification for CAA classified area and vascular B-amyloid percent positivity showed strong
correlations with semi-quantitative manual CAA scores (rg= 0.96 and rq = 0.79, respectively). The number
of CAA-positive vessels per slide ranged from 0 to 820, with a median of 3 vessels in score 1, 12 in score
2,153 in score 3, and 399 in score 4. Separately, digital quantification of B-amyloid plaque showed
strong correlations with Thal phase (r = 0.80) and moderate correlations with ADNC (r = 0.60).
Interestingly, the total B-amyloid plaque area was relatively similar across manual CAA scores. However,
spatial proximity analysis revealed that cases with higher CAA scores had more perivascular B-amyloid
plagues close to CAA-positive vessels.

Conclusion

Digital pathology classifiers reliably distinguish cortical CAA vessels from B-amyloid plaques and can be
utilized to study plaque proximity to CAA-positive vessels severity, supporting the use of digital
pathology to advance understanding of CAA pathogenesis.

INTRODUCTION
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Cerebral amyloid angiopathy (CAA) is considered a small vessel disease characterized by the deposition
of B-amyloid (AB) protein and often thickening of the walls of cortical and leptomeningeal small vessels
[16]. Pathologic lesions including intracerebral hemorrhage, microbleeds, microinfarcts, ischemic brain
injury, enlarged perivascular spaces, and white matter hyperintensities are widely considered as markers
of disease severity [10]. Further, CAA is frequently observed in the brains of older persons, can co-occur
with Alzheimer disease (AD) pathology [9], and has been associated with higher risk of Alzheimer’s
dementia and cognitive decline.[8]

Postmortem histopathologic evaluation of brain tissue remains the ‘gold standard’ for the diagnosis and
understanding of CAA because it provides direct visualization of vascular B-amyloid within vessels, as
well as assessment of vessel and/or parenchymal damage linked with CAA, which cannot yet be fully
captured through clinical or imaging techniques alone [32]. Autopsy-based assessments of CAA have
typically relied on semi-quantitative evaluation on the extent of CAA severity as mild, moderate, or
severe. However, semi-quantitively scales vary across raters and does not provide biological insight.
Further, the availability of different and multiple grading schemes for CAA can hinder cross-study
comparability [18,25,37]

Digital pathology has emerged as a robust and transformative tool for studying the diverse and complex
spectrum of B-amyloid (AB) pathologies that can be observed on immunohistochemical-stained slides.
By combining whole-slide imaging (WSI), high-resolution scanning, and computational image analysis,
digital pathology allows for precise, scalable, and multifaceted investigations of A deposition patterns
that were previously limited by manual methods [15,27]. In this study, we utilized machine learning-based
classifiers to automate detection and quantification of parenchymal CAA-positive vessels, defined as a
vessel with any vascular B-amyloid deposition, and separately B-amyloid plaques in the calcarine cortex.
Additionally, we examined the burden of perivascular plaques surrounding CAA-positive vessels.

METHODS
Participants

Participants were included from four ongoing longitudinal clinical-pathologic cohort studies of aging: the
Religious Orders Study (ROS), the Rush Memory and Aging Project (MAP), the Minority Aging Research
Study (MARS), and the Rush Clinical Core (Clinical Core).

ROS, started in 1994, has enrolled Catholic nuns, priests, and brothers from over 40 communities across
the United States. MAP has recruited older adults from retirement communities and subsidized senior
housing facilities throughout Chicagoland and northeastern lllinois since 1997 [6]. MARS (started in
2004) [3] and Clinical Core (renewed in 2008) [31] recruit older African American adults from the
metropolitan Chicago area and surrounding suburbs.

All cohorts enrolled participants without a known clinical diagnosis of dementia at baseline. Each study
was approved by the Rush University Medical Center Institutional Review Board. All participants
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underwent annual clinical evaluations and signed written informed consent along with an Anatomical
Gift Act for brain donation, required for ROS and MAP, and optional for MARS and Clinical Core.

Clinical assessment

All participants received a standardized clinical evaluation that incorporated a medical history,
neurologic examination, and a battery of 19 cognitive tests at baseline and during each annual follow-up
visit. First, a neuropsychologist, blinded to participant demographics, reviewed clinical data to rate
cognitive impairment. A clinician then evaluated all clinical data, examined the participants, and provided
a final diagnosis. At the time of death, a clinician, blinded to postmortem data, reviewed clinical data
from all study years to determine the participant’s dementia status proximate to death [7].

The diagnosis of dementia follows consensus guidelines [20], requiring evidence of cognitive decline
relative to a person'’s previous level of performance with impairment in multiple cognitive domains. Mild
cognitive impairment (MCI) was assigned to participants with cognitive impairment determined by a
neuropsychologist if the participant did not meet the criteria for dementia [5]. Those without dementia or
MCI were classified as having no cognitive impairment (NCI).

Diagnostic Neuropathology Assessment

The median postmortem interval was 8.75 hours (IQR = 6.00 to 13.75). Brain autopsies followed a
standardized protocol [28,30]. One cerebral hemisphere was cut into 1-cm coronal slabs and frozen at
-80°C. The contralateral hemisphere was fixed in 4% paraformaldehyde and similarly slabbed. Tissue
blocks were collected, embedded in paraffin, sectioned at 6 pum, and immunostained to evaluate CAA,
Alzheimer’s disease neuropathologic changes (ADNC), and other neurodegenerative pathologies.

Pathologic diagnosis of Alzheimer’s disease: Diagnosis was assigned according to the National Institute
on Aging-Alzheimer's Association (NIA-AA) criteria [14]. Neuritic plaques and neurofibrillary tangles were
manually quantified within a 1-mm?2 grid in an area of greatest density using modified Bielschowsky
silver-stained sections from five brain regions (midfrontal, middle temporal, entorhinal, inferior parietal
cortices, and hippocampus) to determine Braak stage and CERAD score [40].Thal phase was determined
by reviewing immunohistochemically stained sections of seven brain regions (midfrontal, middle
temporal, inferior parietal cortices, hippocampus, basal ganglia, cerebellum, and midbrain) using
monoclonal antibodies against AR (4G8 1:9000; Bio legend, San Diego, CA) [14].

Manual scoring of CAA

CAA was scored by neuropathologists on 4G8-immunostained sections of the calcarine cortex, using a
semiquantitative scale from 0 to 4, based on both the extent of B-amyloid accumulation and the number
of affected vessels. A score of 0 was assigned when no 3-amyloid deposition was observed in the vessel
walls. A score of 1 corresponds to partial B-amyloid deposition in one or more vessels. A score of 2
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indicated circumferential B-amyloid deposition in one to ten vessels, while a score of 3 was assigned
when more than ten vessels exhibited circumferential deposition. Finally, a score of 4 was given when
over 75% of vessels demonstrated circumferential B-amyloid involvement [8]. Figure 1 demonstrates
histology images representative of the manual CAA scores.

LATE-NC: TDP-43 pathology was assessed in eight brain regions: the amygdala, hippocampus
(CA1/subiculum and dentate gyrus), entorhinal, midfrontal, middle temporal, anterior temporal tip,
inferior orbital frontal cortices. Immunohistochemistry with phosphorylated monoclonal TAR5P-1D3,
pS409/410 antibodies (dilution: 1:10,000; Bio legend, CA) was performed on 6-um sections [22].

Cytoplasmic TDP-43 inclusions were counted in a 0.25 mm?2 area of greatest density, and their severity
was scored from 0 (no inclusions) to 6 (severe) [22]. LATE-NC staging followed established consensus
guidelines, with four levels: stage 0 (no TDP-43 detected), stage 1 (TDP-43 inclusions limited to the
amygdala), stage 2 (extension to the hippocampus or entorhinal cortex), and stage 3 (extension into any
neocortical region) [1,24]

Lewy bodies: Lewy body disease (LBD) pathology was evaluated in 7 brain regions (midfrontal, mid-
temporal, entorhinal, anterior cingulate and inferior parietal cortices, substantia nigra, and amygdala)
using phosphorylated a-synuclein immunostaining (dilution: 1:20,000; Wako chemicals, VA) [29].

Digital Scanning and Quality Control

All slides were loaded into the Leica Aperio AT2 console and were digitized at 20x magnification to
obtain whole slide images (WSI). WSIs were stored in SVS format and managed through the web-based
eSlide Manager database.

Quality control was performed for each WSI to ensure suitability for digital image analysis. This involved
careful inspection for slide preparation artifacts, including staining inconsistencies, tissue folds, residual
debris, and air bubbles, along with scanning artifacts such as poor focus, streaking artifacts, slide
markings, and dust. Identifying and addressing these artifacts is essential to ensure the reliability of
downstream image analysis [15].

Digital Quantification for CAA-positive vessels and parenchymal $3-
amyloid plaques

Training and Optimization of Digital Pathology Classifier: The HALO Al DenseNet module (Indica Labs), a
machine learning—based object detection classifier, was trained to detect three ‘classes”: (1)
parenchymal CAA-positive vessels, (2) B-amyloid plaques, and (3) background tissue. For this study,
parenchymal CAA-positive vessels were defined as cortical vessels with any vascular B-amyloid
deposition. The classifier training dataset comprised approximately 200 manual annotations for
parenchymal CAA-positive vessels and 2,000 for parenchymal B-amyloid plaques from 10 4G8-
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immunostained whole slide images. Model performance was refined through iterative cross-validation
and visual inspection. Misclassifications were addressed by adjusting training parameters and refining
annotations. To improve detection accuracy, a minimum object area threshold of 400 pm? for CAA-
positive vessels and 100 um?2 for B-amyloid plaques were implemented. A probability threshold of 0.90
was used for both classifiers to exclude low-confidence detections and minimize false positives.

Vascular B-Amyloid percent Positivity: To quantify the intensity of B-amyloid deposition within CAA-
positive vessels, the CAA vessel ‘class’ was combined with the area quantification module. This
combination created the vascular B-amyloid percent positivity algorithm, which captures the percent
positivity of staining in a CAA-positive vessel. For each CAA-positive vessel, optical density thresholds
were applied to classify staining into three intensity ranges: weak (yellow pixels), moderate (orange
pixels), or strong (red pixels). Thresholds were determined through review by an expert neuropathologist.
The algorithm output provides the percentage of vessel wall area stained positive for B-amyloid. Figure 2
demonstrates the workflow for developing classifiers. Figure 3 (panels a and b) demonstrates the
classification of CAA—positive vessels and vascular -amyloid percent positivity. Figure 4 shows the
classification of parenchymal B-amyloid plaques.

Case Selection for Classifier Validation

To compare the digital classifiers for CAA (both CAA classification and vascular B-amyloid percent
positivity) with manual CAA scoring, we selected a stratified random sample of participants (n = 100)
with historical CAA scoring assessment (scores 0—-4) in the calcarine cortex. Participants were evenly
distributed, with 20 participants selected for each CAA score. Slides selected consisted of 100 4G8-
immunostained 6um sections and did not overlap with the 10 immunostained slides used to train the
classifier. Analysis regions were manually annotated to include only cortical gray matter. White matter
and meningeal vessels were excluded to ensure detection was restricted to grey matter cortex. For each
region analyzed, slide-level summary data and individual-vessel level data for both CAA classified area
and vascular B-amyloid percent positivity were available (Fig. 2).

Proximity Analysis

To assess the spatial distribution of B-amyloid plaques relative to CAA-positive vessels, we employed the
Proximity Analysis module in the HALO-AI platform. This module was configured to identify parenchymal
B-amyloid plaques located within a 150-um radius of each CAA-positive vessel, divided into three
concentric 50-pym intervals (0—50 pm, 50-100 pm, and 100-150 pym). Perivascular plaques defined for
this study included deposition of AB in the glia limitans as well as parenchymal B-amyloid plaques within
a 150-um distance from each CAA-positive vessel detected. The proximity analysis pairs the center of
each classified CAA-positive vessel with the center of the nearest classified B-amyloid plaque, enabling
quantification of perivascular plaque counts within each distance interval. The proximity analysis
provides information on the number of plaques centered within each 50-um concentric ring intervals;
thus, we calculated a perivascular plaque density as the total number of plaques divided by the area of
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each concentric ring. These metrics allowed us to systematically characterize the relationship between
CAA-positive vessels and the surrounding perivascular B-amyloid plaque pathology. Figure 5 (panel a)
demonstrates a conceptual illustration of perivascular plaque proximity to a CAA-positive vessel.

Software and Hardware Specifications

Image analysis was performed using HALO Al (Indica Labs, version 4.0) with the DenseNet Mask
classifier, Area Quantification Module, and Proximity Analysis Module. Training and analysis were
conducted on a high-performance HP Z4 G4 Intel XeonW-2265 64 GB RAM workstation equipped with a
Nvidia RTX A6000 48GB Graphics Card, running Windows 11.

Statistical analysis

For each slide, several variables of interest were examined, both at the individual vessel and across the
entire cortical region of interest:

Variables for each vessel or plaque:
CAA-positive vessel

Each vessel classified positive for f-amyloid

Vascular B-amyloid percent positivity

Percent area of each classified CAA-positive vessel positive for f-amyloid
CAA vessel size

Area of each CAA-positive vessel; square-root transformation applied
Perivascular plaque density

The total number of parenchymal B-amyloid plaques centered within each concentric ring (0-50-pum); 50-

100-uym; 100-150-pm) surrounding each CAA-positive vessel, divided by the area of each concentric ring.
The calculated areas for each concentric ring were 7,850 um? for the 0—50 um ring, 23,550 um? for the 50—
100 um ring, and 39,250 um? for the 100-150 um ring.

Parenchymal B-amyloid plaques

Each parenchymal B-amyloid plaque classified.

Variables for the entire cortical region of interest:

Total CAA-positive vessel count: Total number of vessels classified as positive for B-amyloid in the cortex.
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CAA classified area (mm?)

Area of cortex occupied by all classified vessels positive for -amyloid.
Total vascular B-amyloid percent positivity

Percent area of all classified CAA-positive vessels positive for B-amyloid.
Total parenchymal B-amyloid plaques

Total number of parenchymal B-amyloid plaques classified in the cortex.
Plaque classified area (mm?)

Area of cortex occupied by all classified parenchymal B-amyloid plaques.
Total perivascular plaque density

The total number of parenchymal 3-amyloid plaques divided by each concentric ring surrounding each
CAA-positive vessel, averaged across the entire cortex. Values were multiplied 10*

Digital classification for CAA and parenchymal B-amyloid plaques, as well as vascular B-amyloid percent
positivity, were first examined for skewness and outliers by calculating skewness coefficients and
inspecting quantile-quantile (Q-Q) plots across all slides. Scatterplots and Spearman correlations were
used to compare digital data with historical manual pathology scores. We utilized Spearman correlations
to evaluate associations between digital metrics for CAA and B-amyloid with semi-quantitative CAA
scores, Thal phase, Braak stage, CERAD score, ADNC, TDP-43, and Lewy body pathologies. We assessed
demographic associations with CAA using t-tests for sex and Spearman correlations for age at death
and years of education. Comparisons between APOE-e4 carriers and non-carriers were also performed
using t-tests. One-way ANOVA was used to compare total and perivascular plaque-classified area across
manual CAA scores.

All statistical analyses were performed using SAS/STAT version 9.4 (SAS Institute Inc., Cary, NC) on a
Hewlett Packard ProLiant ML350 server with LINUX operating system. Statistical significance was
defined as a p-value < 0.05.

RESULTS

A total of 100 participants were included. The demographic, clinical, and pathological characteristics of
study participants are presented in Table 1. On average, age at death was 91 (SD = 5.82) years and mean
education was 17 (SD = 3.42) years, with 76 Women in the group. The APOE-e4 allele was present in 24
of 91 participants (26%). Clinically, the mean estimated Mini-Mental State Examination (MMSE) score
proximate to death was 22 (SD = 7.80). Based on clinical diagnosis proximate to death, 30 participants
had no cognitive impairment (NCI), 20 had mild cognitive impairment (MCI), and 50 had dementia.
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Table 1

Descriptive of participants (n = 100)

Demographics

Age at death, years
Sex, women
Education, years
Any APOE-e4 allele*
Clinical

MMSE

NCI

MCI

Dementia

Neuropathology

All participants (N = 100), mean (SD) or N (%)

91.1 (5.82)
76 (76%)
16.6 (3.42)
24/91 (26%)

22.12 (7.80)
30 (30%)
20 (20%)
50 (50%)

Alzheimer’s Disease Neuropathologic Change (ADNC)

No ADNC

Low likelihood
Intermediate likelihood
High likelihood
A-score**

0

6 (6%)

13 (13%)
51 (51%)
30 (30%)

6 (6%)
8 (8%)
32 (32%)
53 (54%)

0 (0%)
10 (10%)

*Genotypes for the APOE were not available for 9 participants.

**A score could not be evaluated for one participant.
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All participants (N = 100), mean (SD) or N (%)
Demographics
2 54 (54%)
3 36 (36%)
C-Score
No AD 11 (11%)
Possible 4 (4%)
Probable 47 (47%)
Definite 38 (38%)
LATE-NC
No LATE-NC 33 (33%)
Stage 1 16 (16%)
Stage 2 15 (15%)
Stage 3 36 (36%)
LB pathology present 29 (29%)
*Genotypes for the APOE were not available for 9 participants.
**A score could not be evaluated for one participant.

Alzheimer’s Disease Neuropathologic Change (ADNC) was absent in 6 participants, evaluated as low
likelihood in 13, intermediate in 51, and high in 30 participants. In terms of Thal phase (A-score), 6
participants had no B-amyloid pathology in any brain region assessed, 8 had B-amyloid pathology
localized to the neocortex and/or hippocampus, 32 had B-amyloid involving the basal ganglia, and 53
had B-amyloid involving the substantia nigra and/or cerebellum. Braak score was I/Il in 10 participants,
[1I/1V in 54 participants, and V/VI in 36 participants, with no participants scoring 0. Neuritic plaques were
common in the neocortex, with 85 participants having a moderate-to-severe burden.

Comparing digital quantification of CAA-positive vessels
and vascular B-amyloid positivity across manual CAA
Scores

Application of machine-learning based pathology classifiers facilitated automated detection of CAA-

positive vessels (classified CAA area) and quantitative assessment of vascular B-amyloid percent
positivity for each individual vessel as well as slide-level assessment (Table 2). The number of CAA-
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positive vessels detected ranged from 0 to 1,017, with a median of 3 vessels in score 1, 12 in score 2,
153 in score 3, and 399 in score 4 (Table 2). Vascular B-amyloid positivity ranged from 0% to 80.30%,
with a median value of 24.9% in score 1, 30% in score 2, 39.7% in score 3, and 57.9% in score 4. .

Table 2
Digital quantitative measures by manual CAA scores
Number of All Score Score 1 Score 2 Score 3 Score 4
participants 0
100 20 20 20 20 20
Number of CAA- 13.00 0 3 11.50 152.50 399
positive vessels,
median (IQR) (2.00- (0-1) (2-4.75) (5-14.80) (98.50- (287-652)
167.50) 229.50)
CAA classified area 0.018 0 0.006 0.014 0.233 0.598
2 .
5{3’3) ), median (0.002-  (0.00-  (0.002-  (0.006- (0.142-  (0.447-
0.276) 0.00) 0.011) 0.030) 0.347) 1.071)
Vascular g-amyloid 32.93 0 24.94 29.95 39.73 57.91
percent positivity,
(10.89- (0.00- (10.37- (21.47- (33.10- (50.05-
median (IQR) 50.33) 0.00) 34.10) 43.41) 52.16) 68.47)
Number of total 1884.50 142 2598.50 1699.50 2089.50 2937
parenchymal B- (713.50- (1427.50-
amyloid plaques, (325- (0.50- (383- 3422) (495- 4157.50)
median (IQR 3625.50) 1526) 3544.50) 4045)
Plaque classified 1884.50 0.12 2.01 1.69 1.88 1.95
2 .
‘afgg)(m"‘ Jmedian o000 (000 (0.36- 0.71- (0.38-  (0.54-
3625.50) 0.86) 3.18) 3.02) 3.21) 3.36)
Quantitative metrics are obtained across the entire cortical region of interest.

Digital CAA metrics, both CAA-classified area and vascular B-amyloid percent positivity, showed
excellent correlations with manual CAA scores (r =0.94 and r = 0.81, respectively; both p < 0.001). The
digital classified CAA area increased in a stepwise manner across higher manual CAA scores, with
minimal-to-low CAA classified areas detected in scores 0—2 (none-to-mild) and a pronounced rise at
score 3 (moderate) and 4 (severe). We also find that there is a broader range of classified CAA area in
cases scored as 4 (severe), with vessel counts ranging from 132 to 1017, likely reflecting the within-
grade differences in CAA burden that are not captured by manual ratings. Similarly, digital vascular -
amyloid percent positivity also increased progressively across higher manual CAA grades. However, in
contrast to the CAA classified area, vascular B-amyloid percent positivity displayed a more gradual, linear
relationship across the full range of manual CAA scores, with higher levels of vascular B-amyloid percent
positivity noted even at lower CAA score (Fig. 3, panels c and d).
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Separately, we investigated the distribution of vessel size across manual CAA scores. We find that the

majority of CAA-positive vessels fell within the 251 ~ 75th percentile range of vessel size. However,
differences emerged at the extremes of distribution. In cases with lower CAA scores, few CAA-positive
vessels exceeded a sq-root transformed vessel area of of 50 pm? vessel area (which corresponds to
2,500 pm? vessel area). In contrast, higher CAA scores had a much higher proportion of larger CAA-
positive vessels, including vessels exceeding a sg-root transformed vessel area of 100pm?, which was
seen in the most advanced CAA score (Fig. 6). Vessel size showed moderate-to-strong correlations with
CAA-classified area (r=0.73, p < 0.001) and with vascular B-amyloid percent positivity (r =0.56, p <
0.001)

Associations of digital quantification of CAA-positive vessels with demographics, APOE-e4, clinical
status, and neurodegenerative pathologies.

Demographic comparisons revealed no significant sex differences in CAA burden (women: 0.24 + 0.40
mm?; men: 0.16 + 0.29 mm?; t (98) = 0.85, p = 0.40) and no associations with age at death (r=0.06, p =
0.54) or years of education (r =-0.02, p = 0.88). As expected, APOE-e4 carriers exhibited significantly
greater CAA classified area compared to non-carriers (mean =0.51 +0.45 mm?vs. 0.12+0.31 mm?; t
(89) = - 4.59, p<0.001). The median number of CAA-positive vessels among APOE-e4 carriers was 269
vs. 6 in noncarriers. Across clinical status, the median number of CAA-positive vessels was higher in
those with dementia (median = 65) vs. MCI (med = 12.5 vessels) vs. normal cognition (med = 4.5
vessels). When examining correlation with neuropathologies, we find moderate associations with Thal
phase, Braak stage, and CERAD score, and weaker correlations with a pathological diagnosis of
Alzheimer’s disease. No associations were seen with LATE-NC or Lewy body pathology (Fig. 7).

B-amyloid plaque load and perivascular plaque proximity to CAA-positive vessels.

The median area of B-amyloid plaques was 1.36 mm? (IQR = 0.22 to 3.14). Plaque-classified area in the
calcarine cortex correlated strongly with Thal phase (r=0.74, p < 0.001) and moderately with ADNC
stage (r=0.56, p<0.001). Next, we examined whether B-amyloid classified plaque area differed across
manual CAA scores. Interestingly, there was no significant differences in the total plaque-classified area
across manual CAA scores (score 1 to score 4; ANOVA (F ¢ 4¢,=0.09), p = 0.96); suggesting that total -

amyloid plaque burden remained relatively stable across CAA scores (Fig. 4, panel c).

We next examined whether the distribution of perivascular B-amyloid plaque differed across manual CAA
scores. Spatial proximity analyses examined the distribution of B-amyloid plagques around CAA-positive
vessels within a 150-um radius of each CAA-positive vessel, divided into three concentric 50-um
intervals (rings): 0—50 pm, 50-100 pm, and 100-150 pm.

In contrast to the total B-amyloid plaque burden, which on average remained relatively stable across CAA
severity scores, the number and density of perivascular plagues was higher in cases with advanced CAA.
Within the 150 pm perivascular zone, participants with higher CAA scores exhibited more perivascular
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plaques, with the highest perivascular plaque density in the innermost 50 pm ring (50—-100 um) (Table 3,
Fig. 5, panel b).

Table 3
Density of B-amyloid perivascular plagues within concentric rings surrounding CAA-positive vessels.
Perivascular plaques/pm? area centered Score  Score  Score2  Score3 Score 4
within 0-50-micron distance from vessel, 1
median (IQR)
NA 1.27 1.27 22.28 87.22
(0- (0-7) (3.82- (19.74-
2.55) 49.66) 171.89)
Petiivascular plaques/|:jm2 area 1c::entered NA 0.85 1.70 15.70 54.75
within 50-100-micron distance from
i (0- (0.42- (2.76- (29.92-
vessel, median (IQR) 0.85)  2.97) 4456)  145.15)
Perlivascular plaques/ur(rjl2 area cfentered NA 0.00 0.76 13.37 48.77
within 100-150-micron distance from
1.27) 2.16) 24.19) 199.05)

Reported values were calculated by dividing perivascular plague counts by each concentric ring area
(um?) and multiplied by 10%.

DISCUSSION

In this study, we developed and validated a digital pathology approach for automated detection and
quantification of CAA-positive vessels and separately parenchymal B-amyloid plaques in the calcarine
cortex, as well as the characterization of the spatial relationship between CAA-positive vessels and -
amyloid perivascular plaques. Digital classification measures derived from HALO analysis demonstrated
high accuracy and robustness in detecting CAA-positive vessels, providing objective metrics for both the
number of affected vessels and the intensity of vascular B-amyloid deposition. By leveraging this digital
pathology workflow, we not only reproduced the manual CAA scores traditionally assigned by
neuropathologists, but also extended assessment by generating objective, reproducible metrics, and
spatial context at the whole-slide level.

Manual semi-quantitative CAA scores are widely used in research and diagnostic settings, enabling
pathologists to identify vascular B-amyloid deposition using traditional light microscopy. However, these
conventional approaches are limited by their ordinal nature, compresses biologic variability, and unable
to quantify pathology across the whole region of interest or capture spatial relationships between CAA
and differing patterns of B-amyloid plaques [8,11,17].

To address these limitations, we applied whole-slide digital quantification, which systematically analyzes
each CAA-positive vessel and B-amyloid plaque deposit, enabling objective and comprehensive
assessment of vascular and parenchymal 3-amyloid pathology across the entire tissue section. We find
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that while both digital CAA classifiers correlate strongly with manual scores, digital metrics of vascular
B-amyloid percent positivity provides a more sensitive readout of early-stage vascular -amyloid
deposition, whereas digital metrics of classified CAA area more distinctly separated none-to-mild from
the moderate-to-severe burden cases. Importantly, both the digital metrics for CAA classified area and
vascular B-amyloid percent positivity reveals the within score biologic variability, particularly at the
advanced CAA stages. Our findings are consistent with other groups utilizing similar machine learning-
based workflows to comprehensively study different morphologic types of AB deposits [26,36].
Furthermore, these studies confirm the reliability of automated pathology tools in replicating expert
evaluations [15]. Together, these findings highlight the potential use of digital pathology and machine
learning-based workflows to be able to detect subtle variabilities of vascular B-amyloid burden across-
and within-score differences, which would not be captured by manual categorical ratings, and even the
possibility to refine CAA phenotyping and enable reproducible cross-study comparisons.

A notable observation in this study was the spatial clustering of perivascular B-amyloid plaques around
CAA-positive vessels. Our definition of perivascular plaques included deposition of AB in the glia limitans
as well as parenchymal B-amyloid plaques within a 150-um distance from each CAA-positive vessel
detected by the classifier. While the total parenchymal B-amyloid plaque burden across the entire cortex
did not differ across CAA severity groups, cases with higher CAA scores exhibited more perivascular 3-
amyloid plaques, with a greater plaque density in the innermost 50 pm ring, and lower densities within
the outer rings. While the underlying etiology of why perivascular plaques cluster around CAA-positive
vessel remains unclear, it is possible that this pattern reflects a shared perivascular pathway of 3-
amyloid deposition and clearance. Under normal physiological conditions, soluble AR is cleared along
basement membranes of small arteries and arterioles; however, as CAA accumulates, these drainage
pathways become progressively obstructed by vascular AB deposits. This impairment in perivascular
clearance may lead to the accumulation of AB in the adjacent parenchyma, producing a gradient of
plaque density that is highest in the immediate perivascular space, which diminishes with increasing
distance from the vessel wall [35,39]. Additionally, CAA-affected vessels may serve as local sources of
AR deposition into the surrounding tissue, promoting perivascular plaque aggregation. Furthermore,
localized inflammation associated with CAA could further promote AB aggregation and/or reduce
clearance efficiency near vessels [34] and therefore reinforcing the spatial clustering of plaques. Taken
together, our findings support the hypothesis that vascular dysfunction in the presence of CAA may play
a role in shaping how close B-amyloid plaques surround vessels [13,38]

The presence of APOE-e4 allele is the strongest genetic risk factor for late-onset Alzheimer’s disease.
Consistent with prior studies from our group and others [23], carriers of the APOE-e4 allele showed a
higher CAA burden. Although the present analysis focused on parenchymal arterial/arteriole CAA
burden, APOE-e4 has been linked to greater meningeal and capillary CAA [33,41]. APOE-e4 influences
several inflammatory and vascular pathways that could exacerbate AB deposition. For example, e4-
expressing microglia can exhibit proinflammatory gene expression profiles, which may promote
vasculature frailty and less efficient clearance of insoluble A-beta deposits. Additionally, arterial
stiffening is exacerbated, and the neurovascular unit is compromised among APOE-e4 carriers, both of
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which in turn impact perivascular drainage [2,4,12,21]. All these pathways are amplified by aging and
vascular risk factors. Clarifying how APOE-dependent alterations in vascular integrity, perivascular
clearance, and glial signaling converge on vascular B-amyloid plaque accumulation and/or clearance will
be important to identify mechanistic therapeutic targets for CAA.

The implementation of digital workflows within neuropathology laboratories and cores has gained
substantial momentum in recent years. However, establishing the infrastructure required to support
these workflows presents several challenges, including the need for sustained funding, dedicated space,
specialized equipment, and collaboration among multidisciplinary teams to enable standardization,
integration, and long-term storage of digital data. To maximize the translational potential of these
approaches, harmonization of digital pathology practices across multiple sites and cohorts will be
essential. Developing shared reference datasets, unified metadata standards, and coordinated quality-
control procedures will facilitate cross-site benchmarking, enhance reproducibility, and enable
integration of digital metrics into larger, multi-cohort analyses, ultimately advancing collaborative efforts
in Alzheimer’s disease and cerebrovascular research [19].

This study had several limitations. The group size, while sufficient for validation, limits the statistical
power for subgroup analyses by APOE genotype or clinical diagnosis. The HALO classifier was trained
on a relatively large dataset of parenchymal CAA with a minimum size threshold, and while this feature
was necessary to minimize false positive detections, it also excluded the evaluation of capillary CAA, a
notable pathologic feature implicated in microvascular injury. Furthermore, all digital assessments were
from a single brain region (calcarine cortex), which precludes study of regional distribution of CAA.
Lastly, because the design of this study only captured CAA-positive vessels, we were unable to assess
the proportion of CAA-negative vessels to determine whether perivascular plaques surround CAA-
negative vessels. This study also had multiple strengths. First, whole-slide analysis ensured that all
available tissue was evaluated, providing a comprehensive assessment and improving reproducibility.
Second, integrating spatial analysis of perivascular plaques provided novel insight into how vascular and
parenchymal amyloid deposits interact at the microscopic level; an aspect often overlooked in routine
scoring systems. Third, validating digital measures against established neuropathologic scores
strengthens confidence in accuracy and reliability. Lastly, all slides were manually annotated, eliminating
the potential for tissue-related artifacts to interfere with digital metric outputs.

CONCLUSIONS

In summary, these findings support the use of automated image-analysis pipelines as reliable tools for
large-scale neuropathologic studies and for advancing our understanding of how vascular and
parenchymal amyloid deposition interact in the aging and Alzheimer’s disease brain.

Declarations

Page 16/28



Ethics approval and consent to participate:

Each study was approved by the Rush University Medical Center Institutional Review Board. All
participants underwent annual clinical evaluations and signed written informed consent along with an
Anatomical Gift Act for brain donation.

Consent for publication:
Not applicable.
Competing interests:

The authors declare that they have no competing interests.

Funding

The study is funded by the National Institute on Aging Grants (P30AG072975, P30AG010161,
ROTAG15819, R0OTAG017917, R0OTAG022018, KOTAG075177)

Author Contribution

PM, JP, AK were involved in conception, design, and execution of the project. PM and AK were involved in
the optimization and review of digital algorithms. PM, JP, SL, and AK were involved in the review of
statistical analyses. Manuscript: PM wrote the first draft, and JP, LLB, DAB, SL, JAS, and AK reviewed and
critiqued subsequent drafts.

Acknowledgement

We thank participants and brain donors from the RADC cohort studies and the investigators and staff at
Rush Alzheimer’s Disease Center (RADC).

Data Availability

Raw data are available by request through the Rush Alzheimer's Disease Center (RADC) Research
Resource Sharing Hub www.radc.rush.edu.

References

1. Agrawal S, Yu L, Kapasi A, James BD, Arfanakis K, Barnes LL, Bennett DA, Nag S, Schneider JA
(2021) Limbic-predominant age-related TDP-43 encephalopathy neuropathologic change and

Page 17/28



10.

microvascular pathologies in community-dwelling older persons. Brain Pathol 31: €12939.
D0i:10.1111/bpa.12939.

. Bangen KJ, Smirnov DS, Delano-Wood L, Wierenga CE, Bondi MW, Salmon DP, Galasko D (2021)

Arterial stiffening acts synergistically with APOE genotype and AD biomarker status to influence
memory in older adults without dementia. Alzheimers Res Ther 13: 121-2. D0i:10.1186/s13195-
021-00851-2.

. Barnes LL, Shah RC, Aggarwal NT, Bennett DA, Schneider JA (2012) The Minority Aging Research

Study: ongoing efforts to obtain brain donation in African Americans without dementia. Curr
Alzheimer Res 9: 734-745. D0i:10.2174/156720512801322627.

. Bassal R, Rivkin-Natan M, Rabinovich A, Michaelson DM, Frenkel D, Pinkas-Kramarski R (2025)

APOE4 impairs autophagy and Abeta clearance by microglial cells. Inflamm Res 74: 61-5.
D0i:10.1007/s00011-025-02016-5.

. Bennett DA, Wilson RS, Schneider JA, Evans DA, Beckett LA, Aggarwal NT, Barnes LL, Fox JH, Bach J

(2002) Natural history of mild cognitive impairment in older persons. Neurology 59: 198-205.
D0i:10.1212/wnl.59.2.198.

. Bennett DA, Buchman AS, Boyle PA, Barnes LL, Wilson RS, Schneider JA (2018) Religious Orders

Study and Rush Memory and Aging Project. J Alzheimers Dis 64: S161-S189. D0i:10.3233/JAD-
179939.

. Bennett DA, Schneider JA, Aggarwal NT, Arvanitakis Z, Shah RC, Kelly JF, Fox JH, Cochran EJ, Arends

D, Treinkman AD, Wilson RS (2006) Decision rules guiding the clinical diagnosis of Alzheimer's
disease in two community-based cohort studies compared to standard practice in a clinic-based
cohort study. Neuroepidemiology 27: 169-176. D0i:10.1159/000096129.

. Boyle PA, Yu L, Nag S, Leurgans S, Wilson RS, Bennett DA, Schneider JA (2015) Cerebral amyloid

angiopathy and cognitive outcomes in community-based older persons. Neurology 85: 1930—-1936.
D0i:10.1212/WNL.0000000000002175.

. Brenowitz WD, Nelson PT, Besser LM, Heller KB, Kukull WA (2015) Cerebral amyloid angiopathy and

its co-occurrence with Alzheimer's disease and other cerebrovascular neuropathologic changes.
Neurobiol Aging 36: 2702-2708. Doi:10.1016/j.neurobiolaging.2015.06.028.

Charidimou A, Boulouis G, Frosch MP, Baron J, Pasi M, Albucher JF, Banerjee G, Barbato C,
Bonneville F, Brandner S, Calviere L, Caparros F, Casolla B, Cordonnier C, Delisle M, Deramecourt V,
Dichgans M, Gokcal E, Herms J, Hernandez-Guillamon M, Jager HR, Jaunmuktane Z, Linn J,
Martinez-Ramirez S, Martinez-Saez E, Mawrin C, Montaner J, Moulin S, Olivot J, Piazza F, Puy L,
Raposo N, Rodrigues MA, Roeber S, Romero JR, Samarasekera N, Schneider JA, Schreiber S,
Schreiber F, Schwall C, Smith C, Szalardy L, Varlet P, Viguier A, Wardlaw JM, Warren A, Wollenweber
FA, Zedde M, van Buchem MA, Gurol ME, Viswanathan A, Al-Shahi Salman R, Smith EE, Werring DJ,
Greenberg SM (2022) The Boston criteria version 2.0 for cerebral amyloid angiopathy: a multicentre,
retrospective, MRI-neuropathology diagnostic accuracy study. Lancet Neurol 21: 714-725.
D0i:10.1016/S1474-4422(22)00208-3.

Page 18/28



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Deramecourt V, Slade JY, Oakley AE, Perry RH, Ince PG, Maurage C, Kalaria RN (2012) Staging and
natural history of cerebrovascular pathology in dementia. Neurology 78: 1043-1050.
D0i:10.1212/WNL.0b013e31824e8e7f.

Gogniat MA, Khan OA, Bown CW, Liu D, Pechman KR, Taylor Davis L, Gifford KA, Landman BA,
Hohman TJ, Jefferson AL (2024) Perivascular space burden interacts with APOE-epsilon4 status on
cognition in older adults. Neurobiol Aging 136: 1-8. D0i:10.1016/j.neurobiolaging.2024.01.002.

Hawkes CA, Jayakody N, Johnston DA, Bechmann I, Carare RO (2014) Failure of perivascular
drainage of beta-amyloid in cerebral amyloid angiopathy. Brain Pathol 24: 396-403.
D0i:10.1111/bpa.12159.

Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Carrillo MC, Dickson DW, Duyckaerts C, Frosch
MP, Masliah E, Mirra SS, Nelson PT, Schneider JA, Thal DR, Thies B, Trojanowski JQ, Vinters HV,
Montine TJ (2012) National Institute on Aging-Alzheimer's Association guidelines for the
neuropathologic assessment of Alzheimer's disease. Alzheimers Dement 8: 1-13.
D0i:10.1016/j.jalz.2011.10.007.

Kapasi A, Poirier J, Hedayat A, Scherlek A, Mondal S, Wu T, Gibbons J, Barnes LL, Bennett DA,
Leurgans SE, Schneider JA (2023) High-throughput digital quantification of Alzheimer disease
pathology and associated infrastructure in large autopsy studies. J Neuropathol Exp Neurol 82:
976-986. D0i:10.1093/jnen/nlad086.

Koemans EA, Chhatwal JP, van Veluw SJ, van Etten ES, van Osch MJP, van Walderveen MAA, Sohrabi
HR, Kozberg MG, Shirzadi Z, Terwindt GM, van Buchem MA, Smith EE, Werring DJ, Martins RN,
Wermer MJH, Greenberg SM (2023) Progression of cerebral amyloid angiopathy: a
pathophysiological framework. Lancet Neurol 22: 632-642. D0i:10.1016/S1474-4422(23)00114-X.

Love S, Chalmers K, Ince P, Esiri M, Attems J, Jellinger K, Yamada M, McCarron M, Minett T,
Matthews F, Greenberg S, Mann D, Kehoe PG (2014) Development, appraisal, validation and
implementation of a consensus protocol for the assessment of cerebral amyloid angiopathy in post-
mortem brain tissue. Am J Neurodegener Dis 3: 19-32.

Love S, Chalmers K, Ince P, Esiri M, Attems J, Kalaria R, Jellinger K, Yamada M, McCarron M, Minett
T, Matthews F, Greenberg S, Mann D, Kehoe PG (2015) Erratum: Development, appraisal, validation
and implementation of a consensus protocol for the assessment of cerebral amyloid angiopathy in
post-mortem brain tissue. Am J Neurodegener Dis 4: 49.

Marsan E, Gutman D, Hohman TJ, Phatak M, Dugger BN, Andersh K, Brannelly P, Crary JF, Nalls MA,
Center for Alzheimer's and Related Dementias at the National Institutes of Health, the 10000 Brains
Project (2025) The Path-NeuroDegeneration consortium. Lancet Neurol 24: 482-9.
D0i:10.1016/S1474-4422(25)00161-9.

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CRJ, Kawas CH, Klunk WE, Koroshetz WJ,
Manly JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Scheltens P, Carrillo MC, Thies B, Weintraub S,
Phelps CH (2011) The diagnosis of dementia due to Alzheimer's disease: recommendations from

Page 19/28



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for
Alzheimer's disease. Alzheimers Dement 7: 263—-269. D0i:10.1016/j.jalz.2011.03.005.

Montagne A, Nation DA, Sagare AP, Barisano G, Sweeney MD, Chakhoyan A, Pachicano M, Joe E,
Nelson AR, D'Orazio LM, Buennagel DP, Harrington MG, Benzinger TLS, Fagan AM, Ringman JM,
Schneider LS, Morris JC, Reiman EM, Caselli RJ, Chui HC, Tcw J, Chen Y, Pa J, Conti PS, Law M, Toga
AW, Zlokovic BV (2020) APOE4 leads to blood-brain barrier dysfunction predicting cognitive decline.
Nature 581: 71-76. D0i:10.1038/s41586-020-2247-3.

Nag S, Yu L, Capuano AW, Wilson RS, Leurgans SE, Bennett DA, Schneider JA (2015) Hippocampal
sclerosis and TDP-43 pathology in aging and Alzheimer disease. Ann Neurol 77: 942-952.
Doi:10.1002/ana.24388.

Nelson PT, Pious NM, Jicha GA, Wilcock DM, Fardo DW, Estus S, Rebeck GW (2013) APOE-epsilon2
and APOE-epsilon4 correlate with increased amyloid accumulation in cerebral vasculature. J
Neuropathol Exp Neurol 72: 708-715. D0i:10.1097/NEN.0b013e31829a25b9.

Nelson PT, Dickson DW, Trojanowski JQ, Jack CR, Boyle PA, Arfanakis K, Rademakers R, Alafuzoff |,

Attems J, Brayne C, Coyle-Gilchrist ITS, Chui HC, Fardo DW, Flanagan ME, Halliday G, Hokkanen SRK,
Hunter S, Jicha GA, Katsumata Y, Kawas CH, Keene CD, Kovacs GG, Kukull WA, Levey Al, Makkinejad
N, Montine TJ, Murayama S, Murray ME, Nag S, Rissman RA, Seeley WW, Sperling RA, White CL3, Yu

L, Schneider JA (2019) Limbic-predominant age-related TDP-43 encephalopathy (LATE): consensus
working group report. Brain 142: 1503-1527. D0i:10.1093/brain/awz099.

Olichney JM, Hansen LA, Hofstetter CR, Grundman M, Katzman R, Thal LJ (1995) Cerebral infarction
in Alzheimer's disease is associated with severe amyloid angiopathy and hypertension. Arch Neurol
52:702-708. D0oi:10.1001/archneur.1995.00540310076019.

Scalco R, Oliveira LC, Lai Z, Harvey DJ, Abujamil L, DeCarli C, Jin L, Chuah C, Dugger BN (2024)
Machine learning quantification of Amyloid-beta deposits in the temporal lobe of 131 brain bank
cases. Acta Neuropathol Commun 12: 134-7. D0i:10.1186/s40478-024-01827-7.

Scalco R, Hamsafar Y, White CL, Schneider JA, Reichard RR, Prokop S, Perrin RJ, Nelson PT, Mooney
S, Lieberman AP, Kukull WA, Kofler J, Keene CD, Kapasi A, Irwin DJ, Gutman DA, Flanagan ME, Crary
JF, Chan KC, Murray ME, Dugger BN (2023) The status of digital pathology and associated
infrastructure within Alzheimer's Disease Centers. J Neuropathol Exp Neurol 82: 202-211.
D0i:10.1093/jnen/nlac127.

Schneider JA, Wilson RS, Bienias JL, Evans DA, Bennett DA (2004) Cerebral infarctions and the
likelihood of dementia from Alzheimer disease pathology. Neurology 62: 1148-1155.
D0i:10.1212/01.wnl.0000118211.78503.5.

Schneider JA, Arvanitakis Z, Yu L, Boyle PA, Leurgans SE, Bennett DA (2012) Cognitive impairment,
decline and fluctuations in older community-dwelling subjects with Lewy bodies. Brain 135: 3005-
3014. D0oi:10.1093/brain/aws234.

Schneider JA, Arvanitakis Z, Bang W, Bennett DA (2007) Mixed brain pathologies account for most
dementia cases in community-dwelling older persons. Neurology 69: 2197-2204.

Page 20/28



D0i:10.1212/01.wnl.0000271090.28148.24.

31. Schneider JA, Aggarwal NT, Barnes L, Boyle P, Bennett DA (2009) The neuropathology of older
persons with and without dementia from community versus clinic cohorts. J Alzheimers Dis 18:
691-701. Doi:10.3233/JAD-2009-1227.

32. Schroeder BE, Robertson NP, Hughes TAT (2023) Cerebral amyloid angiopathy: an update. J Neurol
270:2809-2811. D0i:10.1007/s00415-023-11631-3.

33. Thal DR, Papassotiropoulos A, Saido TC, Griffin WST, Mrak RE, Kolsch H, Del Tredici K, Attems J,
Ghebremedhin E (2010) Capillary cerebral amyloid angiopathy identifies a distinct APOE epsilon4-
associated subtype of sporadic Alzheimer's disease. Acta Neuropathol 120: 169-183.
D0i:10.1007/s00401-010-0707-9.

34. van den Brink H, Voigt S, Kozberg M, van Etten ES (2024) The role of neuroinflammation in cerebral
amyloid angiopathy. EBioMedicine 110: 105466. D0i:10.1016/j.ebiom.2024.105466.

35. van Veluw SJ, Benveniste H, Bakker ENTP, Carare RO, Greenberg SM, Iliff JJ, Lorthois S, Van
Nostrand WE, Petzold GC, Shih AY, van Osch MJP (2024) Is CAA a perivascular brain clearance
disease? A discussion of the evidence to date and outlook for future studies. Cell Mol Life Sci 81:
239-1. D0i:10.1007/s00018-024-05277-1.

36. Vizcarra JC, Gearing M, Keiser MJ, Glass JD, Dugger BN, Gutman DA (2020) Validation of machine
learning models to detect amyloid pathologies across institutions. Acta Neuropathol Commun 8:
59-4. Doi:10.1186/s40478-020-00927-4.

37. Vonsattel JP, Myers RH, Hedley-Whyte ET, Ropper AH, Bird ED, Richardson EPJ (1991) Cerebral
amyloid angiopathy without and with cerebral hemorrhages: a comparative histological study. Ann
Neurol 30: 637-649. D0i:10.1002/ana.410300503.

38. Weller RO, Massey A, Kuo YM, Roher AE (2000) Cerebral amyloid angiopathy: accumulation of A beta
in interstitial fluid drainage pathways in Alzheimer's disease. Ann N Y Acad Sci 903: 110-117.
D0i:10.1111/j.1749-6632.2000.tb06356.x.

39. Weller RO, Preston SD, Subash M, Carare RO (2009) Cerebral amyloid angiopathy in the aetiology
and immunotherapy of Alzheimer disease. Alzheimers Res Ther 1: 6. Doi:10.1186/alzrt6.

40. Wilson RS, Barnes LL, Mendes de Leon CF, Aggarwal NT, Schneider JS, Bach J, Pilat J, Beckett LA,
Arnold SE, Evans DA, Bennett DA (2002) Depressive symptoms, cognitive decline, and risk of AD in
older persons. Neurology 59: 364-370. D0i:10.1212/wnl.59.3.364.

41. Yu L, Boyle PA, Nag S, Leurgans S, Buchman AS, Wilson RS, Arvanitakis Z, Farfel JM, De Jager PL,
Bennett DA, Schneider JA (2015) APOE and cerebral amyloid angiopathy in community-dwelling
older persons. Neurobiol Aging 36: 2946—-2953. D0oi:10.1016/j.neurobiolaging.2015.08.008.

Figures

Page 21/28



Figure 1

Representative histopathology images for manual CAA scores.

Images represent 4G8-immunostained slides demonstrating manual CAA score 1 (a), CAA score 2 (b),
CAA score 3 (c), and CAA score 4 (d).
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Figure 2

Digital pathology workflow for detecting CAA-positive vessels, vascular B-amyloid percent positivity,
and parenchymal B-amyloid plaques.
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Digital quantification for CAA-positive vessels and vascular B-amyloid percent positivity

Panels a, a(i), and a(ii) represent one example from a unique slide of the 4G8-stained image of a CAA
vessel, the classifier detection of the CAA-positive vessel and the vascular -amyloid percent positivity of
the same vessel. Panels b, b(i), and b(ii) represent a second example from another unique slide. Boxplots
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show the digital classified CAA area (panel c) and the vascular B-amyloid percent positivity (panel d) by

manual CAA scores.
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Figure 4

Digital quantification for total parenchymal B-amyloid plaques.
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Panels a and a(i) represent one example from a unique slide of the 4G8-stained image of parenchymal B-
amyloid plaques and the digital markup detection of classified B-amyloid plaques. Panels b and b(i)
represent a second example from another unique slide. Boxplot ¢ demonstrates the comparison of total
classified plaque area across manual CAA scores.
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Figure 5

Proximity of perivascular B-amyloid plaques to CAA-positive vessels.

Panel (a) illustrates perivascular plaque proximity to CAA-positive vessels. A plaque was classified as
perivascular if the center of the plaque was located within a circle with a 150-um radius of the center of a
CAA-positive vessel. Perivascular plaques were further divided according to which three concentric 50-
pm rings (0—50 pm, 50—-100 pm, and 100-150 pm) contained the center of the plaque. Panel (b) shows
a bar plot of the density of B-amyloid perivascular plaques in each concentric ring surrounding CAA-
positive vessels by manual CAA scores. Panels (c, ci, and cii) illustrate three separate examples of the
detection of perivascular plaques around CAA-positive vessels via HALO proximity analysis module. The
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proximity analysis pairs the center of each classified CAA-positive vessel with the center of the nearest
classified B-amyloid plaque, which can be identified as within the 150pum radius or extending beyond the
150um radius.
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Figure 6

CAA vessel size by manual CAA scores

Each boxplot represents the size of the CAA-positive vessels (expressed as square-root pm2) across a
single slide. The participants are arranged in increasing order of median size within manual CAA-Score.
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Figure 7

Spearman correlations of digital CAA and B-amyloid plaque measures with neuropathologic variables

Page 28/28



