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Abstract

Perivascular spaces (PVS) are compartments surrounding cerebral blood vessels that become
visible on MRI when enlarged. Enlarged PVS (EPVS) are commonly seen in patients with cerebral
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small vessel disease (CSVD) and have been suggested to reflect dysfunctional perivascular
clearance of soluble waste products from the brain. In this study, we investigated histopathological
correlates of EPVS and how they relate to vascular amyloid- (AB) in cerebral amyloid
angiopathy (CAA), a form of CSVD that commonly co-exists with Alzheimer’s disease (AD)
pathology. We used ex vivo MRI, semiautomatic segmentation and validated deep learning-based
models to quantify EPVS and associated histopathological abnormalities. Severity of MRI-visible
PV'S during life was significantly associated with severity of MRI-visible PVS on ex vivo MRI in
formalin fixed intact hemispheres and corresponded with PVS enlargement on histopathology in
the same areas. EPVS were located mainly around the white matter portion of perforating cortical
arterioles and their burden was associated with CAA severity in the overlying cortex. Furthermore,
we observed markedly reduced smooth muscle cells and increased vascular Ap accumulation,
extending into the WM, in individually affected vessels with an EPVS. Overall, these findings

are consistent with the notion that EPVS reflect impaired outward flow along arterioles and have
implications for our understanding of perivascular clearance mechanisms, which play an important
role in the pathophysiology of CAA and AD.

Keywords

cerebral amyloid angiopathy; cerebral small vessel disease; clearance; ex vivo MRI; enlarged
perivascular spaces

Introduction

Perivascular spaces (PVS) [12], are compartments that surround cerebral blood vessels
[47]. When enlarged, PVS become visible on T2-weighted MRI as hyperintense elongated

structures [67, 69], which in this study are referred to as MRI-visible PVS [5]. The presence

of MRI-visible PVS has been associated with ageing [57], hypertension [66], stroke [24]
and cognitive impairment [62]. Furthermore, MRI-visible PVS have been increasingly
recognized as a hallmark neuroimaging manifestation of cerebral small vessel disease
(CSVD), the leading cause of intracerebral hemorrhage in older individuals [70] and a
contributing factor to dementia [11, 32, 49].

The exact mechanisms leading to the enlargement of PVS have not yet been fully elucidated.

It has been suggested that fluid accumulation in the PV'S occurs due to an impairment

of perivascular brain clearance [12, 41]. Increasing evidence suggests that soluble waste
products are cleared from the brain along PVS [1, 31] and that pathological changes in
the walls of blood vessels (such as arteriosclerosis, lipohyalinosis, and vascular amyloid
B (Ap) accumulation), cause impairment in perivascular clearance [36, 65, 71]. At the
same time, dysfunction of perivascular clearance may limit effective waste removal from
the brain [4, 52, 68], including AP [38] and tau [31], which might further accelerate
vascular AB accumulation and thus dysfunction of perivascular clearance in a vicious
cycle. The imbalance between production and clearance of Ap and tau is thought to be

a leading mechanism in the development of neurodegenerative diseases, such as Alzheimer’s

disease (AD) [63] and cerebral amyloid angiopathy (CAA) [25]. Many questions, related

to the anatomical routes, driving forces, and directionality of perivascular clearance remain.
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Unraveling the neuropathological correlates of PVS enlargement may yield important new
insights in this regard.

In CAA, Ap accumulates in the walls of cortical and leptomeningeal arteries, resulting

in a loss of smooth muscle cells and impaired vascular function [25]. CAA can lead to
intracerebral hemorrhage and cognitive impairment in the elderly [15] and is found in

50% to 80% of patients with AD [33, 50]. MRI-visible PVS in the juxtacortical white
matter (WM) of the centrum semiovale (CSO) are a prominent neuroimaging feature of
CAA and are related to disease severity [16]. A link between cortical vasculopathy and
enlargement of PVS in the underlying WM has been previously suggested in a pathological
study, that included cases with AD [54] and in a pilot histopathological study on cases
with CAA [64]. It has been hypothesized, that the mechanism behind this link is impaired
perivascular clearance [26], for example due to vascular AR accumulation in the cortical
vessels, which leads to clearance impairment along these vessels and thus to fluid stagnation
and enlargement of PVS along connected perivascular compartments in the WM portion

of the same vessels. The overarching objective of this study was to test this assumption,
using detailed MRI-guided histopathological examination of MRI-visible PVS in CAA
patients. More specifically, we addressed the following hypotheses: i) the histopathological
substrate of MRI-visible PVS is an enlargement of the perivascular compartment; ii) the
severity of PVS enlargement is associated with the severity of CAA in the overlying
cortex, independent of other pathological alterations; iii) the EPVS-related vessels in the
juxtacortical WM are the same perforating cortical arteries affected by CAA.

Materials and Methods

Cases

Ex vivo MRI

We included nineteen autopsy cases with pathologically confirmed CAA and five non-
CAA control cases from an ongoing brain autopsy program that aims to evaluate MRI
markers of clinically diagnosed CAA and their underlying histopathology. The program was
initiated in 2015 within the stroke research center at MGH and includes brain donations
that came through MGH and outside hospitals [66]. Study approval was received from

the MGH institutional review board (protocol number: 2021P001920), according to the
declaration of Helsinki, and informed consent was obtained from the next of kin or another
legal representative prior to autopsy. After autopsy, the most intact cerebral hemisphere
was fixed in 10% formalin for several weeks and subjected to ex vivo 3 tesla MRI

scanning and histopathological examination, while the other hemisphere underwent routine
neuropathological examination by a board-certified neuropathologist. If available, /in vivo
MRI scans were requested from outside hospitals.

Details of ex vivo MRI scanning have been previously described [66]. Briefly, hemispheres
were vacuum-sealed in a plastic bag containing periodate-lysine-paraformaldehyde, placed
in the 32-channel head coil of a whole-body 3 tesla MRI scanner (MAGNETOM Trio,
Siemens Healthineers, Erlangen, Germany) and scanned overnight. The protocol included
several sequences, including a T2-weighted turbo-spin echo (TSE) sequence (echo time 61
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ms, repetition time 1800 ms, flip angle 150°, voxel size 500 x 500 x 500 um isotropic, 1
average, total scan time ~3 hours), which was used in this study.

Histopathology

After scanning, the hemispheres were cut in 1 cm-thick coronal slabs. Samples were cut
from five pre-defined standard areas: four including cortex and juxtacortical white matter
(from the frontal, temporal, parietal, and occipital lobe) and one from the basal ganglia
(BG). All sampled tissue blocks were processed and embedded in paraffin and 6 um-thick
sections were cut with a microtome. Sections were stained using hematoxylin & eosin
(H&E) and luxol fast blue with H&E (LHE), following standard histology protocols. Bright
field immunohistochemistry against AR (mouse, clone 6F/3D; Agilent Technologies, Santa
Clara, CA; 1:200, Cat# M0872) and fibrin(ogen) (rabbit, Dako Carpinteria, CA; 1:500,

Cat# A0080) was performed as previously described [66]. Briefly, following a standardized
immunohistochemistry protocol, sections were deparaffinized and rehydrated through xylene
and graded ethanol series. Next, endogenous peroxidase was blocked with 3% H,0, (20
min), followed by formic acid treatment (for AB, 5 min) or antigen retrieval in heated

citrate buffer (for fibrinogen). Tissue was then blocked with normal horse or goat serum

(1 hour) and incubated overnight with the primary antibody at 4°C. On the next day, the
biotinylated mouse or rabbit secondary antibody was applied (1 hour), followed by a mixture
of avidin (A) and biotinylated HRP (B) (Vectastain ABC kit, Vector laboratories, 30 min)
and 3,3’-Diaminobenzidine (DAB, Vector laboratories).

Histopathological image analysis

Stained sections were scanned using a Hamamatsu NanoZoomer Digital Pathology
(NDP)-HT whole slide scanner (C9600-12, Hamamatsu Photonics KK, Japan), with a
20x objective. Obtained high-resolution (457 nm/pixel; 55579 dpi) digital images were
visualized using the NDP.view2 software (version 2.8.24). In order to obtain continuous
measures for the severity of PVS enlargement, the area occupied by EPVS was semi-
automatically segmented, using an in-house developed tool with ImageJ (v. 2.1.0./1.53c)
[58]. The WM was manually segmented on the LHE-stained sections. In the BG sections,
both the WM and the subcortical nuclei were segmented. For simplicity we here refer to
the whole area as WM. The image was then converted into 8-bit grey values after which
the EPVS were segmented by setting an image specific threshold based on mean grey value
of the tissue, after excluding the background (mean gray value — 2 * standard deviation).
Each image was visually inspected and any artefactual tissue alterations caused by tissue
processing and/or staining were manually excluded from the segmentation. The number of
pixels occupied by the EPVS as well as by the whole WM was then extracted, to obtain
percentage EPVS area of total WM area: [EPVS (px)/total WM (px)] *100.

Quantitative measures of the sections stained for Ap and Fibrin(ogen) were obtained

using the online platform Aiforia®. Details of the method have been described elsewhere
[46]. Briefly, sections were uploaded on the Aiforia® platform and annotations (ground
truth) were manually drawn on 10% of the dataset, in order to train convolutional neural
networks (CNNs). Once trained, the Al-models were applied to the whole dataset and both
visual quality control and validation were performed, in order to ensure their adequate
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performance. More specifically, validation of each CNN was implemented on a subset

of approximately 10% of sections, different from those on which the model had been
trained. Within randomly drawn validation regions, the marker of interest was annotated

by three independent and trained human validators. The percentage of false positives (FP),
false negatives (FN), precision (TP/[TP+FP]), sensitivity (TP/[TP+FN]) and F1-score (2 X
Precision x Sensitivity/[Precision + Sensitivity]) for each CNN versus each human validator
were obtained for all validation regions and subsequently averaged across all validators.
Precision, sensitivity, and F1-score were good (> 80%) to excellent (> 90%) for all relevant
measures.

Results for cortical grey matter and white matter (WM) respectively were obtained by
manually segmenting the sections on the Aiforia® platform into regions of interest, guided
by the adjacent LHE-stained sections, which provide excellent contrast between grey and
white matter.

Two Al-models and the following derived measures were adopted for this study: 1)

AB model: percentage area of leptomeningeal CAA (leptomeningeal CAA area [mm?]/
leptomeningeal tissue area [mm?2]); percentage area of cortical CAA (cortical CAA area
[mm?]/cortical tissue area [mm?]); total CAA percentage area (cortical CAA area [mm?]

+ leptomeningeal CAA area [mm?]/ cortical tissue area [mm?] + leptomeningeal tissue
area [mm?2]); percentage area of AB-plagques (cortical AB-plagues area [mm?2]/cortical tissue
area [mm?]). 2) Fibrin model: percentage area of fibrin positive blood vessels in the WM
(fibrin positive vascular WM tissue area [mm?2])/WM tissue area [mm?] + fibrin positive
vascular WM tissue area [mm?]). After quality control, few sections had to be excluded from
the analyses, due to suboptimal performance of the Al-models (four for the measurements
derived from the Ap model, three for the ones derived from the fibrin model) (See [46]

for details). The mean integrated density of the WM was calculated using ImageJ on the
LHE-stained sections after subtracting the area occupied by the EPVS as a measure of
myelin rarefaction.

In vivo and ex vivo MRI assessment

The available clinical axial T2-weighted sequences were obtained at 3 tesla with one of the
following set of parameters: 1) voxel size 0.7 x 0.7 x 5 mm, flip angle = 150°, repetition
time = 3000 ms, echo time = 86 ms, bandwidth = 191 Hz/px; 2) voxel size 0.5 x 0.5 x

5 mm, flip angle = 120°, repetition time = 7060 ms, echo time = 85 ms, bandwidth =

260 Hz/px; 3) voxel size 0.5 x 0.5 x 2 mm, flip angle = 60°, repetition time = 7500 ms,
echo time = 84 ms, bandwidth = 286 Hz/px. According to established criteria [48], the
severity of MRI-visible PVS was assessed in axial orientation at the level of the BG and
CSO, on available T2-weighted /n vivo clinical MRI scans. Briefly, EPVS were defined

as hyperintense stripes measuring < 3 mm and were screened on up to three randomly
selected slices of the BG and CSO, within the same hemisphere that was chosen for ex vivo
MRI. One slice in the CSO and one slice in the BG with the most MRI-visible PVS was
selected and formally rated according to the following semiquantitative score: 0, absence (no
MRI-visible PVS); 1, mild (1 — 10 MRI-visible PVS); 2, moderate (11 — 20); 3, frequent (21
—40); 4, severe (> 40). The same procedure was adopted to assess MRI-visible PVS on the
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ex vivo T2-weighted MRI (Fig. 1; Supplementary Fig. 1). The width of each MRI-visible
PVS on /n vivoand ex vivo MRI was assessed on a single CSO slice in two cases that
underwent /n7 vivo MRI with identical parameters and had available co-registered /n vivo and
ex vivo MRI scans (case no. 5 and no. 13). Measurements and registration were performed
with freeview, integrated within FreeSurfer v7.1.0 (http://surfer.nmr.mgh.harvard.edu/).

Furthermore, severity of MRI-visible PVS was assessed regionally on ex vivo MRI in the
BG and the four juxtacortical WM regions that were included in the sampled areas (from the
frontal, temporal, parietal, and occipital lobes) that underwent subsequent histopathological
evaluation. The T2-weighted TSE sequence was inspected in coronal orientation and
matched to the corresponding histopathological section, guided by anatomical landmarks
and photographs of the sampled areas (Fig. 2). The following semiquantitative score was
applied: 0, absence (no MRI-visible PVS); 1, mild (1 - 5 MRI-visible PVS); 2, moderate

(6 —10); 3, severe (> 10) (Supplementary Fig. 2). MRI ratings were performed by V.P.

(MD, neurologist with 6 years of experience) blinded to clinical diagnosis. A second rater
J.0. (MD, with 2 years of experience in neuroimage analysis) assessed the images as well

to determine inter-rater reliability. MRI scans were visualized with MeVisLab, Version

3.1.1 (MeVis, Bremen, Germany). In order to account for the known association between
hypertension and MRI-visible PVS in the BG [24], diagnoses of arterial hypertension during
life was extracted from available medical records.

Ultra-high resolution ex vivo MRI

In order to perform an in-depth characterization of the morphology of MRI-visible PVS
and the PVS-related vessels, ultra-high resolution ex vivo 7 tesla MRI and serial sectioning
were performed on two tissue samples selected from two CAA cases. Available in vivo
MRI scans were assessed to identify two scans with identical acquisition parameters for the
T2-weighted axial sequence and different degrees of severity of MRI-visible PVS. One case
with mild (no. 5, grade 2) and one with severe MRI-visible PVS in the CSO (no. 13, grade
4) were selected, and a tissue block of 2.5 x 4 x 1 cm was cut from the parietooccipital
region. The tissue blocks were first placed in phosphate-buffered saline for 24 hours (to
restore relaxation parameters), then wedged in a 50 mL Falcon tube filled with Fomblin®
(Solvay Solexis), which was sealed after air bubbles were carefully removed. The scan was
performed overnight at a 7 tesla Siemens MAGNETOM whole-body MRI, using a custom-
made solenoid coil with an inner diameter of 30 mm. The protocol included a T2-weighted
TSE sequence with the following parameters: matrix 320 x 512, 128 partitions, voxel size
100 x 100 x 100 pum isotropic, 32 x 51.2 x 12.8 mm volume, flip angle = 120°, turbo factor
=9, repetition time = 1500 ms, echo time = 79 ms, bandwidth = 148 Hz/px (dwell 6600
ns), 4 averages, total scan time ~8 hours. A fast low angle shot (FLASH) sequence was also
acquired with the following parameters: four runs each of four flip angles (10°, 20°, 30°, and
40° ), matrix 448 x 896, 352 partitions, voxel size 75 x 75 x 75 ym isotropic, 33.6 x 67.2 x
26.4 mm volume, repetition time = 45 ms, echo time = 15.8 ms, bandwidth = 70 Hz/px, 4
averages, total scan time ~ 4 hours.

The scans of these blocks were rigidly registered to the space of the /7 vivoand ex
vivo 3 tesla MRI scans. Registration was manually initialized and then automatically
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optimized with mri_robust register, [53] integrated within FreeSurfer v7.1.0 (http://
surfer.nmr.mgh.harvard.edu/). Next, deep learning was used to segment MRI-visible PVS

on the averaged ultra-high resolution T2-weighted sequence. For this, ground truth was
produced by manually labelling the MRI-visible PVS on a total of eight sub-volumes. These
subvolumes and their corresponding manual labels were used to train a 3D Unet [20, 56] for
automated segmentation of MRI-visible PVS, which was subsequently applied to the whole
volume. Due to the limited availability of data, an architecture with three resolution levels
of two layers each was adopted. Each layer had sixteen feature maps. Convolutions were
performed with kernels of size 3 x 3 x 3. We used the exponential linear unit as activation
[21]. The last layers used a softmax activation function. We used soft Dice as loss function
[44]. The lack of training data was further mitigated with data augmentation, both geometric
(random rotations, scaling, shearing, and nonlinear deformation) and of the image intensities
(brightness, contrast, and gamma transforms), all computed on the fly for every minibatch.

Furthermore, WM and GM were also segmented semi-automatically with an existing open-
source tool, named Smart/nterpol [3]. Specifically, the GM and WM were manually labeled
every twentieth slice in each block, and Smart/nterpol, which combines CNNs with multi-
atlas segmentation [30, 55], was used to compute the segmentation for the rest of the slices.
Using an in-house developed MATLAB code (2017b, Mathworks), we split the MRI-visible
PV'S segmentation into individual MRI-visible PVS using connected component analysis,
and used the output of Smartinterpolto separate the MRI-visible PVS into those visible in
the WM and those protruding into the GM. Finally, we computed the ratio between number
of MRI-visible PVS in GM / number of MRI-visible PVS in WM.

Serial sections

The two samples that underwent ultra-high resolution ex vivo MRI were then cut in half

to fit standard tissue cassettes and embedded in paraffin. 6 pm thick serial sections were
obtained with the microtome and each twentieth section successively stained for H&E.
Immunohistochemistry was performed on adjacent sections for AB and for smooth muscle
actin (SMA) (mouse, Dako, 1:250, Cat# M0851), following the protocol described above.
Four sections from each of the two blocks were randomly chosen from the H&E-stained
serial sections. All WM vessels with a diameter > 10 um were selected, numbered and
classified as related to an EPVS (when the space, measured perpendicular to the vessel
over the full length of the space, was as wide as 30% of the vessel’s diameter or above) or
not related to an EPVS. The chosen H&E-stained sections were at least 120 pm apart and
longitudinally cut vessels were considered only once, to avoid/minimize counting a vessel
twice. The same vessels were rated on the adjacent Ap-stained sections for presence or
absence of A in the vessel wall, blinded to H&E. Finally, the same vessels were classified
on the adjacent SMA-stained sections as arterioles or venules, according to the presence or
absence of SMA-positive cells in the vessel wall (Supplementary Fig. 3). Vessels that could
not be found on the adjacent sections were excluded from the analysis.

Quantification of EPVS in hereditary CAA

In order to determine whether our observations in sporadic CAA also applied to hereditary
CAA, a parietooccipital block of tissue from a case (Female; Age at death =51 y)
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with Dutch-type hereditary CAA (D-CAA, also referred to as cerebral hemorrhage with
amyloidosis-Dutch type, HCHWA-D) [41] was included in the analyses. The tissue block
was obtained from a brain of the neuropathology tissue collection of the Leiden University
Medical Center, the Netherlands. Written informed consent was obtained from this donor
and data were handled in a coded fashion maintaining patient anonymity according to
Dutch national ethical guidelines (Code for Proper Secondary Use of Human Tissue,
Dutch Federation of Medical Scientific Societies, Rotterdam, the Netherlands). Ultra-high
resolution ex vivo 7 tesla MRI, serial sections, and related quantifications were performed
on this tissue block exactly as described above.

Statistical analysis

Statistical analyses were performed using the software R, version 3.6.0 (R Foundation for
Statistical Computing, Vienna, Austria; www.R-project.org) and the Statistical Package for
Social Science (IBM SPSS Statistics), version 25. Graphics were created with GraphPad
Prism version 9.0.2, R version 3.6.0 and BioRender (www.biorender.com).

A Chi-squared-test was used to assess differences in frequency of hypertension between
CAA and non-CAA groups. Partial Spearman rank-order correlation coefficients were
calculated to establish the relationship between: a) MRI-visible PVS on /n vivoand ex
vivo MR, adjusting for the interval between /7 vivo MRI and time-of-death; b) ex vivo
regional score of MRI-visible PVS and percentage area of EPVS on histopathology; c)
percentage area of CAA in the WM and percentage EPVS area within CAA cases; d)
average percentage of EPVS area on histopathology in each case and post-mortem interval.
For this purpose, the “ppcor” package version 1.1 for R was adopted. Data were tested for
violation of normality using Shapiro-Wilk tests. A non-parametric Mann-Whitney U test
was used to compare MRI-visible PVS severity, as well as percentage EPVS area between
CAA and non-CAA cases. Wilcoxon signed-rank test served to determine differences in the
diameter of MRI-visible PVS ex vivoand in vivo.

To test whether CAA was a predictor of the severity of PVS enlargement on histopathology,
we fitted linear mixed effects (LME) models, using the “Ime4” package version 1.1-26 in R
[6]. In all models, percentage EPVS area was set as dependent variable, while subject and
cortical region (frontal, temporal, parietal, and occipital) were defined as random factors, in
this way accounting for subject- and region-dependent differences in pathology. First, we
fitted a null (0) model, including age at death and sex. Subsequently, we constructed two
sets of models setting total percentage area of CAA (1a) and a model with both percentage
area of cortical and leptomeningeal CAA (1b) as fixed factors. We then added respectively
further fixed factors as a proxy of other pathological markers hypothesized to be potential
contributors: percentage area of fibrin positive blood vessels in the WM (as a measure

of BBB-leakage) (2a; 2b), myelin rarefaction (3a; 3b), and percentage area of cortical
AB-plaques (as a measure of AD pathology) (4a; 4b). Finally, we fitted two “comprehensive
models” with all these predictors (5a; 5b). We compared the model fit using likelihood

ratio test and evaluating the change in Akaike information criterion (AIC) and Bayesian
information criterion (BIC). For both indexes, a smaller value indicates a better fit. Chi
square tests were used to calculate the difference in expected and observed frequencies for
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the presence of EPVS, and to determine whether presence of Ap in the WM portion of the
vessel wall and the type of vessel (i.e. arteriole or venule) were associated with the presence
of EPVS around WM vessels. A p-value of < 0.05 was considered statistically significant,
and tests were always two-tailed.

In vivo burden of MRI-visible PVS is associated with burden on ex vivo MRI

Nineteen cases with definite CAA (median age at death = 74 years; range = 64 — 88
years) and five non-CAA control cases (median age at death = 88 years; range = 82 — 95
years) were included in this study (Table 1). Clinical /7 vivoand research ex vivo MRI
scans were visually assessed, to compare MRI-visible PVS burden between CAA cases
and controls and to assess whether PVS severity during life was preserved in the fixed
brain tissue of the same individuals post-mortem. Clinical in vivo MRI scans with an axial
T2-weighted sequence were available for 17/19 CAA cases and 4/5 control cases. MRI
scans were acquired with a median of 21 months (range 7 — 70 months) prior to death for
the non-CAA group and 18 months (range 5 — 157 months) prior to death for the CAA
group (Mann-Whitney U = 862.5, p = 0.922). There was no difference in frequency of
hypertension between groups (Chi-squared = 0.064, p = 0.800). Inter-rater reliability was
calculated using the intraclass correlation coefficient (ICC) for the MRI-visible PVS and
proved to be very good to excellent for both the /n vivo (0.89) and for the ex vivo scans
(0.75).

On in vivoand ex vivo MRI, the degree of MRI-visible PVS in the CSO was more severe in
CAA cases compared to non-CAA cases (/n vivo. Mann-Whitney U = 225.0, p < 0.001; ex
vivo. Mann-Whitney U = 587.5, p = 0.016). In the BG, no difference was observed between
groups /n vivo (Mann-Whitney U = 650, p = 0.083), while on ex vivo MRI, CAA cases

had a higher degree of MRI-visible PVS in the BG than non-CAA cases (Mann-Whitney

U =1112.5, p = 0.015). The degree of MRI-visible PVS assessed on /n vivo MRI in

the CSO and BG respectively was positively associated with severity assessed on ex vivo
MRI (CSO: Spearman’s p = 0.58, p < 0.001; BG: Spearman’s p = 0.20, p = 0.039),

when corrected for /n vivo MRI-time-of-death interval. When excluding the case with a
157-month interval between /n vivo MRI and time-of-death, the correlation in the BG but
not the CSO attenuated (p = 0.164).

A total of n=78 MRI-visible PVS was measured on the /n vivo MRI and on the
corresponding ex vivo T2 sequence of two cases (no. 5 and no. 13) with coregistered MRI.
A difference between the width of MRI-visible PVS /n vivo (median = 0.94mm; range =
0.36 — 1.76mm) and ex vivo (median = 0.86mm; range = 0.40 — 1.29mm) was found (V =
2057, p-value = 0.002). Examples of the MRI scans are shown in Fig. 1 and Supplementary
Fig. 1. Collectively, we confirmed previous reports of higher degree of MRI-visible PVS in
the CSO, but not the BG, in CAA cases compared to non-CAA controls [16]. Moreover,
importantly ex vivo MRI seemed to consistently capture degree of PVS after a period of
formalin fixation.
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Regional MRI-visible PVS severity on ex vivo MRI correlates with EPVS area on
histopathology

On histopathology, MRI-visible PVS corresponded to enlarged spaces surrounding blood
vessels in the WM. Notably, the majority of spaces appeared not to be completely empty,
but to contain cells as well as extracellular matrix with reticular appearance and occasionally
hemosiderin deposits (Supplementary Fig. 2). Next, we quantified regional severity of
juxtacortical PVS both on ex vivo 3 tesla MRI and on the LHE-stained sections for all (n =
25) cases and controls and in all sampled regions (frontal, temporal, parietal, occipital, and
BG; n = 120 samples in total). Regional score of MRI-visible PVS on ex vivo 3 tesla MRI
was positively associated with percentage of EPVS area on histopathology (Spearman’s

p = 0.408, p < 0.001), indicating that PVS on ex vivo MRI accurately reflects PVS
enlargement on histopathology (Fig. 2). Importantly, post-mortem interval (/.e. the time
between death and brain extraction) was not associated with average percentage of EPVS
area on histopathology in our cohort (Spearman’s p = 0.365, p = 0.149).

Consistent with the MRI findings, EPV'S severity was significantly higher in the
juxtacortical WM of CAA cases compared to the non-CAA cases on histopathology (Mann-
Whitney U = 644.00, p < 0.001) (Fig. 2). No significant difference was detected in the BG
on histopathology between groups (Mann-Whitney U = 47.00, p = 0.999) (Supplementary
Fig. 1).

EPVS burden is positively associated with CAA severity

Next, we assessed the association between EPV'S percentage area on histopathology and
total CAA burden in overlying vessels, using LME models in the CAA cases only (n = 19
cases; n = 72 sections). Results are reported in Table 2. Of all the variables included in

the models, total CAA percentage area and myelin rarefaction showed a significant positive
effect on EPVS percentage area. The model with the overall best fit included both total CAA
percentage area (i.e. cortical and leptomeningeal CAA combined) and myelin rarefaction
(comparison between null model (0) and (3a): XZ (2) =14.89, p < 0.001) and explained 52%
of the variance of the EPVS. Conversely, percentage area of fibrin positive blood vessels

in the WM (as a measure of BBB-leakage) and percentage area of cortical Ap-plaques (as

a measure of AD pathology) had no significant effect on total CAA (Fig.3). Furthermore,
corresponding LME models that differentiated between leptomeningeal and cortical CAA
were also implemented. In these models, which explained less variance than those that
considered total CAA, only leptomeningeal CAA and not cortical CAA had a significant
effect (Supplementary Table 1). Collectively, these findings suggest that the accumulation

of vascular AB in the walls of cortical and leptomeningeal blood vessels, rather than A
plaques or BBB leakage is associated with PVS enlargement in the underlying WM and that
this effect is driven by leptomeningeal CAA.

PVS enlarge around the WM portion of perforating cortical arteries affected by CAA

The in-depth characterization of the morphology of MRI-visible PVS and the PVS-related
vessels was performed on the ultra-high resolution (100 um isotropic) T2-weighted sequence
of samples from cases no. 5 and 13 (Fig. 4 and Supplementary Videos 1 and 2). The
increased spatial resolution allowed tracing individual PVS and PVS-related vessels at much
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greater detail compared to whole hemisphere ex vivo 3 tesla MRI and clinical /n vivo MRI.
Two key observations were made: 1) EPVS in the juxtacortical WM were found surrounding
individual blood vessels that originate from the pial surface (i.e. cortical perforating vessels).
(Fig. 5 and Supplementary Videos 1 and 2); 2) Some of the EPVS, especially in the case
with more severely enlarged PVS, continued into the cortex (Supplementary Fig. 5 and

6). Using deep learning-derived segmentations, the number of EPVS in the WM and GM
was detected (EPVS in the GM/EPVS in the WM: case no. 5 = 26/1229 (2.1%); case no.

13 = 378/910 (41.5%)). These observations were confirmed in the histopathological serial
sections (Fig. 5).

In the single-vessel analysis, a total of n = 284 individual vessels were identified in the WM
on 8 H&E-stained sections. Four needed to be excluded from the analysis because the same
vessel could not be found on the adjacent SMA-stained section. The frequency of EPVS in
the analyzed serial sections of sample no. 13 (case with severe MRI-visible PVS) was higher
than in sample no. 5 (case with mild MRI-visible PVS) (31/102 (30%) vs. 137/182 (75%);
Xz(l) =54.77; n = 280, p < 0.001). Notably, we did not find any EPVS on histopathology
without a central blood vessel. When assessing the adjacent SMA-stained sections, we
found that 147/167 (88%) of the EPVS-related vessels were arterioles and 20/167 (12%)
were venules (Xz(l) =28.29; n = 280, p < 0.001) (Fig. 5). This observation suggests that
primarily spaces surrounding arterioles rather than venules become enlarged. Interestingly,
we noticed AB-positivity in the juxtacortical WM portion of the walls of several vessels.
This was significantly more likely in vessels with EPVS than in those without (Xz(l) =
4.15; n=280, p = 0.042), suggesting that PVS enlarge mainly around CAA-laden vessels.
Moreover, vessels positive for Ap in the WM showed extensive loss of SMA and excessive
AP deposition in the cortical segment of the same vessels. Extending this observation to

all CAA cases, a significant positive correlation between the percentage area of CAA in

the WM, calculated using the Al Ap model as WM CAA area [mm?2]/WM tissue area
[mm?], and percentage area of EPV'S on histopathology was found (n = 72; Spearman’s p
=0.258; p = 0.029) (Fig. 5). PVS enlargement is thus associated with the presence of CAA
in the WM portion of individual arterioles and suggests that impaired clearance of Ap along
CAA-affected cortical arterioles results in the accumulation of fluid and Ap depositions in
the WM portion of the same arterioles.

EPVS in hereditary CAA are comparable to EPVS in sporadic CAA

The observations made in the two tissue blocks derived from the sporadic CAA cases,
were confirmed in the D-CAA case: 1) EPVS in the juxtacortical WM surrounded
individual blood vessels that originated from the pial surface (i.e. cortical perforating
vessels) (Supplementary Fig. 4 and Supplementary Video 4); 2) The deep-learning derived
segmentations showed that part of the EPVS extended into the cortex (EPVS in the GM/
EPVS in the WM = 174/662) (Supplementary Fig. 7); 3) In the single-vessel analysis on
the serial sections, a total of n = 261 individual vessels were identified in the WM on 4
H&E-stained sections. One needed to be excluded from the analysis since the same vessel
could not be found on the adjacent SMA-stained section. 215 vessels were related to an
EPVS, whereas 46 were not. On adjacent SMA-stained sections, we found that 190/215
(88.37%) of the EPVS-related vessels were arterioles compared to 27/46 (59%) of the
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non-EPVS-related vessels (x2(1) = 23.44; n = 261, p < 0.001) (Supplementary Fig. 4). Few
vessels were positive for Ap in the WM: 2/46 were not related to an EPVS, 4/215 were
(Xz(l) =0.92; n =261, p = 0.336). Overall, these observations are comparable to those in
the sporadic CAA cases.

Discussion

The results of the present study indicate that in CAA PVS enlarge predominantly around
the WM portion of perforating cortical arterioles. We also found that EPVS burden in
brains with CAA is locally associated with CAA severity of the overlying portions of

the same vessels and with presence of CAA in the WM, independent of other related
pathological markers. These results support the notion of outward flow alongside the walls
of cortical arterioles and suggest that impaired perivascular clearance of Ap might lead to
fluid stagnation and thus enlargement of the PVS around the upstream portion of connected
perivascular compartments.

Our results are in line with previous studies that found an association between MRI-visible
PVS score and CAA severity on histopathology [64] and Ap deposition measured with
positron emission tomography during life [17, 51]. Considering that PVS enlargement likely
reflects impaired perivascular clearance [1, 43, 69], vascular accumulation of AP has been
proposed as part of a self-reinforcing mechanism, that leads to a clearance block [27] and
thus enlargement of the PVS [41]. Experimental evidence supports the notion that CAA
may be the result of impaired Ap clearance along the cerebral vessels. Animal studies

have reported that tracer injected in the brain accumulates in the walls of cerebral vessels,
reproducing the pattern of human CAA [14]. Furthermore, perivascular drainage of tracer
is impaired in the ageing mouse brain in the presence of vascular AR [27]. In human

brains with AD pathology, which very frequently exhibit co-existing CAA [37], removal of
AP plaques achieved by experimental active anti-Ap immunotherapy was associated with
worsening of cortical and leptomeningeal CAA [9], suggesting, that once dislocated from
the plaques, AB is cleared along the cerebral vessels.

The observations made in this study address existing assumptions on EPVS of the human
brain [69], and thus allow us to make more data-driven suggestions regarding clearance
pathways. Firstly, the results build a clear bridge from the MRI-visible PVS detected with
in vivo MR, to those detected on ex vivo imaging, and ultimately to the EPVS observed
on histopathology. These results add to previous studies, that have also sought to pinpoint
the histopathological correlates of MRI-visible PVS of ex vivo MRI [34, 61] and to define
EPVS in histopathology [54, 72], showing that EPVS are distinguishable from artefacts
due to formalin fixation. Even though the severity in grade was comparable, the width of
MRI-visible PVS on in vivo MRI differed from the width of MRI-visible PVS on ex vivo
MRI, as measured in two representative cases. This is to be expected and could reflect
changes induced by formalin fixation, or differences in spatial resolution, where PVS may
appear larger on in vivo MRI due to partial volume effects. Furthermore, the increased
numbers of EPVS in the CSO or juxtacortical WM compared to the BG, both on ex vivo
MRI and histopathology, confirmed previous reports in patients with CAA [18, 19]. The
observation of greater severity of PVS in the BG on ex vivo compared to in vivo MRI could
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reflect previous reports that PVS become more visible with increasing age, especially in the
BG [24, 75].

Secondly, we found that the spaces enlarge primarily around cortical perforating vessels that
continue into the WM. In fact, as shown in human anatomical studies, cortical medullary
arteries dive in the cortex and continue into the WM of the CSO [62]. Ultra-high resolution
7 tesla MRI (with its small voxel size of 100 um isotropic and high signal-to-noise ratio)
provided the necessary level of detail to depict both the MRI-visible PVS and their related
vessels, which were found to originate from the cortex extending into the WM. Cortical
vessels were often affected by CAA in the cortex of the CAA cases.

Third, the quantification performed on the serial sections showed that the vast majority of
the vessels related to EPVS are arterioles. This is consistent with previous observations
obtained from /n vivo 7 tesla MRI, which indicated MRI-visible PVS around arterioles,

but not venules [10]. Similarly, a lack of overlap between MRI-visible PVS and venules

in the CSO was observed in a larger cohort of patients with CSVD [35]. Fourth, presence

of AB was also observed in the WM portion of the same perforating vessels, decreasing

in intensity with increasing distance from the cortex. This pattern could emerge due to a
blockage of AR clearance towards the brain surface, which resembles decreasing severity of
CAA between superficial and deep cortical layers, as previously shown [37]. Consistent with
this explanation, not only total CAA percentage area, but also WM CAA percentage area
were associated with EPVS burden.

Collectively, our results suggest outward perivascular Ap clearance along the cerebral
arteries in the opposite direction of blood flow (see. Fig. 6 for schematic reference), as
previously suggested [13]. The exact mechanisms behind peri-arteriolar clearance still need
to be elucidated. It has been suggested that spontaneous vasomotion, generated by the slow
contractions and dilations of smooth muscle cells, may be a possible driving force [28],
which in animal [65] and mathematical models [2, 22], has also been shown to correlate
with clearance rates. Notably, vasomotion is reduced in mice with CAA and may be related
to the loss of function of smooth muscle cells [65]. While our observations lend support

to this paradigm, they do not exclude other possible clearance mechanisms and pathways
[1, 7]. In particular, AP deposition in cortical arterioles could possibly reflect a local
perturbation of Ap movement in the context of reduced inward flow along arterioles in

the pathophysiology of the disease, as proposed by the glymphatic system [8]. Additional
experiments in the living brain as well as computational modeling are warranted to test both
hypotheses.

Findings in sporadic CAA cases were consistent with observations in tissue from the
hereditary D-CAA case [42], indicating that our conclusions may be generalizable to this
genetic disease, caused exclusively by production of E22Q A, a form of A that is less
soluble than wild-type AP [40]. The inclusion of hereditary CAA in this study is valuable,
because it suggests that in this “pure” form of CAA (in the absence of age-related vascular
risk factors), clearance dysfunction may also be an important piece of the pathophysiological
process. MRI-visible PVS can be observed in several illnesses, including other forms of
CSVD, such as hypertensive arteriopathy [60] and CADASIL [74]. Understanding whether
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in these conditions PVS enlargement follows similar patterns as described here requires
dedicated studies. Generally, deepening the knowledge on the dynamics of clearance and
why it fails with age and neurodegenerative disease is central to identifying therapies that
promote the clearance of Ap in the prevention and treatment of AD and CAA.

The mechanisms leading to the enlargement of PVS likely involve factors other than
clearance impairment due to AP accumulation in the walls of cortical arterioles. For
example, myelin rarefaction in the WM was here strongly associated with EPVS percentage
area. A link between PVS enlargement and inflammation-triggered demyelination has been
hypothesized [12], but lower myelin density could also reflect a lower tissue density, that
thus more easily gives in to the accumulation of fluid in the PVS. On the other hand,

our measure of density is based on the intensity of the WM (after masking EPVS), which
could also decrease due to fluid accumulation within the extracellular tissue (interstitial
edema), possibly as a consequence of impaired clearance [39]. Abnormalities of the vessel
wall independent from CAA, such as arteriolosclerosis, have been associated with PVS
enlargement in pathological analyses [12, 26]. It is therefore plausible that dysfunction of
the vessel wall, regardless of the pathology that causes it, can lead to perivascular clearance
impairment. However, the relationship between inflammatory activity and severity of MRI-
visible PVS in systemic lupus erythematosus [45] and multiple sclerosis [73], suggests

that other factors, such as neuroinflammation and BBB-leakage, might also play a role in
EPVS formation. In our study cohort, no evidence of an association between BBB-leakage,
measured by fibrin accumulation in the vessel wall, and EPVS was found. Future analyses
that take into account arteriolosclerosis, presence of neuroinflammatory cells in proximity
of the EPVS, and that differentiate between types of Ap-plaques and capillary CAA, could
provide further insight into the mechanisms of PVS enlargement.

Limitations of this study include the small sample size and the cross-sectional nature of
histopathological analyses, which prevents us from determining the sequence of events
leading to the enlargement of PVS in the presence of CAA. Moreover, due to the
heterogeneity of the /7 vivo MRI scans, we were not able to reliably perform deep learning-
based automatic segmentations to determine the burden of MRI-visible PVS /in vivo[23,

29, 59]. Instead, we relied on semiquantitative scores for the quantification of PVS on in
vivoand 3 tesla ex vivo MRI, which is less desirable, but ensures the adequate comparison
between ante- and post-mortem scans. Finally, this cohort represents a highly selective group
of individuals that participated in brain donation, as such it remains unclear how these
findings generalize to the larger aging population.

To conclude, we found that in human brains with a pathologically confirmed clinical
diagnosis of sporadic CAA, burden of MRI-visible PVS /n vivo reflects EPVS severity
on histopathology. By incorporating single-vessel analyses, this study further adds to
the literature by providing more direct evidence of the association between presence of
cortical CAA and enlargement of PVS in the underlying WM. In fact, relying on ultra-
high resolution ex vivo MRI, deep learning-based quantification of pathological markers
and serial sectioning, we found that EPVS are located mainly around the WM portion
of perforating cortical arterioles, and not venules, and that their burden is associated
with CAA severity. Collectively, these findings are consistent with the notion of outward
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peri-arterial drainage and with a self-reinforcing process including loss of smooth muscle
cells and vessel function, that might lead to clearance impairment of vascular Ap and
enlargement of the PV'S around connected perivascular compartments of the same vessel. A
better understanding of these mechanisms is crucial to design therapies able to reduce Ap
accumulation in CAA and AD. Studies that include a greater number of cases and other
pathologies are needed, to establish whether similar associations apply to ageing and other
neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

E)?amples of MRI-visible perivascular spaces (PVS) on in vivo and ex vivo MRI. The figure
shows both examples of clinical in vivo (a, ¢, e, g) and of ex vivo (b, d, f, h) T2-weighted
MRI scans of the same patient. The first is a case with mild degree of MRI-visible PVS in
vivo and frequent after death (score in vivo 1 (a), ex vivo 3 (b); In vivo MRI-death interval:
7 months); the second case displays moderate MRI-visible PVS (score in vivo 2 (b), ex vivo
2 (c); In vivo MRI-death interval: 8 months). In the bottom row, a case with in vivo frequent
and ex vivo severe (score in vivo 3 (g), ex vivo 4 (f); In vivo MRI-death interval: 53 months)
and finally one with severe (score in vivo 4 (g), ex vivo 4 (h); In vivo MRI-death interval:
67 months) MRI-visible PVS are displayed. The insets show details of MRI-visible PVS
(arrows)

Acta Neuropathol. Author manuscript; available in PMC 2023 March 01.

\



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Perosa et al.

Page 22

4 -
n=120; p =0.41; o e
p <0.001 o© 4 *
o -

o
o

EPVS area (%)
e

EPVS area (%)
N
1

CO) O oo °°° o 8 ]
w o
17 0o ?Qo% 8 ° o’ 14
ooo o3 2 °8o
08 o % o
°028°° @db °© o
0009 0900 o © ;
0 QP00x0 [9) 0_

1 1
0 1 2 3 non-CAA CAA
Regional score MRI-visible PVS

Fig. 2.
Quantification of enlarged perivascular spaces (EPVS) on ex vivo MRI and histopathology.

Example of an approximately 1 cm thick coronally cut slab (a). The box highlights the
region sampled for histopathology. Coronal view of the 3 tesla ex vivo turbo spin echo
sequence of the same hemisphere at the corresponding level (b). The inset shows a higher
magnification of the same area at the level assessed on histopathology for EPVS severity
(b”). Luxol fast blue with Hematoxylin&Eosin (LHE)-stained section from the same sample
(c), with corresponding manual segmentation of the white matter (¢’) and semi-automatic
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segmentation of the EPVS (overlaid in red) (c”). Positive correlation between the regional
score of MRI-visible PVS and the percentage area of EPVS of the total white matter area,
calculated on histopathological sections (one from the basal ganglia and four from cortical
regions) of cases with and without CAA (d). EPVS percentage area in CAA cases was
significantly higher than in non-CAA cases in the four cortical regions (frontal, temporal,
parietal, and occipital). ** = p < 0.01 (e)
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Fig. 3.

Cc?rrelation between enlarged perivascular spaces (EPVS) and cerebral amyloid angiopathy
(CAA). The figure shows representative examples of the histopathological markers

included in the analysis. Low magnification overview of a section that underwent
immunohistochemistry against AR (a) and details of cortical CAA (*), leptomeningeal
CAA (**) and Ap plagues (***); an adjacent section that underwent immunohistochemistry
against fibrin (b) and detail of a fibrin positive vessel in the white matter; a further adjacent
section stained for Luxol fast blue with Hematoxylin&Eosin (LHE) (c) with detail of a
portion of the white matter. Graphs representing the positive significant association between
total CAA percentage area and EPV'S percentage area in the cortical regions of CAA cases
(d), and between leptomeningeal CAA percentage area and EPVS percentage area (e) (n
=19 cases; n = 72 sections; grey shadowed area shows the standard error of the model’s
prediction)

Acta Neurgpathol. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Perosa et al.

Page 25

Fig. 4.

Ingdepth characterization of MRI-visible perivascular spaces (PVS). Top row: MRI-visible
PVS (mild degree) observed in the centrum semiovale on in vivo MRI of a case with
neuropathologically confirmed CAA (case no. 5) (a). Corresponding ex vivo 3 tesla T2-
weighted MRI scan of the right hemisphere, where some MRI-visible PVS are also observed
(b) (indicated by #). Formalin fixed tissue of the same brain, on which the parietooccipital
area sampled for ultra-high resolution ex vivo 7 tesla MRI is marked by the black line (c)
and co-registered to in vivo and ex vivo 3 tesla MRI (red overlaid area). The enlarged PVS
are clearly visible at the 100 um isotropic resolution T2-weighted scan (#) (d). Bottom row:
Evidence of severe degree of MRI-visible PVS on the T2-weighted in vivo MRI of case

no. 13 (e), with corresponding ex vivo 3 tesla MRI of the left hemisphere (f), formalin

fixed tissue (g) and ultra-high resolution T2-weighted scan (h). More MRI-visible PVS are
observed in case no. 13 than case 5. The MRI-visible PVS appear to be confined to the WM
on in vivo and ex vivo 3 tesla MRI, whereas they can be clearly seen to continue into the
cortex at ultra-high resolution in this case (insets of the bottom row, *). The EPVS-related
vessels are visible at 7 tesla as hypointense structures at the center of the EPVS. They
originate at the pial surface as leptomeningeal vessels, dive into the cortex as cortical
perforating vessels, and continue into the white matter (h). See also Supplementary Videos
1 - 3. For the purposes of registration between in vivo and ex vivo MRI the skull and the
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plastic bag in which the hemispheres were placed prior to scanning, were removed from the
images
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Fig. 5.

Higstopathological characterization of individual blood vessels with surrounding enlarged
perivascular spaces (EPVS). Ultra-high resolution 7 tesla turbo spin echo scan of case no.
13, with an example of an EPVS extending into the cortex (a, a’). The corresponding
histopathological section, on which the drawn black line represents the boundary between
grey matter (indicated by GM) and white matter (indicated by WM), confirms this
observation (b, b”). On serial sections immunohistochemistry for smooth muscle actin
(SMA) was performed (c) and revealed, that the vast majority of vessels with an EPVS
were arterioles (Xz(l) =28.29; n = 280; p < 0.001) (d), suggesting that EPVS are mainly
peri-arteriolar (c’, A = artery) and not peri-venular (c”, V = vein). On some AP stained
cortical sections, Ap was present not only in the wall of the cortical portion of the vessel,
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but to a minor extent, also in the white matter portion of the same vessel (examples are b’, e’
and g”). The same vessels showed severe loss of SMA in the cortex, but not in the WM (e”,
h’). A significant positive association was found between the percentage area of EPVS and
the percentage area occupied by cerebral amyloid angiopathy (CAA) in the white matter,
within all CAA cases (n=72 samples in 19 cases) (f)
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Fig. 6.

Schematic representation of the proposed mechanism of perivascular space (PVS)
enlargement in cerebral amyloid angiopathy (CAA). The vessel on the left represents a
healthy perforating artery (in red). The vessel on the right represents a perforating artery
affected by CAA, in which Ap accumulates within the tunica media of the wall of the
cortical portion of the vessel (in brown), replacing the smooth muscle cells and leading to
an enlargement of the PVS in the white matter portion of the same vessel (giving rise to

the hypothesized self-reinforcing mechanism of continuing vascular AB accumulation). The
smaller arrows on the left indicate the presumed direction of A clearance along the vessel
(either along the basement membranes or the perivascular compartment), while the bigger
arrows represent the direction of blood flow. The results lend support to this proposed model
of perivascular A clearance. Key: CAA = cerebral amyloid angiopathy; EPVS = enlarged
perivascular space; WM = white matter
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Table 1:
Characteristics of the pathological cohort
Case Path Ageat  Sex Invivo Post- MRI- MRI- MRI- MRI- Hypertension  Clinical
No. diagnosis  death MRI- mortem visible  visible  visible visible presentation
(years) death interval  PVS PVS PVS PVS
interval (h) score score score score
(months) (CSO) (CSO) (BG) (BG)
onin on ex onin on ex
Vivo vivo vivo vivo
MRI MRI MRI MRI
1 CAA 80 M 16 N/A 3 4 0 1 Yes Transient
focal
neurological
episodes
2 CAA 70 M N/A 16 N/A 4 N/A 0 Yes ICH
3 CAA 76 M 17 27 4 4 1 1 No ICH
Cognitive
Impairment
4 CAA 65 M 8 14 4 4 0 1 No ICH
5 CAA 81 M 5 N/A 2 2 1 1 Yes Transient
focal
neurological
episodes
6 CAA 70 F 14 N/A 4 4 2 2 Yes ICH
7 CAA 67 M 14 N/A 3 3 2 2 No ICH
8 CAA 69 M 6 36 4 4 1 1 No ICH
9 CAA 64 F 60 30 3 3 1 1 No ICH
Cognitive
Impairment
10 CAA 79 F 55 37 2 Yes ICH
11 CAA 67 M 18 24 3 4 1 1 Yes ICH
Transient
focal
neurological
episodes
12 CAA 88 F N/A 11 N/A 3 N/A 1 Yes ICH
13 CAA 67 F 5 16 4 4 1 1 No Transient
focal
neurological
episodes
Cognitive
Impairment
14 CAA 84 F 53 32 2 4 1 2 Yes N/A
15 CAA 67 M 78 N/A 2 2 1 1 Yes ICH
16 CAA 76 M 157 20 3 4 0 1 No ICH
17 CAA 78 F 47 24 N/A 2 N/A 1 N/A ICH
18 CAA 86 M 53 20 3 4 2 3 Yes Cognitive
Impairment
19 CAA 85 66 N/A 0 2 0 3 Yes ICH
1 No-CAA 90 M 47 N/A N/A 2 N/A 2 No No
neurological
diagnoses
2 No-CAA 95 F 70 4 1 2 0 2 Yes TIA
3 No-CAA 88 F 17 9 3 4 1 4 Yes Cognitive
Impairment
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Case Path Ageat  Sex Invivo Post- MRI- MRI- MRI- MRI- Hypertension  Clinical
No. diagnosis  death MRI- mortem  visible  visible  visible  visible presentation
(years) death interval PVS PVS PVS PVS
interval (h) score score score score
(months) (CSO) (CSO) (BG) (BG)
onin on ex onin on ex
Vivo vivo vivo Vvivo
MRI MRI MRI MRI
4 No-CAA 85 M 7 38 1 3 2 1 Yes Cognitive
Impairment
5 No-CAA 82 F 25 N/A 3 3 2 2 Yes Cognitive
Impairment

Table 1 Characteristics of the pathological cohort. Key: M, male; F, female; CAA, cerebral amyloid angiopathy; CSO, centrum semiovale; BG,
basal ganglia; N/A, not available; ICH, intracerebral hemorrhage; TIA, transient ischemic attack. Diagnoses of arterial hypertension during life and

clinical phenotype were extracted from available medical records.

Acta Neuropathol. Author manuscript; available in PMC 2023 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Perosa et al.

Table 2:

Associations between EPVS percentage area and total CAA

Page 32

Models with total CAA

(0) Null (1a) CAA (2a) With fibrin  (3a) With (4a) With (5a) Comprehensive
model only positive vessels myelin density  cortical AB- model
(WM) plaques
Age atdeath (y) p=0.388 p=0.290 p=0.287 p=0.577 p=0.284 p=0.570
-0.014 -0.016 -0.017 -0.009 -0.016 -0.009
(-0.047 - (-0.047 - (-0.049-0.014) (-0.041-0.023)  (-0.047-0.014) (-0.041-0.022)
0.018) 0.014)
Sex p =0.896 p =0.994 p=0.925 p =0.661 p=0.848 p =0.696
-0.03418 0.001 0.025 0.112 -0.048 0.106
(-0.564 - (-0.501 - (-0.503-0.594)  (-0.402-0.631)  (—0.554-0.488) (-0.431-0.713)
0.502) 0.509)
CAA area (%) p =0.037 p =0.038 p=0.014 p =0.047 p=0.016
0.280 0.291 0.317 0.266 0.319
(0.002 — (0.004 —0.582) (0.060-0.571) (-0.019- 0.544)  (0.048-0.591)
0.555)
Fibrin positive p=0.797 p=0.880
vessels (WM)
%)
-0.060 -0.034
(—0.568-0.444) (-0.505-0.446)
Myelin density p <0.001 p <0.001
0.034 0.034
(0.015-0.054) (0.014-0.054)
Cortical Ap- p=0514 p=0.817
plaques
0.035 0.0123
(-0.091-0.152)  (-0.112-0.129)
Log Likelihood -84.97 -83.02 -83.0 -77.50 -82.9 -77.50
AIC 181.94 180.03 181.98 171.01 181.70 174.98
BIC 195.43 195.77 199.96 189.00 199.69 197.47
Total R? 0.25 0.32 0.34 0.52 0.29 0.51

Table 2 Associations between EPVS percentage area and total CAA. Results for the fixed effects of linear mixed effects models explaining

percentage area of EPVS in the white matter of histopathological sections. Subject and cortical region (frontal, temporal, parietal, and occipital)
were always set as random factors for the intercept. Data represent standardized fixed effects estimates with confidence intervals and statistical
significance. Models were compared using likelihood ratio tests; smaller AIC and BIC values indicate a better model fit. Significant effects are

highlighted in bold
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