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Neuropathological correlates of cortical
superficial siderosis in cerebral amyloid
angiopathy

Andreas Charidimou,'? Valentina Perosa,' Matthew P. Frosch,® Ashley A. Scherlek,*
Steven M. Greenberg' and Susanne J. van Veluw'"*

Cortical superficial siderosis is an established haemorrhagic neuroimaging marker of cerebral amyloid angiopathy. In fact, cortical
superficial siderosis is emerging as a strong independent risk factor for future lobar intracerebral haemorrhage. However, the
underlying neuropathological correlates and pathophysiological mechanisms of cortical superficial siderosis remain elusive. Here
we use an in vivo MRI, ex vivo MRI, histopathology approach to assess the neuropathological correlates and vascular pathology
underlying cortical superficial siderosis. Fourteen autopsy cases with cerebral amyloid angiopathy (mean age at death 73 years,
nine males) and three controls (mean age at death 91 years, one male) were included in the study. Intact formalin-fixed cerebral
hemispheres were scanned on a 3 T MRI scanner. Cortical superficial siderosis was assessed on ex vivo gradient echo and turbo
spin echo MRI sequences and compared to findings on available iz vivo MRI. Subsequently, 11 representative areas in four cases
with available iz vivo MRI scans were sampled for histopathological verification of MRI-defined cortical superficial siderosis. In
addition, samples were taken from predefined standard areas of the brain, blinded to MRI findings. Serial sections were stained for
haematoxylin and eosin and Perls’ Prussian blue, and immunohistochemistry was performed against amyloid-p and GFAP.
Cortical superficial siderosis was present on ex vivo MRI in 8/14 cases (57%) and 0/3 controls (P = 0.072). Histopathologically,
cortical superficial siderosis corresponded to iron-positive haemosiderin deposits in the subarachnoid space and superficial cortical
layers, indicative of chronic bleeding events originating from the leptomeningeal vessels. Increased severity of cortical superficial
siderosis was associated with upregulation of reactive astrocytes. Next, cortical superficial siderosis was assessed on a total of 65
Perls’-stained sections from MRI-targeted and untargeted sampling combined in cerebral amyloid angiopathy cases. Moderate-to-
severe cortical superficial siderosis was associated with concentric splitting of the vessel wall (an advanced form of cerebral amyloid
angiopathy-related vascular damage) in leptomeningeal vessels (P < 0.0001), but reduced cerebral amyloid angiopathy severity in
cortical vessels (P = 0.048). In terms of secondary tissue injury, moderate-to-severe cortical superficial siderosis was associated with
the presence of microinfarcts (P =0.025), though not microbleeds (P = 0.973). Collectively, these data suggest that cortical superfi-
cial siderosis on MRI corresponds to iron-positive deposits in the superficial cortical layers, representing the chronic manifestation
of bleeding episodes from leptomeningeal vessels. Cortical superficial siderosis appears to be the result of predominantly advanced
cerebral amyloid angiopathy of the leptomeningeal vessels and may trigger secondary ischaemic injury in affected areas.
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Introduction

Cerebral amyloid angiopathy (CAA) is an age-related
cerebral small vessel disease, characterized by the accumu-
lation of amyloid-B in the walls of pial arteries and cor-
tical perforators (Gilbert and Vinters, 1983). CAA is a
frequent neuropathological observation in the brains of
older individuals and is associated with cognitive impair-
ment (Arvanitakis et al., 2011). Clinically, CAA manifests
itself on brain MRI by the occurrence of intracerebral hae-
morrhages  (Greenberg and  Charidimou, 2018).
Traditionally, two forms of bleeding have been recognized
in patients with CAA: large symptomatic lobar intracere-
bral haemorrhage and silent lobar cerebral microbleeds
(Knudsen et al., 2001).

More recently, a third form of bleeding has been identi-
fied in patients with CAA: cortical superficial siderosis
(cSS) (Linn et al., 2008, 2010). CSS is believed to be the
chronic manifestation of episodes of acute convexity sub-
arachnoid haemorrhage and can be identified on T,*-
weighted gradient echo or susceptibility-weighted imaging
as focal or disseminated areas of signal loss following the
gyral cortical surfaces in a curvilinear pattern
(Charidimou et al., 2015). CSS is associated with clinical
symptoms in CAA, including transient focal neurological
episodes (Greenberg et al., 1993; Charidimou et al.,
2012), and is emerging as a strong independent risk factor
for future lobar intracerebral haemorrhage (Linn et al.,
2010; Charidimou et al., 2013a, 2019a). As such, cSS is
now accepted as a key haemorrhagic neuroimaging signa-
ture in CAA and an important prognostic risk factor for
future bleeding events in this patient population.

Nevertheless, the neuropathological correlates and po-
tential underlying pathophysiological mechanisms of ¢SS
remain poorly understood. Two possible pathways have
been proposed through which ¢SS predicts worse out-
come: (i) ¢SS may reflect particularly severe CAA in the
leptomeningeal vessels, thereby identifying individuals
with more advanced disease; or (ii) ¢SS may directly pre-
dispose vessels to rebleed, potentially through secondary
tissue injury in the underlying cortex. To address these
outstanding questions, we performed a high-resolution
post-mortem MRI-histopathology correlation study in
CAA cases with available clinical in vivo MRI scans. In
this unique dataset we assessed the neuropathological cor-
relates of ¢SS and explored potential mechanisms of sec-
ondary tissue injury.

Materials and methods

Cases

Fifteen consecutive autopsy cases with a clinical diagnosis of
possible or probable CAA that consented to brain donation
were included from an ongoing brain autopsy program initiated
in 2015 within the haemorrhagic stroke research group at the
Massachusetts General Hospital (MGH) (Van Veluw et al.,
2019a). This program aims to evaluate MRI markers and their
underlying histopathology in the context of CAA. Cases were ei-
ther received through MGH or from outside hospitals. Medical
records and available in vivo clinical MRI scans were requested
for each case and evaluated for the presence and severity of ¢SS
by an experienced rater (A.C.), according to previously pro-
posed rating criteria (Charidimou et al., 2015). At autopsy,
brains were extracted and fixed in 10% formalin, after which
the hemispheres were separated. One intact hemisphere was
subjected to ex vivo 3 T MRI scanning and histopathological
examination. The other hemisphere underwent routine neuro-
pathological examination following standardized protocols. One
case proved not to have CAA on neuropathology and hence
was considered a control case in this study going forward
(CTRL Case 3 in Table 1). In addition, intact hemispheres from
two consecutive control cases without neurological conditions
or CAA on neuropathology were included from the MGH
neuropathology service.

Ex vivo MRI scanning

Prior to scanning, each hemisphere was vacuum-sealed in a plas-
tic bag containing periodate-lysine-paraformaldehyde and
scanned as described previously (Van Veluw et al., 2019a).
Briefly, each packed hemisphere was placed in the 32-channel
head coil of a whole-body 3 T MRI scanner (MAGNETOM
Trio, Siemens Healthineers) and scanned with an overnight
protocol. The sequences relevant for the current study included
a T,-weighted turbo-spin echo (TSE) sequence (echo time 61
ms, repetition time 1800 ms, flip angle 150°, voxel size
500 x 500 x 500 um>, one average, total scan time ~3 h), and
a T,*-weighted dual echo gradient-echo fast low angle shot
(FLASH) sequence (echo times 4.49 ms and 11.02 ms, repetition
time 20 ms, flip angles 10°, 20°, 30°, voxel size
500 x 500 x 500 pm?>, two averages, total scan time ~2 h).

Ex vivo MRI assessment

Scans were processed in FreeSurfer (https:/surfer.nmr.mgh.har
vard.edu) to obtain 3D volumes. Presence of ¢SS was assessed
on the TSE and FLASH scans by two experienced raters (A.C.
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Table | Case characteristics
Case Gender Ageat Death PMlh Invivo MRl ¢SS on cSSon Cumulative Other
ID death, due to and death in vivo exvivo  CAA severity neuropathological
years acute interval, MRI MRI score® (corticall  observations®
ICH months leptomeningeal)
Cases
| Male 80 No Unknown 86.8 Yes (disseminated)  Yes 5/6 A3B3C2
2 Male 70 Yes 16 nfa n/a Yes 9/5 A3B3CI
3 Male 76 No 27 18.9 Yes (disseminated)  Yes 7/8 A3B3C2
4 Male 65 Yes 14 8.1 No No 717 A3BIC2
5 Male 8l No Unknown 0.2 Yes (focal) Yes 5/7 A3B2C2
6 Female 70 Yes Unknown 13.7 Yes (disseminated)  Yes 6/11 A3BICI
7 Male 67 No Unknown 157 No No 10/8 A3B3C2
8 Male 69 Yes 36 6.3 No Yes 10/11 A3BIC2
9 Female 64 Yes 30 6l.1 No No 8/11 A3B2C3
10 Female 79 Yes 37 101.8 No No 8/11 A3B3C2
I Male 67 No 24 17.2 Yes (disseminated)  Yes 5/12 A3BICI
12 Female 88 Yes I 8.0 No Yes 8/9 A2B3C2
13 Female 67 No 15 5.3 No No 10/11 A3B3C3
14 Male 85 No 18 7.1 No No 1/4 A3B3C3
Controls
| Male 90 No 6 n/a n/a No 0/1 A2BIC2
2 Female 95 No 4 79.1 No No 0/2 A1B2CO
3 Female 88 No 9 18.3 No No 0/1 A2BICl, globular

glial tauopathy

?CAA severity was evaluated on the amyloid--stained sections from the predefined standard areas of frontal, temporal, parietal, and occipital cortex using a 4-point scale: absent
(0); scant amyloid-f deposition (I); some circumferential amyloid-f (2); widespread circumferential amyloid-p (3), following proposed consensus criteria (Love et al., 2014). Scores
were determined separately for the cortical vessels and the leptomeningeal vessels from the four areas and were separately added to form a cumulative CAA severity score.
PExtracted from neuropathology reports, based on routine neuropathological examination. ABC score reflects the NIA-Alzheimer Association score for Alzheimer’s Disease neuro-

pathological changes (Hyman et al., 2012).
ICH = intracerebral haemorrhage; n/a = not available; PMI = post-mortem interval.

and S.J.v.V.) and defined as presence of well-defined, homoge-
neous hypointense curvilinear black signal intensity in the super-
ficial layers of the cortex, within the subarachnoid space, or
both (Charidimou et al., 2015). The cerebellum was excluded
from the assessment.

Histopathology

After scanning, the brains were cut into 1-cm thick coronal
slabs. Representative areas with MRI-defined ¢SS were sampled
for histopathological verification. In addition, samples were
taken from predefined standard areas of the frontal, temporal,
parietal, and occipital lobe, blinded to MRI. All sampled tissue
blocks were processed and embedded in paraffin, after which
several 6-um thick serial sections were cut on a microtome.
Haematoxylin and eosin and Perls’ Prussian blue staining were
performed using standard histology protocols. For the Perls’
protocol sections were incubated with a 1:1 mixture of 5%
hydrochloric acid and 5% potassium ferrocyanide (30 min),
and counterstained with filtered neutral red (1 min). On adja-
cent sections, bright field immunohistochemistry against amyl-
oid-B (mouse, clone 6F/3D, Agilent, 1:200) and GFAP (rabbit,
G9269, Sigma, 1:1000) was performed as described previously
(Van Veluw et al., 2019b). Briefly, after deparaffinization, en-
dogenous peroxidase was blocked with 3% H,0O, (20 min), fol-
lowed by formic acid treatment (only for amyloid-8, 5 min) or
heated citrate buffer (only for GFAP, 20 min). Sections were
blocked with normal serum (1 h) and incubated with the pri-
mary antibody overnight at 4°C. The next day, a biotinylated

secondary antibody was applied (Vectastain ABC kit, Vector
laboratories, 1 h) followed by an incubation with a mixture of
avidin and biotinylated HRP (Vectastain ABC kit, 30 min), and
3,3/-diaminobenzidine (5 min).

Histopathological image analysis

Each stained section was scanned with a Hamamatsu
NanoZoomer Digital Pathology (NDP)-HT whole slide scanner
(C9600-12, Hamamatsu Photonics KK), using a 20 x objective.
The digital images were rated in the software NDP.View2 (ver-
sion 2.7.25). Presence and severity of iron-positive (blue) depos-
its in the subarachnoid space and cortical layers was assessed by
two experienced raters (A.C. and S.J.v.V.) in consensus, on each
individual Perls’ Prussian blue-stained section as absent (0), mild
(1), moderate (2), or severe (3) (Supplementary Fig. 1). In add-
ition, the adjacent haematoxylin and eosin-stained sections were
assessed to verify the presence of haemosiderin (honey brown)
deposits. CAA severity was assessed on amyloid-B-stained sec-
tions using a 4-point scale; absent (0), scant amyloid-p depos-
ition (1), some circumferential amyloid-p (2), and widespread
circumferential amyloid-B (3), following proposed consensus cri-
teria with minor modifications (Love et al., 2014), blinded to
¢SS severity. In addition, vessel-within-vessel pathology (i.e. con-
centric splitting of the vessel wall) was determined as absent (0),
occasional vessel (1), or many vessels (2). Scores were deter-
mined separately for the cortical and the leptomeningeal vessels
(Supplementary Fig. 2). Upregulation of reactive astrocytes in
the superficial layers of the cortex was determined on the
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GFAP-stained sections (yes/no), blinded to ¢SS severity. To de-
termine inter-rater reliability for each histopathological measure,
30% of the sections were scored by a third independent blinded
rater (V.P.). Presence and number of cortical microbleeds and
microinfarcts were assessed on haematoxylin and eosin-stained
sections, following published criteria (Van Veluw et al., 2019b).
Finally, parenchymal amyloid-B plaque severity was assessed
using a 4-point scale; absent (0), mild (1), moderate (2), severe
(3) by two independent raters (S.J.v.V. and V.P.), followed by a
consensus rating to obtain a final score.

In addition, to perform a more quantitative assessment of cSS
and astrogliosis, digital images of the Perls’ and GFAP-stained
sections were uploaded to the Aiforia™ image processing and
management platform (Aiforia Technologies) for analysis with
deep learning convolution neural networks and supervised
learning. Two separate multi-layered convolution neural net-
works were trained on tissue and positive cell annotations from
a representative subset of images. After refining the final Al
model, the algorithm was applied to the frontal lobe sections of
all CAA cases and controls after manually outlining the cortical
ribbon to obtain the number of iron-positive deposits and
GFAP-positive astrocytes (Supplementary Fig. 3).

Statistical analysis

A chi-square test was performed to compare proportions of
cases and controls with and without ¢SS on MRI. The relation-
ship between density of iron-positive deposits and reactive astro-
cytes (number of detections/mm? tissue) within the cortex was
assessed with Spearman correlations. Presence of ¢SS (i.e. mild-
to-severe) versus absence on histopathology was compared be-
tween CAA cases and controls using a chi-square test for pro-
portions. Inter-rater reliability for each histopathological
measure was assessed using the intra-class correlation coefficient
(ICC) and revealed good to excellent agreement between inde-
pendent raters (median ICC for all measures assessed 0.9, range
0.777-0.984). Within CAA cases, ¢SS severity was dichotomized
(i.e. absent-to-mild versus moderate-to-severe) after which histo-
pathological measures were compared using chi-square tests for
proportions. Multivariable logistic regression models were also
performed to explore associations with ¢SS presence and sever-
ity and CAA pathology, adjusted for age at death, case ID, and
anatomical area. A P-value of <0.05 was considered statistical-
ly significant. Analyses were done in IBM SPSS v.22 and
STATA v.13.

Data availability

Data can be made available by the corresponding author upon
reasonable request.

Results

Histopathology of cortical
superficial siderosis
Fourteen cases with CAA (mean age at death 73+ 8 years,

nine males) and three controls (mean age at death 91+4
years, one male) were included in this study. Clinical i vivo
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MRI scans were available for 13/14 cases, acquired on aver-
age 26.9 months prior to death (median 13.7, range 0.2—
101.8 months), and 2/3 controls, acquired 18.3 and 79.1
months prior to death respectively. On the in vivo MRI
scans, cSS was present in 5/13 cases (38%), as focal in one
and disseminated in four, and none of the two controls
(Table 1).

On the ex vivo MRI scans of the intact hemispheres cSS
was present in 8/14 cases (57%) and 0/3 controls (0%,
P =0.072). Eleven representative samples from four cases
with available iz vivo MRI scans (Cases 1, 3, 6, and 11)
were taken from areas with ¢SS. For 10/11 samples, ¢SS was
present in the targeted areas on both in vivo and ex vivo
MRI, whereas for 1/11 samples ¢SS was only visible on the
ex vivo MRL The histopathology in the 10 areas revealed
iron-positive haemosiderin deposits in the subarachnoid
space and superficial cortical layers (layers I-III) of varying
degrees across all samples (median iron score 3, range 1-3).
Within the cortex, iron deposits were mainly found across
layers I-III both extracellularly and engulfed by macro-
phages. Iron was only occasionally found in neurons and in-
frequently extended into the deeper layers (IV-VI) of the
cortex (Fig. 1).

Notably, for the sample with ¢SS on ex vivo MRI but not
in vivo MR, fresh blood was observed in the subarachnoid
space upon gross examination. The histopathology revealed
only mild degree of iron-positive deposits, with no cortical
involvement, but many intact red blood cells were present in
the subarachnoid space, indicative of a recent bleeding event
(Fig. 2).

Collectively, we observed that the degree and pattern of
¢SS on ex vivo MRI corresponded closely with the degree
and pattern of the iron deposits on histopathology, both in
terms of severity and extend of cortical involvement.
Moreover, increased iron deposition was associated with
upregulation of reactive astrocytes in the same cortical areas
(Fig. 2). Al-guided quantitative assessment of the frontal cor-
tex revealed that the number of iron-positive deposits was
positively correlated with the number of reactive astrocytes
(Spearman’s p 0.686, P = 0.002).

Vascular basis of cortical superficial
siderosis

Next, ¢SS severity was assessed on iron-stained sections on
samples taken from the predefined standard areas of the
frontal, temporal, parietal, and occipital lobe, blinded to
MRI (1 = 56 sections in 14 cases and 7z = 12 sections in three
controls). In the CAA cases, iron deposits were present in
25/56 sections (45%) and was scored as moderate-to-severe
in 10/56 sections (18%). In the controls, no iron deposits
were observed in any of the 12 sections (P = 0.004).
Although we screened sections for evidence of ruptured
vessels, no sites of (recent or old) bleeding could be identified
either at the level of the leptomeningeal or cortical blood
vessels. Based on all MRI-targeted and -untargeted sections
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Figure | Histopathological verification of ¢SS observed on in vivo MRl in CAA cases. Top row: CSS (asterisk) was observed on an
in vivo gradient echo MRI scan performed ~7 years prior to death in an individual with a clinical diagnosis of probable CAA (Case 1) (A). On the
ex vivo turbo spin echo MRI scan the same area was positive for ¢SS (B, asterisk). On the corresponding histopathological section, iron-positive
deposits were observed in the subarachnoid space and superficial layers of the cortex (C). The insets reveal greater detail of the intracellular iron
deposits (C', arrows), corresponding to haemosiderin-containing macrophages on the adjacent haematoxylin and eosin-stained section (C”,
arrows). Bottom row: Disseminated cSS (asterisk) was observed on an in vivo gradient echo MRI scan performed ~ 1.5 years prior to death in an in-
dividual with a clinical diagnosis of probable CAA (Case | 1) (D). On the ex vivo turbo spin echo MRI scan the same area was positive for ¢SS (E,
asterisk) (note the same enlarged perivascular space on the in vivo and ex vivo scan). On the corresponding histopathological section, iron-positive
deposits were observed in the subarachnoid space and superficial layers of the cortex (F). The insets reveal greater detail of the intracellular iron
deposits (F/, arrows), corresponding to haemosiderin-containing macrophages on the adjacent haematoxylin and eosin-stained section (F”,
arrows). GRE = gradient echo; H&E = haematoxylin and eosin; TSE = turbo spin echo.

within the CAA cases combined (total # = 65 sections), mod-
erate-to-severe ¢SS on iron-stained sections was associated
with increased CAA severity in leptomeningeal vessels
(P=0.072), but reduced severity in cortical vessels
(P = 0.048). The strongest associations were found between
¢SS and leptomeningeal (though not cortical) vessel-within-
vessel pathology (P < 0.0001) and upregulation of reactive
astrocytes in the underlying cortex (P = 0.001). Parenchymal
amyloid-B plaques were observed in almost all CAA cases,
but there was no association between degree of ¢SS and
amyloid-B plaque burden (P = 0.401) (Table 2).

In multivariable logistic regression models, ¢SS presence
and severity remained strongly associated with leptomenin-
geal CAA and vessel-within-vessel pathology, independent of
cortical CAA severity or anatomical area assessed (Fig. 3
and Supplementary Table 1).

Finally, we explored the association between ¢SS and pres-
ence of cortical microbleeds and microinfarcts on the same
section in the total dataset (7 = 65 samples). Fourteen micro-
bleeds and 110 microinfarcts were observed on the haema-
toxylin and eosin-stained sections. Interestingly, moderate-
to-severe ¢SS on iron-stained sections was associated with
presence of microinfarcts (P = 0.025), though not micro-
bleeds (P = 0.973) (Table 2 and Fig. 3).

Discussion

This combined iz vivo MRI, ex vivo MRI, histopathology
study revealed several key findings. We confirmed the neuro-
pathological substrate of ¢SS as iron-positive haemosiderin
deposits in the subarachnoid space and superficial layers of
the cortex. Moreover, moderate-to-severe ¢SS was associated
with moderate-to-severe leptomeningeal CAA and concentric
splitting of the walls of leptomeningeal vessels, with a rela-
tive sparing of cortical vessels. This pattern is consistent
with the notion that ¢SS represents the chronic manifestation
of bleeding from the leptomeningeal vessels, as a result of
advanced CAA. The presence of reactive astrocytes and cor-
tical microinfarcts in the underlying cortical areas suggests
that ¢SS may trigger secondary tissue injury, which could
contribute to an increased bleeding risk in affected
individuals.

Despite the lack of true longitudinal data, our combined
cross-sectional analysis of both in vivo and ex vivo MRI
findings followed by neuropathology suggests the following
sequence of events to occur in ¢SS. Advanced CAA in the
leptomeningeal vessels triggers subtle bleeding into the sub-
arachnoid space, after which blood breakdown products are
taken up and enter the superficial layers of the underlying
cortex. This process is potentially mediated by an
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Figure 2 Degree and pattern of ¢SS on MRI closely corresponds to degree and pattern of iron-positive deposits on histopath-
ology. Top row: CSS (asterisk) was observed on an in vivo gradient echo MRI scan performed ~ 1.5 years prior to death in an individual with a clin-
ical diagnosis of probable CAA (Case I1) (A). On the ex vivo gradient echo scan varying degree of ¢SS can be observed (B), including subtle
(number sign) and extensive (asterisk) hypointense signal (C). On gross examination of the formalin-fixed tissue, no visible alterations were
observed in the area with subtle ¢SS (number sign), whereas orange discolouration was present in the superficial cortex in the area with exten-
sive ¢SS (asterisk) (D). The degree of hypointense signal on MRI matched closely to the degree of iron-positive deposits on the corresponding
histopathological sections (E and F). The insets reveal greater detail of the degree of iron deposits, which was subtle and restricted to the sub-
arachnoid space and pial surface in E’ and extensive and involving the superficial and deeper layers of the cortex in F. Many reactive astrocytes
were found in the area with extensive iron deposits (F”'), but not in the area with subtle iron deposits (E’’). Bottom row: No evidence of ¢SS was
observed on in vivo gradient echo MRI performed ~ 1| year prior to death in an individual with a clinical diagnosis of probable CAA (Case 6) (G)
in the area (asterisk) corresponding to an area with ¢SS on ex vivo turbo spin echo MRI (H). On the ex vivo gradient echo scan ¢SS is subtle and
only observed in the subarachnoid space (asterisk) (I). On gross examination of the formalin-fixed tissue, fresh blood was observed in the sub-
arachnoid space of the sulcus (asterisk) (J), corresponding to intact red blood cells on haematoxylin and eosin (K). The insets reveal greater detail
of the red blood cells in K’ (arrows), which were only mildly positive for iron (K", arrows). No reactive astrocytes were found in this area (K'"’).

GRE = gradient echo; H&E = haematoxylin and eosin; TSE = turbo spin echo.

upregulation of reactive astrocytes. In the chronic stages,
blood breakdown products seem to be stored long-term
within cells (and occasionally neurons). Collectively, the lo-
calization and degree of iron as a result of bleeding from the
surface vessels gives rise to the curvilinear intracortical pat-
tern of hypointense signal on MRI, characteristic of ¢SS.
Clinically, ¢SS is the strongest predictor for future intra-
cerebral haemorrhages in patients with CAA (Charidimou
et al., 2019a). A likely explanation is the strong association
with severe CAA in the leptomeningeal vessels, which
includes fragmentation of the vessel walls, seen on neuro-
pathology as vessel-within-vessels. The significant associ-
ation between moderate-to-severe ¢SS and reduced cortical
CAA in the setting of advanced leptomeningeal CAA is
interesting, as it suggests that a preferential distribution of
amyloid-B towards the surface vessels gives rise to bleeding
from those vessels. This process could be mediated by the
apolipoprotein E (APOE) genotype, as recently suggested
(Charidimou et al., 2019b). APOE €2 is associated with
leptomeningeal CAA and ¢SS (i.e. bleeding from the surface
vessels) (Schilling et al., 2013; Pichler et al, 2017,

Charidimou et al., 2019b), whereas APOE &4 favours cor-
tical CAA and cortical microbleeds (i.e. bleeding from pene-
trating cortical vessels) (Premkumar et al., 1996; Poels et al.,
2010; Charidimou et al., 2019b). In addition, this differen-
tial distribution of CAA pathology may reflect different
clearance mechanisms of amyloid-f associated with different
isoforms of APOE (Castellano et al., 2011). Unfortunately,
we did not have APOE status information available for the
cases reported in this study to address the relationship be-
tween bleeding patterns and CAA distribution, an interesting
topic for future studies. Since patients with ¢SS are at
increased risk to develop large lobar intracerebral haemor-
rhages, our neuropathological observations raise the possi-
bility that some of these larger bleeds may originate directly
from leptomeningeal vessels. Noteworthy in this context are
two published case reports of unrelated patients with a simi-
lar point mutation in the coding region of the APP gene, the
Piedmont mutation (Obici et al, 2005; Kozberg et al.,
2020). Both cases suffered from several large lobar intracere-
bral haemorrhages, in rapid succession, and proved to have
remarkable  advanced  leptomeningeal CAA  on
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Table 2 Associations between ¢SS and pathology burden in CAA cases

| 3349

Pathology assessed Moderate-to-severe cSS (n = 18) Absent-to-mild ¢SS (n = 47) P-value
Moderate-to-severe cortical CAA 7 (39) 31 (66) 0.048
Moderate-to-severe leptomeningeal CAA 17 (94) 35 (74) 0.072
Many cortical vessel-within-vessels 0(0) 3(7) 0.272
Many leptomeningeal vessel-within-vessels 14 (78) 7 (15) <0.0001
Moderate-to-severe parenchymal amyloid-f plaques 17 (94) 41 (87) 0.401
Reactive astrocytes presence 18 (100) 26 (55) 0.001
Microbleed presence 3(17) 8(17) 0.973
Microinfarct presence 14 (78) 22 (47) 0.025

Data are presented as n (%).
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Figure 3 Moderate-to-severe ¢SS is associated with advanced leptomeningeal CAA and secondary tissue injury. A representa-
tive example of severe cSS as assessed on a Perls’ Prussian blue-stained section (A). Higher magnification of the area outlined with the small box
in A, reveals greater detail of severe ¢SS (B). An adjacent section stained for GFAP revealed many reactive astrocytes in the superficial cortical
layers in this area (C). Two cortical microinfarcts (indicated with solid arrows) were observed in the neighbouring cortical area (D, area corre-
sponds to larger box in A). Note the presence of vessel-within-vessel pathology (indicated with broken arrows) in combination with severe

CAA of the leptomeningeal vessels (D and E). Ap = amyloid-; H&E = haematoxylin and eosin.
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neuropathological examination of the brain post-mortem.
Interestingly, the cortical vessels were relatively unaffected,
which may have explained their preserved cognitive status
reported during life and relative lack of cortical microvascu-
lar lesions (Kozberg et al., 2020).

The significant association between moderate-to-severe
¢SS on pathology and the presence of cortical microinfarcts
in our study suggests that ¢SS may trigger secondary tissue
injury. Previous studies have also found a relationship be-
tween ¢SS and microinfarcts on ex vivo MRI (De Reuck
et al., 2013) and on in vivo MRI in patients with CAA (Van
Veluw et al., 2017; Xiong et al., 2018). Importantly, reports
of a spatial overlap between areas of ¢SS and microinfarcts
on MRI are in line with our neuropathological observations
(Beitzke et al., 2018; Ti er al., 2019). A potential underlying
mechanism through which ¢SS may cause ischaemic tissue
injury could be cortical spreading depolarizations (Hartings
et al., 2017). Cortical spreading depolarizations can occur
after acute subarachnoid haemorrhages and may provide an
intriguing explanation for the occurrence of transient focal
neurological episodes in affected individuals (Charidimou
et al., 2013b). This link would also present the desirable op-
portunity for the development of much needed intervention
strategies, as this clinical symptom may be amenable to
medications.

The strength of this study is the availability of a unique
dataset including whole brain high-resolution ex vivo MRI
scans of well-characterized individuals with available in vivo
MRI. Because of the inherent nature of post-mortem investi-
gations, this study presents with several limitations. First, the
time between in vivo MRI and death was heterogeneous,
and precluded us from performing in-depth longitudinal
analyses. Second, this dataset reflects a selective group of
patients who participated in brain donation, which may not
be generalizable to other (clinical) settings. Third, because of
the extensive involvement of ¢SS we could not identify the in-
dividual leptomeningeal vessel (or several vessels) that had
bled. In the future, this may be achieved by means of serial
sectioning of relatively large areas, which is rather labour in-
tensive. As of now, we cannot exclude potential other bleed-
ing sources (e.g. remote large haemorrhages, haemorrhagic
transformation of cortical microinfarcts). Future work is war-
ranted to focus on the pathophysiology of ¢SS in the context
of CAA and secondary tissue injury, using in-depth neuro-
pathological assessments and experimental animal models.
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