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Abstract | momeONLNE 4

Objective > Class of Evidence

Criteria for rating

To assess the association of cortical superficial siderosis (cSS) presence and extent with future
therapeutic and diagnostic

bleeding risk in cerebral amyloid angiopathy (CAA).

studies

Methods NPub.org/coe
This was a meta-analysis of clinical cohorts of symptomatic patients with CAA who had T2*

MRI at baseline and clinical follow-up for future intracerebral hemorrhage (ICH). We pooled

data in a 2-stage meta-analysis using random effects models. Covariate-adjusted hazard ratios

(adjHR) from multivariable Cox proportional hazard models were used.

Results

We included data from 6 eligible studies (n = 1,239). cSS pooled prevalence was 34% (95%
confidence interval [CI] 26%-41%; I” 87.94%; p < 0.001): focal ¢SS prevalence was 14% (95%
CI 12%-16%; I* 6.75%; p = 0.37), and disseminated cSS prevalence was 20% (95% CI
13%-26%; I 90.39%; p <0.001). During a mean follow-up of 3.1 years (range 1-4 years), 162/
1,239 patients experienced a symptomatic ICH-pooled incidence rate 6.9% per year (95% CI
3.9%-9.8% per year; I’ 83%; p < 0.001). ICH incidence rates per year according to cSS status
were 3.9% (95% CI 1.7%-6.1%; I 70%; p = 0.018) for patients without ¢SS, 11.1% (95% CI
7%-15.2%; I> 56.8%; p = 0.074) for ¢SS presence, 9.1% (95% CI 5.5%—-12.8%; I” 0%; p = 0.994)
for focal ¢SS, and 12.5% (95% CI 5.3%-19.7%; I 73.2%; p = 0.011) for disseminated cSS. In
adjusted pooled analysis, any ¢SS presence was independently associated with increased future
ICH risk (adjHR 2.14; 95% CI 1.19-3.8S; p < 0.0001). Focal cSS was linked with ICH risk
(adjHR 2.11; 95% CI 1.31-2.41; p = 0.002), while disseminated cSS conferred the strongest
bleeding risk (adjHR 4.28; 95% CI 2.91-6.30; p < 0.0001).

Conclusion
In patients with CAA, ¢SS presence and extent are the most important MRI prognostic risk
factors for future ICH, likely useful in treatment planning.

Classification of evidence
This study provides Class III evidence that in symptomatic CAA survivors with baseline T2*-
MR], ¢SS (particularly if disseminated, i.e., affecting >3 sulci) increases the risk of future ICH.

From the Hemorrhagic Stroke Research Program (A.C., G.B., S.M.G., A.V.), Department of Neurology, Massachusetts General Hospital Stroke Research Center, Harvard Medical
School, Boston; and Department of Neuroradiology (G.B.), Centre Hospitalier Sainte-Anne, Université Paris-Descartes, France.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Copyright © 2019 American Academy of Neurology

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://dx.doi.org/10.1212/WNL.0000000000008590
mailto:andreas.charidimou.09@ucl.ac.uk
mailto:andreas.charidimou.09@ucl.ac.uk
http://NPub.org/coe
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000008590

Glossary

Ap = p-amyloid; adjHR = adjusted hazard ratio; CAA = cerebral amyloid angiopathy; CI = confidence interval; CMB = cerebral
microbleed; ¢SS = cortical superficial siderosis; GRE = gradient-recalled echo; HR = hazard ratio; ICH = intracerebral
hemorrhage; MOOSE = Meta-analysis of Observational Studies in Epidemiology; SWI = susceptibility-weighted imaging;

TENE = transient focal neurologic episode.

Advanced cerebrovascular deposition of B-amyloid (Ap),
defined neuropathologically as cerebral amyloid angiopathy
(CAA), is a prevalent small-vessel disease and a leading cause
of spontaneous lobar intracerebral hemorrhage (ICH).' The
clinical management of symptomatic patients with CAA
(presenting with or without ICH, in stroke or memory clin-
ics) is thus centered around preventing future ICH, either
first-ever or recurrent, since these are associated with sub-
stantial morbidity and mortality. Identifying strong risk fac-
tors of future CAA-related ICH, including hemorrhagic MRI
biomarkers, is thus a crucial focus in the field.”

Putative hemorrhagic MRI biomarkers of small vessel dam-
age in CAA include small, and typically silent, strictly lobar
cerebral microbleeds (CMBs) and cortical superficial side-
rosis (cSS). While more recently described in relationship to
CMBs, ¢SS has been implicated as a specific MRI footprint of
a more aggressive CAA phenotype. ¢SS quite characteristi-
cally follows the curvilinear shape of the surrounding cerebral
gyri on T2*weighted MRI, reflecting blood breakdown
products deposition that line the outermost surface of the
cortex or the subarachnoid space (figure 1) ¢SS is thought
to result from superficial cortical hemorrhages (designated as

Figure 1 Representative examples of cortical superficial siderosis (cSS) on blood-sensitive MRI in patients with cerebral

amyloid angiopathy (CAA)

(A) T2*-weighted gradient-recalled echo se-
quence shows focal ¢SS (i.e., affecting up to 3
sulci) on the left and disseminated ¢SS (i.e., af-
fecting >3 sulci) on the right. (B) Susceptibility-
weighted imaging sequences from 2 different
patients with CAA with focal ¢SS (left) and dis-
seminated cSS (right).
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convexity subarachnoid hemorrhage, when acute), likely as
a consequence of brittle superficial cortical penetrators or
leptomeningeal vessels affected by advanced cerebrovascular
A deposition.>* ¢SS is rapidly gaining particular relevance to
clinical practice as a marker for increased future CAA-related
ICH risk in various different CAA patient populations and
clinical settings.>>°

The aim of this work is to bring together the totality of
evidence and obtain precise estimates on the effect sizes of
¢SS as an independent predictor of future ICH risk in patients
with CAA, across the spectrum of different clinical pre-
sentations and settings. We investigate this clinical question
in a systematic review and meta-analysis of published studies
on the topic.

Methods

The study was conducted with reference to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA),” Meta-analysis of Observational Studies in Epi-
demiology (MOOSE)?® guidelines, and the Cochrane Hand-
book for Systematic Reviews of Interventions.

Standard protocol approvals, registrations,
and patient consents

This study was performed in accordance with the guidelines at
our institution and using a predefined summary protocol’
developed in September 2017 within our group (not pub-
lished or registered as a stand-alone document). The protocol
was reviewed by the authors’ team and all details provided in
the rest of the section reflect our prespecified decisions and
strategy for the literature search, data extraction, outcome
measures, and statistical approach. Of note, this protocol was
identical to the one we developed in an earlier (preliminary)
meta-analysis we have performed on the topic.”

Search strategy and study selection

We searched PubMed for potentially eligible studies pub-
lished between January 1, 1990, and February 21, 2019, using
a combination of keywords and Medical Subject Headings
(“cortical superficial siderosis” or “convexity siderosis” or
“convexal siderosis” or “cortical hemosiderosis”) and (“cere-
bral amyloid angiopathy” or “intracerebral hemorrhage” or
“intracerebral haemorrhage”), without language restriction.
We also used snowballing to screen the reference lists of all
potentially eligible articles, relevant review articles, and
author’s own files (including regular weekly PubMed search
updates on ¢SS for the last 6 years). Retrospective or pro-
spective cohorts of symptomatic patients with CAA were el-
igible for inclusion if they characterized ¢SS presence and
severity at baseline MRI with subsequent patient follow-up for
the development of ICH. Specific inclusion criteria were (1)
retrospective or prospective CAA patient cohorts (including
ICH and non-ICH presentations, e.g., with cognitive im-
pairment or transient focal neurologic episodes) defined
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according to the original or modified Boston criteria'®!! and

including >50 adult patients; (2) baseline MRI (within 3
months of clinical presentations) with blood-sensitive
sequences (T2*-weighted), incorporating cSS ratings for
presence and severity using standard established criteria®';
(3) clinical follow-up >6 months for new lobar ICH (either
first-ever or recurrent) according to standardized criteria’;
and (4) investigation of the association between cSS at
baseline MRI and symptomatic ICH risk during clinical
follow-up. We excluded case reports, cohorts selected by
having isolated ¢SS at baseline, and cohorts on familial CAA
or CAA-related inflammation. For studies with more than one
publication describing results among overlapping cohorts and
with the same outcome measure, we included the dataset with
the longest follow-up, or the dataset with the largest number
of participants if the follow-up period was identical.

The abstracts of all articles identified from online searches
were reviewed by 2 authors, who also then reviewed the full
text of all eligible studies independently. The final list of in-
cluded studies was decided upon consensus among all
coauthors.

Outcome measures

The primary outcome of interest was spontaneous symp-
tomatic lobar ICH. This was defined as an acute onset focal
neurologic deficit of presumed vascular cause lasting at least
24 hours or interrupted by death within 24 hours (definition
of stroke), and diagnosed as spontaneous lobar ICH (pre-
sumed to be due to CAA-related small vessel disease) based
on standardized criteria on brain imaging (either CT or
MRI)."?

Data extraction

We classified studies as being conducted in CAA-related lobar
ICH, CAA presenting without lobar ICH at baseline (e.g., in
memory clinics with cognitive symptoms or stroke clinics with
transient focal neurologic episodes), a combination of the
above, or spontaneous ICH including CAA-related lobar ICH
patient populations. Where possible, in studies that included
a combination of different CAA presentations (ICH, non-
ICH), we extracted data for each subgroup separately.

For each study, we used a data collection pro-forma to extract
information on study design, number and nature of patients
(including mean age, sex, hypertension, antithrombotic drug
use at baseline, history of ICH), inception point for inclusion in
the study, MRI sequence measures and classification rules used
for ¢SS rating, prevalence and severity of ¢SS and other MRI
markers of CAA and small vessel disease (e.g., lobar CMBs,
white matter hyperintensities), duration and methods of
follow-up, and number of participants with the outcome of
interest per cSS presence and severity category (focal: affecting
up to 3 sulci and disseminated: affecting >3 sulci, figure 1)."!
Where available, adjusted estimates from multivariable models
of the independent association between cSS presence and se-
verity (as well as other covariates included in the models from
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each individual) and the outcome of interest were extracted as
hazard ratios (HRs) or odds ratios with corresponding 95%
confidence intervals (CI). Two authors independently extrac-
ted data and disagreements were resolved by consensus.

Quality and risk of bias assessment

We assessed each study against a list of key quality criteria we
devised based on study size, cohort recruitment method
(prospective vs other), blinding between cSS ratings and
outcome of interest, blood-sensitive MRI sequence type used,
criteria of ¢SS assessment, and interrater agreement. These
criteria were created using elements of the MOOSE?® rec-
ommendations and consensus standards for cSS assessment
and rating.> We assessed the risk of bias of each cohort
according to the Newcastle-Ottawa Scale for assessing the
quality of cohort (nonrandomized) studies.

Statistical analysis and data synthesis

We meta-analyzed data using a random effects model with
DerSimonian-Laird weights.'* We quantified the strength of
the association between cSS presence and severity and future
ICH risk by pooling the covariate-adjusted HRs (adjHR).
These HRs were extracted from relevant multivariable sur-
vival analysis models of all included studies (table 1, bottom
row). Meta-analyses were first conducted across all eligible
CAA cohorts (irrespective of clinical presentation with vs
without ICH) and then stratified according to cohorts of
patients with CAA-related ICH and patients presenting
without ICH at baseline. We assessed statistical heterogeneity
using I” statistics and visually through inspection of the forest
plot. Values of <25%, 25%-50%, and >50% were defined as
low, moderate, and high degrees of heterogeneity, re-
spectively. We explored publication bias with funnel plots. To
provide estimates of absolute risks, often useful in clinical
practice, we pooled and synthesized annualized symptomatic
ICH risk (%/year) and corresponding 95% Cls where pos-
sible, using a Poisson regression model and exact Poisson
intervals. We calculated pooled rates using the inverse vari-
ance method. All meta-analyses were performed using Stata
13.0 (StataCorp LP, College Station, TX) and considered a p
value of <0.05 as evidence of statistical significance.

Data availability policy
Data were deposited locally, but are not publicly available. All
relevant data are included in the article.

Results

Characteristics, quality, and critical appraisal
of included studies

Based on our search criteria, we identified 94 publications, of
which we retained 6 for the present meta-analysis, including
a total of 1,239 patients.%”'>™'® Figure 2 presents the flow
chart for study selection. Table 1 summarizes basic study
design elements and patient characteristics of all included
studies. Study patient populations comprised 3 cohorts of
CAA-related lobar ICH survivors,”>'> 1 cohort of patients
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with probable CAA without ICH history presenting with
cognitive impairment or transient focal neurologic episodes,'®
and 1 cohort of patients with CAA presenting with both lobar
ICH and non-ICH CAA syndromes.'® This latter study"® also
included patients with incidental CAA diagnosed in patients
with ischemic stroke/TTA (14%) and dizziness, headache, or
other nonspecific neurologic complaints (4%), syndromes
not typically caused by CAA. One of the studies we have
identified included unselected survivors of spontaneous ICH
with T2*-MRI available at baseline (i.e., both CAA-related
lobar ICH and deep ICH)."” Since this was a prospective
consecutive cohort, specifically investigating ¢SS in relation to
ICH recurrence,'” for comprehensiveness and to increase the
sample size, we have post hoc included it in our meta-analysis,
but have also performed separate sensitivity analyses and
reported estimates after removing this study. Of note, this
applies only for the meta-analyses on disseminated cSS, since
the study did not report estimates on any ¢SS presence and
focal ¢SS. The outcome in this study was thus any recurrent
ICH,"” but the majority of recurrences were lobar ICH in
patients with CAA-ICH, thus not affecting the pooled
estimates.

Included studies were somewhat different in their design and
inception points, sample size, use of the Boston criteria
(original vs modified), and presenting clinical features of
patients. The MRI sequences used to assess ¢SS were com-
parable, though some studies used a combination of T2*-
gradient-recalled echo (GRE) and susceptibility-weighted
imaging (SWI) sequences. The criteria and instruments for
cSS assessment were uniform across studies. All details can be
reviewed in table 1. None of the studies have investigated (or
incorporated in their adjusted models) blood pressure control
and anticoagulation/antithrombotic treatment (only one
study'®) during follow-up. Of note, in all studies patients were
treated according to current guidelines for blood pressure
control after an ICH and a strategy of avoiding anti-
coagulation treatment in the setting of CAA-related ICH was
followed.

Table 2 summarizes the results of the assessment of each
cohort study against key quality indicators relevant for the
clinical question under investigation and the risk of bias based
on the Newcastle-Ottawa Scale. Studies were medium to high
quality based on the total number of quality indicators fulfilled
and had low risk of bias in the Newcastle-Ottawa Scale
categories.

Pooled prevalence and severity of cSS in
included studies

At baseline MRI, the pooled prevalence of ¢SS presence
across all studies was 34% (95% CI 26%—-41%; I” 87.94%; p<
0.001). Focal ¢SS (i.e., up to 3 affected sulci) prevalence was
14% (95% CI 12%-16%; I° 6.75%; p = 0.37) and dissemi-
nated cSS (i.e., >3 affected sulci) prevalence was 20% (95% CI
13%-26%; I* 90.39%; p < 0.001). When removing the single
cohort that did not use the Boston criteria to report on ¢SS
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Table 1 Basic elements of cohort design and patient population characteristics of included studies

Charidimou Wollenweber

Characteristics etal.® Koo et al." Charidimou et al."® etal."® Charidimou et al.® Moulin et al."”

Country/setting European, Korea, United States, Prospective, United States, France,
retrospective, retrospective, prospective, multicenter prospective, prospective,
multicenter (4 consecutive, singe-  consecutive, single- cohort (4 consecutive, singe- consecutive,
hospitals) center center (2000-2015) hospitals): center single-center:

(2005-2013) SuSPect-CAA PITCH
(2013-2016) (2004-2009)

Inception point Hospital Hospital Patients with CAA Patients Hospital admission Unselected
admission with admission with without ICH admitted presented at with lobar ICH at survivors of
lobar ICH at lobar ICH at to stroke (TFNEs) or stroke services (n baseline, survived 30  spontaneous
baseline baseline memory clinics =194)or memory  days after index ICH with T2*

(cognitive complains) clinics (n = 108) event MRI

T2* MRI T2*-GRE (1.5T/ T2*-GRE (3T/16 T2*-GRE (SWIin 33%)  T2*-GRE/SWI (1.5  T2*-GRE (some T2*-GRE (1.5T/
measures (field 15-70 ms/5 mm) ms/5 mm) (1.5T/50 ms/5 mm) and 3T/2/?) cases: SWI) (1.5T/50 22.8 ms/5 mm)
strength/ET/ST) (varied) ms/5 mm)

Patient number 118 (51.7) 85 (57) 236 (60) 302 (40) 240 (53) 258 (58)

(% men)

Diagnostic Original Boston Modified Boston Modified Boston Modified Boston Original Boston Not applied or

criteria used criteria criteria criteria: all patients: criteria® criteria (possible: 92;  reported

(possible/ probable CAA (possible: 88; probable: 148)

probable CAA) probable: 214)

Age, y, mean/ 71.3(95% Cl 70 (8) 81.8 (95% Cl 66.6-97) ~73(SD~7) 75.2 (66.7-81.1) ~67

median (SD/IQR) 69.6-73)

Hypertension 66 (61.1) 46 (54) 154 (65) 229 (76) 152 (63.3) 165 (64)

(%)

Previous ICH (%) 30 (25.4) — 0 109 (36) 29 (12.1) 13 (0.05) [69
(27) with MRI
old ICH]

Advance WMH 52 (44.8) 52 (61) 78 (33) Not reported 140 (58.3) 157 (61)

(grade 2-3) (%)

CMBs 80 (67.8) 57 (67) 227 (96) 252 (83) 116 (48.3) 108 (42)

prevalence (%)

Follow-up Clinical records Clinical records Phone calls at 3 Clinical visits (at 6 Telephone follow- Clinical visits (at
method review, recurrent review, recurrent months after and 12 months), up, supplementedby  6and 12
lobar ICH outcome  lobar ICH outcome  enrollment and every  telephone chart review, months and
events confirmed events confirmed 6 months, chart interview, outcome events annually
on brain CT on brain CT review medical record confirmed on brain thereafter),
review cT telephone
Follow-up time, 2(0.4-1.8) 3(range0.08-10.1)  3.26 (1.42-5.50) 1 2.6 (0.9-5.1) 6.4 (2.9-8.4)
y (IQR)
Variables Age (per year Post-ICH AgeP Age Age (per Xear Old ICH Lobar
included in increase) antithrombotics >5 lobar CMBs Number of CMB increase) CMBs presence
survival analysis  Previous lobar ICH  use® presence; severe mRS© Multiple (>2) CMBs Disseminated

adjusted models
and in our
models

(other than index
event)

Total WMH
volume, per
milliliter increase

>5 CMBs presence

¢SS presence,
burden®

CMB burden
CSO-PVS severity
¢SS presence,
burden®

WMH
cSS presence,
burden®

cSS presence,
disseminated
cssP

cSS presence,
burden®

cSsP

Abbreviations: CAA = cerebral amyloid angiopathy; Cl = confidence interval; CMB = cerebral microbleed; CSO-PVS = perivascular spaces in the centrum
semiovale; ¢SS = cortical superficial siderosis; ET = echo time; GRE = gradient-recalled echo; ICH = intracerebral hemorrhage; IQR = interquartile range; mRS =
modified Rankin Scale; PITCH = Prognosis of Intracerebral Haemorrhage; SuSPect-CAA = Superficial Siderosis in Patients with Suspected Cerebral Amyloid
Angiopathy Study; ST = slice thickness; SWI = susceptibility-weighted imaging; TFNE = transient focal neurologic episode; WMH = white matter

hyperintensities.

@ Patients meeting a probable or possible CAA diagnosis based on modified Boston criteria were included with the following additional modification: the
authors did not exclude patients with a maximum of 2 deep cerebral CMBs on baseline MRI provided they had at least twice the number of lobar CMB or
a history of lobar ICH or ¢SS, a deviation from the validated Boston criteria. Results and effect sizes were unchanged when these patients were excluded.

b Statistically significant variables within each study.
¢ Extended model corrected for age, sex, hypertension, atrial fibrillation, use of antiplatelet agents, use of oral anticoagulants, number of CMB at baseline,
previous intracranial hemorrhage, previous ischemic stroke, and mRS score at baseline.
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specifically in CAA-related ICH, the pooled prevalence for
cSS presence was 37% (95% CI 34%-40%; I 0%; p = 0.59),
for focal ¢SS 15% (95% CI 12%—-17%; I” 0%; p = 0.54), and for
disseminated ¢SS 22% (95% CI 18%-26%; I’ 60.5%; p
=0.04).

Meta-analyses: ¢SS and risk of future ICH
During a mean pooled follow-up time of 3.1 years (range
1-4 years), 162/1,239 patients overall experienced
a symptomatic ICH, a pooled incidence rate of 6.9% per
year (95% CI 3.9%-9.8% per year; I’ 83%; p < 0.001).
Assuming a uniform follow-up time and stable estimates of
risk across time, the pooled symptomatic ICH incidence
rates per year according to ¢SS presence and severity were
3.9% per year (95% CI 1.7%-6.1%; I 70%; p =0.018) for
patients without ¢SS, 11.1% per year (95% CI7%-15.2%; r
56.8%; p = 0.074) in the presence of ¢SS, 9.1% per year
(95% CI 5.5%-12.8%; I” 0%; p = 0.994) for focal cSS, and
12.5% (95% CI 5.3%-19.7%; I> 73.2%; p = 0.011) for dis-
seminated cSS.

All studies, except one,'” provided adjusted estimates from
survival analysis on ¢SS presence and future ICH risk. In
meta-analysis of adjusted estimates from multivariable
models, any ¢SS presence was independently associated with
increased future ICH risk during follow-up (adjHR 2.14;

95% CI 1.19-3.85; p < 0.0001), compared to patients
without ¢SS (figure 3). The association with future ICH risk
showed a dose relationship with increasing cSS severity:
focal ¢SS was linked with ICH risk (adjHR 2.11; 95% CI:
1.31-2.41; p = 0.002), while disseminated cSS conferred the
strongest independent future bleeding risk (adjHR 4.28;
95% CI: 2.91-6.30; p < 0.0001) in patients with CAA during
follow-up (figure 4). The results on disseminated cSS were
consistent and of similar effect sizes in a subanalysis ex-
cluding the single study'” that did not present estimates for
patients with CAA-ICH separately (adjHR 4.39; 95% CI
2.72-7.09; p < 0.0001). Among other common clinical and
MRI variables included into multivariable models, increasing
age (adjHR 1.04; 95% CI 1.01-1.06; p = 0.003; I> 0%; p =
0.597, per year increase), but not lobar CMBs (adjHR 1.05;
95% CI 0.76-1.44; p = 0.771; I’ 27.4%; p = 0.229), were
associated with ICH risk in CAA. Only one study in-
corporated MRI-visible centrum semiovale perivascular
spaces severity in the survival models—no association with
risk of ICH was found (table 1). Two studies included white
matter hyperintensities severity in the multivariable survival
models—no association was identified with the risk of ICH
(table 1). In the rest of the studies, white matter hyper-
intensities severity was not even a univariable predictor of
ICH risk and was hence not investigated further in adjusted
models.

Figure 2 Flowchart of studies identification and selection

PubMed database—
no language limit
01/01/2007 - 02/21/2019

A 4

Unique articles screened
(N =94)

| Excluded (n =81):

* Nonrelevant title/abstract (81)

A

Full-text articles assessed
for eligibility
(n=13)

Excluded (n =7):

A 4

* Non-CAA population/not relevant (4)
* Duplicate cohorts (3)

A 4

Included in the meta-analysis
(n=6)

CAA = cerebral amyloid angiopathy.
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Table 2 Assessment of each of cohort study against key quality indicators of the risk of bias based on the

Newcastle-Ottawa Scale?

Charidimou Koo Charidimou Wollenweber Charidimou Moulin
Key quality indicators etal.® etal.’ etal'® etal.’® etal’® etal."”
Prospective cohort — — + + + +
Clearly defined populations (and estimates separated + + + + — —
per clinical setting/presentation)
Consecutive patients + + + — + +
Data on excluded patients presented among screened — — + — + +
populations
Standardized and clearly defined MRI measures + + + — + +
Clear cSS definition, according to consensus guidelines + + + + + +
>1 year of mean/median follow-up + + + — + +
Completion of follow-up (>90%) + + + — + +
Fully adjusted survival models presented + — + ? (OR vs HR) + —
No. of quality indicators fulfilled 7/9 6/9 9/9 3/9 8/9 7/9
Selection (Newcastle-Ottawa Scale) Raiid wkk wEAK Hkk dkkok Hkk
Comparability (Newcastle-Ottawa Scale) wx * Lid * o —
Outcome (Newcastle-Ottawa Scale) Fkk whk Hkk *k *kk *kk

Abbreviations: cSS = cortical superficial siderosis; HR = hazard ratio; OR = odds ratio.

2 Ratings for the Newcastle-Ottawa Scale: A study can be awarded a maximum of 1 star for each numbered item within the Selection (maximum 4 stars) and
Outcome (maximum 3 stars ) categories. A maximum of 2 stars can be given for Comparability. See the following for details: Wells GA, Shea B, O'Connell D,
et al. The Newcastle-Ottawa Scale (NOS) for assessing the quality of nonrandomized studies in meta-analyses. Available at: ohri.ca/programs/clinical_

epidemiology/oxford.asp.

Discussion

In this systematic review and meta-analysis, we have examined
all currently available group-level data to establish a precise es-
timate of future ICH risk in patients with ¢SS across the spec-
trum of CAA presentations. Using data from more than 1,200
patients (the largest combined patient group to date), our
pooled analysis provides compelling evidence that cSS presence
and extent is the single strongest independent risk factor for
CAA-related bleeding overall. Patients with ¢SS on MRI appear
to have approximately 2 times the HR for future hemorrhage,
compared to those without ¢SS. While focal ¢SS was also as-
sociated with doubling the bleeding hazards, the major driver of
the elevated bleeding risk seems to be disseminated ¢SS (af-
fecting more than 3 sulci), with pooled HRs 4 times greater than
in patients without cSS. These estimates were independent of
previously identified risk factors for CAA-related hemorrhage,
including increasing age and lobar CMBs, and were stable
irrespective of whether patients with CAA presented with lobar
ICH or other non-ICH syndromes at baseline.

An important finding of this work, which should not be
overlooked, is that the quality and methodologic aspects of
studies on the topic vary and are not optimal. This partly
reflects ¢SS being a relatively new imaging biomarker among
CAA and small vessel disease MRI markers.”"*> Hence, our
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pooled estimates, while preliminary, do provide validity for
earlier observations by synthesizing data from a larger number
of patients from established CAA cohorts and more outcome
events, conferring higher statistical power for multivariable
survival models. These results add substantially to an in-
creasing body of evidence supporting ¢SS (especially if dis-
seminated) as a central and specific hemorrhagic footprint of
advanced CAA.*> The major clinical relevance of current
findings is that ¢SS should play a key part in the routine
bleeding risk stratification in patients with symptomatic CAA,
including decision-making around prognosis and treatment.
This becomes particularly important for anticoagulation
decisions in CAA—currently, one of the hotly debated topics
in the field."”*° Clinicians are often hesitant to prescribe oral
anticoagulation in patients with suspected underlying CAA,
who would otherwise have a strong indication for the medi-
cation (e.g, nonvalvular atrial fibrillation).”® Our results
demonstrate that hemorrhagic risk, and hence the balance
between hemorrhagic and cardioembolic stroke, is not uni-
form in patients with CAA. Instead, different CAA phenotypes
with varying propensities towards bleeding can be dissected
out based on the MRI presence and extent of ¢SS. The exact
tipping point for when oral anticoagulation treatment should
be avoided in patients with CAA in light of ICH risk and
anticoagulation-related complications is difficult to calculate.
However, a future incident/recurrent ICH rate of 12.5% per
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Figure 3 Forest plot of the association between the presence of cortical superficial siderosis (cSS) and risk of future

intracerebral hemorrhage (ICH) during follow-up

HR LCL UCL Weight (%)
2.53 1.05 6.15  19.12

= p 1334 0.07 2,309.77 1.22
4.04 173 9.44  19.80
1.20 1.10 1.30  33.61
226 131 3.87 26.25
214 119 3.85 100

15.0

Study
Ref #6 — |
Ref #15 < ‘
Ref #16 = B
Ref #18 .
Ref #9 = B
Overall: p=0.011, 12=75.1% ‘
01| 20 5.0
214
No ¢SS ¢SS presence
1.0

Meta-analysis was performed using a random effects model, pooling adjusted hazard ratios (HRs). The squares represent study-specific HRs, with their size
proportional to their statistical weight (WGHT). LCL = lower confidence limit; UCL = upper confidence limit.

year (and HR of ~4) in the presence of disseminated cSS in
the current meta-analysis identifies a specific CAA patient
group in which the benefits of oral anticoagulation for pre-
venting ischemic strokes should be carefully balanced in order
to outweigh the risks.”>*" On the other hand, the presence of
atrial fibrillation might confer enough risk for ischemic stroke
to offset the presumed ICH risk in the subset of patients with
CAA without ¢SS and a CHA,DS, score >1-2. We note that
data on the true risk vs benefit in this scenario are not available.
Taken together, our data solidify the argument for using T2*-
MRI sequences in patients with CAA to guide treatment
planning. Direct analyses of ¢SS and outcomes in patients with
suspected CAA and comorbid conditions requiring antith-
rombotic treatment, such as atrial fibrillation, are needed.

The potential pathophysiologic mechanisms linking ¢SS to
elevated ICH risk in CAA remain largely undefined. The
prevailing hypothesis is that ¢SS results from repeated epi-
sodes of superficial cortical hemorrhage into the sub-
arachnoid (following the curvilinear shape of the surrounding
cerebral gyri) from brittle CAA-laden leptomeningeal arte-
rioles.” It is possible that ICH results from the same mech-
anisms>” but further evidence is required. In the absence of
direct neuropathologic support, indirect evidence for this
hypothesis is provided by specific associations with APOE
alleles. APOE genotype is an important genetic determinant
of CAA pathophysiology”>**: APOE €4 seems to enhance
vascular AP deposition in a dose-dependent fashion,* while
APOE €2 is linked to CAA-related vasculopathic degenerative
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changes (vessel cracking, detachment and delamination of
the outermost layer of the tunica media, and fibrinoid ne-
crosis) that can lead to vessel rupture and ICH.>® APOE g2 is
known to be associated with CAA-related ICH, perhaps
causally,”” and predisposes to larger volumes of CAA-related
bleeding.28 In recent studies, the APOE €2 allele had a higher
prevalence among patients with CAA with ¢SS, especially
when disseminated.””>' These observations create some
prospects in that the presence of ¢SS, especially if dissemi-
nated, and APOE €2 could in fact allow for a better stratifi-
cation of bleeding risk in CAA (for example, in the case of
anticoagulation decisions). The presence of ¢SS is also as-
sociated with positive PET amyloid imaging in the general
elderly population®" and higher amyloid PET deposition
among memory clinic patients.”> Whether lobar ICHs at
follow-up are observed in the vicinity of previously detected
¢SS remains an open question in the field, but has promise in
improving our understanding of the pathogenic mechanisms
that bind these 2 hemorrhagic lesions. There are currently no
good quality data regarding the spatial location of new
symptomatic lobar ICH found in patients with CAA during
follow-up in relation to cSS. This hypothesis remains difficult
to test just by visually correlating the area of ICH with pre-
vious c¢SS. Often these patients have ¢SS occurring in mul-
tiple brain locations and hence a large hematoma is very likely
to be close to a ¢SS region without a real statistical topo-
graphic correlation. Future studies will need to come up with
more sophisticated approaches to specifically test this hy-
pothesis rigorously.
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Figure 4 Forest plots of the association between focal cortical superficial siderosis (cSS) (A) and disseminated ¢SS (B) with
risk of future lobar intracerebral hemorrhage (ICH) during follow-up
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Meta-analyses were performed using a random effects model, pooling adjusted hazard ratios (HRs). The squares represent study-specific HRs, with their size
proportional to their statistical weight (WGHT). LCL = lower confidence limit; UCL = upper confidence limit.

In included studies, and similarly in our meta-analysis, lobar
CMBs were not an independent predictor of future ICH risk.
This finding might appear counterintuitive. Previous clinical—
MRI cohorts in CAA have, often disproportionally, focused on
the role of lobar CMBs as a risk factor for future bleeding risk,
showing that their presence and burden are associated with
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a higher risk of ICH recurrence.”> > However, these older
studies were performed prior to identification of ¢SS as an
important CAA biomarker, and thus did not contain ¢SS in their
analyses. When ¢SS is taken into account and included in ad-
justed survival models, lobar CMBs are no longer in-
dependently associated with the risk of future ICH,*® even in
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CAA cases with lobar ICH at baseline. This has led to an
evolution of thinking concerning CMBs in CAA. CMBs likely
represent good MRI markers of the presence of advanced dis-
ease (for example, multiple strictly lobar CMBs indicate un-
derlying CAA with good sensitivity and specificity®®), but are
not necessarily strong predictors of the degenerative changes
prone to ICH in amyloid-laden vessel wall segments. Corrob-
orating this view, in a previous meta-analysis, strictly lobar
microbleeds were related to APOE g4 (OR 1.35, 95% CI
1.10-1.66; p = 0.005), but not APOE €2.% There is also direct
neuropathologic evidence that microbleeds and larger symp-
tomatic hemorrhages (e.g,, macrobleeds) might be pathophy-
siologically distinct, and not in a continuum.>® These findings
highlight the fact that ¢SS is more than just a cerebral sulcus
equivalent of a microbleed—cSS is a distinct hemorrhagic sig-
nature of CAA and is strongly associated with risk of bleeding.

Strengths of our study include the increased sample size and
number of outcome events by pooling all published data from
retrospective and prospective MRI cohort studies investigating
cSS. The combination of high statistical power and the ho-
mogeneity of effect sizes and direction across studies support
the validity of the results. Some important limitations deserve
careful consideration, and generally fall into 2 categories: (1)
inherent limitations of CAA cohorts looking at baseline MRI
markers and risk of future hemorrhage; and (2) limitations
related to this type of aggregate data group-level meta-analysis.
By definition, a potential limitation of any CAA clinical cohort
is the selection bias due to the requirement for an MRI close to
the baseline presentation, often as part of routine clinical care.
Our results can thus only be generalized to symptomatic CAA
survivors who get a brain MRI at baseline and fulfil the Boston
criteria for CAA. This is often the clinical CAA population in
which future ICH prevention is most relevant. Studies had
varied follow-up times, ranging from 1 to 3 years, which are
relatively short and might affect the reported future ICH
estimates. In combination with the small sample sizes within
individual cohorts, this led to wide Cls around risk estimates.
Therefore, some of our meta-analyses were dominated in
terms of statistical weighting by certain cohorts. The MRI
protocols for ¢SS detection were not harmonized across, and
often within studies, including the use of both T2*-GRE and
SWI sequences at 1.5T or 3T, which might affect the sensitivity
for grading cSS severity. This is an important limitation in
synthesizing evidence for an MRI biomarker, in this case ¢SS,
which might affect the rating for ¢SS presence and extent and
affect our estimates. Of note, different MRI sequence measures
and specifically SWI and T2*-GRE sequences have different
sensitivities for blood product detection, as demonstrated in
the CMB literature. However, there are no studies quantifying
the difference in sensitivity of the 2 techniques for ¢SS clas-
sification. Given that ¢SS represents a much higher volume of
blood breakdown products compared to CMBs, the differ-
ences in sensitivity might be less pronounced.

Despite using adjHR from multivariable survival models, a po-
tential limitation of this study-level data approach is residual
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confounding of the estimates by other baseline variables related
to future ICH. Our approach for this initial meta-analysis on ¢SS
and risk of future ICH was to look at the clinical relevance of the
biomarker across all symptomatic CAA presentations (ICH and
non-ICH) in order to draw more definite conclusions. We also
hypothesized based on prior studies that the effect of ¢SS in
elevating future bleeding risk is independent of whether patients
had a history of ICH.'** However, careful phenotyping of
CAA based on MRI signatures in combination with the clinical
setting would still be of interest to further stratify future ICH
risk. Based on the meta-analysis design, it remains uncertain
whether ¢SS is a “stronger” predictor than clinical presentation
with ICH and ICH history (single or multiple). Only 2
studies'®'® in our meta-analysis have provided data on patients
with CAA without lobar hemorrhage presenting with transient
focal neurologic episodes (TFNEs) or cognitive impairment,
a largely understudied group in the field. In one of these stud-
ies'® the authors have not presented estimates separately for
patients with CAA with vs without ICH in relation to the
outcomes of interest. Hence, a secondary analysis according to
patient presentations was not possible based on available data.
We acknowledge that different CAA clinical presentations
(i.e, with ICH vs TFNEs or cognitive impairment) might have
different baseline absolute risks for future ICH. However, we
have hypothesized, and confirmed, that the effect of the
marker—in this case cSS—has a consistent effect in increasing
the relative risk for future ICH across the spectrum of CAA. In
the absence of precise patient-years of follow-up, our pooled
estimates on ICH incidence rate per year according to ¢SS status
and severity are not stable, with moderate to severe statistical
heterogeneity, and likely underestimate the true incidence rate,
especially in patients with severe cS8. % Finally, none of the
included studies have investigated blood pressure control and
antithrombotics use during follow-up, and how they might in-
teract with MRI markers of CAA and ICH recurrence—a point
for future investigation. The contribution of chronic arterial
hypertension to lobar ICH risk is well-documented* ™ and
blood pressure control in particular is a key target for reducing
future ICH occurrence in CAA. The only way to circumvent the
limitations discussed and further increase the sample size and
generalizability of the findings, investigate the full range of
interactions between different variables, and build more so-
phisticated multivariable models would be an individual patient
data meta-analysis systematically exploring MRI and other
predictors of CAA-related ICH recurrence. This analysis is
currently planned under the umbrella of the International CAA
Association (caaforum.org/).

Altogether, data reported here solidify ¢SS as a biomarker of
increased cortical and leptomeningeal small-vessel fragility
and high CAA disease activity, heralding a high risk for future
ICH. Our findings therefore provide a strong argument for
using blood-sensitive T2*-weighted MRI sequences to iden-
tify specific subgroups of patients with CAA at high risk for
ICH. This could be helpful to inform and tailor treatment
planning. Large international efforts in the field are underway
to validate and expand these findings.
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