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Abstract

Objective: We aimed to characterize cortical superficial siderosis, its determinants and sequel, in
community-dwelling older adults.

Methods: The sample consisted of Framingham (n7= 1724; 2000-2009) and Rotterdam (»

= 4325; 2005-2013) study participants who underwent brain MRI. In pooled individual-level
analysis, we compared baseline characteristics in patients with cortical superficial siderosis to two
reference groups: (i) persons without hemorrhagic MRI markers of cerebral amyloid angiopathy
(no cortical superficial siderosis and no microbleeds) and (ii) those with presumed cerebral
amyloid angiopathy based on the presence of strictly lobar microbleeds but without cortical
superficial siderosis.

Results: Among a total of 6049 participants, 4846 did not have any microbleeds or cortical
superficial siderosis (80%), 401 had deep/mixed microbleeds (6.6%), 776 had strictly lobar
microbleeds without cortical superficial siderosis (12.8%) and 26 had cortical superficial siderosis
with/without microbleeds (0.43%). In comparison to participants without microbleeds or cortical
superficial siderosis and to those with strictly lobar microbleeds but without cortical superficial
siderosis, participants with cortical superficial siderosis were older (OR 1.09 per year, 95% CI
1.05, 1.14; p<0.001 and 1.04, 95% CI 1.00, 1.09; p= 0.058, respectively), had overrepresentation
of the APOE &4 allele (5.19, 2.04, 13.25; p=0.001 and 3.47, 1.35, 8.92; p=0.01), and greater
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prevalence of intracerebral hemorrhage (72.57, 9.12, 577.49; p< 0.001 and 81.49, 3.40, >999.99;
p=0.006). During a mean follow-up of 5.6 years, 42.4% participants with cortical superficial
siderosis had a stroke (five intracerebral hemorrhage, two ischemic strokes and four undetermined
strokes), 19.2% had transient neurological deficits and 3.8% developed incident dementia.

Conclusion: Our study adds supporting evidence to the association between cortical superficial
siderosis and cerebral amyloid angiopathy within the general population. Community-dwelling
persons with cortical superficial siderosis may be at high risk for intracerebral hemorrhage and
future neurological events.

Keywords

Brain microbleeds; cerebral amyloid angiopathy; cerebral hemorrhage; community; cortical
superficial siderosis; stroke facilities

Introduction

Cortical superficial siderosis (cSS) is increasingly recognized as an imaging marker of
cerebral amyloid angiopathy (CAA) in clinical settings. In these hospital-based cohorts, ¢SS
seems to be a robust indicator of increased risk of future intracerebral hemorrhage (ICH)!
and may mark underlying vasculopathic changes prone to vessel rupture.2:3

Lobar cerebral microbleeds (CMBs) are another MRI marker of CAA, and incorporated

in the clinico-diagnostic Boston Criteria to diagnose patients 55 years of age or greater
with “‘probable CAA’ without tissue biopsy.# Using lobar CMBs to fulfill these criteria

has demonstrated an 88% positive predictive value for histopathologically confirmed CAA
in a hospital-based cohort.> Conversely, the diagnostic value of lobar CMBs for CAA

in community-dwelling populations seems rather limited (25% positive predictive value),
highlighting the need to identify more specific MRI markers of CAA in the community.®

The modified Boston Criteria have demonstrated improved sensitivity for CAA diagnosis

in hospital cohorts through the addition of ¢SS. Preliminary reports have suggested a

¢SS prevalence of 0.5-0.9% in community-dwelling individuals’—%; however, the underlying
pathology and prognostic implications of ¢SS in the general population remain elusive.

We aimed to characterize cSS, its determinants and sequela, in community-dwelling older
adults and in particular in comparison to individuals with strictly lobar CMBs, by combining
individual-level data from two large population cohorts.

Materials and methods

Sample

Framingham Original and Offspring Cohort participants and Rotterdam Study participants
greater than 55 years of age who underwent brain MRI with T2*-weighted imaging allowing
for ¢SS and CMB detection were eligible. Patients with a reported prior history of traumatic
brain injury were excluded. The sample consisted of Framingham Study participants (/7=
1724) who underwent brain MRI between 2000 and 2009, and Rotterdam Study participants
(n=4325) who underwent brain MRI between 2005 and 2013, for a total of 6049
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participants. The institutional review boards of the Boston University Medical Center and
Erasmus MC approved the study protocol and informed consent was obtained from all
participants.

Vascular risk factors

In the Framingham Study and Rotterdam Study, vascular risk factors were assessed at the
exam cycle closest to MRI. In the Framingham Study, hypertension was defined by the
JNC-7 classification (SBP=140 mm Hg and/or DBP=90 mm Hg, or use of antihypertensive
medications). Total cholesterol was measured on fasting specimens in the Offspring cohort,
and random samples in the Original cohort. Medication use was assessed by self-report.

In the Rotterdam Study, blood pressure measurements were averaged over two readings
using a random zero sphygmomanometer. Hypertension was defined as a blood pressure

of >140 mmHg systolic or >90 mmHg diastolic, or the use of blood pressure lowering
medication. Serum total cholesterol was measured using an automated enzymatic procedure.
Lipid-lowering medication use was assessed in home interviews. Pharmacy records were
used to determine the use of antithrombotic medication (ATC code BO1A).

MRI acquisition

Framingham Heart Study participants were imaged using a 1.5-tesla MRI scanner (Siemens
Magnetom). T2*gradient echo sequences were obtained with the following parameters:
repetition time 656 ms, echo time 26 ms, acquisition matrix 144x256, field of view 22 cm,
30° flip angle, and 19 slices of 5 mm thickness, and 2 mm gap. Rotterdam Study participants
were imaged using a 1.5-Tesla MRI scanner (GE Healthcare, Milwaukee, WI). 3D T2*-
gradient echo weighted images were obtained with the following parameters: repetition time
45 ms, echo time 31 ms, acquisition matrix 320x244, field of view 25x17.5 cm2, 13° flip
angle, 96 slices of 1.6 mm thickness zero padded to 192 slices of 0.8 mm.

MRI analysis

We determined the volume of WMH according to previously published methods.10 We
manually determined lacunes on the basis of their size (>3 mm, <15 mm) and imaging
characteristics, as previously described.1! Total cerebral brain volumes as a percentage
of cranial volume were calculated in semi-manual (Framingham Heart Study) or fully

automated (Rotterdam Study) methods described elsewhere,10-13

Cerebral microbleeds were defined and cSS rated as per previously described
methods.27-14:15 Sulci with ¢SS congruent with region of previous macrohemorrhage were
excluded. Investigators in both cohorts have previously demonstrated excellent inter-rater
reliability for the presence of CMBs and ¢SS.2:14.15 participants were categorized into four
groups according to their ¢SS and CMB profiles. Group A consisted of participants without
¢SS or CMBs on MRI; Group B consisted of participants with mixed or deep CMBs and
without ¢SS, Group C consisted of participants with strictly lobar CMBs and without ¢SS
and Group D consisted of participants with ¢SS with or without concurrent CMBs.

Int J Stroke. Author manuscript; available in PMC 2023 January 07.
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Operators were blinded to the subject’s demographic, clinical, and genetic characteristics.
A ¢SS topography map was created through manual delineation of visualized ¢SS in each
participant, followed by merger of all images into one probability map.

Apolipoprotein E status

Genotyping for apolipoprotein E (APOE) status was performed as previously described and
available in a total of 5745 (95%) participants.1416 APOE allele frequencies were calculated
by determining the proportion of a given allele among all APOE alleles within the particular
subgroup of interest. For multivariate regression analysis, APOE status was categorized as
any &2 (one or more £2), any 4 (1 or more e4) and £3/£3 (reference).

Clinical outcomes

Stroke and transient ischemic attack (T1A) surveillance methods and protocol for
determining the diagnosis and type of stroke (ischemic versus hemorrhagic) have previously
been published for the Framingham and Rotterdam Studies.1-19 Strokes that occurred
before the first research MRI were coded as prevalent strokes. New strokes that occurred
after the first research MRI were identified as incident strokes.

Mild cognitive impairment (MCI) was classified as involving memory, executive function,
or either one, using standardized scores. Memory was assessed using logical memory
delayed recall and impairment was defined as performance below 1.5 standard deviations
(SD). Executive function was assessed using Trails B-A (the difference in time between
Trail-making B and Trail-making A tests) and impairment was defined as performance
below 1.5 SD. MCI was defined by the presence of any combination of impairment.

Statistical analysis

Baseline characteristics of study participants were evaluated by ¢SS status, presented in
Table 1.

We natural log transformed the ratio of WMH volume to total cranial volume and

calculated SDUs by standardizing within 5-year age groups norms. Those with SDU>1 were
classified as having extensive WMH.1! Age-adjusted analyses were performed to assess

for differences in baseline characteristics across all four groups using linear or logistic
models as appropriate. Intergroup multiple comparisons were made using Tukey-Kramer
method. We then used separate logistic regression analyses to obtain odds ratios (OR) and
95% confidence intervals (95% CI) for determinants of ¢SS presence using two reference
groups: (i) persons without hemorrhagic MRI markers of CAA (group A) and (ii) those

with presumed CAA based on presence of strictly lobar microbleeds in the absence of ¢SS
(group C). Analyses were adjusted for age, sex, and cohort (Table 2). We further used a
series of logistic regression analyses to assess relationships between participants in group

D versus group A and group C, respectively, and each of prevalent ischemic stroke (IS),
intracerebral hemorrhage (ICH), TIA and MCI. Two multivariable models were evaluated:
model 1, adjusted for age and sex; model 2, additionally adjusted for ischemic cerebral small
vessel disease markers on MRI (lacunes and extensive WMH). All statistical analyses were

Int J Stroke. Author manuscript; available in PMC 2023 January 07.
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performed using SAS version 9.4 (SAS Institute Inc., Cary, NC). Two-tailed p < 0.05 was
considered statistically significant for the analysis.

Data availability

Results

Anonymized data will be shared by request from any qualified investigator.

Among a total of 6049 participants, 4846 did not have any CMBs or ¢SS (Group A; 80%),
401 had deep/mixed CMBs suggested of hypertensive arteriopathy (Group B; 6.6%), 776
had strictly lobar CMBs without ¢SS (Group C; 12.8%) and 26 had ¢SS with or without
CMBs (Group D; 0.43%). CMBs were present in 12 participants with ¢SS (46%), and
were strictly lobar in most cases (10 out of 12) and had mixed deep/lobar topography in
two cases. None of the participants with ¢SS had a strictly deep CMB pattern. Maps of
brain distribution of ¢SS amongst all affected participants demonstrated a parieto-occipital
predominant distribution of ¢SS (Figure 1).

Baseline characteristics are listed in Table 1. Participants in Group B were more often male
(p=0.007), hypertensive (p= 0.015), and using statins (p = 0.002) relative to participants
in Group A. They additionally had higher prevalence of antithrombotic use (p < 0.001
compared with A; p=0.002 compared with C), extensive white matter disease (o < 0.001
compared with both A and C), lacunes on MRI (p < 0.001 compared with both A and C)
and lower cholesterol levels (o= 0.014 compared with A; p = 0.048 compared with C).
Participants in Group C had higher rates of antithrombotic use (0.007) and extensive white
matter disease (p = 0.022), as well as reduced total cranial brain volume (p < 0.001) relative
to Group A. Participants in group D had a higher prevalence of ICH relative to the other
groups (p < 0.001). Both groups C (p=0.016) and D (p = 0.043) had greater APOE &2 and
4 minor allele frequencies relative to Group A. None of the other intergroup comparisons
was statistically significant. There was a numerical trend for greater prevalence of TIA in
group D participants (18%), relative to the other three groups (7% group A; 15% group B,
9% group C; p=0.078).

Multiple regression analyses demonstrated that in comparison to participants without CMBs
or ¢SS (Group A) or those with strictly lobar CMBs without ¢SS (Group C), participants
with ¢SS (Group D) were older (D vs. A: OR 1.09 per year, 95% CI 1.05, 1.14; p< 0.001
and D vs. C: OR 1.04, 95% CI 1.00, 1.09; p= 0.058), and had overrepresentation of the
APOQE &4 allele (D vs. A: OR 5.19 for any #4 allele relative to £3/£3, 95% CI 2.04, 13.15; p
=0.001 and D vs. C: OR 3.47, 95% CI 1.35, 8.92; p=0.01). The APOE &2 allele tended to
also be overrepresented in Group D (Table 2).

Further adjusted analyses (Table 3) demonstrated persistent associations between higher
prevalence of previous ICH (D vs. A: OR 76.11, 95% CI 9.58, 604.88; p< 0.001 and D vs.
C: OR 66.42, 95% CI 3.36, > 999.99; p=0.006) and lower prevalence of ischemic stroke (D
vs. A: OR 0.06, 95% CI 0.01, 0.52; p=0.011 and D vs. C: OR 0.04, 95% CI 0.003, 0.61; p
=0.020) in Group D participants, relative to participants in Groups A and C.

Int J Stroke. Author manuscript; available in PMC 2023 January 07.
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Post-hoc exploratory descriptive analysis demonstrated that during a mean follow-up of 5.6
years, 11 of the 26 (42.4%) participants with ¢SS had a stroke (five ICH, two ischemic
strokes and four undetermined strokes), five (19.2%) had transient neurological deficits and
one (3.8%) developed incident dementia. All five ICH occurred within the same hemisphere
of ¢SS, as did at least two of the four undetermined strokes. Only eight of 26 (31%)
participants with cSS remained free of future neurological events during follow-up (Table 4).

Discussion

Combining population-based imaging data from two large longitudinal cohorts, we studied
determinants and sequela of ¢SS in the general elderly population. Our findings suggest
that cSS is an infrequent imaging finding (prevalence 0.43%) in community-dwelling older
populations. Our results, however, further the notion that cSS may be a potent marker

for CAA in the general population, as evidenced by its (i) parieto-occipital predominant
distribution, a known hallmark of clinical CAAZ20 and associations with (ii) higher age, (iii)
overrepresentation of the APOE &2 and 4 alleles, and (iv) higher prevalence ICH compared
to strictly lobar CMBs. In a clinical setting, it has been argued that cSS may reflect a more
delayed manifestation of CAA or a marker of a distinct CAA phenotype at greater risk for
ICH.12 Our data suggest that this may be true in the general population as well, as we
found a higher prevalence of ICH in persons who had ¢SS than in persons with strictly
lobar CMBs, another imaging hallmark of CAA, which remained present after taking into
account other imaging markers of small vessel disease. Other compelling evidence for this
argument from our data is the greater frequency of CAA-related APOE alleles observed

in participants with ¢SS, in comparison to those with strictly lobar CMBs without cSS.

In particular, a recent meta-analysis suggests that APOE £2 might have a more important
role in the pathophysiology and severity of ¢SS.21 Of note is that this does not preclude
the possibility that ¢SS in the general population also reflects hemorrhage risk due to other
underlying pathology than CAA.

Participants with ¢SS were reported to have numerically greater prevalence of “TIA”
compared to all three other groups (Table 1; p~0.08), but paradoxically were at less

risk of ischemic strokes. An intriguing observation, which in combination with the
existing literature, would suggest that CAA-related transient neurological episodes or
‘amyloid spells’, which have been consistently associated with ¢SS or—its precursor—
convexity subarachnoid hemorrhage,?223 may be being misdiagnosed as TIA in persons
with ¢SS. Participants with ¢SS were additionally noted to have a high frequency of
future neurological events, and ICH cases often demonstrated a topographic relationship
with regions noted to have ¢SS at baseline. This supports the notion that cSS may mark
regions of advanced CAA-related vasculopathic changes vulnerable to vessel rupture.2 This
is particularly of clinical interest since many participants with ¢SS had been prescribed
medications that could increase the risk of ICH (baseline 42% antithrombotic medication;
45% statin) for presumed concomitant thromboembolic/vaso-occlusive diseases.

CAA pathology preferentially involves the parieto-occipital lobes,20-24 and fittingly MRI
markers of CAA, including cerebral microbleeds and white matter hyperintensities,2°:26
have demonstrated posterior predominance. Our findings are the first to our knowledge

Int J Stroke. Author manuscript; available in PMC 2023 January 07.
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demonstrating a similar posterior parieto-occipital predominant distribution of ¢SS, which
further supports its association with CAA in these older community dwelling individuals.

The greatest limitation of our study is the small sample size of participants with ¢SS due

to its infrequent occurrence within the general population. Additional limitations include
possible heterogeneous CMB detection rates between the Rotterdam and Framingham Heart
studies in view of their differing MRI parameters, and our inability to account for unreported
traumatic brain injuries that could have contributed to ¢SS or CMBs. Moreover, we could
not systematically exclude other factors that may have contributed to ¢SS, such as history

of reversible cerebral vasoconstriction syndrome or distal aneurysmal rupture, for instance
in the case of infective endocarditis—although both are rare occurrences in the general
population. Our observational study cannot establish temporality in the associations or
causation, and we cannot exclude the possibility of residual confounding. The predominant
European descent of both cohorts limits the generalizability of our findings to other ethnic
groups. In the absence of pathological specimens, we could not differentiate with definite
certainty participants with CAA pathology versus those without. Most notably, as we did
not adjust for multiple comparisons, our findings could have occurred merely by chance,

are exploratory in nature, and require replication in an external sample to ensure validity.

It is reassuring, however, that our observed associations with ¢SS in the community are
consistent with prior reported associations in hospital cohorts. Lastly, we did not assess ¢SS
progression over time, which has been reported to occur in ~30% of patients with CAA.27:28

Our study adds supporting evidence to the association between ¢SS and CAA, and suggests
that ¢SS may be a potent MRI marker for CAA in the general population. Community-
dwelling older persons with ¢SS may be at higher risk for ICH and future neurological
events.
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Figurel.
Map of brain distributions of superficial siderosis in 26 participants.
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