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Abstract

Objective: Enlarged perivascular spaces have emerged as markers of cerebral small vessel
disease and are linked to perivascular drainage dysfunction. The Apolipoprotein E &4 allele is the
strongest genetic risk factor for cerebral amyloid angiopathy and Alzheimer’s neuropathology, but
the underlying mechanisms remain unclear. We studied the relationship between APOE-&4 and
the topography and burden of enlarged perivascular spaces to elucidate underlying mechanisms
between APOE-¢4 and adverse clinical outcomes.

Methods: We included 3,564 Framingham Heart Study participants with available genotypes
and magnetic resonance imaging. Enlarged perivascular spaces in the basal ganglia and centrum
semiovale were rated using a validated scale. We related APOE-e4 allele presence to high burden
of enlarged perivascular spaces in each region and a mixed score reflecting high burden in both
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regions using multivariable logistic regression. Exploratory analyses incorporated presence of
cerebral microbleeds and assessed effect modification by hypertension.

Results: Mean age was 60.7 years (SD: 14.6), 1644 (46.1%) were male, 1486 (41.8%) were
hypertensive, and 836 (23.5%) participants were APOE-e4 carriers. APOE-g4 was associated with
high burden of enlarged perivascular spaces in the centrum semiovale (OR 1.45, 95% ClI: 1.16,
1.81) and mixed regions (OR: 1.37; 95% CI: 1.11, 1.68). Associations were slightly stronger in
hypertensive subjects.

Interpretation: The APOE-¢4 allele plays a modest role in the burden of enlarged perivascular
spaces in the centrum semiovale. Further studies are needed to clarify the underlying small vessel
disease type in community-dwelling individuals with predominant centrum semiovale enlarged
perivascular spaces, which may be hypertensive angiopathy in our sample.

Introduction

Enlarged perivascular spaces (ePVS) visible on magnetic resonance imaging (MRI)
represent an emerging marker of cerebral small vessel disease (CSVD), which is associated
with greater risk of stroke and dementia.! Perivascular spaces are in the interface between
cerebral vessels and brain parenchyma and are considered to represent drainage routes for
cerebral metabolites, including beta amyloid (AB).2 When visible on MRI, perivascular
spaces are considered to be enlarged, reflecting CSVD and glymphatic dysfunction, and
may help further understand the preclinical pathophysiology leading to stroke and adverse
cognitive outcomes. Prior literature suggests a role for glymphatic dysfunction in the
pathogenesis of CSVD? but it is likely that once advanced CSVD is established, a vicious
cycle ensues where CSVD triggers perivascular drainage dysfunction, in turn promoting
further CSVD development.

The brain topography of enlarged perivascular space (ePVS) burden has been attributed to
different types of CSVD; lobar (centrum semiovale, CSO) distribution has been attributed
to cerebral amyloid angiopathy (CAA), deep (basal ganglia, BG) distribution to cerebral
hypertensive angiopathy, and mixed locations in the BG and CSO attributed to an interplay
of both.3-> CSO ePVS have been associated with amyloid PET positivity in patients with
spontaneous ICHS, thus suggesting a role for ePV'S in the CSO as markers of CAA.
Additionally, juxtacortical ePVS have been associated with cerebral microbleeds (CMBs),’
specifically lobar CMBs, which are also considered to be markers of CAA, while BG ePVS
have been related to deep location CMBs.* Thus, it has been suggested that CMBs in the
CSO may reflect CAA, while those in deep regions or mixed lobar and deep regions may
reflect hypertensive angiopathy.8:2

The apolipoprotein E (APOE) ¢4 allele has been related to higher risk of lobar intracerebral
hemorrhage (ICH)10 and Alzheimer’s disease (AD).11 APOE-&4 is strongly associated with
CAA, which is the main cause of primary lobar ICH in the elderly!? and is frequently
encountered in patients with vascular demential® and AD.14 APOE-¢4 allele presence may
lead to impaired perivascular clearance of ABL®, which could be reflected in higher burden
of ePVS in lobar regions. On the other hand, APOE-e4 may also interact synergistically with
hypertension, both in its effects on stroke and dementia risk and subclinical manifestations
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of CSVD.16 In a prior meta-analysis, APOE-£4 was related to higher burden of MRI
markers of small vessel disease, including white matter hyperintensities and cerebral
microbleeds.1” Thus, a potential mechanism linking presence of the e4 allele with stroke
and dementia is through the main forms of CSVD: CAA and hypertensive angiopathy.

However, the relation of APOE genotype and ePVS is unclear, and study of this relationship
may provide insight into the early pathophysiology linking APOE genotypes with risk of
stroke and dementia, which may help improve preventive strategies. We hypothesized that
APOE-¢4 is associated with higher ePVS burden and the association will vary according to
brain topography, in turn reflecting different underlying predominant CSVD subtypes. We
hypothesized stronger associations with high ePVS burden in the CSO and in mixed brain
regions and associations modified by hypertension status.

Study Sample

We included participants from the following cohorts from the Framingham Heart Study
(FHS): Original, Offspring, Third Generation, OMNI 1, and New Offspring Spouse. The
FHS began in 1948 and enrolled 5,209 residents of Framingham, MA into the Original
cohort to study the epidemiology of cardiovascular disease. Starting in 1971, 5,124 children
of participants of the Original cohort were enrolled into the Offspring cohort. Recruitment
for the Third Generation started in 2002 and comprised of 4,095 participants who had at
least one parent in the Offspring cohort. The New Offspring Spouse cohort, which began at
the same time as the Third Generation, enrolled 103 parents of Third Generation participants
not previously enrolled in the Offspring cohort. Lastly, the OMNI 1 cohort, starting in 1994,
enrolled 506 participants to increase racial diversity of the FHS.18 The Institutional Review
Board of Boston University Medical Center approved the study protocol and informed
consent was obtained from all subjects.

Participants who underwent brain MRI and had ePVS assessments were included in the
present study. Brain MRI data were collected at exam cycles 25 through 31 for the Original
cohort (1998 — 2010), exam 7 through 9 for the Offspring cohort (1998-2014), exams 1 and
2 for the Third Generation (2008-2011), exam 2 for New Offspring Spouses (2008-2010),
and 2 through 4 for OMNI 1 (1999-2013).

In the FHS, there are 10,589 available MRI scans from 5,594 subjects, of which 4,658

MRI scans from 3,998 participants had ePVS assessment. Exclusion criteria for the present
study included history of dementia, stroke, and other neurological conditions (e.g. head
trauma, multiple sclerosis, brain tumor) that could affect brain MRI measurements. After
these exclusions, 4,199 MRI scans from 3,710 participants remained. 22% of participants
underwent multiple MRI examinations, with some participants undergoing multiple MRIs

in an exam cycle. Among these participants with multiple measurements, we first selected
measurements corresponding to a unique primary clinic exam. Then we selected the latest
MRI examination for each participant to use in the analysis. After removing 146 participants
with missing genotype data, the total sample size was 3,564 (177 Original, 1482 Offspring,
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17 New Offspring Spouse, 1758 Third Generation, and 130 OMNI 1 participants). The

sample selection flow chart is shown in Figure 1.

Brain MRI: Acquisition and Analysis

Brain MRI acquisition measures and image processing methods have been described in
detail.19-20 Participants were imaged on a 1T (1999-2005) or 1.5T (after 2005) Magnetom
scanner (Siemens Medical, Erlangen, Germany).

ePVS Ratings

ePVS rating

MRI characteristics of enlarged perivascular spaces were based on consensus criteria

by the Standards for Reporting Vascular Changes on Neuroimaging Criteria (STRIVE
consortium).2! ePV/S met the following criteria: diameter less than 3mm, signal intensity
similar to cerebrospinal fluid on all sequences, adherence to the course of penetrating
vessels, and linear (parallel to the penetrating vessel) or round/ovoid (perpendicular to the
penetrating vessel).

Three investigators (JRR, AS, PP) rated the MRI scans and were blinded to the subjects’
demographic and clinical information and other imaging sequences. ePVS ratings were
performed on T2-weighted axial MRI sequences using a validated method which groups
ePVS by brain topography into centrum semiovale (CSO) and basal ganglia (BG).22
The CSO area includes MRI slices above the roof of the lateral ventricles up through

the subcortical white matter in cerebral hemispheres. The BG region involves the deep
structures including the caudate nucleus, internal capsule, thalamus, lent inform nucleus,
external capsule and insular cortex. We also used a mixed grouping method to describe
ePVS burden in both regions.

The burden of ePVS was categorized into grades based on ePVS counts: | (1-10), I
(11-20), 11 (20-40) and IV (>40). A subset of scans (legacy scans from the older MRI
dataset above) were rated using coronal acquisitions due to the higher resolution in this
sequence than in the axial views, following the method we recently reported (F.R. Lara &

A. Scruton, unpublished data). In scans with available axial and coronal slices with good
resolution, independent ePVS ratings were done in each region, blinded to ratings of the
other view (i.e. ratings done using axial views were blinded and independent of ratings using
coronal views). We observed that ratings using coronal or axial views were highly correlated
(ICC=0.90) in both brain regions.

reliability measures

Intra-rater reproducibility was assessed using 200 scans (JRR, PP) or 20 scans (AS) on
two separate occasions two to four weeks apart. The order of scans was changed randomly
between the two reading sessions. The intra-rater reliability was good to excellent (ICC:
basal ganglia, JRR and PP=0.76, AS=0.81; centrum semiovale JRR = 0.81, PP=0.76,
AS=0.83).

Inter-rater reproducibility measures were also compared between the primary rater (JRR)
and secondary raters (PP, AS) using 200 scans (JRR vs PP), and 20 scans (JRR vs AS).
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Inter-rater reliability comparing two independent readers was excellent (ICC basal ganglia
JRR vs PP = 0.86, JRR vs. AS =0.81; centrum semiovale JRR vs. PP= 0.8, JRR vs. AS=
0.81).

Cerebral microbleeds (CMB)

Ratings of CMBs were performed following published guidelines?3 and methods have been
described in detail. 24 Reproducibility of CMB ratings in the FHS is good to excellent.2
Presence of CMBs were categorized according to their brain location: any CMB (CMB in
any brain region), lobar only, deep only, and mixed location (lobar or deep).

APOE Genotype

APOE genotyping in the Framingham Heart Study has been described elsewhere.26
Participants carrying the e2/e4, e3/e4, or e4/e4 genotype were defined as APOE-¢4 carriers.
Participants carrying the e2/e2, £2/e3, £3/e3 genotypes were defined as APOE-g4 non-
carriers.

Other clinical characteristics

Demographic and clinical characteristics of interest were measured at the closest exam
cycle to MRI (up to 5 years before or 2 years after MRI). Systolic and diastolic blood
pressures (mmHg) were each taken as the average of the Framingham clinic physician’s
two measurements and treated as continuous variables. Hypertension was evaluated using
the JINC-7 criteria as SBP 2140 mm Hg or DBP=90 mm Hg or use of antihypertensive
medications. Current cigarette smoking (yes/no) was defined as self-reported use in the
year prior to the examination. Diabetes was diagnosed either by fasting plasma glucose
=126 mg/dL (Offspring, Third Generation, NOS, and OMNI | examinations), non-fasting
plasma glucose =200 mg/dL (Original cohort examinations), or treatment with insulin or an
oral hypoglycemic agent. Lastly, current use of antihypertensive medications (yes/no) was
collected for our sample.

Statistical Analysis—Descriptive statistics of demographic variables and risk factors are
described for the overall sample, including means and standard deviations of continuous
variables and frequencies and relative frequencies of categorical variables.

To reflect the predominantly presumed underlying form of CSVD (CAA or hypertensive
angiopathy) our main outcomes of interest were CSO ePVS, BG ePVS, and ePVS in the
mixed CSO-BG regions. Ratings in the CSO and BG were assigned independently and
irrespective of ratings in the other region. In each brain region, we defined high burden
ePVS as counts greater than 20 (i.e. grade 111 or V) to reflect high ePVS burden as
previously suggested.? This definition was used to create a mixed score to reflect the number
of regions with high ePVS burden (0O=none, 1=either CSO or BG region, 2=both CSO and
BG regions), which likely represents the combined effect of CSVD subtypes or advanced
hypertensive angiopathy.

Multivariable logistic regression was used to investigate the association between APOE-e4
presence and ePV'S burden. We used ordinal logistic regression for CSO-BG mixed score
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and binary logistic regression for high burden CSO and BG ePVS. In secondary analyses,
we also evaluated CSO and BG ePVS (grades I-1V) using ordinal and multinomial logistic
regression models. However, we do not report results from these models because of violation
of the proportional odds assumption in the case of the ordinal logistic regression models and
convergence failure in the case of the generalized logit models.

Models were adjusted for age at MRI, sex, FHS cohort, and time interval between exam
cycle and brain MRI acquisition. Additional models further adjusted for the following
vascular risk factors: hypertension status, history of diabetes, and current smoking status.
Seventeen participants in the New Offspring Spouse cohort were combined into the Third
Generation cohort for analysis since these cohorts had the same enrollment periods.
Adjustment for MRI sequence used for ePVS ratings (axial vs. coronal) did not change
results.

In exploratory analyses, we stratified our analyses by hypertension status to investigate
whether hypertension modifies the association between APOE ¢4 allele presence and

ePVS burden in each brain region and in the mixed regions. We also used logistic
regression analysis to relate ePVS burden to the presence of CMBs (overall and by brain
topography) to further elucidate the likely underlying predominant CSVD type. Two new
ePVS categorizations were used as independent variables in this analysis: high ePVS
burden strictly in the CSO (i.e. excluding any participants with concurrent high BG ePVS
burden), and high burden ePVS strictly in the BG (i.e. excluding participants who had
concurrent high CSO burden) to reflect exclusive topography of ePVS, presumably CAA or
hypertensive angiopathy for the CSO and BG respectively.

All analyses were performed using Statistical Analysis System (SAS) software version
9.4 (SAS Institute, Cary, NC). A two-sided p-value <0.05 was considered statistically
significant.

Baseline characteristics by ePVS grade and region are described in Table 1. We observed
older age and higher proportions of vascular risk factors among participants with high
ePVS burden across all brain regions. After adjusting for age, sex, FHS cohort, and time
interval between clinic exam and MRI, we observed that APOE-£4 presence was associated
with higher burden of ePVS in the CSO region (OR: 1.45, 95% CI: 1.16, 1.81; p=0.002)
(Table 2). We also found that APOE-e4 was associated with high ePVS burden in mixed
regions (OR: 1.37, 95% CI: 1.11, 1.68; p=0.004), likely driven by CSO ePVS associations.
There was no significant association between APOE-¢4 and ePVS burden in the BG region
(OR: 1.15, 95% CI: 0.86, 1.53, p=0.23). Similar estimates were observed when additionally
adjusting for smoking status, hypertension, and diabetes.

Tests for interactions between APOE-e4 and hypertension status were not significant in
either region nor the mixed regions. In our pre-specified exploratory analysis stratified by
hypertension status, the relation of APOE-e4 and ePVS burden was slightly stronger and
statistically significant only in participants with hypertension in the CSO and mixed regions
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(Table 3). There was no significant association between APOE-e4 and ePV'S burden in the
BG region, regardless of hypertension status. Additional adjustment for vascular risk factors
did not change the estimates of the stratified analysis.

CMB data were available in 2032 out of 3564 (57%) participants with ePVS ratings. The
number of participants in subgroups of high ePVS grades were much smaller than in

the entire study sample, and the samples differed in several characteristics. Thus, results
relating ePVS and CMB are exploratory and should be interpreted with caution. Of note, the
sample with CMB data was on average nine years younger and had a lower prevalence of
hypertension (29% vs 42%).

Descriptive statistics show that the prevalence of any CMB increased with ePVS burden
irrespective of brain region. However, we no longer observed significant associations
between APOE-e4 with CSO ePVS (OR: 1.23, 95% CI: 0.83, 1.82) or the mixed score
(OR: 1.17, 95% CI: 0.81, 1.70) in the reduced sample. Additional adjustment for any CMB
presence did not change the results.

In multivariable analyses adjusting for age, sex, cohort, and time interval, we observed there
was only a significant association between high burden CSO ePVS and deep location CMBs
(OR: 2.64, 95% CI: 1.02, 6.88) (Table 4). However, this association was no longer present
when we only considered participants with strictly high CSO burden (OR 1.37, 95% CI:
0.51, 3.72). Due to a lack of data, we were unable to observe the effects strictly high BG
burden on CMBs.

Discussion

The main findings of our study are an association of the APOE-&4 allele with higher burden
of ePVS in the CSO brain region, and with higher burden of ePVS in mixed CSO and BG
regions. No significant associations were observed between APOE-£4 presence and ePVS
burden in the BG region.

We expand prior studies by reporting the relation of APOE genotype with ePVS in a

large sample of asymptomatic community-dwelling individuals. Prior studies have related
the APOE-¢4 allele to CAA and MRI markers considered to represent CAA, such

as intracerebral hemorrhagel®, posterior distribution of WMHZ/, and cortical superficial
siderosis.2” Our findings suggest that APOE-£4 allele presence may relate differently to
ePVS according to brain topography. Our results contrast with a prior report from the
Three-City (3C)-Dijon MRI Study reporting no significant associations between the APOE
genotype and ePVS.28 However, there are some noteworthy differences that may account
for these findings, such as differences in the ePVS rating method, MRI sequence used, and
inclusion of a much younger sample in our study.

We did not observe any significant associations of APOE-e4 with high ePVS burden in the
basal ganglia. This result also contrasts with a prior report based on a small sample where
APOE-£4 was only associated with ePVS in the BG regions.2® This study used different
ePVS rating scales, MRI sequence, and had a much smaller sample (N=41 APOE-¢4
carriers) with unclear proportion of participants with high CSO burden, limiting their ability
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to conduct multivariable analyses. However, our subgroup analyses were also limited by the
smaller number of participants with high burden ePVS in the BG, which may have decreased
statistical power.

Our exploratory analyses sought to understand the relation of ePVS topography with the
likely underlying type of CSVD. In the pre-specified stratified analyses by hypertension
status, we observed that the relation of APOE-£4 presence and high CSO and mixed

ePVS burden was slightly stronger in participants with hypertension. While we recognize
that statistical interaction was not significant in our analyses, there may be an interplay

of hypertension and APOE-e4 which may increase the risk of perivascular drainage
dysfunction and cerebral small vessel disease represented by high ePVS burden. The
relation of ePVS with deep CMB discussed below seem to also support this observation.
Furthermore, a prior animal study using confocal optic microscopy demonstrated that higher
blood pressure and hypertension resulted in impaired cerebral perivascular flow.30

Although APOE-e4 has been associated with beta amyloid deposition, leading to
development of CAA and AD pathology,3! APOE-£4 also interacts with hypertension to
promote hypertensive angiopathy and its downstream effects. In a prior study of patients
with ICH, APOE-¢4 presence and dose (one or two alleles) showed a significant interaction
with systolic blood pressure where individuals with elevated blood pressure and presence

of an &4 allele had increased risk of recurrent ICH and small vessel ischemic stroke.16
APOE-¢4 also interacts with elevated blood pressure to promote cognitive impairment.32
Thus, a synergistic interaction of APOE-e4 with hypertension may be implicated in impaired
perivascular drainage and CSVD represented by ePVS.

Whether ePVS could represent a surrogate treatment target in the pathway to dementia and
stroke risk needs further investigation. Of note, other MRI markers have been studied as
surrogate markers. For instance, the Systolic Blood Pressure Intervention Trial (SPRINT)
found that intensive treatment of hypertension resulted in smaller increases of white matter
lesion volumes compared to standard treatment.33

Exploratory analyses relating ePVS to CMBs were based on the premise that CMBs in
strictly lobar regions are considered to reflect CAA, while CMBs in strictly deep or mixed
lobar and deep regions are attributed to hypertensive angiopathy.8° However, these analyses
relating ePVS to CMB presence were limited by noteworthy differences with the primary
study sample since only 57% participants in our study had both CMB and ePVS data. This
may explain why we no longer observed associations between APOE-e4 with ePVS in the
CSO nor the mixed score regions in the reduced sample, even after adjusting for CMB
presence.

In the reduced sample, high burden of CSO ePVS was associated with strictly deep CMBs
but not strictly lobar CMBs. We no longer observed this association in analyses restricted to
strictly CSO ePVS excluding any participants with concurrent high BG ePVS ratings. These
findings suggest that hypertensive angiopathy may be the predominant underlying type of
small vessel disease in our sample with high CSO ePVS burden. Our exploratory analyses
by hypertension status also seem to support this hypothesis as noted above. Nevertheless,
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we highlight the presence of large differences in the subsamples with available CMB data,
and our study cannot exclude that advanced CSO ePVS represent CAA in other cohorts,

or in patients with clinical intracerebral hemorrhage. Complete CMB data for our sample

is required to make more definitive conclusions regarding predominant underlying forms of
CSVD.

The present study has several strengths, which include a large community-based sample.
Interpretation of brain MRI was done by readers blinded to all clinical data. Among its
limitations, FHS participants are of predominantly white, European descent, which limits
generalizability of our findings to similar populations.

In our statistical analyses, important underlying assumptions were not met for ordinal
logistic regression. Furthermore, few participants had grade IV ePVS in the CSO and BG
regions in our sample (3.7% and 1.2% respectively), which precluded examining the full
range of ePVS ratings because of convergence failure in generalized logits models. Thus,
ePVS grades in the CSO and BG regions were dichotomized. A larger sample is needed to
utilize generalized logit models for multinomial responses in future analysis.

Further analysis will investigate the relationship between ePVS and neuropathology,
specifically amyloid deposition using brain tissue and PET scan data, and characterization
of arteriolosclerosis by ePVS topography. We also aim to explore various underlying
mechanisms of ePVS and to confirm its relation with incident stroke and dementia as
suggested by previous studies.
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Summary for Social Media If Published

If you and/or a co-author has a Twitter handle that you would like to be
tagged, please enter it here.

What is the current knowledge on the topic? (one to two sentences)

APOE4 and enlarged perivascular spaces are independently associated with
increased risk of dementia and stroke, but their relation has not been clearly
established.

What question did this study address? (one to two sentences)

Is APOE4 associated with enlarged perivascular spaces (representing
perivascular drainage dysfunction and cerebral small vessel disease) and is
the relation different depending on ePVS topography?

What does this study add to our knowledge? (one to two sentences)

Presence of APOE-e4 alleles is one of the strongest genetic risk factors for
Alzheimer Disease. This study supports APOE-¢4 relation with ePVS in the
centrum semiovale and mixed brain regions, and generates the hypothesis that
these relations may reflect underlying hypertensive angiopathy.

How might this potentially impact on the practice of neurology? (one to two
sentences)

Our study adds much needed insight into the relation of genetic factors and
ePVS, which are subclinical markers of cerebral small vessel disease and
glymphatic dysfunction and are considered to precede clinical stroke and
dementia.
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Sample Selection
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Table 1:

Sample characteristics overall and stratified by ePVS burden

Page 14

Centrum Semiovale

Basal Ganglia (BG)

CSO-BG Mixed Score?

(CS0O)
Overall Gradel-Il ﬁ:aﬂf Gradel-Il ﬁ:aﬂf None One Both
N=3,564 N=2,933 N=630 N=3216 N=348 N=2,809 N=530 N=224
Clinical Characteristics
Male, n (%) 1644 (43) | 1376(47) | 267(42) | 1497 (47) | 147(42) | 1322(47) | 228(43) | 93(42)
Age at exam closest 729 707
to baseline MRI, yrs, 59.1(14.8) | 55.8(14) (109 | 569042 [ 754(98) | 551(136) | (g | 765(5)
mean [SD]
ggt‘j]at MRI, yrs,mean | 611 (145) | 57.9(138) &g:g) 500 (14) | 77.1(9.4) | 57.1(13.4) (Igzg) 782 (9.1)
APOE e4+, n (%) 836 (23) 663(23) | 173(27) | 752(29) 84 (24) 639(23) | 137(26) | 60(27)
APOE genotypes, n (%)
e2le2 19 (1) 17Q) 2(0) 18 (1) 1(0) 17 (1) 1(0) 1(0)
e2/e3 442 (12) 383 (13) 79 (12) 415 (12) 47 (13) 363 (12) 72 (13) 27 (12)
e2led 75 (2) 57 (2) 20 (3) 74 (2) 3(1) 55 (2) 21 (4) 1(0)
e3/e3 2267 (64) | 1968 (64) | 413(61) | 2148(64) | 233(63) | 1880(64) | 356(62) | 145(62)
e3/ed 699 (20) 583(19) | 146(22) | 654 (19) 75 (20) 562(19) | 113(20) | 54(23)
edled 62 (2) 48(2) 14(2) 54 (2) 8(2) 47 2) 8(1) 70)
FHS cohort, n (%)
Original 177 (5) 72(2) 105 (17) 108 (3) 69 (20) 59 (2) 62 (12) 56 (25)
Offspring 1482 (42) | 1049(36) | 432(69) | 1243(39) | 239(69) | 958(34) | 375(71) | 148 (66)
NOS/Third Gen 1775(50) | 1700(58) | 75(12) 1748 (54) 27 (8) 1690 (60) | 68 (13) 17 (8)
OMNI 1 130 (4) 112 (4) 18 (3) 117 (4) 13 (4) 102 (4) 25 (5) 3Q)
L‘Ig‘f gfgwﬁ]igﬁgg)a”d 2.0 (L1) 210 | 7@y | 20wy | 6@y | 2100 | 17@y | 1602
Vascular risk factors
e | B [ mow | g |mes | 3 | ms | | a9
%%?3!2’ ﬂomOng, mean | 73.1(9.8) | 735(9.6) (I(l)é) 73206) | 7309 | 736(95) (Ié:g) (18:%
Hypertension”. n (%) 1486 (42) | 1063(36) | 423(67) | 1223(38) | 263(76) | 975(35) | 336(64) | 175(78)
Current smokers, n (%) 272 (8) 226 (8) 46 (7) 256 (8) 16 (5) 221 (8) 40 (8) 11 (5)
Diabetes mellitus, n (%) | 372 (12) 272 (9) 100(17) | 324 (10) 48 (15) 254 (9) 88 (18) 30 (15)
(Ao/fj‘)tihype”ens“’e use,n 1 1219 (34) 867 (30) 352 (57) 994 (31) 225 (65) 789 (28) 283 (54) | 147 (66)
Cerebral Microbleeds
Any CMB N=2,046 100 (5) 78 (4) 22 (10) 85 (4) 15 (17) 76 (4) 11(7) 13 (20)
Any Lobar N=2,032 86 (4) 68 (4) 18 (9) 73 (4) 13 (15) 66 (4) 9(6) 1(17)
Any Deep N=1971 25 (1) 15 (1) 10 (5) 20 (1) 5(6) 15 (1) 5(3) 5(9)
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Centrum Semiovale

Basal Gangdlia (BG)

CSO-BG Mixed Score?

(CSO)
Overall Gradel-ll ﬁ:al(if Gradel-l| ﬁ:aldve None One Both
N=3564 | N=2033 | (¥ | N=s26 | NlID¥ | N=2800 | N=s30 | N=224
Deep and Lobar 11(1) 5(0) 6(3) 8(0) 3(4) 5(0) 32) 3(5)
Deep or Mixed N=1971 | 25 (1) 15 (1) 10(5) 20 (1) 5(6) 15 (1) 5(3) 5(9)

aNumber of CSO-BG regions with high ePVS burden (0=none, 1=one region, or 2=hoth regions); high burden is defined as grade Il or IV ePVS

bHypertension is defined as SBP =140 mmHg or DBP =90 mmHg and/or use of antihypertensive medication
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Association Between APOE-¢4 and High Burden of ePVS by Brain Region

Table 2:

Odds Ratios (95% CI)

Centrum Semiovale (CSO)

Basal Ganglia (BG)

Mixed CSO-BG Score?

Model 1
APOE ed+ 1.45 (116, 1.81)* 1.15 (0.86, 1.53) 1.37 (1.11, 1.68)
Model 2

APOE4 e4+ 1.46 (116, 1.83) 1.19 (0.89, 1.60) 1.38(1.12,1.71) "

Page 16

ePVS = enlarged perivascular spaces; CSO = centrum semiovale; BG = basal ganglia; CI = confidence interval; FHS = Framingham Heart Study

High burden of ePVS is defined as grades I11 or 1V in the respective region (i.e. counts > 20). Model 1 adjusts for age, sex, time interval between
examination and brain MRI, and FHS cohort. Model 2 additionally adjusts for smoking status, diabetes, and hypertension status. Binary logistic
regression was used for high burden of ePVS in the CSO and BG regions. Ordinal logistic regression was used for CSO-BG mixed score where

probabilities were cumulated over higher outcome values.

*
p<0.05

aNumber of CSO-BG regions with high ePVS burden (0=none, 1=one region, or 2=both regions)
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Exploratory Analyses of the Association Between APOE-¢4 and High Burden of ePVS Stratified by

Hypertension Status

Table 3

Odds Ratio (95% Confidence Interval)

Centrum Semiovale (CSO)

Basal Ganglia (BG)

Mixed CSO-BG Score?

Model 1

APOE e4+ (Hypertensive)

1.47 (1.11,1.95) "

1.29 (0.92, 1.81)

1.45 (1.11, 1.88) ©

APOE e4+ (Non-hypertensive)

1.37 (0.95, 1.97)

0.86 (0.49, 1.51)

1.19 (0.85, 1.68)

Model 2

APOE e4+ (Hypertensive)

1.49 (1.12,1.99) *

1.32 (0.93, 1.89)

1.47 (1.13,1.93) "

APOE e4+ (Non-hypertensive)

1.35 (0.93, 1.96)

0.93 (0.52, 1.64)

1.20 (0.84, 1.70)

Page 17

ePVS = enlarged perivascular spaces; CSO = centrum semiovale; BG = basal ganglia; CI = confidence interval; FHS = Framingham Heart Study

High burden of ePVS is defined as grades 111 or 1V in the respective region (i.e. counts > 20). Model 1 adjusts for age, sex, time interval between
examination and brain MRI, and FHS cohort. Model 2 additionally adjusts for smoking status, diabetes, and hypertension status. Binary logistic
regression was used for high burden of ePVS in the CSO and BG regions. Ordinal logistic regression was used for CSO-BG mixed score where

probabilities were cumulated over higher outcome values.

*
p<0.05

aNumber of CSO-BG regions with high ePVS burden (0O=none, 1=one region, or 2=both regions)

Ann Neurol. Author manuscript; available in PMC 2023 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Pinheiro et al.

Table 4

Page 18

Exploratory Analyses of the Association Between High Burden of ePVS and Cerebral Microbleed Presence by

Brain Region

Odds Ratio (95% CI)

L ocation

Any CMB

Strictly Lobar

Strictly Deep

Deep or Lobar

Centrum Semiovale (CSO)a

1.08 (0.61, 1.93)

0.94 (0.50, 1.78)

2.64 (1.02,6.88) "

3.22(0.77, 13.43)

Strictly CSOI7

0.71(0.35, 1.43)

0.70 (0.32, 1.49)

1.37 (051, 3.72)

2.25 (0.61, 8.35)

Basal Ganglia (BG)C

1.39(0.72, 2.69)

1.23 (0.53, 2.54)

1.76 (0.61, 5.02)

1.07 (0.24, 4.81)

Mixed CSO-BG scored(score 1vs0)

0.75 (0.37, 1.52)

0.72 (0.34, 1.53)

1.64 (0.53, 5.11)

2.46 (0.51, 11.97)

Mixed CSO-BG scored(score 2vs 0)

1.50 (0.71, 3.16)

1.23 (0.54, 2.82)

3.26 (0.98, 10.81)

2.63 (0.43, 16.13)

ePVS = enlarged perivascular spaces; CSO = centrum semiovale; BG = basal ganglia; CMB = cerebral microbleeds; Cl = confidence interval; FHS

= Framingham Heart Study;

High burden of enlarged perivascular spaces (ePVS) is defined as grade 111 or IV (i.e. counts greater than 20). Models adjust for age, sex, FHS
cohort, time interval between examination and MRI.

*
p<0.05

alncludes all participants with high CSO burden regardless of BG ratings

blncludes participants with exclusively high CSO burden, excluding those who also have high BG ePVS burden

clncludes all participants with high BG burden regardless of CSO ratings

dNumber of CSO-BG regions with high ePVS burden (0=none, 1=one region, or 2=both regions)
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