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Periventricular hyperintensities are

associated with elevated cerebral amyloid

ABSTRACT

Objective: To investigate the association between periventricular white mater hyperintensities
(PVWMH) and biomarkers of elevated cerebral g-amyloid (AB) in the Alzheimer's Disease Neuro-
imaging Initiative, a large prospective multicenter observational study.

Methods: The burden of frontal, parietal, and occipital PVWMH on 3T fluid-attenuated inversion
recovery MRI was evaluated in 698 cognitively normal participants and participants with mild
cognitive impairment (MCI) using a novel semiquantitative visual rating scale. Results were corre-
lated with CSF-AB, florbetapir-PET, and fluorodeoxyglucose (FDG)-PET.

Results: Increased burden of parietal, occipital, and frontal PVWMH was associated with elevated
cerebral amyloid evidenced by high florbetapir-PET signal (p < 0.01) and low CSF-AB (p < 0.01).
In logistic regression models, including PYWMH, age, sex, APOE status, vascular risk factors,
pulse pressure, vascular secondary prevention medications, education, ethnicity, and race, pari-
etal, occipital, and frontal PVWMH burden was independently associated with high florbetapir-
PET uptake (p < 0.05). In a similar logistic regression model, parietal and occipital (p < 0.05) but
not frontal (o = 0.05) PVWMH were independently associated with CSF-ApB. Weaker associations
were found between parieto-occipital PVYWMH and elevated CSF-tau (p < 0.05) and occipital
PVWMH and elevated CSF-phospho-tau (p < 0.05). PVWMH were associated with cerebral hypo-
metabolism on FDG-PET independent of CSF-AB levels (p < 0.05). Absolute and consistency of
agreement intraclass correlation coefficients were, respectively, 0.83 and 0.83 for frontal, 0.78
and 0.8 for parietal, and 0.45 and 0.75 for occipital PVYWMH measurements.

Conclusions: Increased PVWMH were associated with elevated cerebral amyloid independent of
potential confounders such as age, APOE genotype, and vascular risk factors. The mechanisms
underlying the association between PVWMH and cerebral amyloid remain to be clarified.
Neurology® 2016;86:535-543

GLOSSARY

AB = B-amyloid; AD = Alzheimer disease; ADNI = Alzheimer's Disease Neuroimaging Initiative; CAA = cerebral amyloid
angiopathy; Cl = confidence interval; CMB = cerebral microbleed; FDG = fluorodeoxyglucose; FLAIR = fluid-attenuated
inversion recovery; ICC = intraclass correlation coefficient; MCl = mild cognitive impairment; NC = normal cognition;
NINCDS-ADRDA = National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and
Related Disorders Association; OR = odds ratio; PVWMH = periventricular white matter hyperintensities; ROl = region of
interest; SVD = small vessel disease; volTWMH = volumetric measurements of total white matter hyperintensity burden;
WMH = white matter hyperintensity.

Pathologic and imaging studies have shown that in Alzheimer disease (AD), cerebral small vessel
disease (SVD) is coexistent in up to 80% and hastens cognitive deterioration." Whether this
reflects parallel neuronal injury or synergistic worsening of AD pathogenic mechanisms remains
unclear.”

There has been recent interest in the putative role of SVD in disruption of physiologic inter-
stitial fluid bulk flow and paravascular mechanisms of B-amyloid (AB) clearance.? If SVD is an
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important driver of the cortical AR accumula-
tion that occurs in AD, it would be expected
that injury to arteries in the cortical area would
be prominent. Cerebral amyloid angiopathy
(CAA) and arteriosclerosis are the main causes
of cortical arterial injury and result in luminal
narrowing and tortuosity.* The periventricular
area is the deepest tissue supplied by cortical
arteries and therefore potentially vulnerable to
pathologies that damage cortical arteries and
promote distal hypoperfusion.” The etiology
of periventricular white matter hyperinten-
sities (PVWMH) remains unclear and may
be multifactorial including hypoperfusion,
blood—brain barrier leakage, inflammation,
degeneration, and amyloidosis.® PVWMH
have recently been shown to develop by acute
infarction adjacent to older lesions with exten-
sion occurring proximally towards the cortical
surface favoring cortical arterial disease and
hypoperfusion as an important cause.””*

We hypothesized that measuring PVWMH
burden would provide a quantitative measure
of cortical arterial disease and facilitate explo-
ration of associations with cerebral amyloid
deposition. Therefore, in the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) cohort,
we investigated the association between CSF
and PET markers of elevated AR and
PVWMH.

METHODS Overall study design and population. MRI
and PET, clinical, neuropsychological, and APOE genotype data
used in this article were downloaded from the ADNI online
repository on August 1, 2015 (www.adni.loni.usc.edu). All
downloaded clinical data were interpreted by a study physician
(see appendix e-1 on the Neurology® Web site at Neurology.org).
ADNI was launched in 2003 as a public—private partnership, led
by Michael W. Weiner, MD. The primary goal was to study serial
MRI, PET, clinical, neuropsychological, and other biomarker
data in normal cognition (NC), mild cognitive impairment
(MCI), and early AD to improve future clinical trial design (see
www.adni-info.org). Patients were recruited from over 50 centers
across North America. Individuals enrolled in ADNI with NC or
MCI, for whom clinical, fluid-attenuated inversion recovery
(FLAIR) 3T MRI, and CSF-AB or florbetapir-PET data were

available were included in the current study (appendix e-1).

MRI acquisition and PVWMH quantification. A standard-
ized multisequence MRI protocol was used at participating
ADNI sites.” The FLAIR images of an initial 210 randomly
selected participants with MCI were evaluated using commonly
applied visual rating scales for global white matter hyperintensity
burden (table e-1). Based on the results, a novel PVWMH rating
scale was developed (appendix e-1). A single rater (O.0.A.-].)
trained in the described semiquantitative visual rating scale and

blinded to CSF and PET data rated all cases. To assess the validity
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and reproducibility of the rating method, a second experienced
rater (M.M.) independently evaluated 30 randomly selected cases
for PVWMH blinded to previous rating and CSF and PET data.

Frontal and parietal PVWMH were quantified by measuring
the length of the furthest extent of signal abnormality extending
out from the frontal or parietal ventricular horn tp (figure 1,
appendix e-1, figure e-1). Occipital PVWMH burden can be
difficult to estimate using a single measurement line on axial
MRI slices due to the complex and variable 3D geometry of
the occipital ventricular extensions. We therefore developed a
semiquantitative visual rating scale to estimate burden of occipital
PVWMH (figure 1, appendix e-1).

Data for estimates of whole brain white mater hyperintensity
(WMH) using a previously reported volumetric analysis method
were downloaded from the ADNI Web site."®

PET acquisition and image analysis. Fluorine-18 florbetapir-
PET was used to estimate cerebral amyloid load. A native-space
MRI was segmented and parcellated to create a summary
cortical gray matter region of interest (ROI) for elevated
amyloid including frontal, anterior/posterior cingulate, lateral
temporal, and lateral parietal cortex subregions. A reference
unaffected ROI was also defined in the cerebellum. These were
coregistered with florbetapir-PET data to calculate mean
cortical and reference region uptakes. A cortical summary
measurement for florbetapir-PET was generated by dividing the
cortical by cerebellar values (sumROI-amyloid). A sumROI-
amyloid cutoff of 1.11, using this method, is equivalent to the
upper 95% confidence interval (CI) above the mean of a group
of young normal controls and was used to define florbetapir-
PET positive and negative cases in this and other studies."'
Fluroine-18 fluorodeoxyglucose PET (FDG-PET) was per-
formed according to standardized protocols.'? Pre-defined ROIs
cited in other FDG-PET studies comparing AD, MCI, and par-
ticipants with normal cognition were used for this analysis, which
included coordinates for the most hypometabolic regions in AD.
These subregions included the angular, inferior temporal, and
posterior cingulate gyri and were combined (sumROI-FDG) to
investigate for FDG-PET hypometabolism as described in previ-
ous studies.'® The sumROI-FDG, sumROI-amyloid, and subre-
gion uptake measurements were downloaded from the ADNI

online repository.

CSF analysis. CSF analysis for AB, tau, and phospho-tau in the
ADNI study was performed at a central laboratory at the
University of Pennsylvania. Never before thawed aliquots
collected at participating sites were analyzed using the xMAP
Luminex platform and Innogenetics (Ghent, Belgium)/
Fujirebio (Malvern, PA) AlzBio3 immunoassay kits.'* A CSF-
AB threshold of 192 pg/mL was used to define CSF-AB
positive and negative cases. Standard CSF-tau and CSF-
phospho-tau thresholds for defining AD were also used.'*

Statistical analysis. The distribution of data was assessed using
the Shapiro-Wilk test. The demographic, clinical, and genetic
data described in table 1 were compared between groups using
2-sample Student # test or Wilcoxon rank-sum for interval or
ordinal data, respectively, and the x* or Fisher exact test were
used for categorical data. Frontal and parietal PVWMH
measurements were scalar; therefore, associations with CSF and
PET biomarkers and volumetric WMH analyses were evaluated
using Student £ test and Pearson correlation coefficient (r) as
appropriate. For ordinal scales, including occipital PVWMH
grade, the Wilcoxon rank-sum and Spearman rank correlation
coefficient (p) were used. Interrater reliability was estimated

using single-measures intraclass correlation coefficients (ICC)
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Figure 1 Examples of periventricular white matter hyperintensities (PVWMH)
grading and measurement

Grade 0 (A) = no PYWMH; grade 1 (B) = PVWMH present but not extending to deep sulcal
cortex; grade 2 (C) = PVWMH extending to deep sulcal cortex but not into a gyrus; grade
3 (D) = PVYWMH extending into a gyrus but not reaching superficial gyral cortex in 1 gyrus;
grade 4 (E) = PVWMH extending to superficial gyral cortex in 1 gyrus; grade 5 (F) =
PVWMH extending to superficial gyral cortex in 2 gyri; grade 6 (G, H) = PVWMH extend-
ing to superficial gyral cortex in 3 or more gyri. Frontal periventricular hyperintensities
measurement (green line in 1) and parietal periventricular hyperintensities measurement
(green line in J) are displayed.

for both absolute and consistency of agreement using a 2-way
random-effects model."”> Logistic regression models were used to
estimate the marginal effect of predictors on dichotomized CSF
and PET biomarkers. Linear regression models were used to
estimate the effect of predictors on continuous FDG-PET data.
All tests were 2-sided with a significance threshold set at p < 0.05.
Analyses were performed using Stata version 13.0 (College

Station, TX).

Standard protocol approvals, registrations, and patient
consents. Procedures were approved by an institutional ethical
standards committee on human experimentation at each center.
Written informed consent was obtained from all study partici-

pants or their guardians.

RESULTS Baseline characteristics. A total of 698 par-
ticipants (263 NC and 435 MCI) were identified
who met eligibility criteria. Results for the combined
group are reported unless otherwise stated. Baseline
demographic, clinical, neuropsychometric test, and
genotype data are described in table 1 dichotomized
according to a CSF-AP threshold of 192 pg/mL.
Those with CSF-AB <192 pg/mL were older, had
lower baseline Mini-Mental State Examination and
Montreal Cognitive Assessment scores, were more
likely to be taking cholinesterase inhibitors or
memantine and lipid-lowering medication, were
more likely to have an APOE €3/e4 or edled
genotype, and were less likely to have an APOE
€3/e2 or €2/€2 genotype. Vascular risk factors did
not differ between the groups. Baseline characteristics
of the cohort dichotomized according to regional
PVWMH burden are described in table e-2.

Interrater reliability for rating of PVWMH. Absolute
and consistency of agreement ICCs were, respec-
tively, 0.83 (CI 0.68-0.92) and 0.83 (0.67-0.91)
for frontal, 0.78 (0.57-0.89) and 0.8 (0.62-0.9) for
parietal, and 0.45 (0.1-0.78) and 0.75 (0.53-0.87)
for occipital PVWMH measurements.

Association of PVWMH with florbetapir-PET. Table 2
outlines the proportion of parietal, occipital, and fron-
tal PVWMH by quartile or grade and their association
with biomarkers of elevated amyloid. Parietal
PVWMH burden was greater in florbetapir-PET-
positive compared to florbetapir-PET-negative
participants (mean parietal PVWMH measurement
7.5 mm [*£5.3 mm] vs 5.3 mm [£4.8 mm], p <
0.0001). Parietal PVWMH correlated with increased
florbetapir-PET uptake in the sumROI-amyloid (r =
0.18, p < 0.0001) and the lateral parietal subregion
(r=10.19, p < 0.0001). In a logistic regression model
including parietal PVWMH, age, sex, APOE status,
vascular risk factors, pulse pressure, vascular secondary
prevention medications, education, ethnicity, and
race, parictal PVWMH burden was independently
associated with florbetapir-PET  positivity (odds
ratio [OR] 1.09 [95% CI 1.05-1.13], p < 0.001,
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Table 1 Baseline characteristics of the combined ADNI cognitively normal and
mild cognitive impairment cohort dichotomized by CSF-Ap levels

CSF-AB positive CSF-AB negative

(<192 pg/mL, (>192 pg/mL,
n = 376)° n = 295)? P

Age, y 731 £ 6.9 70.5 + 6.8 <0.0001
Female 47.1(177) 50.5 (149) 0.38
Hispanic or Latino ethnicity® 29 (11) 4.8 (14) 0.22
Race other than white® 5.9 (22) 9.5 (28) 0.08
Duration of education, y 16.3 + 2.6 16.5 + 2.6 0.29
MMSE? 29 (27-29) 29 (28-30) <0.0001
MoCA? 24 (22-26) 25 (23-27) <0.0001
Medication

Antihypertensive 47.3 (178) 52.9 (156) 0.15

Acetylcholi_nesterase inhibitor 38.6 (145) 12.5 (37) <0.001

or memantine

Lipid-lowering 54.5 (205) 43.7 (129) 0.006

Antiplatelet 55.3 (163) 60.1 (226) 0.21
Hypertension 48.4 (182) 45.8 (135) 0.5
Diabetes mellitus 10.2 (39) 10.4 (30) 0.93
Dyslipidemia 52.3 (196) 49.5 (146) 0.48
Ever smoked 20.7 (78) 16.6 (49) 0.18
Previous stroke 0.8 (3) 0.7 (2) 0.86
Previous TIA 2.7 (10) 2.4 (7) 0.82
Coronary artery disease 9.6 (36) 6.1 (18) 0.1
Baseline systolic BP, mm Hg? 136.7 = 17.5 1352 + 154 0.25
Baseline diastolic BP, mm Hg? 75.3 + 9.7 75.4 +94 0.94
Pulse pressure, mm Hg?® 61.3 + 153 59.8 + 145 0.18
APOE £3/=4 or £4/:4 genotype 56.1 (211) 18 (53) <0.001
APOE £3/=2 or £2/¢2 genotype 4.8 (18) 13.9 (41) <0.001

Abbreviations: Ag = B-amyloid; ADNI = Alzheimer's Disease Neuroimaging Initiative; BP =
blood pressure; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive
Assessment.

Values are mean = SD, % (n), or median (interquartile range).

2Missing data in <4%.

see table 3). For example, based on the calculated
adjusted OR for the combined NC and MCI group,
individuals with a parietal PVWMH measurement of
10 mm were predicted to be twice as likely to have a
florbetapir-PET scan consistent with AD compared to
those with 1 mm.

Occipital  PVWMH grade was greater in
florbetapir-PET-positive compared to florbetapir-
PET-negative individuals (Wilcoxon rank-sum p <
0.0001). Occipital PVWMH burden correlated with
increased florbetapir-PET signal in the sumROI-
amyloid (p = 0.15, p < 0.0001). In a logistic regres-
sion model, occipital PVWMH were independently
associated with florbetapir-PET positivity (OR 1.26
[1.09-1.46], p = 0.002, see table 3). For example,
based on the calculated adjusted OR for the
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combined NC and MCI group, individuals with
occipital PVWMH grade 5 were predicted to be 2.5
times as likely to have a florbetapir-PET scan consis-
tent with AD compared to those with grade 1.

Frontal PVWMH were associated with
florbetapir-PET positivity (mean frontal PVWMH
measurement = 5.2 mm [*+2.6 mm] vs 4.6 mm
[£2.2 mm], p = 0.001). Frontal PVYWMH burden
correlated with florbetapir-PET  signal in the
sumROI-amyloid (» = 0.13, p = 0.0006) and the
frontal subregion (» = 0.13, p = 0.0009). In a logistic
regression model, frontal PVWMH were indepen-
dently associated with florbetapir-PET positivity
(OR 1.09 [1.01-1.18], p = 0.03, see table 3).

Association of PVWMH with CSF-AB. Parietal
PVWMH burden was greater in CSF-AB-positive
compared to CSF-AB-negative individuals (mean
parietal PVWMH measurement = 7.3 mm [£5.3
mm] vs 5.1 mm [*£4.7 mm], p < 0.0001). Parietal
PVWMH burden correlated with reduced CSF-AR
levels (» = —0.26, p < 0.0001). In a logistic regres-
sion model, parietal PVWMH were independently
associated with CSF A positivity (OR 1.08 [1.04—
1.13], p < 0.001, see table 4).

Occipital PVWMH grade was greater in CSF-AB-
positive compared to CSF-AB-negative individuals
(Wilcoxon rank-sum p = 0.0001). Occipital
PVWMH burden correlated with reduced CSF-AB
levels (p = —0.15, p = 0.0001). In a logistic regres-
sion model, occipital PVWMH were independently
associated with CSF AR positivicy (OR 1.18 [1.02—
1.37], p = 0.03, see table 4).

Frontal PVWMH were associated with CSF AR
positivity (mean frontal PVWMH measurement =
5.1 mm [*2.4 mm] vs 4.5 mm [*2.3 mm], p =
0.003). Frontal PVWMH burden correlated with
reduced CSF-AB levels (» = —0.14, p = 0.0002).
In a logistic regression model, frontal PVWMH were
not independently associated with CSF AR positivity
(OR 1.08 [1-1.18], p = 0.05; see table 4).

Association of PVWMH with CSF tau and phospho-tau.
The burden of PVWMH differed between CSF tau-
positive and tau-negative cases in parietal (Student #
test p = 0.04) and occipital (Wilcoxon rank-sum p =
0.008) but not frontal regions (Student 7 test p =
0.12). Parietal (r = 0.08, p = 0.04) and occipital
(p = 0.14, p = 0.0004) but not frontal (r = 0.04,
p = 0.26) PVWMH were correlated with increased
CSF-tau levels. Parietal (p = 0.49), occipital (p =
0.3), and frontal (p = 0.82) PVWMH were not
associated with CSF tau positivity in a logistic
regression model including PVWMH, age, sex,
APOE status, vascular risk factors, pulse pressure,
vascular secondary prevention medications, education,
ethnicity, and race.



Table 2
elevated cerebral amyloid

Overall Measurement
proportion, % (n) range, mm
Frontal PVWMH
Quartile 1 27.7 (193) 0-3.5
Quartile 2 23.6 (165) 3.6-4.4
Quartile 3 25.5(178) 4.5-5.6
Quartile 4 23.2(162) 5.7-22.1
Parietal PVWMH
Quartile 1 38.4 (268) 0-1
Quartile 2 12 (84) 1.1-6.5
Quartile 3 25.2(176) 6.6-10
Quartile 4 24.4(170) 10.1-23.6
Occipital PVWMH
Grade 0-3 23.1 (161) -
Grade 4 21.9 (153) =
Grade 5 30.9 (216) =
Grade 6 24.1 (168) —

Association between quartile/grade of frontal, parietal, and occipital PVWMH and biomarkers of

Florbetapir-
PET
positive, % (n)® P

CSF-AB positive,
% (n)? (]

48.9 (90) 0.001 40.3(77) 0.01
49.4 (77) 41.8 (69)

59 (102) 51.1 (91)

67.7 (107) 55.6 (89)

44.7 (117) <0.001 35.8 (96) <0.001
49.4 (39) 43.9 (36)

62.7 (104) 50.9 (89)

70.7 (116) 62.1 (105)

42.9 (67) <0.001 32.5(52) <0.001
57.1 (84) 46.1 (70)

56 (116) 49.3 (106)

67.7 (109) 58.6 (98)

Abbreviations: Ag = g-amyloid; PVWMH = periventricular white matter hyperintensities.

?Missing data in <4%.

Occipital PVWMH grade was associated with
CSF phospho-tau positivity (Wilcoxon rank-sum
» = 0.002). The burden of PVWMH did not differ
between CSF phospho-tau-positive and phospho-tau-
negative cases in frontal (Student # test p = 0.07) or
parietal (Student 7 test p = 0.09) regions. Occipital
PVWMH correlated with increased CSE-phospho-
tau levels (p = 0.13, p = 0.0006). There was no
correlation between CSF-phospho-tau levels and
frontal (» = 0.03, p = 0.43) or parietal (» = 0.07,
2 = 0.08) PVWMH. In a logistic regression model
including PVWMH, age, sex, APOE status, vascular
risk factors, pulse pressure, vascular secondary preven-
tion medications, education, ethnicity, and race, pari-
etal (p = 0.84), occipital (p = 0.09), and frontal (p =
0.38) PVWMH were not associated with CSF
phospho-tau positivity.

Association of PVWMH with FDG-PET. Parietal (» =
—0.17, p < 0.0001), occipital (p = —0.1, p =
0.006), and frontal (» = —0.12, p = 0.001)
PVWMH were correlated with reduced sumROI-
FDG Parietal PVWMH  were
correlated with reduced FDG uptake in the parietal

uptake. also
(angular and posterior cingulate) subregions (r =
—0.18, p < 0.0001). In linear regression models
including PVWMH and CSE-AB levels, parietal
(coefficient = —0.013 [—0.023 to —0.005] per
mm increase, p = 0.003), occipital (coefficient =
—0.041 [—0.079 to —0.003] per grade increase,
p = 0.03), and frontal (coefficient = —0.026

[—0.045 to —0.000] per mm increase, p = 0.009)
PVWMH were independently associated with
sumROI-FDG uptake.

Association of volumetric measures of total white matter
lesion burden with PVWMH, CSF biomarkers,
florbetapir-PET, and FDG-PET. Frontal (» = 0.63,
2 < 0.0001), parietal (r = 0.61, p < 0.0001), and
occipital (p = 0.33, p < 0.0001) PVWMH measure-
ments were correlated with volumetric measurements
of total white matter hyperintensity burden
(volTWMH). In logistic regression models including
volTWMH, age, sex, APOE status, vascular risk fac-
tors, pulse pressure, vascular secondary prevention
medications, education, ethnicity, and race,
volTWMH was independently associated with
florbetapir-PET positivity (OR 1.04 [1.01-1.06],
p = 0.003) and CSF-AB positivity (OR 1.05
[1.02-1.07], p = 0.002) but not CSF-tau positivity
(OR 1 [0.98-1.02], p = 0.79) or CSE-phospho-tau
positivity (OR 1 [0.98-1.02], p = 0.99). In a linear
regression model including volTWMH and CSF-AB
levels, volTWMH was independently associated with
sumROI-FDG uptake (coefficient —0.008 [—0.013

to —0.002], p < 0.001).

DISCUSSION In a large cohort of clinically well-
characterized cognitively normal and amnestic MCI
participants, we demonstrated an association
between increased parietal, occipital, and frontal

PVWMH burden and CSF and PET measures of
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[ Table 3 Logistic regression models for the association of PVWMH with florbetapir-PET signal (dichotomized as >1.11 or <1.11) adjusting for potential confounders?®

[¢)]
A
o

Model 5

Model 4

Model 3

Model 2

Model 1

p

OR (95% Cl) p OR (95% CI) p OR (95% Cl) P OR (95% Cl)

p

OR (95% Cl)

Combined cognitively normal and MCI participants

0.002 1.09 (1.02-1.17) 0.01 1.14 (1.06-1.22) <0.001 1.1 (1.03-1.18) 0.006 1.09 (1.01-1.18) 0.03

1.12(1.04-1.19)

Frontal PVWMH

<0.001 1.07 (1.04-1.11) <0.001 1.11 (1.07-1.15) <0.001 1.08 (1.06-1.12) <0.001 1.09 (1.05-1.13) <0.001

1.09 (1.05-1.12)

Parietal PVWMH
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<0.001 1.26 (1.06-1.49) 0.008 1.42(1.19-1.7) <0.001 1.38 (1.17-1.64) <0.001 1.32(1.08-1.61) 0.006

1.34 (1.14-1.58)

Occipital PVWMH

periventricular white

mild cognitive impairment; OR = odds ratio per mm increase in frontal or parietal PVWMH or per grade increase in occipital PVWMH; PVWMH

Abbreviations: Cl = confidence interval; MCI

matter hyperintensities.

Model 1, unadjusted. Model 2, adjusted for age. Model 3, adjusted for APOE status (presence of £3/c4 or e4¢4 and presence of £2/¢3 or £2:2). Model 4, adjusted for sex, hypertension, dyslipidemia, diabetes mellitus, ever
smoking, antiplatelet, antihypertensive, lipid-lowering medication use, pulse pressure, duration of education, race (white vs nonwhite), and ethnicity (Hispanic/Latino vs not). Model 5, adjusted for age, APOE status, sex,

hypertension, dyslipidemia, diabetes mellitus, ever smoking, antiplatelet, antihypertensive, lipid-lowering medication use, pulse pressure, duration of education, race (white vs nonwhite), and ethnicity (Hispanic/Latino vs not).

2Missing data in <2%.

elevated cerebral amyloid. This association was
independent of other important predictors of
cerebral amyloidosis such as age and having an
APOE4 allele. The associations between PVWMH
and CSF-tau and CSF-phospho-tau were weaker
and topographically posterior predominant. A
recent study in the ADNI cohort showed that lobar
cerebral microbleeds (CMBs), a marker of cortical
arterial disease, are also associated with lower levels
of CSF-AB and high CSF-phospho-tau.'¢ Previously,
PVWMH have been shown to be independently
associated with CMBs."”” Taken together, these
findings could support a hypothesis that cortical
arterial disease, identified by PVWMH burden or
CMBs, is associated with both increased cerebral
amyloid and to a lesser extent increased tau in NC
and MCIL. The mechanisms underlying any such
associations remain to be clarified.>'®"

Frontal PVWMH were not associated with bio-
markers of elevated amyloid in the MCI subgroup.
This mirrors the lower prevalence of CAA angiopathy
in frontal compared to parieto-occipital areas®® and
therefore the association between PVWMH and cere-
bral amyloidosis could be driven by CAA-associated
cortical arteriopathy.*' Supporting this, others have
shown that a more prominent posterior WMH dis-
tribution is an independent predictor of pathologic
evidence of CAA.?? In addition, parietal and occipital
lobar CMB counts have been shown to be increased
in those with greater WMH burden.”® Conversely,
occipital PVWMH in the NC subgroup were less
strongly associated with biomarkers of elevated amy-
loid. One explanation for this could be reduced bur-
den of CAA in the NC group and therefore increased
relative importance of other drivers of occipital
PVWMH, such as arteriosclerosis or degeneration.
Supporting this interpretation, the topography of
PVWMH has been shown to correspond to areas of
reduced relative perfusion on SPECT imaging irre-
spective of disease state (including healthy aging,
MCI/AD, and CAA), suggesting that PVWMH
occurrence may have a stronger relationship with
hemodynamic compromise than the specific underly-
ing pathogenic mechanism.?*

PVWMH were associated with FDG-PET hypo-
metabolism in regions of the brain known to be vul-
nerable to amyloid accumulation, i.e., angular,
temporal, and posterior cingulate. These associations
were independent of CSF-A levels. Similar patterns
of FDG-PET hypometabolism have previously been
shown to be a risk marker for clinical progression.”® In
addition, parietal WMH volume has been shown to
predict incident dementia independent of hippocam-
pal volume.?® Our findings suggest that PVWMH are
a risk marker for cognitive deterioration both by
amyloid-related and independent mechanisms.
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Model 2

0.004
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0.002
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Model 1
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Frontal PVWMH
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Occipital PVWMH
Frontal PVWMH
Parietal PVWMH
Occipital PVWMH
Frontal PVWMH
Occipital PVWMH

Combined cognitively normal and MCI participants
Parietal PVWMH

Cognitively normal participants

MCI participants
Model 1, unadjusted. Model 2, adjusted for age. Model 3, adjusted for APOE status (presence of £3/c4 or e4¢4 and presence of £2/¢3 or £2:2). Model 4, adjusted for sex, hypertension, dyslipidemia, diabetes mellitus, ever

smoking, antiplatelet, antihypertensive, lipid-lowering medication use, pulse pressure, duration of education, race (white vs nonwhite), and ethnicity (Hispanic/Latino vs not). Model 5, adjusted for age, APOE status, sex,

hypertension, dyslipidemia, diabetes mellitus, ever smoking, antiplatelet, antihypertensive, lipid-lowering medication use, pulse pressure, duration of education, race (white vs nonwhite), and ethnicity (Hispanic/Latino vs not).

2Missing data in <4%.

Abbreviations: AB = B-amyloid; Cl = confidence interval; MCI = mild cognitive impairment; OR = odds ratio per mm increase in frontal or parietal PVWMH or per grade increase in occipital PVYWMH; PVWMH =

[ Table 4 Logistic regression models for the association of PVWMH with CSF-Ap (dichotomized as >192 pg/mL, <192 pg/mL) adjusting for potential confounders?®
periventricular white matter hyperintensities.

Previous studies exploring the association between
pathologic and in vivo biomarkers of AP load and
WMH have shown conflicting results.”** Many
such studies were small or used heterogeneous image
acquisition protocols. In these studies, a variety of
image analysis paradigms were used to define
WMH burden including volumetrics and semiquan-
titative visual rating scales. Using multicenter stan-
dardized data acquisition protocols and the rating
methods described, we were able to characterize
PVWMH in the frontal, parietal, and occipital areas
in a large cohort of NC and MCI patients with suf-
ficient statistical power to control for multiple poten-
tial confounders including age and APOE genotype.

There are a number of considerations to be taken
into account while interpreting our findings. First, we
did not use a more complex volumetric method to
quantify burden of PVWMH. Our PVWMH rating
methods provide a semiquantitative estimate of dis-
ease severity. However, our measurements and find-
ings correlated well with a well-described volumetric
method of assessing total WMH burden.'’ In addi-
tion, we were able to show regional variations in asso-
ciations between CSF and PET markers of elevated
amyloid and PVWMH. Second, we included ADNI-
defined NC and MCI participants and not those with
dementia. We elected to study this group as protocol
eligibility criteria did not require consideration of
WMH burden. In contrast, ADNI criteria for AD
dementia, which include the National Institute of
Neurological and Communicative Disorders and
Stroke—Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria for proba-
ble AD, specifically exclude individuals with
investigator-perceived excess of white matter lesions
over age-expected norms.*>?® The inclusion of cases
with a varied burden of WMH may increase the
applicability of our findings to individuals seen in
clinical practice. Finally, PVWMH rating in this
study was performed by a blinded nonexpert rater
trained in the methods described. Scores for frontal
and parietal PVWMH showed excellent absolute and
consistency of agreement with independent rating by
an experienced vascular neurologist. This suggests
that these methods could be used by clinicians and
researchers of varying experience levels. Occipital
PVWMH rating showed excellent consistency of
agreement but only moderate absolute agreement,
likely reflecting the difficulty of quantifying the less
prominent MRI FLAIR hyperintensity frequently
observed in lesions in this region.

Quantifying PVWMH could improve identifica-
tion of those at increased risk of significant amyloid
accumulation and accelerated cognitive decline. If
confirmed in an independent cohort, these scales
could cost-effectively identify individuals more likely
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to have significant cerebral amyloidosis and more
likely to benefit from intervention in clinical trials
of anti-amyloid therapies. Conversely, studies using
eligibility criteria such as the NINCDS-ADRDA or
National Institute on Aging—Alzheimer’s Association,
which specifically exclude those with pronounced
WMH, might reduce the number of participants
who may benefit, leading to increased costs and
reduced statistical power.>>*¢ Future studies should
focus on better understanding the mechanisms
underlying the association between PVWMH and
elevated cerebral amyloid, which may provide novel
therapeutic targets in AD.
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