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ABSTRACT

White matter hyperintensities (WMHs) frequently occur in Alzheimer’s Disease (AD) and have a contribution from ischemia, though their relationship with p-amyloid
and cardiovascular risk factors (CVRFs) is not completely understood. We used AT classification to categorize individuals based on their f-amyloid and tau pa-
thologies, then assessed the effects of f-amyloid and tau on WMH volume and number. We then determined regions in which p-amyloid and WMH accumulation were
related. Last, we analyzed the effects of various CVRFs on WMHs. As secondary analyses, we observed effects of age and sex differences, atrophy, cognitive scores,
and APOE genotype. PET, MRI, FLAIR, demographic, and cardiovascular health data was collected from the Alzheimer’s Disease Neuroimaging Initiative (ADNI-3)
(N = 287, 48 % male). Participants were categorized as A + and T + if their Florbetapir SUVR and Flortaucipir SUVR were above 0.79 and 1.25, respectively. WMHs
were mapped on MRI using a deep convolutional neural network (Sepehrband et al., 2020). CVRF scores were based on history of hypertension, systolic and diastolic
blood pressure, pulse rate, respiration rate, BMI, and a cumulative score with 6 being the maximum score. Regression models and Pearson correlations were used to
test associations and correlations between variables, respectively, with age, sex, years of education, and scanner manufacturer as covariates of no interest. WMH
volume percent was significantly associated with global p-amyloid (r = 0.28, p < 0.001), but not tau (r = 0.05, p = 0.25). WMH volume percent was higher in
individuals with either A + or T + pathology compared to controls, particularly within in the A+/T + group (p = 0.007, Cohen’s d = 0.4, t = -2.5). Individual CVRFs
nor cumulative CVRF scores were associated with increased WMH volume. Finally, the regions where B-amyloid and WMH count were most positively associated
were the middle temporal region in the right hemisphere (r = 0.18, p = 0.002) and the fusiform region in the left hemisphere (r = 0.017, p = 0.005). f-amyloid and
WMH have a clear association, though the mechanism facilitating this association is still not fully understood. The associations found between p-amyloid and WMH
burden emphasizes the relationship between $-amyloid and vascular lesion formation while factors like CVRFs, age, and sex affect AD development through various
mechanisms. These findings highlight potential causes and mechanisms of AD as targets for future preventions and treatments. Going forward, a larger emphasis may
be placed on p-amyloid’s vascular effects and the implications of impaired brain clearance in AD.

1. Introduction brain’s white matter best detected as areas of hyperintense signal

appearing in T2- weighted or FLAIR sequences on MRI (Lin et al., 2017).

Alzheimer’s Disease (AD) is traditionally characterized by the pres-
ence of p-amyloid plaques and neurofibrillary tangles of tau proteins in
the brain (Villemagne et al., 2018). Other pathophysiological changes
have been associated with AD, particularly those related to vascular
pathology (Kalaria et al., 2012). For example, several studies have
established a relationship between higher white matter lesion volume
and cognitive decline (Au et al., 2006; Burton et al., 2004;
Gunning-Dixon and Raz, 2003).

White Matter Hyperintensities (WMHSs) are lesions occurring in the

These WMHs may ultimately be caused by cardiovascular risk factors
(CVRFs), such as hypertension (both systolic and diastolic), and body
mass index that may affect cerebral blood flow (Kisler et al., 2017;
Murray et al., 2005; Gottesman et al., 2010; Breteler et al., 1994; Liao
et al., 1997; Liao et al., 1996). WMHs have also been linked to cerebral
amyloid angiopathy (CAA), the deposition of amyloid in the walls of
small cerebral blood vessels (Holland et al., 2008; Gurol et al., 2006;
Chen et al., 2006). Alternate vascular events such as non-CAA cerebral
small vessel disease, stroke, and carotid atherosclerosis, among others,
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are hypothesized to contribute to WMH burden (Pico et al., 2002;
DeCarli et al., 1999) However, white matter lesions may also arise in
association with normal aging (Duanping et al., 1996). Many of these
studies investigating vascular risk and AD have found that earlier onset
and co-occurrence of CVRFs increases the likelihood of accelerated
cognitive decline later in life (Debette et al., 2011; Maillard et al., 2015).
Ultimately the interactions between AD pathophysiology and various
risk factors are not entirely clear.

The relationship between WMH and AD pathology is incompletely
characterized. There is a variety of data relating the existence of f-am-
yloid and tau with increasing WMH volume. Literature addressing the
ability of these biomarkers to predict WMHs demonstrate only that
B-amyloid is correlated with WMH burden (Graff-Radford et al., 2019;
Grimmer et al., 2012). There is assorted research highlighting a rela-
tionship between vascular risk factors and various AD pathologies,
despite the common understanding that vascular health plays a signifi-
cant role in the development of AD (Rabin et al., 2019). Many studies in
this field have contradicting results, some associating CVRFs with only
B-amyloid, others finding additional associations with tau, or finding no
AD neuropathological association whatsoever (Gottesman et al., 2017;
Vemuri et al., 2017; Rabin et al., 2019; Conner et al., 2019, Lane et al.,
2020). Cerebrospinal fluid measures of f-amyloid and tau are often used
to investigate associations with WMHs and CVRFs, though there is
growing interest in the use of positron emission tomography (PET) since
it is less invasive and more regionally specific (Palmqvist et al., 2015;
Walsh et al., 2020; Tosto et al., 2015; Dadar et al., 2020; Morrison et al.,
2022). As interest in PET biomarkers increases, more studies are needed
to assess its diagnostic accuracy compared to CSF methodology. Lastly,
recent research has highlighted a potential regional component of
B-amyloid and WMH accumulation in the brain influencing AD symptom
progression, though few studies have evaluated the regional colocali-
zation of WMHs with p-amyloid PET markers in disease manifestation
(Roseborough et al., 2017; Weaver et al., 2019; Grimmer et al., 2012;
Tan et al., 2022). It is important to properly gauge the role of AD pa-
thology and CVRFs in vascular lesion formation to improve our under-
standing of AD risk.

Particular biomarkers, such as Florbetapir and Flotaucipir PET
measures of f-amyloid and neurofibrillary tangles, respectively, have
been utilized to identify the presence of AD pathology. The National
Institute of Aging and the Alzheimer’s Association (NIA-AA) recently
updated diagnostic categories for AD using this biomarker AT(N) clas-
sification system, specifically for research applications (Jack et al.,
2018). It accounts for f-amyloid (A), tau (T), and neurodegeneration
(N), with ‘+° denoting the presence and ‘- denoting the absence of each
biomarker (Jack et al., 2016). Variations in the AT(N) classification
categorize individuals based on pathologic change. The goal of this
framework is to understand disease progression and pathogenesis more
accurately. The present study specifically utilizes this framework to
observe risk factor and biomarker differences across the pathological
groups.

Studies of sex differences for AD risk factors have found differential
results regarding CVRFs, p-amyloid, tau, and WMH volume. Specifically,
risk factors for WMHs affect men and women differently, with women
seemingly more susceptible to WMH accumulation (Koran et al., 2017).
Overall, more research is needed to better understand the differential
effects of risk factors across sexes and how they manifest into disease.
Homozygous APOE-¢4 genotype is the genetic marker that significantly
increases one’s risk for AD (Corder et al., 1993). APOE-¢4 has also been
shown to be associated with other hallmarks of AD, including WMHs
(Rojas et al., 2018). Ultimately, the mechanism by which p-amyloid is
related to WMH volume and count may be different for those with ho-
mozygous APOE-¢4 genotypes. Furthermore, decreased hippocampal
volume as a measure of atrophy is a commonly known AD pathology and
is often used to help determine disease stage (de Leeuw et al., 2004;
Convit et al., 1997; Schuff et al., 2009) For these reasons, inclusion of
age, sex, APOE-¢4, and atrophy measures in the evaluation of AD risk is
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beneficial.

In this study, we initially analyzed the relationship between AD pa-
thology and both WMH volume and count, across pathological groups
and with varying p-amyloid and tau burdens. We then went on to
identify factors that may contribute to the observed relationship be-
tween WMH burden and AD pathology, including CVRF, age, and sex.
Secondarily, the effects of homozygous APOE-¢4 genotype, atrophy, and
cognitive scores on p-amyloid and WMH volume were also assessed.
Finally, we explored a cortical region localized analysis to observe as-
sociations between p-amyloid and WMH amount across the brain.

2. Methods
2.1. Participants

All data used in the present study was obtained from the Alzheimer’s
Disease Neuroimging Initiative (ADNI) database (https://adni.loni.usc.
edu). ADNI was launched in 2003 by the National Institute on Aging,
the National Institute of Biomedical Imaging and Bioengineering, the
Food and Drug Administration, private pharmaceutical companies, and
non-profit organizations. The goal of ADNI is to identify and track Alz-
heimer’s Disease in its early stages through various biomarkers.

ADNI includes clinical data for subjects such as demographic infor-
mation, vital signs, cognitive assessments, and comprehensive medical
history, among other variables not involved in this study. Across all 286
participants, 199 were scanned with Siemen’s scanners, 71 with GE
scanners, and 16 with Philips scanners.

Cognitive assessments were conducted following standardized pro-
tocols consistent with published procedures. The Montreal Cognitive
Assessment (MoCA) is a brief cognitive assessment that specifically tests
for individuals with mild cognitive impairments (MCI). The Mini Mental
State Examination (MMSE), like the MoCA, is a brief screening for AD
that evaluates orientation, memory, attention, concentration, naming,
repetition, comprehension, ability to create a sentence, and ability to
copy two overlapping pentagons. Global Clinical Dementia Rating
(CDR) describes five degrees or impairment by testing six categories of
cognitive functioning: memory, orientation, judgement and problem
solving, community affairs, home and hobbies, and personal care.

Cognitively normal (CN) participants are defined as possibly having
subjective memory complaints beyond what is expected for the age,
normal memory function with respect to education level in the Logical
Memory II subscale, an MMSE score between 24 and 30, a CDR of 0,
absence of significant impairment in cognitive functions or daily activ-
ities, and stability of permitted medications for 4 weeks (antidepressants
without significant anticholinergic side effects, estrogen replacement
therapy, gingko biloba, psychoactive medication washout for at least 4
weeks prior to screening).

Mild cognitively impaired (MCI) participants must express subjective
memory concerns, have abnormal memory function and scoring below
education level in the Logical Memory II subscale, have an MMSE be-
tween 24 and 40, have a CDR of 0.5, have general cognition and func-
tional performance preserved such that there is no AD diagnosis, and
similar medication requirements as CN participants with the addition of
cholinesterase inhibitors and memantines allowed.

Alzheimer’s Disease (AD) participants must express subjective
memory concern, have abnormal memory function by education level,
an MMSE between 20 and 24, a CDR of 0.5 or 1,0, criteria for probable
AD by the National Institute of Neurological and Communicative Dis-
orders and Stroke and the Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA), and the same medication guidelines as
MCI participants.

The distributions of participants were 138 in the A-/T- group (age:
75.1 £+ 7.6), 82 in the A+/T- group (age: 76.4 + 7.7), 12 in the A-/T +
group (age: 78.1 + 8.2), and 54 in the A+/T + group (age: 76.1 + 8.1).
According to the NIA-AA research framework, A-/T- participants are
considered normal, A-/T + is considered non-AD pathologic change,
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A+/T- is considered AD pathologic change, and A+/T + is considered
AD (Jack et al. 2018). See Table 1 for more detail on the participants.
Demographic information including age, sex, and years of education,
and scanner manufacturer was used as covariates in all statistical
analyses.

2.2. Cardiovascular Risk Factors

Vascular risk factors including history of hypertension, measure-
ments of systolic and diastolic blood pressure, respiration and pulse rate,
and body mass index (BMI) were assessed by medical history and
measured in a physical examination by a medical professional. History
of hypertension was identified by self-report. Both systolic and diastolic
blood pressure were identified as risk factors if elevated above the
Centers for Disease Control and Prevention guidelines (greater than 130
mmHg or 80mHg respectively). Respiration rate was considered a risk
factor if outside the normal range of 12-25 breaths per minute.

Table 1

Abbreviations: N, number of participants. BP, blood pressure. BMI, body mass
index. MOCA, Montreal Cognitive Assessment. MMSE, Mini Mental State Exam
Total Score. CDR, Clinical Dementia Rating. CN, Cognitively Normal. MCI, Mild
Cognitive Impairment. AD, Alzheimer’s disease. APOE4 Homozygous, Fre-
quency of APOE4 homozygous subjects. APOE4 Presence, Presence of 1 or more
APOE4 alleles WMH, White Matter Hyperintensity. SUVR, standard uptake
value ratio.

Measures A-/T- A-/T+ A+/T- A+/T+ Statistical p-
value
N 138 12 82 54
Female, N(%) 71(51.4 4(33.3 42(51.2 32(59.3 0.415
%) %) %) %)
Age (y) 73.7 + 78.1 + 76.4 + 76.1 + 0.002
7.19 8.19 7.69 8.07
Education(y) 16.6 + 18.4 + 16.6 + 15.6 + 0.028
2.63 1.83 2.47 2.34
Hypertension, N 24(39.3 1(33.3 12(38.7 12(50 0.799
(%) %) %) %) %)
Systolic BP 133.6 + 130 + 1279 + 134.6 + 0.444
17 14.9 18.7 16.5
Diastolic BP 74.2 + 69.8 + 71.1 £ 75+ 0.444
8.55 6.9 8.81 7.88
Respiration Rate 159 + 16.4 + 15.99 + 155 + 0.190
2.57 2.1 3.3 2.21
Pulse Rate 63.5 + 60 + 64.8 + 64.6 + 0.532
10.3 10.1 11.5 9.0
BMI 28.1 + 26.2 + 26.4 £ 25.1 + 2.2e-8
5.32 5.18 4.47 3.42
Total CVRFscore 3.0 (1.5) 2.0 2.0(2.0) 3.0(.5 0525
(0.5)
MOCA 25.2 + 24.0 + 241 + 199 + 2.54e-10
2.89 2.52 3.91 9.90
MMSE 29.0 + 283 + 28.4 + 25.0 + 7.97e-9
1.26 2.57 2.24 13.44
Global CDR 0.11 + 0.25 + 0.15 + 0.57 + 9.21e-8
0.21 0.40 0.27 1.06
CN 107 6(50 %)  58(70.7 15(27.8 1.01e-9
(77.5 %) %) %)
MCI 30(21.7 6(50 %)  18(22.0 19(35.2 0.046
%) %) %)
AD 1(0.72 0 (0 %) 6(7.32 20(37.0 2.15e-13
%) %) %)
APOE4 2(1.45 0 (0 %) 6 (7.3 8(14.8 0.005
Homozygous %) %) %)
APOE4 Presence 27 (20 2(16.7 27 (32.9 26 (48.1 0.6e-4
%) %) %) %)
WMH Volume %  0.33 + 0.84 + 0.72 + 0.55 + 0.002
0.52 0.90 1.14 0.61
WMH Count 14.6 + 18.1 + 18.2 + 18.7 + 0.27e-4
11.3 11.1 11.6 8.8
p-amyloid SUVR 0.73 + 0.73 + 0.91 + 1.02 + 6.54e-84
0.03 0.05 0.10 0.12
Tau SUVR 1.09 + 1.32 £ 1.11 + 1.27 £ 4.21e-26
0.08 0.11 0.09 0.31
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Similarly, pulse rate was considered a risk factor if not within the
healthy range of 60-80 beats per minute. Both pulse rate and respiration
rate guidelines are from the Cleveland Clinic (2019). BMI was consid-
ered a risk factor if greater than 25, as suggested by the Centers for
Disease Control and Prevention. Total CVRFs were calculated as a sum of
each individual risk factor’s presence, with a score of 6 being the highest
possible. This cumulative score is an adaptation of other measurements
of cardiovascular disease risk, such as the Framingham risk score, but
using six possible measures of cardiovascular disease (Wilson et al.,
1998, Kannel et al., 1976).

2.3. Data Collection

Magnetic resonance imaging (MRI), amyloid and tau PET along with
demographic data of participants of Alzheimer’s disease neuroimaging
initiative (ADNI-3) were downloaded from LONI imaging data archive
(https://ida.loni.usc.edu) as explained in Weiner et al., 2017. ADNI-3
MRI data was acquired using standardized protocols on Philips,
Siemens, and GE 3 T scanners at 63 study sites across North America. 3D
T1-weighted images were acquired with an MPRAGE sequence (Philips
and Siemens scanners) and FSPGR sequence (GE scanner) with the
following parameters. MPRAGE: TR = 2300 ms echo time, TE = 2.98 ms,
voxel resolution: 1 mm3, FOV = 240x256mm2, matrix = 240x256 (with
variable slice number), TI = 900 ms, flip angle = 9. FSPGR (with sagittal
slices): TR = 7.3 ms, TE = 3.01 ms, FOV = 256x256mm?, matrix =
256x256mm (with variable slice number), TI = 1650 ms, flip angle =
120. 3D FLAIR images were acquired with the following acquisition
parameters: TR/TE: 4800/119, voxel resolution = 1x1x1.2 mm?, FOV =
256x256mm?, matrix = 256x256 (variable slice number), TI = 1650 ms,
flip angle = 120. PET imaging protocols included Flobetapir (Amyvid)
and Flortaucipir (AV-1451). Florbetapir imaging lasted 20 min, with
four 5-minute frames, and acquisition occurred 50-70 min post-
injection. Flortaucipir imaging acquisition occurred 30-60 min post-
injection and lasted 30 min, using six 5-minute frames. Data used for
this study was from the subset of ADNI-3 participants who had all the
T1-wighted, 3D FLAIR, Amyloid and Tau PET modalities available.

2.4. Quality control processing

All FLAIR and Tlw MRI images were quality controlled for
misalignment and post-processing failure, blind to clinical and neuro-
imaging measures. Of the 408 ADNI3 participants with 3D FLAIR, T1W,
and PET data, 122 were excluded due to failing this quality control. This
led to a total of 286 participants (137 male, 48 %) that were further
separated into groups based on their amyloid and tau pathologies.

2.5. MRI Preprocessing

Data processing was completed using the Laboratory of Neuro Im-
aging Pipeline (https://pipeline.loni.usc.edu/) and the FreeSurfer
(v5.3.0) software package was used for T1w preprocessing and parcel-
lation (Fischl, 2012). The Desijan-Killany atlas was used for brain vol-
ume and white matter masks, then the recon-all module of FreeSurfer
was used to complete the parcellation. This atlas parcellates the cortex
into 68 regions as well as the underlying white matter. To be sure of
white matter coverage, the centrum semi-ovale of the white matter re-
gion from the Freesurfer output was used. According to FreeSurfer, the
centrum semi-ovale is made up of ‘Unsegmented white matter’, 5001
and 5002 from Desikan-Killiany-Tourville adult cortical parcellation
atlas, which is near the ventricles and includes part of the ventricles as
well as the internal and external capsules in the white matter mask. For
this reason, we used the centrum semi-ovale mask shown in Supple-
mental Figure S1 and Supplemental Table S5 which excludes the
internal/external capsules and the ventricles. Non-uniform intensity
normalization, intensity normalization, skull stripping motion correc-
tion, and Talairach transform computation is all included in the recon-all
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preprocessing procedure (Dale et al., 1999; Desikan et al., 2006; Fischl
et al., 1999, 2002, 2004; Fischl and Dale, 2000; Reuter et al., 2010,
2012; Reuter and Fischl, 2011; Ségonne et al., 2004; Segonne et al.,
2007; Sled et al., 1998; Waters et al., 2019).The N41TK module from
Advanced Normalization Tools (ANTs) (Avants et al., 2009) was used to
correct non-uniform field inhomogeneity in FLAIR images (Tustison
et al., 2010). Then, they were co-registered with T1w images with the
antsIntermodalityIntrasubject module from ANTs.

2.6. WMH Mapping

A previously reported multi-step image processing approach was
used as described in Sepehrband et al., 2021. WMH segmentation was
trained on 685 patients on ADNI (including data used in this study). F1
Score (also known as Dice similarity index) was used to assess the seg-
mentation accuracy on 10 % of the data which was manually analyzed
by an expert reader. The segmentation resulted in F1 Score of 95 + 3 %
(M + SD). WMHs are hyperintense in FLAIR images and hypointense in
T1lw images, a signature which was used to improve the segmentation
accuracy compared to a technique solely based on FLAIR. WMH are
falsely identified as enlarged PVS due to their similar isointense or
hypointense appearance (although not as hypointense as CSF) on T1-
weighted sequences (Wardlaw et al., 2013). We mapped WMH from
FLAIR using conventional algorithmic approaches (Wetter et al., 2016).
Then we estimated the likelihood of a voxel belonging to perivascular
space (PVS) in Tlw image, which also appears hypointense in T1lw
images (Sepehrband et al., 2019), using Frangi filtering which computes
the vesselness measure for each voxel from eigenvectors of the Hessian
matrix of the T1w image (Frangi et al., 1998). The FLAIR image of each
subject was then corrected for non-uniform field inhomogeneity using
N4ITK module (Tustison et al., 2010) of Advanced Normalization Tools
(ANTs) (Avants et al., 2009). The FLAIR image was then co-registered to
T1lw image using ANTs software. For each voxel with high vesselness
likelihood we estimated the percentile of the FLAIR intensity in a given
geodesic distance across the voxels within the white matter. Voxels with
high FLAIR intensity were added to a temporary WMH mask, and those
with low 10 percentile were segmented as PVS. Then, a convolutional
neural network was trained on the co-registered multi-modal (T1w and
FLAIR) WMH masks to create an automated WMH segmentation.
Training was performed on ADNI-3 subjects using network architecture
and configuration from Kamnitsas et al., 2017.

Morphological analysis was used to count the WMH. Connected
components were considered as individual WMH. The measurement
used connectivity of 8 for two dimensions and 26 for three dimensions.

2.7. Amyloid and Tau PET processing

To categorize individuals into Af +/-, amyloid PET data was used
and analyzed according to UC Berkeley PET methodology (Baker et al.,
2017; Landau et al., 2014; Landau et al., 2015; Scholl et al., 2016).
Florbetapir (*® F-AV-45, Avid) was used to image uptake of amyloid,
using six 5-minute frames. These frames were co-registered to frame 1
using NeuroStat “mcoreg” module with rigid-body translation and six
degrees of freedom. The frames were averaged and reoriented into a
160x160x96 grid with 1.5 mm voxels so that the anterior-posterior axis
of the subject was aligned with the anterior-posterior commissure line.

Using the mutual information algorithm in SPM5 with default
setting, the PET images were co-registered on T1lw MRI to align par-
cellation regions. Standard Uptake Value ratio (SUVR) was used for
quantitative measurements. Mean tracer uptakes were calculated in
frontal, lateral parietal, lateral temporal, and anterior/posterior cingu-
late cortices. The cerebellar mean was calculated and used for reference.
To calculate the entire cortical SUVR, the mean tracer uptake in each
cortical region was averaged and divided by the cerebellum reference
mean. Flortaucipir (*® F-AV-1451) was used for Tau PET to assess
accumulation of tau in several regions of the temporal lobe (defined by
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Jack et al., 2018: entorhinal cortex, amygdala, parahippocampal, fusi-
form, inferior temporal, and middle temporal regions of interest).
Increased tau SUVR in these medial temporal regions are associated with
Braak Stage I and II (Lowe et al., 2018, Braak and Braak, 1991). Addi-
tionally, the amygdala, parahippocampal, entorhinal, fusiform, inferior
temporal, and middle temporal regions are the first to indicate ligand
uptake in the aged clinically normal population. While uptake in the
basal or lateral temporal lobe are more associated with hallmarks of AD
(Jack et al., 2016, Johnson et al., 2016). Tau PET SUVR was processed
similar to the amyloid PET above, and Tau SUVR values were normal-
ized utilizing the intensity of cerebellar gray matter. The cutoffs used to
categorize A + and T + were any values above 0.79 and 1.25 respec-
tively, and any below these fell into A- and T- categories (Jack et al.
2016).

2.8. Statistical analysis

A regression model was used to assess the association between WMH
and accumulation of amyloid, in which AB SUVR was used as dependent
variable, and percentage of white matter occupied by WMH as inde-
pendent variable, controlling for age, sex, years of education, and
scanner manufacturer. An ordinary least square fitting model was used
to fit the linear regression to the data using StatsModels Python library.
A similar regression analysis was used with Tau SUVR as the dependent
variable to determine the association between Tau and WMH.

Cohen’s d statistics are useful in indicating the magnitude of differ-
ence between groups for a specific variable, with a larger statistic
indicating a greater difference between means. Unpaired Cohen’s d ef-
fect size was used to assess the WMH volume mean differences across
groups with different pathology status: A-/T-, A-/T+, A+/T-, A+/T +.
The Cohen’s d (effect size) and two-sided p-value of the group differ-
ences were measured using estimation statistics of Mann-Whitney test
from DaBest toolbox (Ho et al., 2019). The p-value(s) of<0.05 reported
are the likelihood(s) of observing the effect size(s) if the null hypothesis
of zero difference is true. We also used the SciPy Python library to assess
whether WMH volume and WMH count were normally distributed
across pathological groups.

To assess the influence of CVRFs on WMH volume, a regression
model was used with WMH volume as the dependent variable and CVRF
score as the independent variable, controlling for age, sex, and A/T
pathology. In addition, we investigated the same association but this
time excluding A/T group distinction as a covariate. Differences in WMH
volume was analyzed for each CVRF score, one including history of
hypertension and the other excluding history of hypertension as a risk
factor due to limited hypertension data. Finally, each individual CVRF
was compared to evaluate each of their potential impacts on WMHs. A
similar linear regression model was used to observe potential age and
sex differences for CVRF accumulation and WMH burden.

Several secondary analyses were completed to evaluate additional
risk factors or hallmarks of AD. A separate regression was completed
assessing the relationship between f-amyloid and WMH volume
including homozygous APOE-¢4 as a covariate. We further tested APOE-
e4 by analyzing the interaction between f-amyloid and APOE-¢4 geno-
type on WMH. Cognitive assessment measures (MOCA, MMSE, and
Global CDR) were included as covariates in separate regression models
to evaluate their impact on the association between WMH and B-amy-
loid. We additionally used linear regression models to observe whether
cognitive diagnosis (CN, MCI, or AD) predicted WMH volume. Lastly,
hippocampal volume fraction was used as a measure of atrophy. Two
regression models with WMH volume and p-amyloid as independent
variables were used with hippocampal volume fraction as the dependent
variable, controlling for age, sex, years of education, and scanner
manufacturer. Finally, hippocampal volume fraction was included as a
covariate in the original regression model assessing the relationship
between p-amyloid and WMH volume to determine possible effects.

Correlational analysis was used to assess the relationship between
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increased WMH count, Ap and Tau SUVR. WMH count was the depen-
dent variable while AB SUVR was the independent variable, controlling
for age, sex, years of education, and scanner manufacturer. This same
method was used with Tau SUVR as the independent variable. Corre-
lations between global p-amyloid association and WMH count were also
assessed within A/T groups. Cohen’s d effect size was also used to assess
mean differences of WMH count across groups. Similar analyses were
used to test the effects of APOE-¢4 with WMH count as mentioned above
with WMH volume by completing an additional regression including
APOE-¢4 as a covariate.

For localized cortical regional analysis, Pearson correlation was used
to measure the relationship between gray matter f-amyloid PET SUVR
and underlying WMH count from MRI in all brain regions. Significant
regional associations were further investigated with ANOVA, controlling
for age and sex to eliminate any biases. Finally, the same model was used
on the subsets of pathological A/T groups, determining if any groups
showed more localized regional differences than others. These results
highlight potential localized associations between p-amyloid aggrega-
tion and WMH counts. The Benjamini-Hochberg procedure with a false
discovery rate of 0.05 was used to correct for multiple comparisons in
each of the regional analyses. This same method of analysis was used to
test the relation between WMH volume distribution and cognitive
scores. White matter independent regional analysis results were visu-
alized using the Quantitative Imaging Toolkit (QIT; Cabeen et al., 2018).

3. Results

3.1. Influence of age and sex on WMH volume, f-amyloid accumulation,
and CVRFs

Age was found to be a predictor of hypertension, systolic blood
pressure, diastolic blood pressure, WMH volume, and p-amyloid (Sup-
plemental Table S1). Age had a positive relationship with hypertension,
systolic blood pressure, WMH volume, and f-amyloid, but had a nega-
tive relationship with diastolic blood pressure. Sex was found to be a
predictor of pulse rate, BMI, and cumulative CVRF scores, both
including hypertension and excluding hypertension (Supplemental
Table S2). Compared to females, male sex showed higher pulse rate,
BMI, and both CVRF scores. Hypertension was excluded from the second
cumulative score due to the dataset lacking hypertension measurements
for many participants.

3.2. Relationship between WMH volume and AD pathology

The percentage of white matter volume occupied by WMH was
significantly and positively correlated with p-amyloid PET SUVR (Fig. 1;
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Fig. 1. Correlation between white matter hyperintensity volume and global
p-amyloid standard uptake value ratio in all participants (r = 0.28, p < 0.001).
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r=0.28, p < 0.001). We observed WMH volume to significantly predict
global amyloid accumulation when controlling for age, sex, years of
education, and scanner manufacturer (F(1, 309) =13.9, p = 0.0002). We
tested the distribution of WMH volume and found a skewed distribution
(p = 1.18e-10). The correlational analyses were repeated after log
transformation of WMH volume and outcomes remained the same,
resulting in a significant positive correlation between WMH volume and
B-amyloid (r = 0.24, p = 4.9e-5), and a nonsignificant positive correla-
tion between WMH volume and metatemporal tau (r = 0.09, p = 0.12).

When including APOE genotype as a covariate, the results were
remained significant (F(1, 294) = 13.0, p = 0.0004). Inclusion of MOCA,
MMSE, and Global CDR, as covariates did not change the significant
relationship between WMH volume and p-amyloid. We observed a sig-
nificant effect of hippocampal volume fraction on WMH volume (F(1,
580) = 16.9, p = 4.5e-5) and p-amyloid (F(1, 309) = 32.5, p = 2.8e-8).
Inclusion of hippocampal volume fraction in the regression model
assessing the effect of WMH volume on f-amyloid did not alter signifi-
cance (p = 0.05). We also found that WMH volume is predicted by CN F
(1, 580) = 8.12, p = 4.5e-3) and MCI F(1, 580) = 5.74,p = 0.02) di-
agnoses, while AD does not F(1, 580) = 0.954, p = 0.329).

WMH volume percent of participants with either amyloid (A + ) or
tau (T + ) pathology was higher than controls (A-/T-) (Fig. 2). We
observed a significantly higher WMH percent in AD pathology partici-
pants (A+/T + ) compared to controls (A-/T-) (p = 0.007, Cohen’s d =
0.4, t = -2.5). Participants with Amyloid positive but Tau negative (A+/
T-) also had higher WMH volume compared to controls (p = 0.002,
Cohen’sd = 0.5, t = -3.5). Only 12 participants were classified as A-/T +
and had marginally higher WMH volume than controls (p = 0.02,
Cohen’s d = 0.9, t = -3.0). After testing for normality and performing a
log transformation, mean differences between controls (A-/T-) and
pathological groups remained the same [Amyloid positive, Tau negative
(A+/T-; (p = 0.012, Cohen’s d = 0.36, t = -2.5); Amyloid negative, Tau
positive (A-/T+; (p = 0.02, Cohen’s d = 0.71, t = -2.3); Amyloid posi-
tive, Tau positive (A+/T+; p = 0.03, Cohen’s d = 0.35, t = -2.2)].

When correlation between the amount of WMH volume and amyloid
was assessed across different groups (Fig. 3A), we observed significant
positive correlation between WMH and amyloid in the A+/T- group (r =
0.36, p < 0.001). A marginal positive correlation was observed among
A-/T + participants (r = 0.58, p = 0.0498), and the correlation trended
toward significance among the A+/T + group (r = 0.23, p = 0.09). No
significant association was found in the A-/T- group (r = 0.06, p = 0.45).
A significant positive correlation was observed between p-amyloid
SUVR and WMH count in the A+/T + group only. We observed neither a
correlation nor an association between WMH and Tau uptake in the
entire cohort (Fig. 4: correlation p = 0.25; association p = 0.4, con-
trolling for age, sex, years of education and scanner manufacturer).
These results were mostly maintained when controlling for age, sex,
scanner, and years of education. The A-/T + group, initially holding a
marginally significant relationship, was no longer significant after
adjusting for covariates (p = 0.214, R? = 0.202, B = 2457.6), while the
A+/T- group remained significant (p = 0.008, R? = 0.209, B = 2135.4).
Both the A+/T+ (p = 0.934, R? = 0.199, B = 79.6) and the A-/T-
remained insignificant after including covariates (p = 0079, R? = 0.204,
B =-1155.5).

We additionally tested the distribution of WMH volume across
groups. Our results showed the A-/T- (p = 1.81), A-/T+ (p = 0.28), and
A+/T- (p = 1.95) groups to be normally distributed, while the A+/T +
group was not normally distributed (p < 0.001). A logarithmic trans-
formation was performed for the WMH volume of the A+/T + group.
Upon this transformation, the correlation between WMH volume and
B-amyloid remained non-significant (r = 0.19, p = 0.168). When con-
trolling for age, sex, scanner, and years of education, the result was
significant (p = 0.03, R = 0.119, B = 1.39).
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Fig. 2. Mean WMH volume differences between Amyloid negative, Tau negative (A-/T-) participants and participants with different pathology status: Amyloid
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Fig. 3. A. Correlation between White matter hyperintensities (WMH) volume correlation and global Amyloid uptake among different pathology groups. Significant
positive correlation in A+/T- (r = 0.36, p < 0.001), marginal positive correlation in A-/T+ (r = 0.58, p = 0.0498), nonsignificant correlation in A+/T+ (r = 0.23,p =
0.09), and no significant correlation in A-/T- (r = 0.06, p = 0.45). B. Correlation between WMH count and global Amyloid uptake among different pathology groups.
Nonsignificant positive correlations in A+/T- (r = 0.14, p = 0.22), A-/T+ (r = 0.35,p = 0.27), and A-/T- (r = 0.17, p = 0.07). A significant positive association in A+/

T+ (r = 0.33, p = 0.01).
3.3. Relationship between AD pathology and WMH count

A correlation analysis was used to observe the relationship between
WMH count, as an alternate WMH measure, and both p-amyloid and tau
uptake throughout the brain. First, WMH volume and count were
significantly correlated (r = 0.483, p = 3.99e-18). Controlling for age,
sex, years of education, and scanner manufacturer, Ap SUVR was
significantly associated with increased WMH count (Fig. 5A; p < 0.001,
r = 0.25). This result remained significant when including APOE

genotype as a covariate (F(1, 263) =11.9, p = 0.0007) though there was
no significant interaction between Ap and APOE in predicting WMH
count (F(4, 259) = 1.27, p = 0.3). Tau SUVR was also significantly
associated with increased WMH count (Fig. 5B; p = 0.02, r = 0.11).
When comparing correlation between global p-amyloid accumulation
and WMH count among differing pathological groups, the results were
similar to the analysis of WMH volume (Fig. 3B). There was a significant
positive correlation between WMH count and Ap SUVR in the A+/T +
group (r = 0.33, p = 0.01). The correlation was not significant in the A-/
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Fig. 4. Correlation between white matter hyperintensities (WMH) volume and
meta-temporal Tau standard uptake value ratio (correlation p = 0.25; associa-
tion p = 0.4).

T + group (r = 0.35, p = 0.27), and the A-/T- and A+/T- group trended
toward significance with a slightly positive correlation (A-/T-: r = 0.17,
p =0.07; A+/T-: r=0.14, p = 0.22). Overall, we observed significantly
higher WMH count in participants with either A + or T + pathology
compared to controls (Fig. 6). Compared to controls, WMH count was
significantly higher in the AD group (A+/T + ) (p = 0.001, Cohen’s d =
0.5), the A+/T- group (p = 0.007, Cohen’s d = 0.4) and the A-/T + group
(p = 0.04, Cohen’s d = 0.6). When assessing WMH count distribution A-/
T- (p = 1.40), A+/T+ (p = 0.89), A+/T- (p = 0.06) groups were all
normally distributed. As a result of the limited sample size in the A-/T +
group normality could not be determined. However, since the A-/T +
group represents non-AD pathology, this exclusion is justified. Inclusion
of MOCA, MMSE, and Global CDR, as covariates did not change the
significant relationship between WMH count and p-amyloid.

3.4. Regional associations between WMH burden and AD pathology

In order to assess the relationship between the spatial distribution of
AD pathology and WMH burden, further regional analysis compared the
association of average PET SUVR of B-amyloid in the gray matter with
WMH volume measurements from MRI within the underlying corre-
sponding white matter region. The results of the Pearson correlation that
showed a significant association between PET SUVR and WMH volume
in regions averaged across hemispheres were observed in the precentral
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(r=10.16, p = 0.007), caudal middle frontal (r = 0.12, p = 0.04), cuneus
(r=0.17, p = 0.003), fusiform (r = 0.18, p = 0.002), inferior parietal (r
=0.12, p = 0.04), isthmus cingulate (r = 0.13, p = 0.02), lateral occipital
(r=0.17, p=0.004), lingual (r=0.19, p = 0.001), paracentral (r=0.12,
p = 0.05), pericalcarine (r = 0.12, p = 0.04), precuneus (r = 0.13, p =
0.02), superior parietal (r = 0.15, p = 0.01), and supramarginal (r =
0.14, p = 0.01) regions (Supplemental Table S3). After running a
multiple comparison correction, the regions that survived and remained
significantly associated were the precentral, cuneus, fusiform, isthmus
cingulate, lateral occipital, lingual, superior parietal, and supramarginal
regions. When further controlling for age and sex after multiple com-
parison correction, none remained significant.

The Pearson correlation results for regional association between
average PET SUVR of f-amyloid in gray matter with WMH volume
measurements in each hemisphere are visualized in Fig. 7, with the most
significant regions indicated by a red arrow. Without averaging across
both hemispheres, the regions that were no longer significantly associ-
ated were the inferior parietal (r = 0.1, p = 0.09), paracentral (r = 0.12,
p = 0.051), and pericalcarine (r = 0.11, p = 0.06) regions. However, the
middle temporal (r = 0.18, p = 0.002), pars orbitalis (r = 0.17, p =
0.004), and posterior cingulate (r = 0.12, p = 0.04) regions became
significant when only assessing the right hemisphere. The results of the
Pearson correlation in the left hemisphere showed that the caudal
middle frontal (r = 0.07, p = 0.25), isthmus cingulate (r = 0.09, p =
0.12), and paracentral (r = 0.099, p = 0.09) regions were no longer
significantly correlated. There were no additional regions that appeared
significant in this hemisphere alone. The frontal pole in both hemi-
spheres was disregarded due to absence of data in one participant. The
right hemisphere was also missing data in the medial orbitofrontal re-
gion. The results for the association between cognitive score and WMH
special distribution can be found in the Supplemental Material.

3.5. Relationship between APOE genotype and WMH burden

Including APOE genotype as a covariate when assessing the rela-
tionship between p-amyloid and WMH volume did not alter significance.
Homozygous APOE ¢4/¢4 genotypes did predict global WMH volume
when controlling for age and sex, though there were only 14 participants
with this genotype (F(1, 282) = 3.94, p = 0.0.048, § = 0.36). However,
the presence of one or more APOE-¢4 alleles was not predictive of WMH
volume (F(1, 282) = 0.13, p = 0.72, p = -0.034). In testing the inter-
action between APOE genotypes and f-amyloid in predicting WMH
volume, there was a significant result (F(4, 290) = 2.89, p = 0.03)
specifically the APOE &£3/e3 homozygous genotype (p = 0.038, p =
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Fig. 5. A. Correlation between white matter hyperintensity (WMH) count and global Amyloid standard uptake value ratio (p < 0.001, r = 0.25). B. Correlation
between white matter hyperintensity (WMH) count and meta-temporal Tau standard uptake value ratio (p = 0.02, r = 0.11).
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4.13e + 04). Overall, the interaction effects did not alter the significance
of p-amyloid predicting WMH volume (F(1, 290) = 13.37, p = 0.0003).

When controlling for APOE genotype in the relationship between
B-amyloid and WMH count, the results remained significant (F(1, 263)
= 11.9, p = 0.0007). There was no significant interaction between
B-amyloid and APOE in predicting WMH count (F(4, 259) = 1.27,p =
0.28). Lastly, homozygous APOE ¢4/¢4 did not predict WMH count (F(1,
282) = 0.11, p = 0.74).

3.6. Relationship between CVRFs and WMH burden

Ordinary least squares regression analysis was used to assess the
effect of CVRFs on WMH volume. The cumulative CVRF score including
and excluding hypertension as a risk factor were not associated with
increased WMH volume (p = 0.34, R2 = 0.15, t = 0.95 and p = 0.98, R?
= 0.18, t = 0.025, respectively). Additionally, no individual CVRF was
associated with WMH volume (Supplemental Table S4).

4. Discussion

The goal of this study is to further understand the relationship be-
tween Alzheimer’s Disease pathologies and WMHs and how they
spatially align across the brain. Since vasculopathy likely plays a role in
WMHs, we analyzed CVRFs to assess their potential relationship with
lesion accumulation. Our findings show a strong relationship between
increased B-amyloid deposition and WMHs globally. Individuals with
AD pathological categorization (A+/T + ) showed the highest WMH
volume, aligning with literature linking WMH with AD (Grimmer et al.,
2012, Provenzano et al., 2013, Lee et al., 2016, Birdsill et al., 2014.,
Hirono et al., 2000). Although we were unable to demonstrate CVRFs as
a predictor of WMHs, we did observe significant age and sex differences
across CVRFs. Finally, the colocalization of p-amyloid and WMHs in
brain regions significant for early-stage AD suggest that both may be
associated with eventual cognitive decline. Overall, the association be-
tween fB-amyloid and WMHs may relate to the vascular origins of neu-
rodegeneration and future studies should continue to investigate the
mechanisms and downstream effects that contribute to this relationship.

In support of previous literature (Duanping et al., 1996), we found
age was a strong predictor of both WMH volume and AD pathology. We
also found WMH burden had a strong positive relationship with amyloid
accumulation, but not tau deposition, which also confirms findings from
previous studies (Graff-Radford et al. 2019, Grimmer et al. 2012). The
lack of association between WMH burden and tau suggests that the
neurodegenerative mechanisms that contribute to hyperphosphorylated
tau in the brain may not be directly vascular in origin and may instead
exert its effects differently, though this hypothesis needs further testing
(Canepa and Fossati, 2021). Specifically, participants in groups with
amyloid (A + ) pathologies had higher mean WMH volumes than those
without amyloid pathologies. These findings are consistent with autopsy
studies showing correlations between CAA and WMHs (Chen et al.
2019). It is well known that WMHs, particularly when located in
subcortical structures, are associated with hypertensive arterio-
losclerosis (Charidimou et al 2016). However, the combination of
WMHs and a positive amyloid PET scan raises the possibility of under-
lying CAA. The most significant positive association with WMHs was
within the group of Alzheimer’s pathologic change (A+/T-), which is on
the AD continuum but not considered AD, as defined by Jack et al.,
2018. Since many participants in this sample are CN, this significant
positive relationship may be present in those with age-related WMH
accumulation not affecting cognition. Additionally, this group contained
a few participants with much higher WMH volumes than in other
groups. The A+/T- group is defined as generally asymptomatic, though
at risk for AD (Jack et al., 2016).

Inclusion of cognitive scores MMSE, MOCA, and Global CDR had no
effect on the associations found between p-amyloid and WMH volume,
therefore not significantly impacting this relationship. In the literature,
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worse performance on these cognitive tests has been associated with
increased WMH volume (Wang et al., 2020). Additionally, WMH volume
was only predicted by CN and MCI diagnoses, not AD. The relationship
between WMH volume often predicts AD in the preclinical stages, likely
accounting for the relationship we observed (Mortamais et al., 2014;
Brickman, 2013). The relationship between higher MMSE scores and
increased WMH volume showed significance with multiple comparison
correction while controlling for age and sex in the isthmus cingulate
region. For Global CDR scores, this spatial distribution was significant in
the isthmus cingulate, temporal pole, and pars triangularis. Lastly, the
MOCA scores showed significant positive spatial relationships in the
isthmus cingulate, lingual, and temporal pole regions. The literature
states that WMHs and cortical structure instability in certain brain re-
gions may have larger effects on certain aspects of cognition such as
executive function, motor function, etc. (Lampe et al., 2019; Wu et al.,
2021).

We also did not observe any significant effect of APOE-¢4 presence
on the established relationship between p-amyloid and WMH volume or
WMH count. We did however observe a significant positive relationship
between the presence of homozygous APOE-¢4 alleles and WMH vol-
ume, which contributes to the idea that APOE-¢4 may affect brain
vasculature (Lyall et al., 2020; Sudre et al., 2017). Although, we did
have a small sample size of individuals with the homozygous APOE-¢4
genotype. Lastly, in using hippocampal volume fraction as a measure of
atrophy, there was no change in significance of the association found
between p-amyloid and WMH volume when including this as a covari-
ate. We did observe hippocampal volume fraction predicting both WMH
volume and p-amyloid SUVR. Increased hippocampal atrophy has been
linked to WMHs primarily before grey matter changes (Fiford et al.,
2017; Chetelat, 2010). Because of this, increased hippocampal atrophy
has been identified as an early AD pathological marker and has signif-
icant effects on cognitive performance (Jack et al., 2010; Svenningsson
et al., 2019).

WMH volume in groups with differing AD pathology was not pre-
dicted by CVRFs, including individual risk factors and cumulative risk
factor scores. We repeated a similar analysis excluding history of hy-
pertension as a CVRF, due to the limited hypertension measurements
within our dataset, and maintained the same null finding. The lack of
statistical power due to the small sample size in this subset of the data
with hypertension information as well as the cross-sectional nature may
also be reasons for the lack of an association between CVRFs and WMHs,
despite a significant association between WMHs and p-amyloid. Addi-
tionally, many other datasets include risk factors such as cholesterol,
diabetes, smoking, among others to be more comprehensive in their
cardiovascular risk assessment (Luchsinger et al., 2005, Gottesman
etal., 2017, Debette et al., 2011). The subjects in our study did not have
these metrics available, which limited the scope of CVRFs we could
include and likely impacted our result. Another hypothesis as to these
non-significant associations is the ADNI dataset containing an overall
low vascular burden at baseline but high AD pathological burden, which
does not reflect populations with high vascular risk (Lorius et al., 2015).
Authors also suggest that CVRFs increase the risk of dementia in
cognitively unimpaired individuals through increased WMH volume
burden as an early mechanism and exert their effects preclinically,
however we did not differentiate participants by disease stage (Krivanek
etal., 2021; Kandel et al., 2016). We did not find an association between
WMH volume and CVRFs globally, but a more specific regional analysis
of poor cerebral blood flow and its potential colocalization of WMHs
could better assess this hypothesis. Although we did not analyze the
direct effects of CVRFs on p-amyloid in the brain, perhaps this is an area
for future research, exploring how vascular irregularities cause f-amy-
loid and lesion accumulation.

Age and sex differences were also analyzed for CVRFs, WMH volume,
and p-amyloid SUVR. The results indicated age as a predictor of hy-
pertension, systolic and diastolic blood pressure, -amyloid uptake, and
increased WMH volume which aligns with the literature (Algarni et al.
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2021, Sachdev et al. 2009; Koran et al., 2017; Gannon et al. 2019). Sex
differences were present for pulse rate, BMI, and cumulative CVRF
scores. Cardiovascular sex differences are a result of both hormonal and
non-hormonal factors, and likely contribute to the increased likelihood
of females developing AD (Merz and Cheng, 2016, Arnold et al. 2017).
Females tend to have greater longevity than males, and since age is a
predictor of both AD and many of its risk factors, this is the major reason
females have higher prevalence of AD (Beam et al. 2018). Our results
suggest that these vascular risk factors are not predictive of brain lesions
relating to AD or differing amyloid and tau pathologies. However, age
and sex differences may contribute to the acquisition of various AD risk
factors.

WMH count was used as another method of measuring WMH burden.
WMH count has been used in the literature to quantify WMHs in several
areas of neuroscience research, typically utilizing a minimum lesion
diameter before considering the lesion a WMH (Williamson et al. 2018,
Sardanelli et al. 2005). To assess WMH count as an added measure, we
utilized the same multiple linear regression methods as those used for
the association of WMH volume with f-amyloid and A/T pathological
groups. Both statistical tests on the WMH volume and the WMH count
showed similar results, confirming that WMH count is an accurate
measure to use alongside WMH volume. Correlations of WMH count
with p-amyloid within A/T pathological groups also paralleled the WMH
volume analysis result.

Several studies have investigated the association between regional
f-amyloid accumulation and WMHs, though the basis of this relation-
ship is not completely understood (Weaver et al. 2019, Grimmer et al.
2012). Our regional analysis showed that p-amyloid and WMH accu-
mulation in the precentral, cuneus, fusiform, isthmus cingulate, lateral
occipital, lingual, superior parietal, and supramarginal regions were
most significantly associated across all pathological groups when aver-
aged across hemispheres. Variation in the locations of increased WMHs
are indicative of AD and its phase of progression, some of these regions
being more implicated in cognitive decline than others (Brickman et al.
2009, Kao et al. 2019; Soderlund et al., 2006). Early stages of AD before
severe symptom onset are associated with increased p-amyloid accu-
mulation in the neocortex, regions which were significantly associated
with WMHs in our analysis (Palmqvist et al. 2017, Thal et al. 2002,
Moscoso et al. 2020). This may be due in part to effects of CAA on
perfusion. Regions important in early AD showed p-amyloid accumula-
tion in the precuneus, medial orbitofrontal, and posterior cingulate,
which are part of the functional MRI resting state Default Mode Network
and play a significant role in memory (Palmqvist et al., 2017, Sperling
et al., 2009). Several studies state that anterior WMH accumulation fa-
cilitates normal age-related cognitive decline, while a posterior distri-
bution may be more linked to AD (Brickman et al., 2009, Weaver et al.,
2019). Considering the predisposition of CAA for posterior cortical brain
regions, this is also consistent with the development of CAA there
playing a role in WMH. Specifically, higher WMH volumes were
observed in the splenium of the corpus callosum and posterior peri-
ventricular regions in individuals diagnosed with AD (Yoshita et al.,
2006). Cognition is affected differently based on the location of WMHs,
with lower executive functioning with WMH burdens in frontal areas,
and lower memory performance due to WMH burden in deep frontal and
occipital regions (Brugulat-Serrat et al., 2020). Our results indicate that
in brain regions that may be implicated in Alzheimer’s related cognitive
decline, p-amyloid colocalizes with WMHs (Li et al. 2015).

Because WMHs likely indicate the presence of cerebral small vessel
disease, the presence of WMHs may inhibit proper clearance of $-amy-
loid plaques and could result in -amyloid deposition in the brain, also
known as the two-hit vascular hypothesis (Kisler et al., 2017, Grimmer
et al. 2012). B-amyloid accumulation in the brain causes impaired ce-
rebral blood flow to the neocortex, even before AD symptoms are pre-
sent, which may ultimately lead to lesions such as WMHs (ladecola,
2003). Therefore, the presence of p-amyloid and WMHs in the brain may
represent a feedback loop that facilitates the development of AD. Our
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results do indicate a regional association between p-amyloid and WMHs,
though our findings are not sufficient to reaffirm the two-hit vascular
hypothesis. Researchers have hypothesized that WMHs localize in re-
gions with the greatest vascular pathology and metabolic dysfunction,
most often in posterior regions for individuals with AD (Zhu et al. 2012,
Weaver et al. 2019, Brickman et al. 2012).

The results of our study were limited due to the ADNI dataset, which
is not ideal for assessing vascular risk and limited our sample size. It is
well studied that hypertension does have vascular effects in the brain,
however we were unable to replicate this result with our given dataset
(Duanping et al., 1996; Gottesman et al. 2010). Inclusion of additional
vascular risk factors known to increase likelihood of AD such as diabetes,
hyperlipidemia, and hypercholesterolemia would have strengthened
these results, however these were not collected and reported in the
dataset. Additionally, one of our pathological groups (A-/T + ) had
significantly fewer participants compared to the rest of the groups,
which decreases the reliability of results. Though since the A-/T + pa-
thology is a result of non-Alzheimer’s pathologic change, and is there-
fore less relevant to our objective of assessing risk factors and WMHs
related to AD. Last, a longitudinal approach would be ideal in deter-
mining the impacts of CVRFs on AD pathology over time, however data
indicating the time of the initial appearance of participants’ CVRFs was
not available.

5. Conclusion

Our results show a clear association between f-amyloid and WMH
accumulation especially in regions implicated in cognitive decline,
although the mechanism of this association is still not fully understood.
The positive association between amyloid positive (A + ) pathological
groups and WMH volume highlights vascular lesion formation, poten-
tially mediated by CAA. We found hippocampal volume to predict both
WMH volume and p-amyloid, adding to the idea of hippocampal atrophy
as a possible early marker for disease. Inclusion of APOE genotype into
the relationship between p-amyloid and WMH showed no effect, but
homozygous APOE-¢4 genotypes predicted WMH volume. Additionally,
addition of various measures of cognitive ability did noy alter the rela-
tionship between WMHs and p-amyloid. Though we did not observe any
relationship between CVRFs and f-amyloid or WMH volume, repeating
this analysis with other factors shown to increase AD risk such as dia-
betes, smoking, and cholesterol may yield a different result. With many
participants in the study mostly cognitively normal but still presenting
with pathological levels of f-amyloid, tau, and WMHs, our results give
insight into the early stage of the disease and possible early signs of later
disease severity. Specifically, the spatial co-occurrences found between
B-amyloid and WMHSs may be indicative of disease stage. These findings
highlight potential causes of AD and the mechanisms by which they
occur as targets for future preventions and treatments.
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