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Key points (99/100)
Question: Are MRI-visible white matter hyperintesities in Alzheimer’s disease (AD) more

strongly related to neurodegenerative processes or systemic vascular risk factors?

Findings: In cross-sectional and longitudinal data from both autosomal dominant and late-onset
AD cohorts (N = 1141), white matter hyperintesity volume was much more tightly associated
with the AD-intrinsic processes of gray matter atrophy, parenchymal and vessel amyloidosis as

compared to systemic vascular risk factors.

Meaning: In adults with AD, white matter hyperintesity volume may not reflect the effects of
mixed vascular pathology secondary to elevated systemic vascular risk, but rather might be

related to amyloidosis and neurodegeneration.



Abstract (345/350)

Importance: Increased volume of white matter hyperintensities (WMH) is a common MRI
finding in both autosomal dominant Alzheimer’s disease (ADAD) and late-onset Alzheimer’s
disease (LOAD), but it remains unclear whether these increased WMH are reflective of AD-
intrinsic processes or evidence of white-matter damage secondary to elevated systemic vascular
risk factors (e.g., small vessel ischemic changes suggestive of mixed vascular and AD

pathologies).

Objective: To estimate the contributions of AD-related neurodegeneration, parenchymal, and
vessel amyloidosis on WMH accumulation, and to determine if systemic vascular risk adds to

WMH beyond these AD-intrinsic processes.

Design: Data from three longitudinal cohort studies were used—the Dominantly Inherited
Alzheimer’s Network (DIAN), Alzheimer’s Disease Neuroimaging Initiative (ADNI), and the
Harvard Aging Brain Study (HABS).

Setting: Tertiary and community-based medical centers.

Participants: This study included data from 1141 cognitively impaired and unimpaired
individuals (252 pathogenic variant carriers from DIAN; 889 older adults from ADNI and
HABS).

Main outcome and measures: We assessed the independent contributions of neurodegeneration
(gray matter volume), parenchymal amyloidosis (amyloid PET), vessel amyloidosis (evidenced
by cortical microbleeds; CMBs), and systemic vascular risk (Framingham Heart Study

cardiovascular disease risk score) on cross-sectional and longitudinal WMH volumes.

Results: We observed that longitudinal increases in WMH volume were: (1) greater in
individuals with CMBs compared to those without (DIAN: t=3.2, p=0.001; ADNI: t=2.7,
p=0.008); (2) associated with longitudinal decreases in gray matter volume (DIAN: t=-3.1,
p=0.002; ADNI: t=-5.6, p<0.001; HABS: t=-2.2, p=0.03 ); (3) greater in older individuals
(DIAN: t=6.8, p<0.001; ADNI: t=9.1, p<0.001; HABS: t=5.4, p<0.001); and (4) not significantly
correlated with systemic vascular risk in ADAD and LOAD after accounting for age, gray matter

volume, CMB presence, and amyloid burden. In older adults without CMBs at baseline, greater



WMH volume was predictive of CMB development during longitudinal follow-up (Cox
HR=2.63 (CI:1.72-4.03), p<0.001).

Conclusions and Relevance: Increased WMH volume in AD is associated with the AD-intrinsic
processes of neurodegeneration, parenchymal and vessel amyloidosis and may not reflect the
effects of elevated systemic vascular risk. Additionally, increased WMH volume may represent

an early sign of vessel amyloidosis, preceding the emergence of CMBs.



Introduction:

The finding of increased white matter hyperintensities (WMH) volume on routine
magnetic resonance imaging (MRI) in individuals being evaluated for Alzheimer’s disease (AD)
is both extremely common and vexingly non-specific! . Increased WMH in the absence of MR-
visible strokes or hemorrhage is observed in a wide variety of conditions, ranging from
neurodegenerative to inflammatory to cerebrovascular syndromes, reflecting the broad set of
possible etiologies that drive WMH appearance and accumulation. WMH are often presumed to
represent small-vessel ischemic-brain injury due to underlying vascular risk factors, including
hypertension, diabetes, and hyperlipidemia*. WMH are also commonly seen in individuals
diagnosed with both sporadic, late-onset Alzheimer’s disease (LOAD) and autosomal dominant
Alzheimer’s disease (ADAD)>~’. However, despite the consistent finding that many individuals
with AD have elevations in WMH volume compared to age-matched controls®? the interpretation
of WMH in AD remains controversial. The presence of periventricular WMH is often attributed
to traditional cardiovascular risk factors'?. In older adults and people with LOAD, the presence
or absence of WMH is used to support or argue against a diagnosis of mixed vascular and
neurodegenerative pathologies as etiologic drivers of cognitive decline. This interpretation of
WMH as sequelae of elevated systemic vascular risk has been tremendously influential, forming
the basis of clinical recommendations, and informing diagnostic criteria for vascular dementia

and vascular cognitive impairment!!.

More recent studies suggest that WMH may also be related to amyloid accumulation and
cerebral amyloid angiopathy (CAA)!%!3, though simultaneous assessment of both of these
possible drivers of WMH has rarely been performed. CAA is clinically diagnosed by detecting
hemorrhagic lesions, most commonly, cerebral microbleeds (CMBs)!. However, these
hemorrhagic lesions (including CMBs) are a relatively late consequence of vessel amyloidosis,
and detection of CAA physiology in the pre-CMB phase of the disease remains challenging. The
study of autosomal dominant forms of CAA, in which the disease manifests in relatively young
adults with lower levels of systemic vascular risk, shows that white matter injury begins very
early in the course of the disease, with WMH growth evident more than a decade prior to the
appearance of CMBs or other hemorrhagic lesions!®. It has also been hypothesized that WMH
partly represents a consequence of cortical atrophy and resultant downstream axonal loss it

generates>!6:17,



A major challenge in assessing the etiology of WMH is that multiple potential drivers of

WMH growth are often present within an individual, especially in older individuals on the AD
continuum. Simultaneously assessing these drivers of WMH growth requires comprehensive
imaging and clinical data to be available, including clinical data on vascular risk factors, AD
biomarkers, MRI, and PET. In the present study, we leverage multimodal data from three large
ADAD and LOAD cohorts that prospectively collected longitudinal measures of vascular,
neurodegenerative, and amyloid-related processes to test the hypothesis that WMH in AD may
be more strongly associated with AD-intrinsic processes as compared to traditional systemic

vascular risk factors.

Material and Methods:
Participants:

Participants provided written, informed consent prior to the performance of any study

procedures, as mandated by human subject research committees at each site.

DIAN study: We evaluated 252 participants in the Dominantly Inherited Alzheimer’s
Network (DIAN) observational study using previously described clinical, neuropsychological,
and imaging assessments'®, using data from the 12" DIAN Data Freeze. Individuals bearing the
APP E693Q (Dutch type CAA) were excluded. All other APP, PSENI, and PSEN?2 pathogenic
variant carriers with available neuroimaging and clinical data were included. Longitudinal

analyses were performed in ADAD carriers with at least one follow-up MRI and clinical visit.

ADNI study: We evaluated 571 individuals from Alzheimer’s Disease Neuroimaging
Initiative (ADNI1, ADNIGO, ADNI2, ADNI3) with available clinical and neuroimaging data.
Baseline clinical diagnoses included: cognitively unimpaired (25%), subjective memory
complaint (5%), early mild cognitive impairment (35%), late mild cognitive impairment (22%),
and dementia (13%). All included ADNI participants had at least one follow-up MRI visit and

clinical data.

HABS study: We evaluated 318 individuals from the Harvard Aging Brain Study (HABS)
with available clinical and neuroimaging data. All participants were cognitively unimpaired at

study entry and had at least one available follow up visit.



Image acquisition and processing:

MRI: The following MR images (3T) were used: 1) T1-weighted MPRAGE:
TR/TE/T1=2300/2.95/900ms, dimensions=1.1x1.1x1.2mm?, 2) Fluid attenuated recovery
(FLAIR): TR/TE/TI=9000/91/2500ms, dimensions=0.86x0.86x5mm? or 3D FLAIR:
TR/TE/TI=6000/454/2100ms, dimensions=1x1x1.5mm?, and 3) Susceptibility weighted MRI:
TR/TE=28/20ms, dimensions=0.7x0.7x2.4mm? or T2*-weighted gradient echo weighted MRI:
TR/TE=650/20ms, dimensions=0.8%0.8x4mm>.

We segmented WMH on FLAIR images using the HyperMapp3r algorithm
(https://hypermapp3r.readthedocs.io/). HyperMapp3r is a convolutional neural network-based
segmentation algorithm that uses T1-weighted, FLAIR, and brain mask images to generate
WMH predictions in the subject space!®. For illustration purposes, WMH masks were co-
registered to MNI standard space using the FLIRT tool
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) in FSL6.0.1. Subsequently, a map indicating the
probability of recognizing WMH in a given voxel was generated using baseline data (WMH

probability map) in order to visualize the patterns and volume of WMH in different groups.

Gray matter (GM) volume and intracranial volume were assessed using FreeSurfer
(https://surfer.nmr.mgh.harvard.edu/)*°. WMH and GM volume were normalized to intracranial
volume prior to entry into models. Normalized WMH volume was log-transformed to reduced
skewness. Lobar CMB burden was assessed visually on susceptibility-weighted/T2*-weighted
gradient echo images by experienced radiologists at the Mayo Clinic in Rochester for DIAN and
ADNI?! and at the Masschusets General Hospital for HABS?2. Small lesions (<10mm) that were

dissociable from small vessels were counted as definite microbleeds.

Ampyloid PET: Detailed amyloid PET protocols have been previously described for
DIAN?}, ADNI?*, and HABS?. Amyloid PET was performed using C'!- Pittsburgh Compound
B (PiB) in DIAN and HABS and F'®florbetapir (FBP) in ADNI. In ADNI, florbetapir
measurements were represented as a cortical summary standard uptake value ratio (SUVr) across
a composite of lateral and medial frontal, anterior, and posterior cingulate, lateral parietal, and
lateral temporal regions. The whole cerebellum served as the reference region. Data, including
information on dichotimization of amyloid groups based on FBP-PET, were downloaded from

the LONI website for ADNI participants (http://adni.loni.usc.edu/). As in prior work from



https://hypermapp3r.readthedocs.io/
http://adni.loni.usc.edu/

HABS?S, PiB PET measurements were represented as a distribution volume ratio across a
composite of frontal, lateral temporal, parietal, and retrosplenial regions, with cerebellar gray
matter serving as the reference region. As in ADNI, HABS participants were grouped into high
and low amyloid groups using previously-described, cohort specific cutoff values. Similar
processing was performed in DIAN and we obtained cortical mean SUVTr values from PiB PET.
As the application of LOAD-based thresholds for amyloid positivity in ADAD may be
complicated by variant-level differences in amyloid PET signal, PiB SUVr was used as a

continuous variable in DIAN analyses?’.
Statistical analyses:

Statistical testing was conducted in R v4.0.2 (R Foundation for Statistical Computing).
Cross-sectional models used linear regression to examine the association of CMBs
(presence/absence), GM volume, and age with WMH volume at baseline. Interactions of amyloid
group with gray matter volume were examined and retained only if statistically significant.
Follow-up sensitivity analyses examined the potentially additive effect of an algorithmic
vascular risk score (Framingham Heart Study Cardiovascular Disease risk score (FHS-CVD)?)
in the model. Lastly, to assess how relationships between CMBs, GM, and age on WMH
volumes may change in the higher ranges of systemic vascular risk, cross-sectional models were

re-run in the highest tertile of FHS-CVD for each cohort.

For longitudinal analyses WMH and GM volume rates of change were extracted from
linear mixed-effects models (Ime4 package), and associations between CMBs
(presence/absence), GM volume rate of change, and age with WMH volume rate of change were
assessed. As in cross-sectional analyses, the interaction of amyloid group and gray matter
volume was assessed and retained if significant. Paralleling cross-sectional analyses, follow-up
sensitivity analyses were performed to assess baseline FHS-CVD as a predictor of WMH rate of
change, as well as in analyses restricted to the highest tertile of FHS-CVD in each cohort. Lastly,
to assess the relationship between baseline WMH burden and the development of CMB during
longitudinal follow-up, a survival analysis (survival package) was performed. Survival curves

were depicted using the Kaplan-Meier method.



Results:

Table 1 summarizes the clinical characteristics of DIAN, ADNI, and HABS cohorts used
in primary analyses. Supplementary Table 1 summarizes the clinical characteristics of the
highest tertile of FHS-CVD groups in DIAN, ADNI, and HABS — a subgroup used in sensitivity
analyses (Supplemental Tables 2-7) in which the statistical analyses were restricted to those

individuals with the highest levels of systemic vascular risk within their study cohort.

DIAN study: Baseline WMH volume was greater in ADAD pathogenic variant carriers
who had at least one baseline CMB (t=2.1, p=0.03; Figure 1A), who were older in age (i.e.,
closer to their estimated age of symptom onset; t=4.7, p<0.001) and who had lower GM volume
(t=-2.3, p=0.02; Figure 1B; Figure 2A). Sensitivity analyses indicated that including the FHS-
CVD score as a predictor did not change the associations between WMH, age, and GM volume,
but slightly attenuated the effect of CMB on WMH volume (Supplementary Table 2). Systemic
vascular risk as assessed using the FHS-CVD score was not associated with cross-sectional
WMH volume. Similar associations between CMB and GM volume with WMH were observed
when restricting analyses to participants with higher levels of vascular risk (highest tertile of

FHS-CVD for this cohort; Supplementary Table 2).

We next examined the associations between WMH volume and GM volume, CMB
presence, and amyloid PET signal in ADAD longitudinal data. Longitudinal increases in WMH
amongst ADAD pathogenic variant carriers with CMB were greater than amongst carriers
without CMB (t=3.2, p=0.001). In addition, higher GM volume rate of change (t=-3.1, p=0.002)
was associated with increasing WMH volume in longitudinal MRI data (Figure 2B). FHS-CVD
did not alter the associations between CMB, amyloid burden, and GM atrophy with longitudinal
WMH volume (Supplementary Table 3). Associations between age and GM volume rate of
change with WMH rate of change remained similar when restricting the analysis to participants
in the highest tertile of FHS-CVD for the cohort, but CMB associations with WMH rate-of-

change became non-significant (Supplementary Table 3).

ADNI study: We next examined whether similar associations between amyloidosis and
GM volume with WMH volume were observable in older adults from ADNI. Similar to results in
ADAD, cross-sectional WMH volume was greater in older adults with CMB vs. those without
(t=2.3, p=0.02; Figure 1A). We also observed that WMH volume was strongly associated with



GM volume (t=-6.8, p<0.001; Figure 1B), older age (t=10.5, p<0.001, Figure 3A), and higher
levels of amyloid burden (t=2.2, p = 0.03; Figure 1C). Including FHS-CVD in cross-sectional
models did not alter the associations of GM volume and age with WMH, but the effects of CMB
and amyloid group on cross-sectional WMH became non-significant in these models. FHS-CVD
itself was not associated with cross-sectional WMH after accounting for GM volume, CMB, and
age. We observed similar results when analyses were restricted to ADNI participants in the
highest tertile of FHS-CVD (Supplementary Table 4).

Consonant patterns of association were observed in longitudinal data from ADNI.
Specifically, older adults with CMB demonstrated greater longitudinal increases in WMH
volume compared to those without CMB (t=2.7, p=0.008). Longitudinal WMH growth was
strongly associated with progressive GM atrophy (t=-5.6, p<0.001), older age (t=9.1, p<0.001),
and amyloid positivity (t=2.3, p=0.02, Figure 3B). Including FHS-CVD score as a predictor or
restricting the analysis to only individuals in the highest tertile of FHS-CVD weakened
associations between amyloid grouping and WMH rate-of-change, but did not alter associations
between CMB, GMV rate of change, and age with WMH rate-of-change. Additionally, FHS-
CVD itself was not related to WMH volume rate of change. (Supplementary Table 5).

HABS study: We next examined whether associations between CMB, amyloid burden,
and GM volume with WMH volume were observable in data from older adults participating in
HABS, all of whom entered the study cognitively unimpaired. Similar to results in ADNI and
DIAN, WMH volume in HABS participants was greater in older adults with CMB vs. those
without (t=2.2, p=0.02; Figure 1A). WMH volume was also associated with the interaction of
GM volume and amyloid group (t=-2.1, p=0.04; Figure 1B; Figure 1C) and older age (t=5.4,
p<0.001; Figure 4A). Including the FHS-CVD score did not alter the associations of GM volume
and age with WMH, but did attenuate the association of CMB with WMH (Supplementary Table
6). When restricting the analysis to the highest FHS-CVD tertile group from HABS, cross-
sectional WMH volume was only related to older age (Supplementary Table 6).

Similar to cross-sectional analyses, the interaction of amyloid group and GM volume rate
of change was significantly associated with WMH rate-of-change (t=-2.2, p=0.03, Figure 4B) in
longitudinal analyses. Follow-up sensitivity analyses including FHS-CVD as a predictor
demonstrated a trend-level association between baseline FHS-CVD and WMH rate-of-change

(t=1.8, p=0.06), with other effects unchanged. Restricting the analysis to HABS participants in



the highest tertile of FHS-CVD, WMH volume rate of change was significantly related only to
older age (Supplementary Table 7). Notably, the effect of CMB was omitted in longitudinal
analyses from HABS, as longitudinal data on CMBs in HABS participants (beyond study

baseline) were not available.

Survival analysis in ADNI: Lastly, building on the observation that individuals with
increased WMH volume were more likely to have CMBs at study entry, we examined whether a
higher baseline WMH burden was predictive of the emergence of CMBs during longitudinal
follow-up in ADNI participants who did not have CMBs at baseline (n=527). Of these 527
participants, 100 individuals (19%) developed at least one CMB during follow-up visits (CMB
emergent group, Supplementary Table 8). Individuals with WMH volume above the median at
baseline had a higher risk of developing CMB during follow-up visits (hazard ratio=2.63 (95%
confidence interval = 1.72 to 4.03), p<0.001; Figure 5), after controlling for age and GM volume.
Including FHS-CVD risk score and amyloid burden did not alter these findings.

Discussion

While increased WMH are a common MRI finding in individuals on an AD trajectory,
the interpretation and diagnostic implications of elevated WMH volume in AD remain
ambiguous due to the potential influence of a broad set of vascular and neurodegenerative factors
on WMH growth. While WMH in AD are often interpreted in the context of small vessel
ischemic changes secondary to systemic vascular risk factors (mixed vascular pathology), the
findings here suggest that WMH are related to the AD-intrinsic processes of parenchymal and
vessel amyloidosis (i.e., CAA) and degeneration of cerebral gray matter more so than to
traditional systemic vascular risk factors. These findings are supported by the examination of
three complementary datasets with available AD biomarkers, clinical data, and longitudinal
neuroimaging data: a relatively young cohort with high rates of AD-related GM atrophy and
CAA, low vascular risk, and limited potential for other, non-AD age-related pathologies (ADAD
carriers in the DIAN cohort); and two cohorts of older adults with roughly average levels of
vascular risk for their age, some with preclinical or symptomatic LOAD, and higher potential for
co-morbid, non-AD pathologies?® (data from ADNI and HABS). In all cohorts examined, the
presence of CMBs (indicative of possible CAA physiology) and lower gray matter volume (a

broad-based measure of neurodegeneration) were independently related to greater baseline



WMH volumes. The presence of CMBs and GM atrophy were also independently related to
higher longitudinal rates of change in WMH volume in both ADAD and LOAD cohorts,
concordant with cross-sectional results. Additionally, we observed that higher WMH volumes in
older adults from ADNI without CMBs at baseline were predictive of the development of CMBs
during longitudinal follow-up, suggesting that increasing WMH volume may reflect progressive
vessel amyloidosis even before MRI-visible CMBs are manifest. Consistent with this possibility,
longitudinal rates of WMH change were higher in individuals with higher amyloid burden, even
after controlling for the presence of CMBs and the effects of GM atrophy effects on WMH. In
contrast, systemic vascular risk factors (operationalized using the FHS-CVD, a well-validated
algorithmic risk score) were poorly correlated with cross-sectional and longitudinal WMH
volumes in ADAD and LOAD after controlling for the effects of age, GM atrophy, amyloid
burden, and the presence of CMBs.

Together these findings suggest that elevated WMH volume in ADAD and LOAD should
be considered in the larger context of neurodegeneration and as a possible reflection of CAA
progression — even in individuals without manifest CMBs. These findings also argue that AD-
related processes — parenchymal amyloidosis, vessel amyloidosis, and neurodegeneration —may
account for a large proportion of the increased WMH volume seen in AD and that the presence
of elevated WMH in AD patients may not necessarily reflect the presence of mixed vascular and
AD pathologies. Conversely, these findings also suggest that the absence of elevated WMH in
older adults with elevated systemic vascular risk should not necessarily strongly decrease

suspicion of vascular contributions to cognitive decline.

The observation here that progressive CAA pathophysiology may drive worsening WMH
is consistent with recent work from our group and others that have examined white matter
disruption in autosomal dominant, Dutch-type CAA due to the APP E693Q missense mutation.
This prior work in Dutch-type CAA clearly demonstrates that white matter injury is readily
observable a decade or more prior to the emergence of CMBs or symptomatic hemorrhage in this
population!®. This was seen in both cross-sectional and longitudinal data from Dutch-type CAA

carriers, similar to what was observed here in ADAD carriers and in older adults from ADNI and

HABS.



Strikingly, systemic vascular risk was not significantly associated with cross-sectional or
longitudinal WMH volume after accounting for age, the presence of CMBs, amyloid burden, and
GM atrophy. Though the lack of strong or independent associations between vascular risk and
WMH burden is somewhat surprising, this result is consistent with prior reports that vascular risk
factors explain only 1-2% of the variance in WMH?3%3!, The presence and clear progression of
WMH in autosomal dominant AD and Dutch-type CAA'>-*? — both relatively young populations
with low levels of vascular risk — provides a unique channel of evidence that amyloid-related
disease processes promote WMH, even in the relative absence of elevated systemic vascular risk.
Notably, the pattern of results seen here is consistent with neuropathological studies
demonstrating poor associations between WMH volume and vascular risk factors, and stronger
relationships to AD pathology - especially prior work that demonstrates WMH are closely

related to elevated amyloid burden in older adults!*3.

Importantly, the difference in effect sizes between age, GM atrophy, amyloid burden, and
CMBs associations with WMH volume accumulation needs to be interpreted with caution as
CMBs (and amyloid in ADNI and HABS) were modeled as a categorical variables, diminishing
their statistical power relative to GM volume, which was modeled as a continuous variable. More
importantly, since the emergence of CMBs is a relatively late and stochastic event in the
progression of CAA, it is likely that many individuals in the CMB-negative group have latent
CAA physiology that has not (yet) manifested as CMB or symptomatic hemorrhage. Indeed, we
observed that ~19% of the individuals from ADNI who did not have CMB at baseline developed
CMB throughout the follow-up of this study (average=3.7 years). The potential for latent CAA
physiology in the CMB negative group cannot itself account for the significant association
between CMBs and WMHs seen here, but it may diminish the strength of this already strong

association.

Certain additional limitations need to be considered in interpreting the results of this
study. We did not include tau burden in our analyses as baseline tau PET imaging was not
available in many participants across all three cohorts. Although cross-sectional data show no
associations between WMH and tau burden?, future research is needed to investigate the role of
tau accumulation on WMH accumulation given the established relationship between tau
accumulation and the rate of GM atrophy*#3>. Importantly, these results and conclusions need to

be considered in the context of the study populations included here and their level of vascular



risk. As expected, the relatively young participants in DIAN (average age = 38.3 years) had low
levels of vascular risk®®. Older participants in ADNI and HABS had roughly average vascular
risk for their age’’, and therefore had substantial potential to show correlations between systemic
vascular and WMH. However, both ADNI and HABS likely under-represent individuals in the
highest range of vascular risk. This is an issue common to many longitudinal studies of
cognitive aging and AD, as advanced or unstable cardiac conditions, symptomatic stroke, and
poorly controlled diabetes are often considered exclusionary for long-term, AD-focused
longitudinal studies. While we partially address this limitation by performing follow-up
sensitivity analyses in which only individuals in the highest tertile of vascular risk are included
(thereby enriching for high levels of vascular risk), we acknowledge that these analyses will need
to be repeated in longitudinal AD cohorts selected to have high vascular risk - especially higher
rates of type 2 diabetes. Similarly, both the ADNI and HABS cohorts are comprised largely of
white Caucasian individuals®, and therefore, it remains possible that associations between WMH
and systemic vascular risk factors will be seen more clearly in study populations with greater
representation of certain ethnic or racial groups. On a related note, further work is needed to
address the possibility that certain spatial patterns of WMHs (e.g., sub- or juxtacortical) will
demonstrate stronger associations with vascular risk as opposed to AD-intrinsic processes,
particularly in cohorts enriched for higher vascular risk and/or with lower levels of AD
pathology. Accordingly, the results of the present study are best interpreted in the context of AD,

and may not generalize to non-AD populations, including those with very high vascular risk.

Despite these limitations, the results of the present study strongly suggest that the AD-
related processes of brain amyloidosis and neurodegeneration may outpace vascular risk as
driving factors for the increased white matter changes that have been consistently described in
ADAD and LOAD. After accounting for these AD-related processes, the lack of association
between vascular risk and WMHs further suggests that we should use caution in interpreting the
presence or absence of increased WMH volume in AD patients as strong evidence for or against
the presence of “mixed” cerebrovascular pathology. Importantly, these data support the further
development of white matter centric measures to serve as biomarkers in both AD and CAA.
Optimized white matter biomarkers may be particularly useful as measures of vessel amyloidosis
in the pre-CMB and pre-hemorrhage phases of CAA, as tools for the study of this early phase of
CAA-related pathologic change are largely lacking.
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Table 1: Participants' demographics and study information for the DIAN, ADNI, and HABS
baseline data. Mean (Standard deviation) or number (percentage) are reported.

Age (years)

Estimated year to symptom

onset (years)

APOE e4 (yes)

Sex (Female)

Education (years)

Cerebral microbleed (yes)
CDR (1+)

Diagnostic group (dementia)
Amyloid group (high)

WMH volume (normalized to

ICV=1300cm?)

GM volume (normalized to

ICV=1300cm?)
Follow-up time (years)

FHS-CVD score

NA: not applicable

DIAN (N=252)

38.4 (11.2)

-8.3 (11.3)

74 (29%)
137 (54%)
14 (3)
24 (9.5)
78 (31%)
46 (18%)
NA

2 (6)

534 (46)

2.7 (2.5)

4.9 (5.1)

ADNI (N=571)

72.8 (7.3)

NA

270 (47%)
274 (48%)
16 (3)
44 (8%)
328 (57%)
74 (13%)
274 (50%)

90)

360 (29)

3.7(2.8)

38 (22)

HABS (N=318)

72.4 (7.6)

NA

87 (28%)
194 (61%)
16 (3)
74 (27%)
3 (1%)
0 (0%)
119 (38%)

5.4 (8.5)

500 (27)

52(3.7)

30 (18)



with CMB without CMB

low gray matter volume high gray matter volume

high amyloid low amyloid

Probability

Figure 1: WMH probability maps for a visual illustration of the spatial distribution of WMH in
the three cohorts of DIAN, ADNI, and HABS in individuals with and without CMB (A), low and
high gray matter volume (B), and low and high amyloid burden (C) at baseline. Individual WMH
maps were co-registered to MNI space to generate these probability maps.
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Figure 2: Cerebral microbleeds (CMB) and gray matter (GM) volume are associated with WMH
volume in ADAD mutation carriers, both at baseline (A) and longitudinally (B). Carriers with
CMB were observed to have greater WMH volume at baseline (top left) and had greater rates of
longitudinal WMH volume growth (bottom left) compared to carriers without CMB. In addition,
WMH volume was greater in ADAD carriers with lower GM volume (top right). WMH volume
growth was correlated with declining GM volume in longitudinal MRI imaging from ADAD
carriers (bottom right).

*: p<0.5
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Figure 3: Cerebral microbleeds (CMB) and gray matter (GM) volume are associated with WMH
in older adults from ADNI, both at baseline (A) and longitudinally (B). Older adults with CMB
were observed to have greater WMH volume at baseline (top left) and had greater rates of
longitudinal WMH volume growth (bottom left) compared to those without CMB. In addition,
baseline WMH volume was negatively associated with GM volume in ADNI participants (top
right). Using longitudinal MRI data from ADNI, we observed WMH volume growth was greater
as GM volume declined (bottom right).

*: p<0.05
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Figure 4: Cerebral microbleeds (CMB) and gray matter (GM) volume are associated with WMH
volume in older adults from HABS at baseline. Older adults with CMB were observed to have
greater WMH volume at baseline (top left). In addition, baseline WMH volume was negatively
associated with GM volume in HABS participants (top right). Using longitudinal MRI data from
HABS, we observed WMH volume growth was greater in high amyloid group compared to the
lower amyloid group (bottom left) and it was also related to rate of GM volume decline (bottom

right).
*: p<0.05
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Figure 5: Survival analysis for ADNI participants without CMB at baseline. Among older adults
without CMBs at the study baseline, those with WMH higher than the group median (High
WMH; salmon color) had a significantly higher probability of developing CMB during
longitudinal follow-up (Cox hazard ratio=2.63, p<0.001) than those with baseline WMH volume
below the group median (Low WMH; teal color).



Supplementary Table 1: Participants' demographics and study information for the DIAN,
ADNI, and HABS baseline data for the highest FHS-CVD tertile group. Mean (Standard
deviation) or number (percentage) are reported.

DIAN (N=81) ADNI (N=159) HABS (N=93)
Age (years) 48.5 (8.6) 77.4 (6.5) 77.0 (6.4)
Estimated year to symptom onset -.5(8.5) NA NA
(years)
APOE e4 (yes) 26 (32%) 80 (50%) 22 (24%)
Sex (Female) 24 (30%) 18 (11%) 21 (23%)
Education (years) 14 (3) 16 (3) 15 (3)
Cerebral microbleed (yes) 17 (21) 19 (12%) 31 (34%)
CDR (1+) 48 (60%) 110 (69%) 0 (0%)
Diagnostic group (dementia) 33 (41%) 28 (18%) 0 (0%)
Amyloid group (high) NA 87 (60%) 43 (46%)
WMH volume (normalized to 3.2(8) 12 (10) 8(9)
ICV=1300cm’)
GM volume (normalized to 504 (41) 350 (26) 490 (29)
ICV=1300cm’)
Follow-up time (years) 2 (1.9) 2.8(2.3) 5.1(3.7)
FHS-CVD score 10.4 (5.6) 65 (13) S51(11)
Hypertension (yes) 9 (11%) 111 (70%) 61 (66%)
Hypercholestromia (yes) 17 (21%) 91 (57%) 48 (52%)

Diabetes (yes) 2 (2.5%) 29 (18%) 22 (24%)



Supplementary table 2: Sensitivity analyses using cross-sectional (baseline) DIAN data.

White matter hyperintensities

Primary model
volume ~

(r2=.32)

Age 35 (.21, .5), t=4.7,
p<.001*

Cerebral microbleed (yes) 48 (.04, .93), t=2.1,
p=0.03*

Gray matter volume -17 (-.32, -.03), t=-

2.3, p=0.02*

Amyloid burden .08 (-.05, .21), t=1.1,
p=2
Framingham Heart Study NA

Cardiovascular Disease risk score

Sensitivity analysis 1

(r2=.32)
.29 (.1, .49), t=3.0,
p=.003*
4 (-.06, .86), t=1.7,
p=-09
-17 (-.32, -.02), t=-
2.3, p=.02%
.08 (-.05, .21), t=1.2,
p=2
.08 (-.09, .26), t=.9,
p=3

Sensitivity analysis 2

(r2=.46)
.39 (.11, .67), t=2.8,
p=.007*
-.01 (-.57, .55), t=-.03,
p=9
-45 (-.71, -.19), t=-3 4,
p=-001*
-.01 (-.23, .22), t=.05,
p=9
-.08 (-.34, .17), t=-.6,
p=>5

Standardized beta values are shown. Positive beta values indicate positive associations.

Sensitivity analysis 1: adding FHS-CVD

Sensitivity analysis 2: the same model of sensitivity analysis 1 in the highest tertile of FHS-CVD



Supplementary table 3: Sensitivity analyses using longitudinal DIAN data.

white matter hyperintensities volume Primary model
rate of change ~ (r2=.5)
Age 47 (.33, .6), t=6.8,
p<0.001*
Cerebral microbleed .65 (.25, 1.1), t=3.2,
p=0.001*
gray matter volume rate of change =21 (-.34,-.07), t=-3.1,
p=0.002*
amyloid burden .07 (-.06,.2), t=1.1,
p=3
Framingham Heart Study NA

Cardiovascular Disease risk score

Sensitivity analysis 1
(r2=.5)

42 (.24, .61), t=4.5,
p<0.001*

58 (.17, 1.0), t=2.8,
p=0.006*

-2 (-.34,-.07), t=-2.9,
p=0.003*

08 (-.05,.21), t=1.2, p=2

06 (-.11,24), =7, p=4

Sensitivity analysis 2
(r2=49)

55 (.23, .86), t=3.5,
p=0.001*

12 (-.42,.66), =4, p=.6

-37 (-.63, -.1), t=-2.8,
p=0.008*

06 (-.19,.31), t=.5, p=.6

-21(-.52,.1), t=-1.3,
p=2

Standardized beta values are shown. Positive beta values indicate positive associations.

Sensitivity analysis 1: adding FHS-CVD

Sensitivity analysis 2: the same model of sensitivity analysis 1 in the highest tertile of FHS-CVD



Supplementary table 4: Sensitivity analyses using cross-sectional (baseline) ADNI data.

White matter hyperintensities

volume ~ (r2=0.34)

Age 4 (.32, .47), t=10.5,
p<-001*

Cerebral microbleed 32 (.04, .6), t=2.3,
p=.02*

Gray matter volume -.26 (-.33, -.18), t=-6.8,
p<-001*

Amyloid burden (high) .16 (.01, .3), t=2.2,
p=.03*

Framingham Heart Study NA

Cardiovascular Disease risk score

Primary model

Sensitivity analysis 1 Sensitivity analysis 2

(r2=0.36) (r2=0.28)
.38 (.29, .47), t=8.2, 41 (.25, .56), t=5.1,
p<.001* p<.001*

.23 (-.06, .5), t=1.6, p=.1 1 (-4, .58), t=4, p=.6
-.25 (-.34, -.17), t=-6.1, -17 (-.33, -.01), t=-2.1,
p<.001* p=.03*

.15 (-.01, .3), t=1.9, p=.06 .25 (-.06, .56), t=1.6,

p=-1
.07 (-.02, .16), t=1.6, p=.1 .01 (-.14, .16), t=0.12,
p=9

Standardized beta values are shown. Positive beta values indicate positive associations.

Sensitivity analysis 1: adding FHS-CVD

Sensitivity analysis 2: the same model of sensitivity analysis 1 in the highest tertile of FHS-CVD



Supplementary table S: Sensitivity analyses using longitudinal ADNI data.

white matter hyperintensities Primary model Sensitivity analysis 1

volume rate of change ~ (r2=.27)

Age 35 (.28, .43), t=9.1, 34 (.25, .44), t=7.0,
p<0.001* p<0.001*

Cerebral microbleed .24 (.06, .41), t=2.7, 23 (.04, 42), t=2.3,
p=0.008* p=0.02*

gray matter volume rate of change | -.23 (-.31, -.15), t=-5.6, | -.23 (-.32, -.14), t=-5.0,
p<0.001* p<0.001*

amyloid burden (high) .19 (.02, .35), t=2.3, .16 (.02, .34), t=1.8,

p=.02* p=.07
Framingham Heart Study NA .03 (-.06, .12), p=.5

Cardiovascular Disease risk score

Sensitivity analysis 2
(r2=.24)

34 (.18, .5), t=4.2,
p<0.001*

.46 (.11, .82), t=2.6,
p=0.01*

-.31 (-48, -.14), t=-
3.6, p<0.001*
-.1(-47, .26), t=-.5,
p=5
-.09 (-.25, .07), t=-
1.1,p=2

Standardized beta values are shown. Positive beta values indicate positive associations.

Sensitivity analysis 1: adding FHS-CVD

Sensitivity analysis 2: the same model of sensitivity analysis 1 in the highest tertile of FHS-CVD



Supplementary table 6: Sensitivity analyses using cross-sectional (baseline) HABS data.

White matter hyperintensities Primary model
volume ~

Age .34 (.22, .46), t=5.4,
Cerebral microbleed 0.28 (.03,.53), t=2.2,
Gray matter volume*amyloid -.23 (-.45,-.01), t=-2.1,
burden [high]

Framingham Heart Study
Cardiovascular Disease risk score

Sensitivity analysis 1 Sensitivity analysis 2
(r2=0.24) (r2=0.3)
.34 (.21, .48), t=5.0, .46 (.27, .66), t=4.7,
p<-001* p<.001*

0.16 (-1,4), =12,p=2 .06 (-3, .5), t=.3, p=8

-27 (-5, -.04), t=-2.4, -2 (-6, .1),t=1.3,p=2
p=-01%

0.1(-02,23),t=1.6,p=1  .03(-2,2), t=.3,p=38

Standardized beta values are shown. Positive beta values indicate positive associations.

Sensitivity analysis 1: adding FHS-CVD

Sensitivity analysis 2: the same model of sensitivity analysis 1 in the highest tertile of FHS-CVD

As a significant gray matter volume by amyloid group interaction was observed in HABS

analyses, this term was retained in statistical models.



Supplementary table 7: Sensitivity analyses using longitudinal HABS data.

White matter hyperintensities Primary model Sensitivity analysis 1 Sensitivity analysis 2

volume rate of change~ (r2=0.18) (r2=0.19) (r2=0.23)

Age .34 (.21, .46), t=54, 26 (.11, .4), =34, 32 (.1, .55), t=2.8,
p<.001* p=.001* p=.006*

Gray matter volume rate of =27 (-.51, -.03), t=-2.2, -30 (-.55, -.04), t=-2.3, -13 (-.6, .3), t=-.6, p=.5

change*amyloid burden[high] p=.03* p=.02*%

Framingham Heart Study NA 0.13 (-.01,.27), t=1.8, .02 (-.2,.23),t= .2, p=.8

Cardiovascular Disease risk score p=.06

Standardized beta values are shown. Positive beta values indicate positive associations.
Sensitivity analysis 1: adding FHS-CVD
Sensitivity analysis 2: the same model of sensitivity analysis 1 in the highest tertile of FHS-CVD

As a significant gray matter volume by amyloid group interaction was observed in HABS
analyses, this term was retained in statistical models. Longitudinal CMB data was not available

in HABS participants.



Supplementary Table 8: Sample characteristics for ADNI Participants without baseline CMB.

CMB emergent (n=100) CMB negative (n=427)

Age (years) 73.3(7.0) 72.2(7.2)
Sex (Female) 49 (49%) 210 (49%)
APOE e4 (yes) 52 (52%) 192 (45%)
Education (years) 16 (3) 16 (3)
WMH volume 10 (10) 8(8)
GM volume 364 (26) 359 (31)
Diagnostic group (dementia) 8 (8%) 57 (13%)
Amyloid group 49 (49%) 192 (47%)
Framingham Heart Study 38 (22) 37 (22)
Cardiovascular Disease risk score

Clinical dementia rating (1+) 59 (59%) 238 (56%)
Follow-up time (years) 4.8 (2.8) 3.52.7)

Number of sessions 3.6 (1.3) 3.5(1.3)



