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Abstract

INTRODUCTION: Perivascular space (PVS) alterations are traditionally linked to car-
diovascular risk factors and aging, but may also play a direct role in Alzheimer’s disease
(AD). To reduce confounding from age-related comorbidities, we examined PVSs in
autosomal dominant AD (ADAD).

METHODS: In this cross-sectional study of 96 non-demented individuals (62 muta-
tion carriers), we quantified PVS count fraction and mean diameter in white matter
and basal ganglia using automated magnetic resonance imaging analysis. Linear
mixed models assessed group differences along the disease course, adjusting for
cardiovascular risk factors.

RESULTS: Compared to non-carriers, mutation carriers showed lower PVS count frac-
tion in white matter and basal ganglia, and larger PVS diameter in basal ganglia and the
temporal lobe. Changes were evident up to 18 years before expected dementia onset
and followed trajectories similar to amyloid beta 42 and tau biomarkers.
DISCUSSION: ADAD is associated with early PVS alterations, suggesting perivascular
changes may be integral to primary AD pathology.

KEYWORDS
Alzheimer’s disease, autosomal dominant Alzheimer’'s disease, cerebral small vessel disease,
dominantly inherited Alzheimer's disease, magnetic resonance imaging, perivascular spaces
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1 | BACKGROUND

Cerebral small vessel disease (CSVD) is frequently observed in asso-
ciation with Alzheimer’s disease (AD) pathology in post mortem
analyses of individuals with late-onset AD! (LOAD), and may rep-
resent a significant contributor to neurodegeneration and cognitive
impairment.? Similarly, in vivo neuroimaging markers of CSVD, such
as white matter lesions (WMLs), lacunes, and perivascular space (PVS)
alterations, often co-occur with abnormalities of AD biomarkers in
elderly individuals.®~> However, CSVD markers are strongly associ-
ated with aging and cardiovascular risk factors. Therefore, whether
the involvement of small brain vessels is an intrinsic component of AD
pathogenesis or an independent pathological process is still unclear.

Autosomal dominant AD (ADAD)—a genetic form of AD determined
by fully penetrant mutations in the genes coding for amyloid precursor
protein (APP), presenilin 1 (PSEN1), or presenilin 2 (PSEN2)—provides a
unique model for studying AD pathogenesis. ADAD mutations appear
to cause disease through aberrant metabolism of amyloid beta (AgB),
leading to excessive production of long forms of AB. Individuals with
ADAD typically develop symptoms from a younger age (30-50 years),”
when the confounding effects of aging and cardiovascular risk factors
on brain pathology are limited. Additionally, the highly heritable age of
symptom development in ADAD’ allows one to approximate the esti-
mated disease trajectory, which can be used as a reference to evaluate
the timing of AD biomarker changes.®~12 Identifying evidence of CSVD
biomarker changes in ADAD would strongly suggest that they reflect
primary AD-related pathological mechanisms rather than mechanisms
secondary to aging or vascular comorbidities.

To date, a few studies have investigated WML in individuals with
ADAD, reporting higher WML volume in mutation carriers compared
to non-carriers. 1314 Other vascular-related neuroimaging markers,
such as PVS, remain understudied in ADAD. PVS are fluid-filled tubu-
lar spaces surrounding cerebral blood vessels, especially within the
white matter (WM) and basal ganglia (BG).2> PVS visibility on mag-
netic resonance imaging (MRI) depends on the presence of fluid within

cerebrospinal fluid.

* Autosomal dominant Alzheimer’s disease (ADAD) mutation carriers have reduced
magnetic resonance imaging-visible perivascular space (PVS) count fraction in the
white matter and basal ganglia.

» ADAD mutation carriers show enlarged PVS in the basal ganglia and temporal white

* PVS alterations start 18 years before the estimated time of dementia diagnosis.

* The spatial localization of PVS changes overlaps with regions of amyloid beta (Ag)

» The temporal evolution of PVS alterations aligns with A and tau changes in the

PVS,16 which is driven by arterial pulsatility and vasomotion.t”~2 Cur-
rent methods allow us to obtain whole-brain quantitative measures
regarding the count and diameter of MRI-visible PVS in vivo, improv-
ing sensitivity in detecting subtle and early PVS alterations.” While
the pathophysiology underlying PVS alterations remains unclear, it
was proposed that blood-brain barrier breakdown, arteriolosclero-
sis, cerebral amyloid angiopathy (CAA), and/or glymphatic impairment
may lead to alterations in fluid flow through PVS and subsequent
modifications of PVS structure.?? Previous post mortem studies in
ADAD have described a higher prevalence of CAAZ2 and other indices
of cerebrovascular disease.?* However, only one post mortem study
investigated PVS in ADAD, reporting enlarged PVS diameter and
suggesting that AD-specific mechanisms might involve the perivas-
cular compartment.?> In vivo evidence for PVS structural alterations
in ADAD is lacking, and the regional and temporal course of these
pathophysiological alterations remains unexplored.

In this study, we used a robust, fully automated, and clinically
feasible MRI-based approach for PVS quantification, to investigate,
in vivo, PVS characteristics in ADAD mutation carriers versus non-
carriers. We focused on two previously established markers of PVS
pathology,® namely, PVS count fraction (i.e., the number of PVSs in a
brain region divided by its volume), and PVS mean diameter. Lower
PVS count and higher PVS diameter have recently been associated
with increased risk of incident dementia and accelerated neurodegen-
eration in elderly individuals.” We thus hypothesized that mutation
carriers would have a reduced PVS count fraction and increased PVS
mean diameter, and that between-group changes in these biomarkers
would be noticeable before dementia diagnosis. Furthermore, we also
compared the observed trajectories of PVS changes to those of other
well-established AD biomarkers.

Identifying novel in vivo pathologic features in ADAD, such as PVS
alterations, has the potential to provide new insights into the patho-
physiology of AD, to improve early diagnosis and monitoring of disease
progression, and to offer new opportunities for the development of

preventative or treatment strategies.
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2 | METHODS
2.1 | Participants

We performed a retrospective cross-sectional analysis of individuals
enrolledin prior and ongoing studies of ADAD being conducted by prin-
cipal investigator J. M. Ringman. The data analyzed in this study were
acquired between June 2005 and July 2022. Each participant was a
member of a pedigree with a known mutation for ADAD in the APP,
PSEN1, or PSEN2 genes. Given the small number of participants at risk
for inheriting PSEN2 mutations, we treated PSEN1 and 2 mutations
together as a single PSEN group.

Though prior studies use parental- or mutation-based estimates of
the age of symptom onset,”2627 we have found variability among fam-
ily members with regard to the report of symptom onset. More reliable
is the age of dementia diagnosis, namely the age at which affected
family members meet criteria for dementia by history. A mean age of
dementia diagnosis was calculated for each mutation based on family
member reports and the published literature (Table S1 in supporting
information).” We calculated the estimated years from dementia diag-
nosis (EDD) by subtracting from the participant’s age the expected age
of dementia diagnosis associated with the mutation they were at risk
for inheriting. Based on data freeze 17 of the Dominantly Inherited
Alzheimer Network (DIAN) dataset, the average difference between
the DIAN-determined age of first symptom onset and our determined
age of dementia diagnosis is ~ 2.6 years.

We gathered data from 121 subjects with available MRI and clini-
cal information obtained during the same visit. We limited our analyses
to subjects without dementia, as defined by having a Clinical Demen-
tia Rating scale score < 1 and assessed before their expected age of
dementia diagnosis (EDD < 0). This choice was performed to focus on
the earliest stages of the disease to avoid potential confounding effects
due to severe brain atrophy, which could bias estimations of PVS.
Ninety-six subjects met the inclusion criteria and had full availability of
clinical covariates of interest (see next section). All participants or their

caregivers provided informed consent.

2.2 | Covariates of interest

Covariates of interest included EDD; reported sex; history of hyper-
tension, hypercholesterolemia, and diabetes; apolipoprotein E (APOE)
genotype; and mutation status. APOE status was coded categorically
(presence or absence of an &4 allele). Cardiovascular risk was quanti-
fied by summing scores for hypertension, hyperlipidemia, and diabetes

presence (1 point for each risk factor, total range: 0-3).

2.3 | MRI data acquisition and processing

Brain MRI was performed on 1.5 Tesla (N = 13), or 3 Tesla
(N =83) Siemens scanners using T1-weighted magnetization-prepared

rapid gradient echo (MPRAGE) sequence (parameters in Table S2 in
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RESEARCH IN CONTEXT

1. Systematic review: We conducted a systematic review of
PubMed through December 1, 2024, and found only one
prior post mortem study reporting enlarged perivascular
spaces (PVSs) in autosomal dominant Alzheimer’s disease
(ADAD).

2. Interpretation: Whether PVS alterations reflect primary
Alzheimer’s disease (AD) pathology or age-related vas-
cular comorbidities remains unclear. Here, we provide
the first in vivo evidence that ADAD mutation carriers
exhibit significantly lower PVS count fraction in the white
matter and basal ganglia, alongside increased PVS diam-
eter in the basal ganglia and temporal lobe, compared to
non-carriers. These differences emerged up to 18 years
before expected dementia onset and followed a temporal
and spatial trajectory similar to established AD biomark-
ers such as amyloid beta and tau. PVS alterations were
independent of cardiovascular risk factors.

3. Future directions: Our findings support a direct involve-
ment of the vascular/perivascular compartment in ADAD
pathophysiology and suggest that magnetic resonance
imaging-visible PVSs may serve as an early, accessible

biomarker of disease progression.

supporting information). All imaging analyses were completed with
fully automated algorithms without knowledge of mutation status, or
demographic or clinical data.

Images were preprocessed and resampled to 1 mm isotropic res-
olution with FreeSurfer v7.4,2% as previously described.” PVS were
automatically segmented on preprocessed T1-weighted images in the
whole-brain normal appearing WM (obtained by subtracting the WML
voxels from the WM mask), and in the BG. The PVS segmentation
method enhances vessel-like structures by applying a Frangi filter,2
which assigns a “vesselness” value based on the eigenvalues of the
Hessian matrix. The value of the 85th percentile of the total num-
ber of voxels with non-zero “vesselness” is used as a threshold, and
only voxels with a “vesselness” value above this threshold are retained
and binarized to generate a PVS mask. MATLAB's “regionprops3” was
used to compute count and mean diameter across all PVS clusters
with an in-plane size of at least 2 voxels in each region. PVS count
was standardized by the volume of each region, yielding a PVS count
fraction, as per previous recommendations.’® Both PVS metrics have
excellent intraclass correlation coefficients (> 0.9 for WM-PVS and
> 0.8 for BG-PVS) regarding inter-scanner reproducibility, interfield-
strength reproducibility, and test-retest repeatability.”> We also per-
formed exploratory analyses considering PVS characteristics in the
normal-appearing WM of each brain lobe (frontal, parietal, temporal,
insular, and occipital), as parcellated with FreeSurfer v7.4.28 Values

were averaged between the left and right hemispheres before further
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analysis. WML were segmented on preprocessed T1-weighted images
with a fully automated algorithm,3 robust in terms of interscanner
and test-retest reproducibility, and whose results strongly correlated
with those obtained from fluid-attenuated inversion recovery (FLAIR)
sequences.’

All segmentation masks were visually checked for accuracy in a
blinded fashion by an expert physician scientist (G.B., 10 years of expe-
rience in neuroimaging). Individual PVS segmentations for all subjects
are available at https://gbarisano.shinyapps.io/pvs-dementia/ (select

project: “Autosomal Dominant Alzheimer Disease - EEAJ”).

2.4 | Statistical analysis

Descriptive statistics are presented for categorical data as numbers
(percentages) and for continuous data as mean + standard devia-
tion for normally distributed variables, or as median (interquartile
range) for not-normally distributed variables. Categorical variables
were compared between the mutation status group based on the
chi-squared test, while continuous variables were compared with the
two-sample independent t test or Mann-Whitney U test for normally
and not-normally distributed variables, respectively.

A linear mixed model, with family membership as a random factor,®
was used to estimate the association of mutation status versus PVS
count fraction or PVS mean diameter as dependent variables in each
considered region. Analyses were adjusted for EDD and its interac-
tion with mutation status, cardiovascular risk, APOE status, and sex,
as fixed factors. A similar model was also run with WML volume (log-
transformed) as the dependent variable. Total intracranial volume was
not significantly associated with PVS metrics nor with WML and was
not included as a covariate (Figure S1 in supporting information). Fol-
lowing previous studies,®3! we assessed PVS biomarker differences
at various age points using an approximate Student t test on results
derived from linear mixed models. This allowed us to assess the trajec-
tories of PVS changes over time and to identify the time point of the
first significant differences between groups.

Most subjects lacked cerebrospinal fluid (CSF) and positron emis-
sion tomography (PET) imaging data. Given the highly heritable age
of symptom development in ADAD, which allows one to approximate
the estimated disease trajectory,” we compared PVS metrics to other
well-established biomarkers of ADAD using data from Bateman et al.8
These data represent the standardized differences in each biomarker
between mutation carriers and non-carriers as a function of estimated
years from symptom onset (EYO). To reconcile the difference between
the definition of EYO used in Bateman et al.? and our definition of
EDD, we added 2.6 years—the average time difference between DIAN-
determined EYO and our-determined EDD—to EDD and used this
surrogate EYO when comparing our PVS metrics with the other ADAD
biomarkers. Following Bateman et al.,® we calculated estimates for PVS
metrics using the previously described linear mixed models.

A p value of < 0.05 was considered statistically significant for anal-
yses of WM or BG. Exploratory analyses were also performed for each
brain lobe.

TABLE 1 Subject characteristics divided by the presence or
absence of mutations leading to autosomal dominant Alzheimer’s
disease.

Non-carriers

(n=34) Carriers (n=62) pvalue
Age 35.0(28.2-39.0) 325(26.2-41.8) 0.930
EDD (years) -15.32+9.83 —-13.32+8.34 0.319
WML volume (log) 1.8(0.0-2.3) 2.3(1.8-2.6) 0.006
Sex 0.91
Male 12(35.29%) 24 (38.71%)
Female 22 (64.71%) 38(61.29%)
APOE ¢4+ (%) 1.00
0 26 (76.47%) 48(77.42%)
1 8(23.53%) 14 (22.58%)
CVrrisk (%) 0.12
0 26 (76.47%) 54(87.1%)
1 8(23.53%) 6(9.68%)
2 0(0.0%) 2(3.23%)
Gene (%) 1.00
APP 7(20.59%) 12(19.35%)
PSEN1/2 27 (79.41%) 50 (80.65%)

Note: Categorical data are reported as a number (percentages), and the
corresponding p value refers to differences between the mutation sta-
tus groups based on the chi-squared test. Continuous data are reported
as mean + standard deviation for normally distributed variables or as
median (interquartile range) for variables that are not normally distributed.
Corresponding p value refers to the two-sample independent t test or
Mann-Whitney U test for normally and not normally distributed variables,
respectively. Statistically significant comparisons are highlighted in bold.
Abbreviations: ADAD, Autosomal dominant Alzheimer’s disease; APOE,
apolipoprotein E; APP, amyloid precursor protein; CV, cardiovascular; EDD,
estimated years from dementia diagnosis; PSEN, presenilin, WML, white
matter lesion.

3 | RESULTS

We analyzed data from 96 subjects (median age: 33 [interquartile
range: 27-40], 62.5% females). Among them, 62 (64.6%) were carriers
of ADAD mutations: 50 (80.6%) had PSEN mutations and 12 (19.4%)
had APP mutations (Table 1). In unadjusted comparisons, mutation car-
riers showed a significantly greater volume of WML (p = 0.006). After
adjusting for other covariates in a linear mixed model, no significant
associations between WML volume and mutation status were found
(p = 0.18, Table S3 in supporting information). There were no other
significant differences between groups in clinical or demographic vari-
ables. In mutation carriers, the BG-PVS count fraction was significantly
correlated with WM-PVS count fraction, as well as with regional values
in the frontal and insular lobes. Similarly, the mean BG-PVS diameter
showed significant correlations with mean WM-PVS diameter in the
white matter and in all cortical lobes except the occipital lobe (Table S4

in supporting information).
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FIGURE 1 Differencesin perivascular space count fraction and mean diameter in the white matter and basal ganglia. Estimated marginal
means (solid dots) and 95% confidence intervals (error bars) for PVS count fraction (A, B) and PVS mean diameter (C, D) in non-carriers (green) and
mutation carriers (violet) in the BG (A, C) and WM (B, D). Mean estimates were obtained using linear mixed models including mutation status,
estimated years from dementia diagnosis, and their interaction; sex, cardiovascular risk score; and presence of an APOE 4 allele as fixed effects,
while family membership was included as a random effect. Empty colored dots correspond to individual empirical observations. The asterisk(s)
refer to the p value for the variable "mutation status" obtained from the adjusted linear mixed model. Insets in (B) and (D) show color-coded brain
maps illustrating model coefficients for "mutation status" in various brain regions against PVS count fraction or PVS mean diameter, respectively.
Cooler colors (e.g., darker blue) represent regions with stronger negative associations, while warmer colors (e.g., red) indicate regions with
stronger positive associations between mutation status and PVS biomarkers. Only regions with uncorrected p value < 0.05 are shown, while
others are grayed out.*: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***: 0.0001 < p < 0.001. APOE, apolipoprotein E; BG, basal ganglia; Cl, confidence
interval; PVS, perivascular space; WM, white matter.

We first estimated overall differences in PVS metrics in muta- lished positive association between PVS count fraction and increasing
tion carriers compared to non-carriers (Figure 1, Table S3). Mutation chronological age observed in adults.’2 However, this positive asso-
carriers showed significantly lower PVS count fraction in the WM ciation with EDD was significantly modified by mutation status, as
(B=-0.33, 95% confidence interval [CI]: —0.5 to —0.17, p = 0.00013)— indicated by a negative interaction effect (Table S3). While non-carriers
particularly in the frontal, parietal, and temporal lobes (exploratory exhibited the expected increase in BG and WM-PVS count fraction
regional analyses summarized in Table S5 in supporting information)— with increasing EDD,3? the negative interaction effect resulted in a sig-
and in the BG (8= -1.5,95% Cl: —2.4 to —0.65, p = 0.0011). PVS mean nificant decrease in PVS count fraction with increasing EDD among
diameter was significantly higher in mutation carriers versus non- mutation carriers (Table 2). We confirmed the known positive associ-

carriersinthe BG (8=0.055,95% Cl:0.0093t0 0.10,p=0.021), but not ation between WM-PVS count fraction and male sex,>32 and found a
across the whole WM (8= 0.034, 95% CI: —0.028 to 0.097,p =0.28). In significant negative association between mean BG-PVS diameter and

exploratory analyses at a lobar level, PVS mean diameter was greater APOE status (Table S3).
in the temporal lobe of carriers versus non-carriers (Table S5). We Next, following Bateman et al.8 and Araque Caballero et al.,3! we
observed significant positive associations between BG and WM-PVS estimated differences in PVS count fraction between carriers and non-

count fraction and EDD. This association is analogous to the estab- carriers at various time cut-offs (Figure 2, Table 2). This allowed us to
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FIGURE 2 Time of first detectable changes in perivascular spaces count fraction and mean diameter. Mean and 95% confidence intervals of
the estimated differences in PVS count fraction (A) and mean diameter (B) between mutation carriers and non carriers. Differences were
calculated with linear mixed models at each estimated year from EDD (range: -20 to -10). Linear mixed models included mutation status, EDD, and
their interaction; sex; cardiovascular risk score; and presence of APOE ¢4 allele(s) as fixed effects, while family membership was included as a
random effect. Estimated mean differences were averaged over levels of cardiovascular risk, sex, and APOE. The red bar indicates the earliest time
point of abnormal PVS metrics for a particular brain region. APOE, apolipoprotein E; BG, basal ganglia; Cl, confidence interval; EDD, expected

dementia diagnosis; PVS, perivascular space; WM, white matter.

identify the earliest timepoint at which significant differences in PVS
biomarkers were first observed in carriers compared to non-carriers.
We observed the first significant reductions in PVS count fraction at
-18 years before EDD in the BG and at -17 years in the WM (Table
Sé in supporting information). The first significant increase in BG-PVS
mean diameter was seen -15 years before EDD. Regional estimates of

between-group differences in PVS biomarkers highlighted early reduc-
tions in PVS count fraction in the temporal, frontal, and parietal lobes,
as well as early PVS enlargement in the temporal lobe (Figure 2, Table
Sé6 and S7 in supporting information).

Then, we compared how PVS alterations evolve over time in rela-
tion to changes of other well-established AD biomarkers (Figure 3).
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TABLE 2 Perivascular spaces metrics estimates in mutation carriers versus non-carriers.

Estimated years from dementia diagnosis

Variable Region -25 -20

PVS count fraction

Non-carriers WM 1.34 1.39
Carriers WM 1.34 1.32
Difference WM 0.01+0.14 —-0.06+0.11
Non-carriers BG 7.12 7.18
Carriers BG 7.01 6.76
Difference BG -0.11+0.77 -0.42+0.59

PVS mean diameter

Non-carriers WM 1.76 1.77
Carriers WM 1.78 1.80
Difference WM 0.02+0.05 0.02+0.04
Non-carriers BG 1.435 1431
Carriers BG 1.438 1.446
Difference BG 0.004+0.039 0.015+0.03

-15 -10 -5 0
1.43 1.48 1.53 1.58
1.30 1.27 1.25 1.23
-0.14+0.09 -0.21+0.10 -0.28+0.13 —-0.35+0.18
7.24 7.30 7.36 7.42
6.51 6.26 6.01 5.77
-0.73+0.5 —1.04+0.57 —-1.34+0.74 -1.65+0.96
1.78 1.79 1.80 1.81
1.81 1.82 1.83 1.84
0.03+0.04 0.03+0.04 0.03+0.05 0.04+0.07
1.427 1.423 1.420 1.416
1.454 1.462 1.470 1.478
0.027+0.026 0.039+0.029 0.05+0.038 0.062+0.049

Note: Estimates of mean PVS count fraction and mean diameter in the WM and BG at various age cut-offs were calculated using the estimated years from
dementia diagnosis. Difference refers to the estimated difference between mutation carriers and non-carriers + 95% confidence intervals. Reported esti-
mates were obtained using a linear mixed model with mutation status (non-carrier or carrier), expected years from dementia diagnosis, and their interaction,
cardiovascular risk score, presence of an APOE 4 allele, and sex as fixed effects. Family membership was considered a random effect. Results were averaged
over levels of cardiovascular risk, sex, and APOE. For regional estimates in the WM, see Table S5 in supporting information. Note that there might be small

discrepancies in differences due to rounding.

Abbreviations: APOE, apolipoprotein E; BG, basal ganglia; PVS, perivascular spaces; WM, white matter.

Using data from a previous study by Bateman et al.8 for this compari-
son, we found that the initial changes and following time course of PVS
count fraction reduction and BG-PVS enlargement closely aligned with
reported changes in AB and tau in the CSF (Figure 3).

Finally, we compared PVS characteristics between carriers of APP
and PSEN mutations. We found no statistically significant differences
in PVS metrics, except for a lower PVS count fraction in the temporal
lobe of PSEN carriers compared to APP carriers (p = 0.003, Figure S2 in

supporting information).

4 | DISCUSSION

We found significant PVS alterations in carriers of pathogenetic muta-
tions for ADAD compared to non-carrier family members. The first
differences occurred as early as 18 years before the expected age of
dementia diagnosis. The timeframe of initial PVS changes and their tra-
jectory along the estimated disease course aligned with those of A and
tau pathology in the CSF previously reported in ADAD® and LOAD.3
The spatial localization of PVS changes also overlapped with regions

of known early pathology in ADAD.810:34

Between-group differences
in PVS metrics became more prominent as the disease progressed,
suggesting that PVS alterations may contribute to ensuing neurode-
generation and the development of symptoms. Given the young age
of the analyzed individuals and the independence of these results

from cardiovascular risk factors, our findings suggest that alterations

in MRI-visible PVS might indicate pathological processes occurring
in the small cerebral vessels and/or their perivascular compartments
that are specifically related to AD pathophysiology rather than other
comorbidities.

We found that mutation carriers had significantly lower PVS count
fraction in the BG and WM compared to non-carriers. It is important to
note that our PVS count fraction differs from the conventional count
of PVS in visual rating scales performed by human raters. Traditional
visual rating methods typically assess the number of visibly enlarged
PVS in one hemisphere within a single representative MRI slice. This
approach provides only a partial view of PVS burden, may depend on
the rater performing the evaluation, and lacks sensitivity to smaller
or non-enlarged PVS. Moreover, visual rating scales typically do not
account for total or regional brain volume, despite evidence that PVS
counts are associated with brain volume.2® In contrast, our fully auto-
mated segmentation method quantifies all MRI-visible PVS across the
entire brain, irrespective of their enlargement status. This allows us to
perform a complete quantitative analysis, also incorporating blood ves-
sels with small/non-enlarged perivascular space.” Moreover, by using
PVS count fraction (number of PVS divided by regional volume) in all
our analyses, we corrected for brain volume as a potential confounder.
Our approach thus enables a more sensitive, comprehensive, accu-
rate, and reproducible characterization of overall PVS characteristics
compared to visual rating scales.”

PVS are considered a marker of CSVD,'® and their visibility

on MRI depends on the presence of fluid within the perivascular
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PVS vs. CSF
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FIGURE 3 Changes in clinical, imaging, and biochemical
biomarkers with respect to changes in perivascular space metrics as a
function of estimated years from expected symptom onset. The main
panel displays the SD between mutation carriers and non carriers over
the expected course of the disease for various clinical, imaging, and
biochemicat biomarkers, as reported in Bateman et al. These
differences are compared to the SD in PVS count fraction in the WM
(WM-PVS count fraction, in tight red) and PVS mean diameter in the
BG (BG-PVS mean diameter, in red). The expected course of the
disease is assessed using the estimated years from EYO. To reconcile
the discrepancy between the definition of EYO onset used in Bateman
et al. and our definition of EDD, we added 2.6 years to EDD before
estimating SD for PVS metrics. This number represented the average
time difference between DIAN-determined EYO and our-determined
EDD (see main text). The inset highlights the comparison between
WM-PVS count fraction and CSF biomarkers (A8 and tau). To facilitate
visual comparisons of the relative magnitude and temporal course of
changes, absolute values of SDs are shown. Aj, amyloid beta; BG, basal
ganglia; CDR-SOB, Clinical Dementia Rating Sum of Boxes; CSF,
cerebrospinal fluid; DIAN, Dominantly Inherited Alzheimer Network;
EDD, expected dementia diagnosis; EYO, expected symptom onset;
PVS, perivascular space; SD, standardized differences; WM, white
matter.

compartment,’® and on its flow, which is driven by arterial pul-
satility and vasomotion.2”:1820 Although the exact pathophysiology
underlying reduced PVS visibility on MRI is still not fully elucidated,
impaired arterial pulsatility has been associated with reduced PVS
fluid flow,1%21 and a lower PVS count has been associated with cere-
bral hypoperfusion.> Given these associations, the reduction in PVS
count fraction observed in mutation carriers may reflect early AD-
related small vessel pathology. This interpretation is supported by
previous findings of CSVD in post mortem ADAD cases,2° lower cere-
bral blood flow in ADAD,?* and reduced microvascular density in Down

syndrome,3¢

a condition characterized by overexpression of the APP
gene linked with increased brain amyloid levels and early-onset AD.
This suggests that the genetic underpinnings of ADAD might lead to

early vascular changes, potentially affecting perivascular fluid flow, and

consequently, reducing the MRI visibility of PVS. Consistently, recent
studies of PVS in LOAD have also found lower PVS amount across mul-
tiple brain regions in patients with mild cognitive impairment or before
the development of dementia compared to cognitively unimpaired and
stable subjects.>37

PVS are increasingly recognized as a crucial component of the
brain’s glymphatic system, which is responsible for the clearance of
metabolites, interstitial fluid, and waste from the brain.162238 Accu-
mulation of misfolded proteins within PVS might impede fluid flow,3?
contributing to the observed reduction in MRI-visible PVS. The ear-
liest significant reductions in PVS count fraction occurred in the
BG and WM = 18 years before the estimated onset of dementia
and increased over time. Specifically, while non-carriers exhibited the
expected increase in BG and WM-PVS count fraction with increasing
age (as represented by EDD),32 mutation carriers showed reductions
in PVS count over time. The trajectory of between-group PVS changes
aligned temporally with differences in ABy.42 and tau in the CSF.811
Reductions in PVS count fraction were prominent in the basal ganglia
and parietal, temporal, and frontal lobes. These regions are well known
to exhibit early and elevated deposition of Ag in ADAD.&1034 Collec-
tively, these results suggest a potential interplay between PVS and AS
pathology. Impaired perivascular drainage, potentially exacerbated by
AB accumulation within the perivascular compartment and/or vessel
walls (i.e., CAA), could compromise fluid flow along PVS,*° possibly cre-
ating a pathogenic feedback loop. Prior neuropathological studies have
shown a higher prevalence of CAA in post mortem cases of ADAD,%324
but the precise timing of its development remains to be elucidated.

We observed significantly enlarged PVS in mutation carriers com-
pared to non-carriers, especially within the BG and temporal WM. This
finding provides in vivo corroboration for previous post mortem reports
indicating PVS enlargement in individuals with ADAD.2° The co-
occurrence and temporal sequence of reduced PVS count and enlarged
PVS diameter warrant careful consideration of the underlying mecha-
nisms. One possibility is that these two phenomena may be pathologi-
cally linked. The reduction in the number of MRI-detectable PVS might
relate to the obstruction of perivascular pathways. This could lead to
a compensatory redistribution and accumulation of perivascular fluid
in the remaining patent spaces, which might drive their progressive
enlargement over time. This interpretation, although speculative, is
supported by our findings that PVS enlargement emerged later than
the initial reduction in count fraction, ~ 15 years before the expected
onset of dementia. Alternatively, mechanisms not directly associated
with AB might drive PVS enlargement. For example, the timeframe of
PVS enlargement parallels that of alterations of a secreted form of
triggering receptor expressed on myeloid cells 2—a surrogate marker
for microglial activation—in the CSF,*! suggesting a potential role for
inflammatory infiltrates.*2-44 Additionally, PVS enlargement in ADAD
has been associated with reductions in astrocytic aquaporin-4, in the
absence of CAA.%° In this regard, we found a negative association
between mean BG-PVS diameter and the presence of an APOE 4
allele. This may lend some further support to the hypothesis that
PVS enlargement, at least in this region, may occur due to processes
distinct from CAA, given that APOE ¢4 is a known risk factor for
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CAA.*> Previous findings on the association between PVS enlarge-
ment and APOE €4 have been mixed, ranging from null results#®4’
to significant PVS enlargement only in the presence of two copies
of the ¢4 allele.” Future research is needed to further elucidate the
influence of APOE genotypes on PVS enlargement. Last, in our ADAD
cohort, we observed similar associations and significant correlations
between PVS metrics in the BG and in several WM regions. While pre-
vious literature often emphasizes a clear dichotomy between BG and
WM PVS alterations in older adults—typically linking them to distinct
vascular pathologies—our findings support the notion that in the con-
text of ADAD, PVS alterations may reflect a shared and AD-specific
pathological mechanism.

Our study has some limitations, including its cross-sectional nature.
Nonetheless, ADAD is characterized by a stereotypical pattern of
pathological progression, with a predictable age of symptoms and
dementia onset.® Therefore, the use of EDD allowed us to assess the
evolution of PVS changes along the estimated trajectory of the disease.
Another limitation is the lack of other AD biomarkers, such as amy-
loid and tau CSF or PET data. Thus, we could only indirectly compare
how the trajectories of PVS changes relate to other AD biomarkers
based on previously published data. Future longitudinal studies are
needed to better evaluate the coupled temporal dynamics between
PVS and other AD biomarker changes in the same individuals. Addi-
tionally, regional analyses were exploratory, aiming to identify specific
locations with greater PVS changes. Consequently, these findings
should be interpreted with caution as hypothesis generating. However,
they provide a foundation for targeted, confirmatory investigations in
independent cohorts of individuals with ADAD.

In conclusion, ADAD mutation carriers show early alterations in PVS
characteristics in the WM and BG. These PVS alterations may be spe-
cific for AD-associated processes and not related to cardiovascular
risk factors. Given the early involvement in the disease, the regional
distribution of changes, and the hypothesized co-localization of sev-
eral pathological mechanisms at/near PVS, our findings point to PVS
as a relevant hub of pathology in ADAD. If confirmed in future longi-
tudinal studies, this evidence could support research for preventative
or treatment strategies targeting the vascular/perivascular compart-
ment in ADAD. Furthermore, given the need for only a 3D T1-weighted
MRI sequence, which is commonly acquired in clinical and research
MRI protocols, our PVS metrics might be promising non-invasive and

inexpensive candidate biomarkers to monitor disease course in ADAD.
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