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Vascular contributions to early cognitive decline are increasingly recognized, prompting further inves-
tigation into the nature of related changes in perivascular spaces (PVS). Using magnetic resonance im-
aging, we show that, compared to a cognitively normal sample, individuals with early cognitive
dysfunction have altered PVS presence and distribution, irrespective of Amyloid-b. Surprisingly, we noted
lower PVS presence in the anterosuperior medial temporal lobe (asMTL) (1.29 times lower PVS volume
fraction in cognitively impaired individuals, p < 0.0001), which was associated with entorhinal neuro-
fibrillary tau tangle deposition (beta (standard error) ¼ -0.98 (0.4); p ¼ 0.014), one of the hallmarks of
early Alzheimer’s disease pathology. We also observed higher PVS volume fraction in centrum semi-
ovale of the white matter, but only in female participants (1.47 times higher PVS volume fraction in
cognitively impaired individuals, p ¼ 0.0011). We also observed PVS changes in participants with history
of hypertension (higher in the white matter and lower in the asMTL). Our results suggest that
anatomically specific alteration of the PVS is an early neuroimaging feature of cognitive impairment in
aging adults, which is differentially manifested in female.

� 2020 Elsevier Inc. All rights reserved.
Introduction

Perivascular spaces (PVS), which are the fluid-filled area sur-
rounding the cerebral vessels, are themajor component of the brain
clearance system (Wardlaw et al., 2020a,b). PVSs accommodate the
flux of the cerebrospinal fluid (CSF) in the brain and are considered
to play a role in brain metabolic homeostasis. Previous studies in
animals suggest that the glymphatic (glia-lymphatic) system,
whose main pathway is represented by the PVS, is a substantial
factor in the net clearance of amyloid beta (Ab) (Da Mesquita et al.,
ing and Informatics Institute,
rnia, 2025 Zonal Avenue, Los
442 0137.
F. Sepehrband).

ll rights reserved.
2018; Iliff et al., 2012; Louveau et al., 2018; Xu et al., 2015);
reduction of efflux of interstitial fluid to the CSF in PVS could lessen
Ab clearance (Park et al., 2017; Rasmussen et al., 2018; Sweeney
et al., 2018). Such an impaired clearance from the brain paren-
chyma could in part explain the accumulation of Ab (Rasmussen
et al., 2018).

Ab deposition in the wall of leptomeningeal and intra-
parenchymal cerebral arteries is a common observation in Alz-
heimer’s disease (AD), which is thought to be associated with the
enlargement of PVS as routes of Ab clearance (Blair et al., 2015;
Kalaria and Ballard, 1999; Weller et al., 2008b). PVS changes have
been linked to vascular diseases, including cerebral small vessel
disease, cerebral amyloid angiopathy, blood-brain barrier (BBB)
breakdown, hypertension, and lacunar stroke (Charidimou et al.,

mailto:Farshid.sepehrband@loni.usc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2020.12.010&domain=pdf
www.sciencedirect.com/science/journal/01974580
http://www.elsevier.com/locate/neuaging
https://doi.org/10.1016/j.neurobiolaging.2020.12.010
https://doi.org/10.1016/j.neurobiolaging.2020.12.010
https://doi.org/10.1016/j.neurobiolaging.2020.12.010


F. Sepehrband et al. / Neurobiology of Aging 99 (2021) 28e43 29
2013; Doubal et al., 2010; Klarenbeek et al., 2013; Montagne et al.,
2018; Potter et al., 2015; Rouhl et al., 2008; Wardlaw et al.,
2020a,b; Weller et al., 2008a; Zhu et al., 2010b). Furthermore, an
emerging body of evidence suggests that vascular changes are
linked to both clearance system dysfunction (Bakker et al., 2016;
Carare et al., 2008; Diem et al., 2017; Iliff and Nedergaard, 2013;
Marchi et al., 2016; Nedergaard, 2013) and vasculotoxic effects of Ab
and tau (Blair et al., 2015; Thomas et al., 1996).

Magnetic resonance imaging (MRI) studies have found signifi-
cantly larger PVS in AD patients compared with controls in the
centrum semi-ovale of the white matter (CSO-WM), but not in the
basal ganglia (Banerjee et al., 2017; Ramirez et al., 2015). Interest-
ingly, Banerjee et al. (2017) found that the PVSs in the white matter
were associated with AD independently of the amyloid burden.
With regards to cognition the literature is inconsistent (Francis
et al., 2019; Hilal et al., 2018). Several studies suggested that
increased PVS was associated with cognitive impairment (Ferguson
et al., 2003; Jiménez-Balado et al., 2018; MacLullich et al., 2004;
Passiak et al., 2019). Another study found no association between
the number of visible PVS in the basal ganglia and cognitive
impairment (Jeong et al., 2015). A recent study indicated an asso-
ciation of PVS in white matter with cognitive impairment (Beak
et al., 2015). Two other recent studies also showed that increased
PVS is associated with cognitive impairment (Chen et al., 2011;
Francis et al., 2019; Ramirez et al., 2015) or lower memory perfor-
mance (Valdés Hernández et al., 2020).

Early studies have mainly focused on the global PVS volume or
count across the CSO-WM or basal ganglia. The anatomical distri-
bution of PVS alterations inwhite matter regions, however, remains
largely unexplored. To date, it has not been demonstrated whether
PVS may represent an early feature of cognitive decline, nor have
relationships of PVS with other pathological markers of AD,
including Ab and tau been reported. To examine whether and to
what extent PVS is altered in early cognitive decline, we performed
a comprehensive data-driven analysis of the multi-modal data of
the Alzheimer’s Disease Neuroimaging Initiative 3 (ADNI-3) par-
ticipants (N ¼ 596). Because Ab and tau can both lead to cerebral
blood vessel abnormalities (Bennett et al., 2018; Iadecola, 2017;
Kisler et al., 2017), wemapped PVS usingMRI data and analyzed the
relationship between PVS volume fraction and Ab and tau accu-
mulation as measured in positron emission tomography (PET) im-
ages. Additionally, we investigated whether PVS distribution and
appearance on MRI are influenced by the APOE gene, whose ε4
variant represents one of the strongest genetic risk factors for AD
(Corder et al., 1993).
2. Methods

2.1. Study participants

Data used in the preparation of this article were obtained
from the ADNI-3 database (http://adni.loni.usc.edu). Data from
ADNI-3 cohort (Weiner et al., 2017) were used, in which both T1-
weighted (T1w) and fluid-attenuated inversion recovery (FLAIR)
structural MRI were available at the time of this study. T1w and
FLAIR images for 685 participants were downloaded from the
ADNI database (http://adni.loni.usc.edu) (Toga and Crawford,
2010). Demographic information, clinical and cognitive assess-
ment, PET, cardiovascular-related health measures, and CSF bio-
markers were collected. Fifty-one participants who met the AD
categorization criteria were excluded (as described in Section
2.3). An additional 37 participants who failed MRI quality control
were excluded (as described in Section 2.11), resulting in a total
of 596 participants.
2.2. Inclusion/exclusion criteria

Participants were excluded if they had any significant neurologic
disease other than suspected incipient AD; exclusionary neurologic
conditions included Parkinson’s disease, multi-infarct dementia,
Huntington’s disease, normal pressure hydrocephalus, brain tumor,
progressive supranuclear palsy, seizure disorder, subdural hema-
toma, multiple sclerosis, or history of significant head trauma fol-
lowed by persistent neurologic deficits or known structural brain
abnormalities. Additional and detailed inclusion and exclusion
criteria are described in the ADNI-3 protocol (Weiner et al., 2017)
and also copied in Supplementary File 1.

2.3. Clinical and cognitive assessments

The ADNI clinical dataset comprises clinical information about
each participant including recruitment, demographics, physical
examinations, and cognitive assessment data. Demographic infor-
mation including age, sex, and the years of education were gath-
ered, which were used as covariates in all statistical analyses. A
clinical interview and a general physical examination were con-
ducted. In addition, respiration rate, blood glucose level (after
overnight fasting), and systolic and diastolic pressures were ac-
quired in the 30-day interval of the imaging visit. The cognitive
assessment was performed in accordance with published stan-
dardization procedures, including standardized interview and
assessment with the participant and a knowledgeable informant.

2.3.1. Clinical dementia rating
Six categories of cognitive functioning (memory, orientation,

judgment and problem solving, community affairs, home and
hobbies, and personal care) were assessed, in which the clinical
dementia rating (CDR) describes 5 degrees of impairment (Hughes
et al., 1982; Morris, 1993). Participant CDR scores were obtained
through a standardized interview and assessment with the partic-
ipant and a knowledgeable informant.

2.3.2. Mini-Mental State Examination
The Mini-Mental State Examination (MMSE) scale evaluates

orientation, memory, attention, concentration, naming, repetition,
comprehension, and ability to create a sentence and to copy 2
overlapping pentagons (Folstein et al., 1983). Participant MMSE
scores were obtained through standardized interview and assess-
ment with the participant and a knowledgeable informant.

Participant categorization is detailed in the ADNI-3 protocol
document. In brief:

2.3.3. Cognitively normal
Participants were considered cognitively normal (CN) if they had

normal memory function, which was assessed using education-
adjusted cutoffs on the Logical Memory II subscale from the
Wechsler Memory Scale (Wechsler, 1987). Participants must also
have an MMSE score between 24 and 30 and a CDR of 0 (memory
box score must be 0). CN participants were considered CN based on
an absence of significant impairment in cognitive functions or daily
living activities.

2.3.4. Mild cognitive impairment
Participants were classified as mild cognitive impairment (MCI)

if they expressed subjective memory concern, with a score below
the education-adjusted cutoffs on the Logical Memory II subscale
from the Wechsler Memory Scale. The same MMSE score range as
CNwas used for theMCI group. Participants must have a global CDR
of 0.5 and the memory box score must be at least 0.5. General
cognition and functional performance of the MCI participants must

http://adni.loni.usc.edu
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be sufficiently preserved such that clinical diagnosis of AD could not
be made.

2.3.5. Alzheimer’s disease
Participants categorized as AD were excluded from this study, to

ensure the focus on early cognitive decline. In brief, participants
were considered AD if they scored below the education-adjusted
cutoff of the Wechsler Memory Scale, had an MMSE score be-
tween 20 and 24, and had global CDR �0.5 (Weiner et al., 2017).

2.4. Genotyping

A 7mL sample of bloodwas taken in ethylenediaminetetraacetic
acid-containing vacutainer tubes and genomic DNA was extracted
at Cogenics (now Beckman Coulter Genomics) using the QIAamp
DNA Blood Maxi Kit (Qiagen, Inc., Valencia, CA) following the
manufacturer’s protocol. All DNA extraction and genotyping was
done blinded to group assignment. The 2 single nucleotide poly-
morphisms (rs429358, rs7412) that define the ε2, ε3, and ε4 alleles
of the apolipoprotein E (APOE) were genotyped by polymerase
chain reaction amplification and HhaI restriction enzyme digestion.
The genotype was resolved on 4% MetaPhor gel and visualized by
ethidium bromide staining.

2.5. Amyloid PET

Amyloid PET data were used to categorize participants to Abþ
and Ab� groups. Amyloid PET analysis was performed according to
UC Berkeley PETmethodology for quantitativemeasurement (Baker
et al., 2017a; Landau et al., 2014, 2015; Schöll et al., 2016). Partici-
pants were imaged by Florbetapir (18F-AV-45; Avid). Six 5-minute
frames of AV45 were acquired. All frames were co-registered to
frame 1 using NeuroStat “mcoreg” module with rigid body trans-
lation and 6 degrees of freedom. All frames were averaged into a
single image and reoriented into a 160 � 160 � 96 voxel image grid
with 1.5 mm voxels. The reorientation was performed so that the
anterior-posterior axis of the subject is parallel to the anterior-
posterior commissure line.

2.6. Amyloid PET analysis

PET images were then co-registered on T1w MRI using the
mutual information algorithm in SPM5 with default setting to align
brain parcellation boundaries. The MRI and PET images were ac-
quired within 3 months. Quantitative measurement was done
based on standardized uptake value ratio (SUVR). The mean tracer
uptakes in the main 4 cortical regions (frontal, anterior/posterior
cingulate, lateral parietal, lateral temporal) were calculated. The
mean of the whole cerebellumwas also measured as the reference.
Then, the whole cortical SUVR was calculated by averaging the
mean of tracer uptake across the 4 cortical regions and dividing by
the whole cerebellum reference region.

2.7. Tau PET and analysis

Tau PET was also collected by Flortaucipir (18F-AV-1451). In this
study, only the tau uptake in entorhinal region, which corresponds
to the Braak stage 1 (Braak and Braak, 1996), was used to assess the
correlation between PVS volume and early AD pathology. Similar
pre-processing to amyloid PET was performed to measure tau PET
SUVR in the entorhinal region. The tau PET values were normalized
using cerebellar gray matter intensity.

For both amyloid and tau measurements, the analyzed PET from
ADNI was used in this study (AV1451 version 05-12-2020 and AV45
version 08-09-2018). The technical details and reference metrics
are described in ADNI-3 documents and associated publications
(Baker et al., 2017a,b; Braak and Braak, 1991; Brendel et al., 2015;
Chen et al., 2015; Clark et al., 2011; Diedrichsen, 2006; Jagust et al.,
2009; Joshi et al., 2012; Kepe, 2013; Landau et al., 2012, 2013a,b,
2014, 2015; Maass et al., 2017; Mormino et al., 2009; Reilhac et al.,
2000; Schöll et al., 2016).

2.8. Cerebral spinal fluid biomarkers

CSF Ab40, CSF Ab42, and tau and phosphorylated Tau181 (p-Tau)
measurement were completed using the Roche Elecsys Cobas e 601
fully automated immunoassay platform at the ADNI biomarker core
(University of Pennsylvania). CSF biomarker samples were acquired
in the 30-day interval of the imaging visit. All samples were ali-
quoted and stored at �80 �C until assay. A 2-dimensional ultra-
performance liquid chromatography tandem mass spectroscopy
platform was used (Kang et al., 2015; Korecka et al., 2014), which
was calibrated with a surrogate calibrator matrix prepared from
artificial CSF plus 4 mg/mL bovine serum albumin.

2.9. Magnetic resonance imaging

MRI imaging of the ADNI-3 was done exclusively on 3T scanners
(Siemens, Philips, and GE) using a standardized protocol. Three-
dimensional (3D) T1w with 1 mm3 resolution was acquired using
anMPRAGE sequence (on Siemens and Philips scanners) and FSPGR
(on GE scanners). For FLAIR images, a 3D sequence with similar
resolution as T1w images was acquired, which provided the op-
portunity for accurate intra-subject intermodal co-registration.
MPRAGE T1w MRI scans were acquired using the following pa-
rameters: time of repetition (TR) ¼ 2300 ms, time of echo (TE) ¼
2.98 ms, field of view (FOV) ¼ 240 � 256 mm2, matrix ¼ 240 � 256
(variable slice number), TI ¼ 900 ms, flip angle ¼ 9, effective voxel
resolution ¼ 1 � 1 � 1 mm3. The FSPGR sequence was acquired
using sagittal slices, TR ¼ 7.3 ms, TE ¼ 3.01 ms, FOV ¼
256 � 256 mm2, matrix ¼ 256 � 256 (variable slice number), TI ¼
400 ms, flip angle ¼ 11, effective voxel resolution ¼ 1 �1 �1 mm3.
3D FLAIR images were acquired using sagittal slices, TR ¼ 4800 ms,
TE ¼ 441 ms, FOV ¼ 256 � 256 mm2, matrix ¼ 256 � 256 (variable
slice number), TI ¼ 1650 ms, flip angle ¼ 120, effective voxel
resolution ¼ 1 � 1 � 1.2 mm3.

2.10. MRI preprocessing and brain parcellation

T1w preprocessing and parcellation was done using the Free-
Surfer (v5.3.0) software package, which is freely available (Fischl,
2012), and data processing using the Laboratory of Neuro Imaging
(LONI) pipeline system (http://pipeline.loni.usc.edu) (Dinov et al.,
2009, 2010; Moon et al., 2015; Torri et al., 2012), similar to
Sepehrband et al. (2018) and Sta Cruz et al., 2019. Brain volume and
white matter mask were derived from the Desikan-Killiany atlas
(Desikan et al., 2006). The parcellationwas performed as part of the
recon-all module of the FreeSurfer, which uses an atlas-based par-
cellation approach. Prior to parcellation, recon-all applies the
following pre-processing steps: motion correction, non-uniform
intensity normalization, Talairach transform computation, in-
tensity normalization, and skull stripping (Fischl et al., 1999, 2002,
2004a,b; Dale et al., 1999; Desikan et al., 2006; Fischl and Dale,
2000; Reuter et al., 2010, 2012; Reuter and Fischl, 2011; Segonne
et al., 2004, 2007; Sled et al., 1998; Waters et al., 2018).

FLAIR images of each participant were corrected for non-
uniform field inhomogeneity using N4ITK module (Tustison et al.,
2010) of Advanced Normalization Tools (ANTs) (Avants et al.,
2009). FLAIR images were then co-registered to T1w images using
antsIntermodalityIntrasubject ANTs module.

http://pipeline.loni.usc.edu
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White matter regions from FreeSurfer recon-all outputs were
used to study PVS across white matter region. FreeSurfer uses
Desikan-Killiany atlas (Desikan et al., 2006) to parcellate cortical
area into 68 regions and also provides parcellation of the corre-
sponding underlying white matter regions, which were used in this
study. The CSO-WM region of the FreeSurfer output was also used
to ensure a complete coverage of the white matter. White matter
regions were extracted from aparc parcellation of the FreeSurfer
recon-all pipeline that is stored as wmparc. These white matter
regions are listed in Supplementary File 3.

2.11. Mapping perivascular spaces

PVSs were mapped from T1w images and then white matter
hyperintensities, which were falsely segmented as PVS, were
excluded using FLAIR images. PVS segmentation was done using an
automated and highly reliable quantification technique that we
developed and validated (Sepehrband et al., 2019a). In brief, after
preprocessing the data, T1w images were filtered using an adaptive
non-local mean filtering technique (Manjón et al., 2010). The non-
local mean technique measures the image intensity similarities by
considering the neighboring voxels in a blockwise fashion, where
the filtered image is

P
xi˛Vi

uðxi;xjÞuðxjÞ. For each voxel (xj) the weight

(u) is measured using the Euclidean distance between 3D patches.
The adaptive non-local mean filtering technique adds a regulari-
zation term to the above formulation to remove bias intensity of the
Rician noise observed in MRI. Therefore the expected Euclidian
distance between 2 noisy patchesNi andNj is defined as: dðNi;NjÞ ¼
u0ðNiÞ� u0ðNjÞ2 þ 2s2, where dðNi; NjÞ ¼ 2s2 if Ni ¼ Nj. The

Rician noise of the MRI images, calculated using robust noise esti-
mation technique presented byWiest-Daesslé et al., 2008, was used
as the noise level for non-local filtering (Manjón et al., 2010). To
preserve PVS voxels while removing the noise, filtering was applied
only on high-frequency spatial noises. This was achieved by using a
filtering patchwith a radius of 1 voxel, which removes the noise at a
single-voxel level and preserves signal intensities that are spatially
repeated (Manjón et al., 2010).

Subsequently, we applied a Frangi filter (Frangi et al., 1998) to
T1w using the Quantitative Imaging Toolkit (Cabeen et al., 2018).
The Frangi filter estimates a vesselness measure for each voxel VðsÞ
from eigenvectors l of the Hessian matrix H of the image:

VðsÞ ¼

8><
>:

0 if l2>0 or l3>0; 
1� exp
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2a2

!!
exp
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2b2
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2c2
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where RA ¼ jl1 j
jl2 j, RB ¼ jl1 jffiffiffiffiffiffiffiffiffi

jl2l3j
p , S ¼ H.

Default parameters of a ¼ 0:5; b ¼ 0:5, and c were used, as
recommended in Frangi et al (1998). The parameter c was set to half
the value of the maximum Hessian norm. Frangi filter estimated
vesselness measures at different scales and provided the maximum
likeliness. The scale was set to a large range of 0.1e5 voxels in order
to maximize the vessel inclusion. The output of this step is a quan-
titative map of vesselness in regions of interest (ROIs) and is taken to
be the maximum across scales, as suggested in the original paper
(Frangi et al., 1998). The range corresponds to specific levels in scale
space that are searched for tubular structure feature detector. Thus,
the outputs across voxels comprise vesselness measured across a
range of filter scales. Then vesselness threshold of 0.00002 was used
to segment the PVS voxels (note that original PVS segmentation re-
ported the scaled thresholdsdthe raw threshold is reported here for
the ease of replication). For each segmented voxel, corresponding
FLAIR voxels were checked, and if the FLAIR voxel value was a white
matter hyperintensity, then the voxel was excluded from the final
PVS mask. To check for white matter hyperintensities, PVS voxels
that were in the top 10 percentile of the FLAIR signal distribution
were excluded from the PVS mask. Supplementary Fig. 1 shows an
example of the PVS map of one of the study participants.

PVS segmentation performance was assessed on a sub-set of
data. Twenty-five participant data were randomly chosen and PVS
masks were manually corrected to include undetected PVS and
exclude incorrect PVS. Then, the performance of the automated
segmentation technique with and without white matter hyper-
intensity correctionwas assessed using 3metrics: (1) the sensitivity
(also known as recall), (2) the precision (also known as positive
predictive value), and (3) F1 score (also known as Dice similarity
coefficient), defined as:

Sensitivity ¼ TP
TP þ FN

; Precision ¼ TP
TP þ FP

; F1 score

¼ 2TP
2TP þ FP þ FN

where TP (True Positive) denotes the number of segmented PVS
voxels by algorithm which also belong to PVS voxels of the ground
truth; FN (False Negative) denotes the number of segmented
background voxels by algorithmwhich belong to PVS of the ground
truth; FP (False Positive) denotes the number of segmented PVS
voxels by algorithm which belong to background of ground truth.

The sensitivity of the segmentations to PVS voxels was 98 � 2%
(mean � standard deviation [M � SD]) for the automated mapping
with and without FLAIR correction. The precision of the automated
technique with and without FLAIR correction was 61 � 17%
(M � SD) and 93 � 5% (M � SD), respectively. F1 score of the
automated technique with and without FLAIR correction was
74 � 14% (M � SD) and 95 � 3% (M � SD), respectively. Evaluation
results highlight the importance of the post-processing correction
with FLAIR. This is because of the large presence of non-PVS
hypointense signal in aging population, which could drastically
affect the precision of the automated technique on T1w alone data.

T1w images were registered to the ANTs template non-linear
registration module (Avants et al., 2009, 2011), and the same trans-
formation matrix was applied to PVS masks. PVS masks of all par-
ticipants were transformed to the template space. Then the
normative PVS was generated for each of the CN and MCI groups
(Fig. 1). The normative PVS was generated by averaging the binary
PVSmasks (i.e., sum of all PVS masks divided by the group size). Two
ROIswere then drawnon the template to enable statistical analysis of
the PVS presence. The first ROI was drawn in the anterosuperior
medial temporal lobe (asMTL), and the second on the CSO-WM. The
ROIswere registered back into each subject’s space. Then, the volume
of PVS in those regionswas divided by the total ROI volume to extract
PVS volume fraction. CSO-WM was selected because this region has
been historically used as the clinical ROI to assess PVS (Wardlawet al.,
2020a,b). The asMTL region was included following the qualitative
observation of the PVS normative map in normal aging group and
individuals with cognitive deficit (Fig. 1). The PVS observed in asMTL
mainly corresponds to anterior temporal arteries and their sub-
branches, penetrating from the anterior part of the temporal lobe
along the anterior-posterior axis (Supplementary Fig. 2).

All FLAIR and T1w MRI images were manually checked for
misalignment and post-processing failure, randomly and blind to
clinical and neuroimaging measures. A total of 37 participants were
excluded after the quality control.

We observed MRI manufacturer difference across PVS measures,
in which PVSs were consistently underestimated in Philips
compared to other scanners (p < 0.01 across all comparisons).



Fig. 1. Maps of the PVS in CN (n ¼ 424) and mild cognitively impaired (n ¼ 173) participants of ADNI-3. Normative maps of PVS across CN and MCI are presented, which were
obtained by averaging PVS maps across the group (presenting percentage of overlapping PVS content across group). Overall, a higher amount of PVS was observed in global white
matter and specifically in the CSO-WM region of the MCI participants. Surprisingly, in the MCI group, a lower amount of PVS was observed in asMTL white matter. As comparison
references, total SUVR of cerebral Ab, and Tau PET SUVR in the regions associated with Braak stage 1 (i.e., entorhinal cortex) were included. D and p values are Cohen’s d (effect size)
and p-value of the group differences, measured using estimation statistics. Abbreviations: Ab, amyloid beta; ADNI-3, Alzheimer’s Disease Neuroimaging Initiative 3; asMTL,
anterosuperior medial temporal lobe; CN, cognitively normal; CSO-WM, centrum semi-ovale of the white matter; MCI, mild cognitive impairment; PET, positron emission to-
mography; PVS, perivascular space; SUVR, standardized uptake value ratio.

F. Sepehrband et al. / Neurobiology of Aging 99 (2021) 28e4332
Therefore, 2 post hoc tests were performed: (1) manufacturer was
included in the regression model as covariate. No statistically sig-
nificant contribution from scanner manufacturer was observed in
any statistical model (all p-value � 0.55). (2) Statistical analysis was
repeated, excluding 51 participants that were scanned with the
Philips scanner. Statistical conclusions were equivalent to those
from the full dataset when images from Philips scanner were
excluded (Supplementary File 2).

2.12. Statistical analysis

Table 1 summarizes study participants’ demographic and clin-
ical information. To assess the PVS volume fraction differences, we
used estimation statistics when comparing CN and MCI group dif-
ferences (Ho et al., 2019). To this end, we estimated the groupmean
difference by calculating the unpaired Cohen’s d effect size and the
confidence interval between the PVS volume fraction of CN andMCI
groups. To calculate the confidence interval of the effect size, 5000
bootstrap samples were taken. The confidence interval was bias-
corrected and accelerated (Ho et al., 2019). We also reported 2-
sided p-value of Mann-Whitney test, which was reported as the
likelihood of observing the effect size, if the null hypothesis of zero
difference is true. Secondary statistical analyses were performed to
incorporate potential confounds. To this end, one-way analysis of
covariates (ANCOVA) was conducted to determine a statistically
significant difference between CN and MCI individuals on the PVS
volume fraction, controlling for age, sex, and years of education
using a linear model. An interaction between cognitive status and
sex was also included in the model to examine if PVS group dif-
ferences in cognitive status are different between male and female
individuals. PVS estimates were calculated as a volume fraction,
defined as the volume of PVS in the region. For domain-specific
analysis, a similar approach with the same formulation was used,
but with the difference that CDR was used to make 2 groups: par-
ticipants with no cognitive deficit (i.e., CDR ¼ 0) and participants
with mild cognitive deficit (i.e., CDR ¼ 0.5). PVS was also assessed
across 68 white matter regions of the Desikan-Killiany atlas
(Desikan et al., 2006), which were obtained using recon-all module



Table 1
Participant summary information

Measures Cognitively normal MCI Statistical p-value

N 423 173
Female, n (%) 252 (59%) 73 (42%) 0.0001
Age (y) 73.04 � 7.36 75.56 � 8.16 0.0003
Education (y) 16.90 � 2.25 15.98 � 2.78 0.00007
Brain volume (mm3) 1,064,574 � 107,460 1,051,535 � 106,529 0.358
CDR globala 0.0 (0.0) 0.5 (0.0) 3 � 10�168

CDR memorya 0.0 (0.0) 0.5 (0.0) 6 � 10�133

CDR sum-of-boxesa 0.0 (0.0) 1.0 (1.5) 3 � 10�86

MMSEa 29.0 (1.0) 29.0 (3.0) 9 � 10�15

APOE status, n (%)e

ε3/ε3 212 (66%) 78 (61%)
ε3/ε4 99 (31%) 37 (29%)
ε4/ε4 10 (3%) 12 (9%)

Mean Ab PET (global SUVR)b 1.11 � 0.17 1.16 � 0.27 0.043
Mean Tau PET (entorhinal region)c 1.10 � 0.13 1.20 � 0.23 0.000014
History of hypertension, n (%)d 91 (34%) 44 (52%) 0.002
Systolic pressure (mm Hg) 133.9 � 17.8 134.1 � 18.0 0.863
Diastolic pressure (mm Hg) 75.0 � 9.6 73.4 � 8.4 0.051

Values are expressed as mean � SD or frequency (percent).
Key: Ab, amyloid beta; APOE, apolipoprotein E; CDR, clinical dementia rating; CN, cognitively normal; IQR, interquartile range; MCI, mild cognitive impairment; MMSE, Mini-
Mental State Examination; PET, positron emission tomography; SUVR, standardized uptake value ratio.

a Values are expressed as median (IQR) (normality hypothesis was rejected with D’Agostino and Pearson’s test; Pearson et al., 1977).
b n ¼ 259 participants had Florbetapir AV45 Ab PET data: n(CN) ¼ 171, n(MCI) ¼ 59.
c n ¼ 345 participants had Flortaucipir AV1451 Tau PET data: n(CN) ¼ 240, n(MCI) ¼ 79.
d n ¼ 378 participants (269 CN, 86 MCI) had data about history of hypertension.
e n ¼ 508 participants had APOE status data, n ¼ 60 with APOE ε2 were excluded in genotype analysis.
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of the FreeSurfer. The Benjamini-Hochberg procedure with a false
discovery rate of 0.05 was used to correct for multiple comparisons.
All ANCOVA statistical results are included in Supplementary File 3
and the significant regions are reported in the text. Throughout the
manuscript raw p-values are reported.

The association between PVS volume fraction and tau pathology,
as measured by PET, was investigated. For tau PET analysis, regional
SUVRs in medial temporal lobe regions associated with early AD
pathology were investigated. In particular, we examined whether
PVS volume fraction of asMTL is correlated with tau uptake in re-
gions with early AD pathology: entorhinal cortex (ERC) and para-
hippocampal cortex (PHC). The correlation between PVS volume
fraction and tau uptake was also compared in ERC and PHC. For
these analyses, we formulated a linear regression model to inves-
tigate whether PVS volume fraction is a predictor of Flortaucipir
(AV-1451) SUVR, adjusting for age, sex, education, and brain size. An
ordinary least square fitting was used to fit the linear regression to
the data using StatsModels Python library. A secondary analysis was
also performed including the continuous unthresholded Ab SUVR
as a covariate to compare the effect size of PVS volume fraction
against Ab SUVR.

We then looked into possible explanations for PVS volume
fraction mean differences between CN and MCI groups, including
amyloid PET, APOE status, and cardiovascular measures. For the
amyloid PET analysis, participants were categorized into CN and
MCI with and without amyloid presence, which was defined by a
cutoff at SUVR of 1.1 (Baker et al., 2017a; Landau et al., 2014, 2015;
Schöll et al., 2016). Mean PVS volume fractions were then
compared across Ab� and Abþ groups, correcting for age, sex, and
education.When the overall association between vascular and PVS
volume fraction and amyloid load was assessed, the continuous
unthresholded Ab SUVR values were used. Similar estimation
statistics framework was used for APOE status comparison and
cardiovascular measures. For the APOE-ε4 carrier status analysis,
participants were categorized into 3 groups based on the number
of APOE ε4 allele repeats: 0 for ε3/ε3, 1 for ε3/ε4, and 2 for ε4/ε4.
Participants with APOE-ε2 allele were excluded from genotype
analysis as it was shown to be a protective carrier (Panza et al.,
2000; Qiu et al., 2004). A secondary analysis was done including
APOE-ε2 allele, which resulted to the same conclusion (no associ-
ation was found).

Because of the pathological changes in blood vessels observed in
hypertension as well as the cerebrovascular response to the blood
levels of oxygen and carbon dioxide, which are 2 primary de-
terminants of ventilation (Battisti-Charbonney et al., 2011), we
explored the contributions of blood pressure and respiratory rate to
the PVS. Available cardiovascular risk factors including history of
hypertension and vital signs (systolic and diastolic pressures,
respiration rate, and temperature) were used as independent var-
iables to explain the variation of PVS volume fraction. Similar linear
regression modeling as above was used for this purpose, correcting
for age, sex, and education. The Benjamini-Hochberg procedure
with a false discovery rate of 0.05 was used to correct for multiple
comparisons (Fig. 6 and Supplementary File 4).

Hippocampal volumes were extracted from FreeSurfer outputs
and compared across groups. Given the significant hippocampal
volume difference (CN > MCI: p ¼ 5 � 10�12), additional statistical
analysis was performed, including hippocampal volume as covariate
for MTL results. PVS difference of the asMTL remained significantly
different between CN and MCI after incorporating hippocampal
volume as a covariate: left asMTL (CN > MCI: F(1, 532) ¼ 6.11, p ¼
0.013) and right asMTL (CN > MCI: F(1, 532) ¼ 4.51, p ¼ 0.03).

Finally, given the significant difference in the age and sex dis-
tribution between the CN and MCI groups (Table 1), a secondary
analysis was done on an age- and sex-matched subgroup. This
subgroup included a random sample of participants with the same
sex and comparable age equally distributed in the CN and MCI
groups. The demographic and clinical information about the age-
and sex-matched subgroup is summarized in Table 2.

3. Results

A higher total amount of PVS was observed in the normative PVS
map of MCI participants compared to CN participants (Fig. 1). The
increased PVS in MCI compared to CN participants was most
evident in the CSO-WM. Surprisingly, PVS percentage on the
normative template was notably lower in MCI compared to CN in
the asMTL (yellow arrow in Fig. 1). The tau SUVR in the ERC was



Table 2
Participant summary information of the age- and sex-matched subgroup

Measures Cognitively normal MCI Statistical p-value

N 173 173
Female, n (%) 73 (42%) 73 (42%) 1
Age (y) 75.57 � 8.06 75.56 � 8.16 0.984
Education (y) 16.85 � 2.51 15.98 � 2.78 0.004
Brain volume (mm3) 1,085,078 � 107,438 1,051,535 � 106,529 0.469
CDR globala 0.0 (0.0) 0.5 (0.0) 3 � 10�86

CDR memorya 0.0 (0.0) 0.5 (0.0) 5 � 10�65

CDR sum-of-boxesa 0.0 (0.0) 1.0 (1.5) 1 � 10�41

MMSEa 29.0 (1.25) 29.0 (3.0) 3 � 10�7

Values are expressed as mean � SD or frequency (percent).
Key: CDR, clinical dementia rating; IQR, interquartile range; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; SD, standard deviation.

a Values are expressed as median (IQR) (normality hypothesis was rejected with D’Agostino and Pearson’s test; Pearson et al., 1977).
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significantly higher in MCI compared to CN participants (Cohen’s
d¼ 0.6, p¼ 0.0014), while group differences in global Ab SUVRwere
not observed (Cohen’s d ¼ 0.17, p ¼ 0.2). To enable statistical
analysis to assess the association of asMTL with demographic,
cognitive, and neuropathological measurement, an ROI of the
asMTL was drawn on the study T1w MRI template and was used to
estimate PVS volume fraction in asMTL. Other regions of the MTL
white matter are included in the Desikan-Killiany atlas (Desikan
et al., 2006) used in this study.

No asymmetry was observed in CSO-WM (p¼ 0.6) and therefore
the total CSO-WMwas used for the rest of the analysis. PVS volume
fraction of the CSO-WMwas higher inMCI compared to CN (Fig. 2D:
p¼ 0.007 and Cohen’s d¼ 0.27). We found a significant effect of age
Fig. 2. PVS volume fraction in asMTL was significantly lower in MCI participants compared
significant PVS volume fraction differences between CN and MCI participants were observed
[CI]) for the group differences between CN and MCI using estimation statistics (Ho et al., 2019
in asMTL was asymmetrical across both CN and MCI groups (E); mean and standard errors a
shown in (D). (FeH) plots compare PVS volume fraction of the asMTL (F, H) and CSO-WM (
dimensional; asMTL, anterosuperior medial temporal lobe; CDR, clinical dementia rating; C
cognitive impairment; PVS, perivascular space.
on PVS volume fraction of CSO-WM (F(1, 532) ¼ 33.6, p ¼ 1 �10�8),
whereas we did not find any significant effect of the cognitive status
(p ¼ 0.08) or sex (p ¼ 0.11) individually. However, we observed a
significant effect of the interaction of cognitive status and sex on
PVS volume fraction of the CSO-WM after controlling for age and
years of education (F(1, 532) ¼ 4.05, p ¼ 0.044). When PVS volume
fraction of CSO-WM was assessed separately in male and female
groups, we found a significant effect of cognitive status on PVS
volume fraction after controlling for age and years of education in
females (MCI > CN: F(1, 280) ¼ 10.63, p ¼ 0.001), but no significant
difference between CN andMCI inmales (F(1, 249)¼ 0.02, p¼ 0.88).
In the female group, the adjusted F ratio of the cognitive status was
almost as high as the age effect on the PVS volume fraction (F(1,
to CN. A 3D render of the asMTL on template space is presented in (A). Bilateral and
in asMTL (B, C). Unpaired Cohen’s d effect size and confident intervals were reported (d
). Two-sided p-value of Mann-Whitney test was also reported. The PVS volume fraction
re shown. Diagnostic group comparison on PVS volume fraction across the CSO-WM is
H) when study participants were categorized based on CDR. Abbreviations: 3D, three-
N, cognitively normal; CSO-WM, centrum semi-ovale of the white matter; MCI, mild
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280) ¼ 14.66, p ¼ 0.0001). When PVS volume fraction of CSO-WM
was assessed separately in CN and MCI participants, we observed
a significantly higher PVS volume fraction in males compared to
females (p ¼ 0.0002, Cohen’s d ¼ 0.38), but no sex difference in the
MCI group (p ¼ 0.99).

The PVS volume fraction in the asMTL region was significantly
higher in the right hemisphere compared to the left in both CN (p¼
7 � 10�13) and MCI (p ¼ 0.0001) groups (Fig. 2E). Therefore, sta-
tistical analyses were conducted separately for each hemisphere. A
significantly lower PVS volume fraction in MCI compared to CN
groups was observed (Fig. 2B and C) in both left (p ¼ 0.00006) and
right (p¼ 0.00003) asMTL. After correcting for age, sex, and years of
education, the effect of cognitive status on PVS volume fraction
remained significant in the left asMTL (F(1, 532) ¼ 11.25, p ¼
0.0008), which explained a higher variance in the model compared
to the effect of age on PVS volume fraction (F(1, 532) ¼ 8.04, p ¼
0.005). No other covariate significantly affected the PVS volume
fraction. Similarly in right asMTL, we found a significant effect of
cognitive status on PVS volume fraction after correcting for age, sex,
and years of education (F(1, 532) ¼ 12.94, p ¼ 0.0003), which
explained a higher variance in the model compared to the effect of
age on PVS volume fraction (F(1, 532)¼ 11.96, p¼ 0.0006). No other
covariate significantly affected the PVS volume fraction.

When participants were categorized based on CDR scores
(Fig. 2F and G), the same patternwas observed: PVS volume fraction
of asMTL was significantly lower in participants with signs of
cognitive deficit (CDR ¼ 0.5) compared with CN individuals bilat-
erally (CDR ¼ 0) (left asMTL: p ¼ 0.00001, right asMTL: p ¼
0.00001).

When regional analyses across white matter were performed on
the effect of cognitive status on PVS volume fraction, 4 regions
survived the multiple comparison correction and remained signif-
icantly different after correcting for age, sex, and years of education:
left medial orbitofrontal region (MCI > CN), F(1, 532) ¼ 3.93, p ¼
0.048; left pars opercularis (MCI > CN), F(1, 532) ¼ 4.77, p ¼ 0.029;
left rostral middle frontal region (MCI > CN), F(1, 532) ¼ 4.16, p ¼
0.041; and right entorhinal region (MCI < CN), F(1, 532) ¼ 6.36, p ¼
0.012. A complete list of statistical results is presented in
Supplementary File 3. In all these regions, theMCI group had higher
PVS volume fraction than CN, except for the entorhinal region,
where the CN group had higher PVS volume fraction, corroborating
findings from the analysis of the asMTL region. No significant dif-
ference was observed in other regions of MTL. The asMTL difference
was associated with hippocampal volume (left asMTL: F(1, 532) ¼
6.11, p ¼ 0.013; right asMTL: F(1, 532) ¼ 21.14, p ¼ 0.000005;
incorporating age, sex, and years of education as covariates), but not
confounded by it. When hippocampal volume was included in the
analysis, the PVS volume fraction difference between CN andMCI in
asMTL remained statistically significant (left asMTL, CN > MCI: F(1,
532) ¼ 6.11, p ¼ 0.013; right asMTL, CN > MCI: F(1, 532) ¼ 4.51, p ¼
0.03; incorporating age, sex, and years of education as covariates).

When the age- and sex-matched subgroup was analyzed
(Table 2), similar conclusions were reached (i.e., CN participants
presented higher PVS volume fraction in asMTL and lower PVS
volume fraction in CSO-WM). In brief, PVS volume fraction of asMTL
was significantly higher in CN compared to MCI: left asMTL, CN >

MCI: F(1, 309) ¼ 17.3, p ¼ 0.00004; right asMTL, CN > MCI: F(1,
309) ¼ 18.52, p ¼ 0.00002; incorporating age, sex, and years of
education as covariates. PVS volume fraction of CSO-WM was
significantly higher in MCI compared to CN in females (F(1, 124) ¼
6.09, p ¼ 0.015; incorporating age, sex, and years of education as
covariates), but notmales (F(1, 183)¼ 0.79, p¼ 0.37). In the regional
analysis, same conclusions were made in the subgroup analysis for
right entorhinal (MCI < CN: F(1, 341) ¼ 10.04, p ¼ 0.002) and left
pars opercularis regions (MCI > CN: F(1, 341) ¼ 5.17, p ¼ 0.023), but
not left medial orbitofrontal and left rostral middle frontal regions,
incorporating age, sex, and years of education as covariates.

PVS volume fraction in the asMTL was significantly associated
with tau PET SUVR in the ERC, which is a pathological hallmark of
AD in the first stages (Braak stages I: Braak and Braak, 1996). The
association appeared to be lateralized, in which only the tau SUVR
on the right ERC showed significant correlation with the PVS vol-
ume fraction of the ipsilateral white matter of the asMTL (Fig. 3B)
(beta (SE) ¼ �0.98 (0.4), p ¼ 0.014, corrected for age, sex, and ed-
ucation). Unlike ERC, we did not observe significant associations
between asMTL PVS volume fraction and tau uptake in the HC or
PHC bilaterally (Fig. 3C; p > 0.27). We observed that PVS volume
fraction was associated with tau uptake in regions associated with
Braak I (i.e., ERC; Fig. 3F), but the association was weaker (and non-
significant) for tau uptake in the parahippocampal region (Fig. 3F;
p ¼ 0.25).

No significant associations between PVS volume fraction and tau
or Ab SUVRwere found inwhite matter regions associated with late
Braak stages. We only observed a weak non-significant association
between PVS volume fraction of medial orbitofrontal white matter
and Ab SUVR of medial orbitofrontal cortex (F(1, 224) ¼ 3.29, p ¼
0.07).

PVS volume fractions across different regions were independent
of amyloid load or APOE ε4 status (Figs. 4, 5). A second linear
regression was performed using cerebral amyloid load values (Ab
SUVR) as a predictor of PVS volume fraction, using age, sex, and
years of education as covariates, which showed no significant
relationship between Ab uptake and PVS volume fraction (p¼ 0.61).
The same conclusion was drawn when the analysis was performed
on CN and MCI groups separately. No differences in mean PVS
volume fraction between Ab� and Abþ participants were observed
in MCI and CN participants (CN [left asMTL]: p ¼ 0.75; CN [right
asMTL]: p¼ 0.98; MCI [left asMTL]: p¼ 0.55; MCI [right asMTL]: p¼
0.16; CN [CSO-WM]: p ¼ 0.95; MCI [CSO-WM]: p ¼ 0.15;
Supplementary Fig. 3). We also observed no PVS volume fraction
difference across participants with different APOE ε4 repeats
(Fig. 5).

When total asMTL PVS volume fraction and composite cerebral
amyloid load values (Ab SUVR) were included in the same logistic
regression model to predict the cognitive status (MCI vs CN), the
asMTL PVS (beta (SE) ¼ �0.33 (0.1); t ¼ �2.3; p ¼ 0.019; lower in
MCI) was a stronger predictor than that of PET SUVR (beta (SE) ¼
2.26 (1.2); t ¼ 1.8; p ¼ 0.07; higher in MCI), supporting the hy-
pothesis that alterations in the supply and clearance of the asMTL is
an early feature of AD-related cognitive decline. No association
between PVS volume fraction and CSF biomarkers were found
(Supplementary File 5). Continuous data of CSF Ab1-42, Ab1-40, tau
and phosphorylated tau (p-Tau) were used for the association
analysis, adjusting for age, sex, years of education, and brain size.

Finally, hypertension and vital sign relation with PVS measures
were assessed (Fig. 6). Participants with a history of hypertension
had significantly higher PVS volume fraction in the CSO-WM (p ¼
0.0007) and significantly lower PVS volume fraction in the left
asMTL (p ¼ 0.006). These differences were no longer statistically
significant when age, sex, and years of educationwere included (the
difference was mainly explained by age and years of education). We
only noted a marginal difference between PVS volume fraction of
the CSO-WM in female participants with and without history of
hypertension (higher PVS volume fraction in female with history of
hypertension: F(1, 163) ¼ 3.59, p ¼ 0.05). After exploring the vital
signs (systolic, diastolic and pulse pressure, respiration rate, and
temperature), we observed a significant inverse association be-
tween respiration rate and PVS volume fraction in the asMTL (p ¼
0.004, adjusted for age, sex, and education), in which tachypneic
participants (respiration rate >20 per minute) had lower PVS



Fig. 3. PVS volume fraction was associated with early AD pathology. Studied regions of interest are shown in (A). PVS volume fraction of the asMTL was a predictor of Tau uptake
(AV1451 PET Tau SUVR) in ERC (B) (right asMTL: p ¼ 0.01, left asMTL: p ¼ 0.07, corrected for age, sex, education, and brain size), in contrast with PVS volume fraction of the CSO-WM
(p ¼ 0.4) (E). A non-significant correlation between PVS volume fraction of asMTL and Tau uptake in ERC and PHC was observed (C, D). Participants with lower PVS volume fraction
in asMTL appeared to have higher amount of Tau in ERC. The correlation between asMTL PVS volume fraction and Tau SUVR was highest in regions involved in early AD pathology
(i.e., ERC as per Braak stage I), and the association was weaker for PHC (F). The association analysis was performed in a subset of the population including participants with both Tau
PET and MRI data (n ¼ 319; n(CN) ¼ 240, n(MCI) ¼ 79). Abbreviations: AD, Alzheimer’s disease; asMTL, anterosuperior medial temporal lobe; CN, cognitively normal; CSO-WM,
centrum semi-ovale of the white matter; ERC, entorhinal cortex; MCI, mild cognitive impairment; MRI, magnetic resonance imaging; PET, positron emission tomography; PHC,
parahippocampal cortex; PVS, perivascular space; SUVR, standardized uptake value ratio; WM, white matter.
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volume fraction in the asMTL. After including variables with sta-
tistically significant associations with PVS (i.e., history of hyper-
tension and respiration rate) into the analysis of PVS difference by
cognitive status (CN vs MCI), all statistical conclusions regarding
cognitive group differences remained unchanged.

4. Discussion

In this study, we examined the distribution of regional white
matter PVS alterations in individuals with MCI and CN older adults.
Our findings show that older adults with MCI present with alter-
ations to the PVS, specifically in the asMTL and CSO-WM. PVS vol-
ume fraction was higher in the CSO-WM of individuals with MCI,
and this effect was driven by females. Surprisingly, individuals with
MCI showed lower PVS volume fraction in the asMTL, which was
highly correlated with tau uptake in regions affected in the early
stages of AD progression. Finally, individuals with a history of hy-
pertension present with higher PVS volume fraction in the CSO-
WM and lower PVS volume fraction in the asMTL.

PVS enlargement in the CSO-WM is a commonly used biomarker
for cerebrovascular pathology (Doubal et al., 2010; Ishikawa et al.,
2018). Overall, our results demonstrate significantly larger PVS
volume fractions in the CSO-WM of individuals with MCI compared
to elderly CN controls. Our results are consistent with previous
findings of PVS enlargement in the CSO-WM of patients with MCI
(Chen et al., 2011), AD (Banerjee et al., 2017; Chen et al., 2011), and
cerebral amyloid angiopathy (Charidimou et al., 2015, 2017), as well
as normal aging (Charidimou et al., 2013; Doubal et al., 2010).
Similar to previous evidence showing the PVS burden in the CSO-
WM is greater in CN males compared to females (Ramirez et al.,
2015), we observed that CN males present higher PVS volume
fraction compared to CN females, whereas no significant difference
was found between females and males in the MCI group. In fact,
MCI females showed higher PVS volume fraction in the CSO-WM
compared to CN females, reaching values comparable to both CN
and MCI males. It is possible that the PVS volume fraction of male
healthy controls appear similar to those found in male MCI patients
due to a higher baseline level of PVS in healthy males compared to
females. Nevertheless, whether the differences in PVS between
males and females are related to hormonal effects on the peri-
vascular flow, structural anatomical variations, and/or sex differ-
ences in astrocytic response to inflammation, remain to be explored
(Ramirez et al., 2016).

The asMTL region presented an asymmetric distribution of PVS
across the 2 hemispheres, with the right asMTL having a higher PVS
volume fraction than the contralateral side, irrespective of cognitive
status. This asymmetric pattern observed both in CN and in MCI
groups suggests that a lateralization of PVS in asMTL is possibly a



Fig. 4. PVS volume fraction of the asMTL and CSO-WM was not associated with the amyloid beta uptake, as measured by positron emission tomography. Ab�/þ categorization was
applied based on Florbetapir cortical summary measurement (SUVR). Florbetapir cutoff of 1.11 using the whole cerebellum region was used as a reference. Equivalent statistical
conclusions were drawn when we used a cutoff of 0.79 in a composite reference region including cerebellum, brainstem/pons, and eroded subcortical white matter. Linear
regression analysis using Ab SUVR also showed no association between Ab uptake and PVS volume fraction (p ¼ 0.61). When regional values of Ab SUVR were used (instead of global
SUVR), no associations were observed (p > 0.6 for all tests). Abbreviations: Ab, amyloid beta; asMTL, anterosuperior medial temporal lobe; CSO-WM, centrum semi-ovale of the
white matter; PVS, perivascular space; SUVR, standardized uptake value ratio.
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normal physiological asymmetry and not related to pathology.
Perlmutter et al. (1987) reported significantly higher cerebral blood
flow and metabolic rate in the right superior temporal region of
normal subjects using PET imaging, which was interpreted as a
normal physiological asymmetry.

Within the medial temporal lobe, a region intimately connected
with the limbic system and anatomically in contact with the
hippocampus, PVS content was associated with cognitive status in
the white matter of the anterior superior MTL and right entorhinal
region. The asMTL reflects the region adjacent to the anterior part of
the superior temporal gyrus that receives blood supply from the
anterior temporal arteries and their sub-branches (Supplementary
Fig. 2) (De Long, 1973). Interestingly, we found the PVS volume
fraction of the asMTL and right entorhinal region was significantly



Fig. 5. PVS volume fraction of the asMTL and CSO-WM was not associated with APOE ε4 allele repeats. Participants were categorized based on the number of APOE ε4 allele repeats.
Abbreviations: APOE, apolipoprotein E; asMTL, anterosuperior medial temporal lobe; CSO-WM, centrum semi-ovale of the white matter; PVS, perivascular space.
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lower in patients with MCI compared to CN aging controls. This
finding is in opposition to the conventional view that PVS dilation
in cerebral white matter is a pathological feature of progressive
glymphatic dysfunction in AD (Troili et al., 2020). However, previ-
ous studies of PVS enlargement in neurodegeneration have focused
on the CSO-WM (Banerjee et al., 2017; Chen et al., 2011; Ramirez
et al., 2015), basal ganglia (Banerjee et al., 2017; Chen et al., 2011;
Ramirez et al., 2015; Zhu et al., 2010a), hippocampus (Chen et al.,
2011), or global white matter (Zhu et al., 2010a) and there is
limited evidence of regional differences in PVS content within the
medial temporal lobe of individuals with MCI and AD.

In order to characterize the nature of the observed PVS alter-
ations within the asMTL of MCI subjects, we explored associations
Fig. 6. History of hypertension and respiration rate is differentially associated with the PVS v
associated with PVS volume fraction in asMTL, but not associated with PVS volume fraction
higher PVS volume fraction in CSO-WM; PVS volume fraction in asMTL was lower in partici
Abbreviations: asMTL, anterosuperior medial temporal lobe; CN, cognitively normal; CSO-
perivascular space.
with more specific characteristics of AD pathology, such as depo-
sition of amyloid beta plaques and tau neurofibrillary tangles, and
genetic risk factors for AD. In this study, lower PVS volume fraction
in the asMTL of patients with MCI was associated with higher tau
PET SUVR but was independent of cerebral Ab PET SUVR and APOE4
status. This association with tau was found in the ERC, a region
implicated in the pre-clinical stages of AD (Braak stages I) (Braak
and Braak, 1991). The lower amount of PVS in the asMTL of in-
dividuals with MCI was concomitant with pathological alterations
unique to the neurodegenerative processes that characterize early
stages of AD progression. A previous cross-sectional study of Ab
deposition using PET in patients with MCI and AD similarly found
no association between PVS content and Ab uptake (Banerjee et al.,
olume fraction. First row: Respiratory rate (number of breaths per minute) is negatively
in CSO-WM. Second row: Participants with history of hypertension had significantly

pants with history of hypertension (but not significant after correcting for covariates).
WM, centrum semi-ovale of the white matter; MCI, mild cognitive impairment; PVS,
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2017), but the association with tau deposition was not investigated.
Recent studies also demonstrated that pathological phenomena
associated with PVS alterations, such as neurovascular dysfunction
and BBB breakdown, occur early in AD and independently of Ab and
tau (Montagne et al., 2020; Nation et al., 2019). Therefore, addi-
tional studies are required to validate this finding and define the
diagnostic role of PVSs for the detection of early pathology leading
to cognitive dysfunction.

Pathological changes in the structure and/or function of the
cerebral microvasculature have been shown to play a major role in
dementia (Bakker et al., 2016; Khachaturian et al., 2019; Malone
et al., 2019) and hypertension is a significant risk factor for neuro-
degenerative disease (Faraco and Iadecola, 2013). In this study, PVS
volume fraction was significantly lower in the asMTL and signifi-
cantly higher in the CSO-WM in patients with a history of hyper-
tension. Previous research on the association between PVS and
hypertension shows mixed results: there is evidence that suggests
PVS in the CSO-WM increases (Arba et al., 2018; Hurford et al., 2014;
Zhang et al., 2016), decreases (Charidimou et al., 2014), or does not
change (Potter et al., 2015; Riba-Llena et al., 2016) in the presence of
hypertension. Indeed, there is accumulating evidence that the PVS
of the basal ganglia, not the CSO-WM, is more strongly associated
with vascular risk factors (Troili et al., 2020). The relationship be-
tween lower PVS volume fraction in the asMTL and a history of
hypertension is therefore inquisitive and may suggest a heteroge-
neous glymphatic response to cerebrovascular stressors across the
white matter. Future studies should aim to disentangle the complex
variables that contribute to the overall vascular health of patients.

The PVS becomes visible when enlarged and represents a
pathological feature of brain vascular damage that indicates
obstruction of the CSF/interstitial fluid flow and impairment of the
waste clearance system. It is unclear whether PVS enlargement is a
cause or consequence of reduced fluid clearance; however, it is
associated with a cascade of neurodegenerative, cerebrovascular,
and immunological responses. Dilation of the PVS may be attrib-
uted to impaired arterial pulsatility and reduced arterial elasticity
(Hadaczek et al., 2006; Iliff et al., 2013; Kress et al., 2014) and the
white matter may be particularly vulnerable to the deleterious ef-
fects of impaired cerebrovascular reactivity due to the naturally
slower blood flow and fewer capillaries that supply the white
matter compared to cortical and subcortical gray matter (Lin et al.,
2017; Nonaka et al., 2003). Preclinical evidence in a pericyte-
deficient mouse model supports the hypothesis that BBB break-
down leads to extravascular accumulation of blood-derived toxic
fibrin deposits, with enlargement of PVS and early white matter
damage preceding alterations caused by hypoxia in the cortex
(Montagne et al., 2018). Alterations to PVS are also associated with
systemic inflammation (Schiltz and Sawchenko, 2003), which af-
fects BBB integrity. Pro-inflammatory cytokines induce inflamma-
tory cells to aggregate around the brain vasculature and degrade the
extracellular matrix, resulting in BBB dysfunction and alterations to
the brain clearance system (Bechmann et al., 2001; Guillemin and
Brew, 2004; Rosenberg, 2017). It has also been proposed that the
impairment of the glymphatic flow through PVS enlargement
might reduce the clearance of metabolic waste products, including
Ab and tau (Rasmussen et al., 2018), whose deposits could further
impair the perivascular drainage, leading to their ulterior accu-
mulation in a “feed-forward” process. Because the signal measured
in PVS strictly depends on the CSF signal, it is possible that the
lower PVS volume fraction observed in the asMTL of patients with
MCI may represent a consequence of an early occlusion and/or
obstruction of the PVSs, resulting in loss of CSF signal and decreased
detectability of PVS prior to its subsequent dilation.

The diverging relationship between PVS volume fraction and
cognitive status within the CSO-WM and asMTL suggests that PVS
alterations in the early stages of cognitive decline may follow
heterogenous trajectories of dysfunction depending on the cerebral
area. In fact, PVS and their associated perforating arteries present
specific morphological features in different brain regions (notably,
basal ganglia and centrum semi-ovale) (Adachi et al., 1998) and
therefore their alterations might be caused by multiple types of
pathological processes, possibly resulting in different types of clinical
and neuroimaging manifestations. It is also possible that the
observed association between normal cognitive status and higher
asMTL PVS volume reflects the greater amount of compensatory
supply to or clearance from the MTL in CN compared to MCI, which
might represent a protective mechanism against cognitive impair-
ment. However, whether perivascular flow impairment with
reduced clearance is attributed to different pathological phenomena
in the asMTL and CSO-WM remains to be explored by future studies.

Although our results suggest that PVS may represent a novel
indicator of early pathophysiological processes leading to cognitive
impairment, several limitations exist. This study utilizes a cross-
sectional design, which limits our ability to attribute observed
PVS differences to a pathological origin. Because aging is associated
with the dysfunction of the clearance system (Kress et al., 2014),
future longitudinal studies that focus on examining the alteration
of the PVS as a function of the pathophysiology and cognitive
decline are demanded to further validate our findings and to
evaluate the efficacy of PVS mapping as a surrogate for brain
clearance and vascular health. Another limitation is the potential
error in automated segmentation approach, similar to any other
automated technique. Here we applied a technique that was
developed and validated on Human Connectome Project data,
which has higher resolution than ADNI (0.7 mm3 vs. 1 mm3). To
address this limitation, we manually assessed 25 randomly
selected data and evaluated the accuracy of our methodology.
We noted high accuracy of the automated technique, especially
when FLAIR data were used to correct the misclassified white
matter hyperintensities.

Given the limited sensitivity and specificity of T1w images to
vascular presence and integrity, we were not able to examine the
mechanisms underlying the observed PVS differences. To ensure
that the results we found in asMTL were not confounded by the
presence of white matter hyperintensities, which we excluded
from the study, we compared voxels that were segmented as
white matter hyperintensities in FLAIR images across CN and MCI
and found no significant difference (p ¼ 0.7). It is also funda-
mental to consider that the MRI-based PVS analysis strongly
relies on the image resolution: higher resolution corresponds to
increased PVS detection and improved segmentation (Barisano
et al., 2018; Madai et al., 2012; Zong et al., 2016). Small PVSs
remain still undetected on MRI or are not discernible from noise.
This limitation made it difficult to identify on MRI the submilli-
meter pathological changes in PVS, which are hypothetically
supposed to occur at the very early pre-clinical stages of the
disease. It is difficult to separate the vasculature from the PVS
itself with the current resolutions and contrasts available with
MRI. It is also possible that the observed PVS reductions may be
driven by restrictions within the vasculature itself. Recently, it
has been shown that the vascular reserve in hippocampus is
associated with cognitive performance (Perosa et al., 2020).
Finally, quantitative characteristics of the PVS using non-invasive
techniques, such as diffusion MRI, could be used to extract
submillimeter information (Sepehrband et al., 2019b,c).

5. Conclusions

In conclusion, we observed that PVS presence and distribution
are different in individuals with MCI compared to healthy controls.
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Our results demonstrate in vivo that PVS volume fraction of the
CSO-WM is higher in MCI compared to CN, and that this difference
is mostly found in females. Moreover, we showed that PVS volume
fraction is significantly lowerwithin the asMTL of patients withMCI
compared to CN, and the lower PVS content in this region was
associated with higher aggregation of tau neurofibrillary tangles.
Together, these results suggest that PVS alterations in the asMTL
may represent an early feature of AD pathology. This discovery
encourages further investigation of the cerebral PVS in terms of
pathophysiology, diagnostic role, and new potential therapeutic
strategies for cognitive dysfunction.
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