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Abstract
Background and Objectives
Perivascular spaces (PVS) visible on MRI scans may represent key aspects in the pathophys-
iology of stroke and dementia, including cerebral small vessel disease and glymphatic dys-
function. This study aimed to determine the association between MRI-visible PVS burden and
the risk of incident dementia.

Methods
This study included community-dwelling Framingham Heart Study Original and Offspring
cohort participants with available brain MRI-PVS ratings, free of stroke and dementia. Multi-
variable Cox proportional hazard regression was used to obtain hazard ratios (HRs) and 95%
CIs of the association between MRI-visible PVS and incident dementia. PVS were rated using
validated methods in the basal ganglia (BG) and centrum semiovale (CSO). The outcomes
included all-cause dementia, Alzheimer dementia (AD), and vascular dementia (VaD).

Results
One thousand four hundred forty-nine participants 50 years or older (46% male) were in-
cluded. Over a median follow-up period of 8.3 years, the incidence of all-cause dementia, AD,
and VaD was 15.8%, 12.5%, and 2.5%, respectively. In models that adjusted for vascular risk
factors and cardiovascular disease, the hazard for dementia increased steadily as PVS burden
increased, rising 2-fold for those with grade II PVS (HR 2.44, 95% CI 1.51–3.93) to 5-fold in
participants with grade IV (HR 5.05, 95%CI 2.75–9.26) compared with grade I PVS in CSO. In
the BG, hazards increased 1.6-fold (HR 1.62, 95% CI 1.15–2.27) for grade II to 2.6-fold
(HR 2.67, 95% CI 1.04–6.88) for grade IV compared with grade I PVS. The association
remained significant for CSO but not for BG, after adjustment for white matter hyperintensity
volume (WMHV), covert infarcts, and total brain volume. Similar findings were observed for
AD, but VaD, limited by a small number of events, was not statistically significant.

Discussion
Higher burden of PVS in CSO was associated with increased risk of developing dementia,
independent of vascular risk factors, total brain volume, WMHVs, and covert infarcts. This
finding supports a role for PVS as a subclinical MRI marker to identify individuals in subclinical
stages at high risk of developing dementia who may benefit from early intervention.
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Dementia devastates individuals and families and has reached
epidemic proportions with over 5 million individuals affected in
the United States,1 43.8 million worldwide,2 and its prevalence is
expected to rise over the short term.1,2 Impairment of peri-
vascular drainage (glymphatic dysfunction) and cerebral small
vessel disease (CSVD) may play a mechanistic role in cognitive
disorders ranging from cognitive impairment to dementia.3,4

Neuronal function is closely linked to cerebrovascular health;
thus, neurovascular unit (i.e. neuron, glia, and vessel) dysfunc-
tion5 in brain disease is likely to be intimately related to dys-
function of vascular supply. Perivascular spaces (PVS) are one of
the components linking neurovascular units with larger cerebral
vessels, located in the interface between small vessels and neu-
rons, and serve as routes for clearance ofmetabolites such as beta
amyloid (Aβ).6

Animal studies have suggested that as arterioles transition toward
the cerebral microcirculation, PVS surrounding the larger arte-
rioles transition to virtual spaces7 that at the microcirculation
level are enriched in aquaporin 4 channels,8,9 forming part of the
blood-brain barrier and participating in the fluid and metabolite
exchange with the interstitial brain parenchymal compartment.
Reduced perivascular aquaporin-4 has been found in individuals
with AD and associated with increased Aβ deposition and Braak
stage.10 Additional animal studies using confocal microscopy
have shown visualization of perivascular flow in vivo and further
suggest that perivascular flow may be impaired because of hy-
pertension,11 suggesting that dysfunction of perivascular flow
may be related to adverse effects of vascular risk factors such as
hypertension.

Perivascular spaces visible on MRI can be quantified and may
reflect CSVD and dysfunction of the metabolite clearance routes
(i.e. glymphatic dysfunction).12,13 Perivascular drainage dys-
function and CSVD in asymptomatic individuals likely develop
gradually over many years. Thus, detection and quantification of
visible PVS on MRI may serve as subclinical markers of vascular
risk and neurodegeneration andmay be a useful tool for early risk
stratification of individuals at risk of dementia. However, prior
meta-analyses have found conflicting evidence in the relation of
PVS and cognitive disorders with significant heterogeneity be-
tween studies and variability in methods, calling for additional
studies to help determine potential pathophysiologic in-
volvement of PVS in neurodegenerative disorders.14,15 In view of
the epidemic proportions of dementia in the United States and
worldwide, early detection of individuals at heightened risk

becomes an essential task and early risk stratification, in turn, is
essential for delineation and implementation of effective pre-
ventive measures for dementia.

In addition to a potential role as early marker of dementia risk,
PVS may reflect the effects of the most common forms of
sporadic CSVD: hypertensive arteriopathy (predominantly
affecting deep brain regions) and cerebral amyloid angiopathy
(CAA, affecting lobar brain regions), with mixed distribution
representing an interplay of both or advanced hypertensive
vascular injury.16,17 The prevalence of these arteriopathies in
autopsy studies is around 10%–30% of older persons and
35%–90% of all persons with dementia.18-20 Thus, PVS may
represent a subclinical biomarker of high relevance, reflecting
key aspects in the pathophysiology of dementia. The aim of
this study was to assess the association of PVS with incident
dementia in a large sample of community-dwelling individuals
and evaluate differences in this association according to the
brain topography of PVS.

Methods
Sample
The Framingham Heart Study (FHS) Original and Offspring
cohorts were included in this study. TheOriginal cohort (Gen
1, N = 5,209) comprised two-thirds of all adult men and
women residing at that time in the town of Framingham, MA,
and was examined every 2 years 32 times. The Offspring
cohort (Gen 2, N = 5,124) started enrollment in 1971 and
comprised children of the Original cohort and the spouses of
these children. They have been examined every 4 years and
are now in the 10th examination cycle.

FHS participants were eligible for this study if they had
available PVS, covariate, and incident dementia data. Par-
ticipants were selected from the Original and Offspring co-
horts, were older than 50 years and free of prevalent
dementia, stroke, and other neurologic conditions known to
affect brain MRI (such as tumor, multiple sclerosis, and head
trauma).

There were a total of 5,341 PVS ratedMRI records from 4,085
FHS participants with corresponding clinic examination data.
For subjects who had more than one PVS rating, we used the
first available record. Of these 4,085 participants, 1,953 were

Glossary
Aβ = beta amyloid; AD = Alzheimer dementia; BG = basal ganglia; CAA = cerebral amyloid angiopathy; CBI = covert brain
infarcts;CMB = cerebral microbleeds;CSO = centrum semiovale;CVD = cardiovascular disease;CVSD = cerebral small vessel
disease; DBP = diastolic blood pressure; DSM IV = Diagnostic and Statistical Manual of Mental Disorders, 4th edition; HR =
hazard ratio; ICC = intraclass correlation coefficient; FHS = Framingham Heart Study; PVS = perivascular spaces; SBP =
systolic blood pressure; TCBVr = total cranial to brain volume; TE = echo time; VaD = vascular dementia; WMHV = white
matter hyperintensity volume.
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from the Original and Offspring Cohorts and were 50 years or
older at the time of the MRI scan. One hundred forty par-
ticipants were excluded because of prevalent stroke or de-
mentia or other neurologic conditions, and an additional 364
participants were excluded because of missing outcome or
covariate data, yielding a study sample of 1,449 participants.
The sample selection is shown in Figure 1.

The Original and Offspring cohorts of the FraminghamHeart
Study participants are of predominant White race (91%).

Standard Protocol Approvals, Registrations,
and Patient Consents
The Institutional Review Board of Boston University Medical
Center approved the study protocol, and informed consent
was obtained from all subjects.

Brain MRI
Brain MRI acquisition measures and image processing meth-
ods have been described in detail.21,22 Participants were imaged
on a 1T (1999–2005) or 1.5T (after 2005)Magnetom scanner
(Siemens Medical, Erlangen, Germany). The 1.5T scanner
MRI protocol included a T2-weighted double spin-echo co-
ronal imaging sequence of 3-mm contiguous slices from nasion

to occiput with a repetition time of 3,300ms, echo time (TE) of
TE1 20/TE2 99 ms, echo train length 7, field of view 24 cm,
and an acquisitionmatrix of 228 × 256 interpolated to 456 × 512
with one excitation. The 1T scannerMRI protocol included a T2-
weighted double spin-echo coronal imaging sequence of 4-mm
contiguous slices from nasion to occiput with a repetition time
of 2,420ms, TE of TE1 20/TE2 90ms, echo train length 8ms,
field of view 22 cm, and an acquisition matrix of 182 × 256
interpolated to 256 × 256 with 1 excitation.

PVS Ratings
We used consensus criteria by the Standards for Reporting
Vascular Changes on Neuroimaging Criteria (STRIVE con-
sortium)23 to determine MRI characteristics of enlarged
perivascular spaces. In brief, PVS met the following criteria:
signal intensity similar to CSF on all sequences, adherence to
the course of penetrating vessels, linear (parallel to the pen-
etrating vessel) or round/ovoid (perpendicular to the pene-
trating vessel), and a diameter smaller than 3 mm.

MRI scans were rated by 3 experienced investigators (neu-
roradiologist, vascular neurologist, and a well-trained re-
search assistant) blinded to the subjects’ demographic,
clinical, and outcome information. When available, PVS
ratings were performed on T2-weighted axial MRI se-
quences using a validated method that grouped PVS
according to their brain topography into centrum semiovale
(CSO) and basal ganglia (BG).15 The burden of PVS was
categorized into grades based on PVS counts: I (1–10), II
(11–20), III (20–40), and IV (>40). A representative ex-
ample is shown in Figure 2.

A large subset of scans (legacy scans from the older MRI
dataset above) were rated using coronal acquisitions because
of the higher resolution in this sequence than in the axial
views, with a method similar to axial scan ratings that we
recently validated, further presented in eFigure 1 (links.lww.
com/WNL/C371) in the Supplement. Scans with available
axial and coronal views with good resolution showed that
PVS ratings in BG and CSO were highly correlated in both
sequences (intraclass correlation coefficient [ICC] = 0.90).
Scans with discrepancies and questions regarding the PVS
category or differentiation from mimics were resolved by
consensus.

PVS Rating Reliability Measures
Intrarater reproducibility was assessed for each rater, using 200
scans or 20 scans (depending on the rater), on 2 separate
occasions 2–4 weeks apart. The smaller number of scans to test
reproducibility was considered sufficient after extensive train-
ing of the rater. The order of scans was changed randomly
between the 2 reading sessions. Inter-rater reproducibility
measures were compared between the primary rater and sec-
ondary raters using 200 scans and 20 scans. The intrarater
reliability was good to excellent (ICC BG 0.76–0.81, CSO
0.76–0.83). Interrater reliability comparing 2 independent
readers was excellent (ICC BG 0.81–0.86, CSO 0.80–0.81).

Figure 1 Sample Selection
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Additional CSVD Markers on Brain MRI
We evaluated whether the relation of PVS with incident de-
mentia was independent of additional brain MRI markers of
CSVD: existent ratings of cerebral microbleeds (CMBs) and
covert brain infarcts (CBIs), white matter hyperintensity
volume (WMHV), and total brain volume, a marker of neu-
rodegeneration. The presence of CMB was performed using
T2*weighted sequences following the published guidelines.24

The presence of CBI was assessed following the Standards for
Reporting Vascular Changes on Neuroimaging (STRIVE)
criteria.23 Details of volumetric analyses for total brain volume
are detailed elsewhere25; we used the ratio of total cranial to
brain volume (TCBVr) to account for differences in head size.
WMHVs were measured using previously described methods
as noted, on the same MRI with available appropriate se-
quences (fluid attenuated inversion recovery or dual spin-
echo) that PVS were assessed.

Assessment of Incident Dementia
Dementia is defined using the DSM IV criteria.28 A diagnosis of
clinical Alzheimer dementia (AD) was based on the criteria of
the National Institute of Neurologic and Communicative
Disorders and Stroke and the AD and Related Disorders As-
sociation for definite, probable, or possible AD.29 The diagnosis
of vascular dementia (VaD)was based on theNational Institute
of Neurologic Disorders and Stroke-Association Internationale
pour la Recherche et l’Enseignement en Neurosciences crite-
ria.30 Participants with evidence of both clinical AD and VaD
were classified as having both diseases. All-cause dementia in-
cluded dementia cases of any type, including AD and VaD.

Detailed description of the methods for surveillance of incident
dementia in the Framingham Heart Study is published
elsewhere.26,27 In brief, ongoing surveillance for dementia is
carried through Framingham Heart Study clinic evaluations,

biennial questionnaires, annual telephone health history up-
dates, and reporting by participants or their relatives or care
providers. A concern of cognitive symptoms can be raised by
the participant, family member, or Framingham Heart Study
staff or physician and is assessed by a drop inMini-Mental State
Examination of >3 points in sequential visits, >5 points
across all visits, or a score below an education-specific cut
point. Such concerns trigger further detailed evaluation
including review of all records, comprehensive neurologic
assessment and neuropsychological evaluation including a
comprehensive battery of cognitive testing, interview of
family members, and in some cases review of autopsy data
when available. Potential incident dementia cases are then
adjudicated by a panel including at least 1 neurologist and
1 neuropsychologist.

The follow-up interval spans from entry to this study (time of
MRI: March 1999–August 2015) until December 31, 2019.
Participants who did not develop dementia during follow-up
(including those who died during follow-up) were censored at
the date last known to be dementia free.

Covariates and Other Study Variables
Systolic (SBP) and diastolic (DBP) blood pressures were each
taken as the average of the Framingham clinic physician’s 2
measurements. Hypertension was defined by the JNC-7 clas-
sification (systolic ≥140 mm Hg and/or diastolic ≥90 mm Hg
or use of antihypertensive medications). Current cigarette
smoking was defined as self-reported use in the year before
the examination. We defined diabetes as a random blood
glucose ≥200 mg/dL (≥11.1 mmol/L) for the Original co-
hort, fasting glucose ≥126 mg/dL (≥7 mmol/L) for the
Offspring cohort, or use of insulin or oral hypoglycemic
medications for either cohort. Prevalent cardiovascular dis-
ease (CVD) included stroke, transient ischemic attack,

Figure 2 Example of PVS Categories by Brain Topography in FHS Participants

Upper row centrum semiovale: (A)
grade I (1–10 PVS counts), (B) grade II
(11–20 PVS counts), (C) grade III
(21–40 PVS counts), and (D) grade IV
(>40 PVS counts). Bottom row basal
ganglia region: (E) grade I (1–10 PVS
counts), (F) grade II (11–20 PVS
counts), (G) grade III (21–40 PVS
counts), and (H) grade IV (>40 PVS
counts). PVS = perivascular spaces,
FHS = Framingham Heart Study.
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coronary heart disease, heart failure, and peripheral arterial
disease.

Medication use was assessed by self-report. APOE genotype
status was determined in 1991 by DNA amplification tech-
niques and restriction isotyping.31 APOE-e4 status was

analyzed using any e4 allele vs none, based on previously
reported stronger association of this allele with risk de-
mentia32 and CAA.33 Educational-level information is col-
lected at each examination cycle and is categorized as no high
school degree, high school degree, some college, or college
degree.

Table 1 Sample Characteristics

Clinical characteristicsa

All Centrum semiovale Basal ganglia

N = 1,449 I (N = 413) II (N = 678) III (N = 285) IV (N = 73) I (N = 654) II (N = 621) III(N = 158) IV (N = 16)

Age (y) at examination
closest to MRI

67.5 (9.8) 61.7 (8.0) 67.8 (9.3) 73.0 (8.8) 75.9 (7.7) 62.7 (8.2) 70.1 (9.3) 75.6 (7.3) 80.2 (6.4)

Age (y) at MRI date 68.9 (9.7) 63.1 (8.0) 69.3 (9.2) 74.3 (8.5) 77.2 (7.3) 64.2 (8.2) 71.6 (9.1) 76.9 (6.9) 81.4 (6.1)

Time interval 0.9 (1.0) 0.9 (0.9) 1.0 (1.0) 0.9 (1.0) 0.8 (1.1) 1.0 (0.9) 0.9 (1.0) 0.8 (1.0) 0.8 (0.8)

Men 664 (46) 214 (52) 317 (47) 102 (36) 31 (42) 321 (49) 275 (44) 62 (39) 6 (38)

Cohort

Original 138 (10) 1 (0) 58 (9) 59 (21) 20 (27) 13 (2) 80 (13) 41 (26) 4 (25)

Offspring 1,311 (90) 412 (100) 620 (91) 226 (79) 53 (73) 641 (98) 541 (87) 117 (74) 12 (75)

Follow-up period, y,
median (Q1, Q3)

8.3 (4.9, 14.2) 12.7 (5.9, 18.4) 7.7 (4.8, 13.5) 6.6 (4.5, 11.0) 6.1 (4.6, 8.5) 12.0 (5.8, 18.2) 6.5 (4.6, 12.3) 6.1 (4.7, 9.6) 4.8 (2.0, 8.2)

Education

Less than high school 70 (5) 12 (3) 30 (4) 21 (7) 7 (10) 13 (2) 39 (6) 18 (11) 0 (0)

High school 458 (32) 111 (27) 215 (32) 102 (36) 30 (41) 194 (30) 202 (33) 54 (34) 8 (50)

Some college 382 (26) 112 (27) 176 (26) 78 (27) 16 (22) 176 (27) 160 (26) 42 (27) 4 (25)

College 539 (37) 178 (43) 257 (38) 84 (29) 20 (27) 271 (41) 220 (35) 44 (28) 4 (25)

Vascular risk factors

Systolic blood
pressure, mm Hg

128.5 (18.2) 122.9 (15.8) 129.0 (17.9) 133.6 (19.7) 135.8 (18.5) 124.8 (16.7) 130.1 (18.5) 136.3 (19.8) 138.2 (15.5)

Diastolic blood
pressure, mm Hg

72.4 (9.7) 73.8 (9.5) 72.2 (9.6) 70.8 (9.5) 72.6 (10.6) 73.5 (9.2) 71.5 (9.9) 71.5 (10.3) 72.1 (8.6)

Hypertensionb 777 (54) 153 (37) 376 (55) 192 (67) 56 (77) 265 (41) 374 (60) 122 (77) 16 (100)

Hypertension
treatment

630 (44) 127 (31) 305 (45) 152 (54) 46 (63) 201 (31) 307 (50) 108 (68) 14 (88)

Current smokers 117 (8) 35 (8) 55 (8) 19 (7) 8 (11) 55 (8) 52 (8) 10 (6) 0

Diabetes 203 (14) 44 (11) 103 (15) 46 (16) 10 (14) 74 (11) 105 (17) 19 (12) 5 (31)

Diabetes treatment 120 (8) 23 (6) 64 (10) 27 (10) 6 (8) 41 (6) 67 (11) 10 (6) 2 (13)

Antilipid treatment 479 (33) 116 (28) 236 (35) 100 (35) 27 (37) 180 (28) 228 (37) 65 (41) 6 (38)

Prevalent cardiovascular
disease

243 (17) 35 (8) 132 (19) 64 (22) 12 (16) 63 (10) 132 (21) 44 (28) 4 (25)

APOE status

Any «4 allele 329 (23) 98 (24) 145 (22) 68 (24) 18 (25) 143 (22) 147 (24) 36 (23) 3 (19)

White matter
hyperintensities (WMHs)

Log WMH volume
(Z-transformed)

−0.3 (1.0) −0.7 (0.8) −0.3 (0.9) 0.2 (1.0) 0.5 (0.8) −0.5 (0.8) −0.2 (1.0) 0.5 (0.9) 0.9 (0.9)

Abbreviations: Q1 = first quartile; Q3 = third quartile.
a Values are mean (SD) for continuous variables and n (%) for categorical variables.
b Hypertension is defined as systolic ≥140 mm Hg or diastolic ≥90 mm Hg and/or use of antihypertensive medication.
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Statistical Analysis
Baseline characteristics of study participants, overall and by
PVS topography, were summarized as frequencies and per-
centages for categorical variables and as means and standard
deviations for continuous variables. Incidence rates (per
1,000 person-years), stratified by PVS topography, were
calculated for each type of event (all-cause dementia, AD,
and VaD) by dividing the total number of events by the total

follow-up time and multiplying by 1,000. We used multi-
variable Cox proportional hazard regression analyses to
obtain hazard ratios (HRs) and 95% CIs for all-cause de-
mentia and dementia subtype. CSO and BG PVS (grades
I-IV) were each treated as categorical predictors with grade I
as the reference group. In addition, we created a categorical
CSO-BG mixed score reflecting high burden (grade III or IV
PVS) in neither region, strictly in the CSO, strictly in the BG,

Table 2 Sample Characteristics by High PVS Burden

Clinical characteristicsa

All High burden PVSb

N = 1,449 None (N = 1,031) BG only (N = 60) CSO only (N = 244) CSO and BG (N = 114)

Age (y) at examination closest to MRI 67.5 (9.8) 65.0 (9.2) 74.6 (7.3) 72.1 (8.8) 76.9 (7.3)

Age (y) at MRI date 68.9 (9.7) 66.4 (9.1) 75.9 (6.9) 73.4 (8.6) 78.1 (6.9)

Time interval 0.9 (1.0) 1.0 (0.9) 0.8 (0.9) 0.9 (1.0) 0.8 (1.1)

Men 664 (46) 504 (49) 27 (45) 92 (38) 41 (36)

Cohort

Original 138 (10) 49 (5) 10 (17) 44 (18) 35 (31)

Offspring 1,311 (90) 982 (95) 50 (83) 200 (82) 79 (69)

Follow-up period, years, median (Q1, Q3) 8.3 (4.9, 14.2) 10.4 (5.2, 15.7) 5.9 (4.5, 10.0) 6.5 (4.5, 11.6) 6.1 (4.7, 9.3)

Education

Less than high school 70 (5) 39 (4) 3 (5) 13 (5) 15 (13)

High school 458 (32) 305 (30) 21 (35) 91 (37) 41 (36)

Some college 382 (26) 273 (26) 15 (25) 63 (26) 31 (27)

College 539 (37) 414 (40) 21 (35) 77 (32) 27 (24)

Vascular risk factors

Systolic blood pressure, mm Hg 128.5 (18.2) 126.2 (17.2) 134.5 (19.8) 132.4 (19.4) 137.6 (19.2)

Diastolic blood pressure, mm Hg 72.4 (9.7) 72.9 (9.6) 71.9 (10.1) 71.0 (9.5) 71.4 (10.2)

Hypertensionb 777 (54) 481 (47) 48 (80) 158 (65) 90 (79)

Hypertension treatment 630 (44) 390 (38) 42 (70) 118 (49) 80 (70)

Current smokers 117 (8) 86 (8) 4 (7) 21 (9) 6 (5)

Diabetes 203 (14) 140 (14) 7 (12) 39 (16) 17 (15)

Diabetes treatment 120 (8) 82 (8) 5 (8) 26 (11) 7 (6)

Antilipid treatment 479 (33) 324 (31) 28 (47) 84 (34) 43 (38)

Prevalent cardiovascular disease 243 (17) 147 (14) 20 (33) 48 (20) 28 (25)

APOE status

Any «4 allele 329 (23) 234 (23) 9 (15) 56 (23) 30 (27)

White matter hyperintensities (WMHs)

Log WMH volume (Z-transformed) −0.3 (1.0) −0.5 (0.9) 0.1 (1.0) 0.1 (1.0) 0.7 (0.8)

Abbreviations: BG = basal ganglia; CSO = centrum semiovale; PVS = perivascular spaces; Q1 = first quartile; Q3 = third quartile.
a Values are mean (SD) for continuous variables and n (%) for categorical variables.
b Regions containing high burden of enlarged PVS. High burden is defined as grade III or IV PVS in the respective region.
cHypertension is defined as systolic ≥140 mm Hg or diastolic ≥90 mm Hg and/or use of antihypertensive medication.
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or both regions (0 = none, 1 = BG region only, 2 = CSO
region only, or 3 = both regions), with score 0 as the ref-
erence group.

Multivariable Cox regression models evaluated included:
model 1 adjusted for age and sex; model 2 additionally ad-
justed for FHS cohort, interval between examination cycle
and MRI, and educational level; and model 3 additionally
adjusted for vascular risk factors (diabetes, smoking status,

and hypertension) and prevalent CVD. Exploratory analyses
stratified by age, sex, and APOE e4 allele presence were also
performed to assess potential effect modification. We also
evaluated age quartiles and quadratic terms for age in our
models to explore nonlinear effects of age. Additional ex-
ploratory models were performed to assess the independent
association of PVS with dementia from other CSVD or neu-
rodegeneration markers while also adjusting for the covariates
in model 3: model 4 adjusted for WMHV, model 5 adjusted

Table 3 Crude Incidence Rates for All-Cause Dementia and Dementia Type (All-Cause, Alzheimer, and Vascular
Dementia) by CMB Location

Outcome Measure Total

Centrum semiovale Basal ganglia

Grade I
(N = 413)

Grade II
(N = 678)

Grade III
(N = 285)

Grade IV
(N = 73)

Grade I
(N = 654)

Grade II
(N = 621)

Grade III
(N = 158)

Grade IV
(N = 16)

All-cause
dementia

N events 229 22 100 80 27 60 121 43 5

Incidence
rate (95% CI)

16.28 (14.30,
18.53)

4.44
(2.92,
6.75)

15.69
(12.90,
19.09)

35.69
(28.67,
44.43)

53.79
(36.89,
78.44)

7.91
(6.14,
10.18)

23.17
(19.39,
27.68)

36.87
(27.35,
49.72)

56.37
(23.46,
135.42)

AD N events 182 17 77 64 24 42 101 36 3

Incidence
rate (95% CI)

12.94 (11.19,
14.96)

3.43
(2.13,
5.52)

12.08
(9.67,
15.11)

28.55
(22.35,
36.48)

47.82
(32.05,
71.34)

5.53
(4.09,
7.49)

19.34
(15.91,
23.50)

30.87
(22.27,
42.79)

33.82
(10.91,
104.86)

VaD N events 36 3 19 12 2 8 18 10 0

Incidence
rate (95% CI)

2.56 (1.85, 3.55) — 2.98 (1.90,
4.67)

5.35 (3.04,
9.43)

— 1.05
(0.53,
2.11)

3.45 (2.17,
5.47)

8.57 (4.61,
15.94)

—

Abbreviations: AD = Alzheimer type dementia; CMB = cerebral microbleeds; VaD = vascular dementia.
Incidence rate per 1,000 person-years. Rates are not presented where there were fewer than 5 events.

Figure 3 Adjusted All-Cause Dementia Survival Curves by PVS Category and Topography

PVS = perivascular space. *Adjusted for age, sex, and time interval between MRI and examination cycle, cohort, education, smoking, diabetes, hypertension,
and prevalent cardiovascular disease.
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for CBI, model 6 adjusted for total cranial to brain volume
ratio (TCBVr), and model 7 adjusted for lobar CMB.

Based on the above models, adjusted survival probabilities for
each region were calculated and plotted for each outcome
over follow-up time. In addition, the proportional hazards
assumption was assessed by testing time interaction terms
with PVS grades and using complementary log-log plots. HRs
did not vary significantly with time.

All statistical analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC), and a p value < 0.05 was consid-
ered statistically significant.

Data Availability
Data from this manuscript may be shared with qualified investi-
gators following FHS data sharing procedures outlined at Ref. 34.

Results
Descriptive Statistics
Our analysis included 1,449 subjects who met all inclusion
criteria (Figure 1 and Tables 1 and 2). We observed PVS in all
participants, 5% had highest burden (grade IV) in the CSO
and 1.1% in the BG. Baseline characteristics are presented in
Tables 1 and 2. Participants with higher burden of PVS in
either or both brain regions were older andmore likely to have
hypertension. They were also more likely to have increased
prevalence of other CSVD measures including higher
WMHV, CBI, and presence of CMBs. Participants excluded

from this study (n = 364) were slightly older and had similar
prevalence of vascular risk factors (additional data are listed in
eTable 1).

Dementia Incidence and Incidence Rates
We observed 229 dementia cases (15.8%) of any cause over
the follow-up period (median period of 8.3 [interquartile
range 9.3 years]), 182 (12.5%) AD-type dementia and 36
(2.5%) VaD. Crude incidence rates increased as PVS burden
increased in both the CSO and BG regions and were highest
among persons with grade IV PVS burden for any dementia,
AD, and VaD subtypes (Table 3).

Multivariable Analyses

All-Cause Dementia
We observed that the hazard of all-cause dementia was sig-
nificant, increased steadily as the burden of PVS increased,
and was independent of vascular risk factors and prevalent
CVD (Table 3). After adjusting for age, sex, FHS cohort, time
between MRI and examination cycle, education, vascular risk
factors, and CVD (model 3), the hazard for all-cause dementia
increased more than 2-fold for those with PVS grade II (HR
2.44, 95% CI 1.51–3.93) and 5-fold in participants with PVS
grade IV (HR 5.05, 95% CI 2.75–9.26) compared with grade I
in the CSO. Similar results were observed in our minimally
adjusted model (model 1) (Table 4).

Similar findings were also observed in relation to BG PVS,
where hazard increased 1.6-fold (HR 1.62, 95%CI 1.15–2.27)

Table 4 Cox Proportional Hazard Analysis of Risk of Incident Dementia (All-Cause and Alzheimer Type) According to PVS
Burden and Location

PVS location

All-cause dementia Alzheimer dementia

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

CSO I Ref Ref Ref Ref Ref Ref

II 2.37 (1.48, 3.80)
p < 0.001

2.45 (1.53, 3.95)
p < 0.001

2.44 (1.51, 3.93)
p = 0.0003

2.21 (1.29, 3.78)
p = 0.004

2.30 (1.34, 3.94)
p = 0.003

2.35 (1.36, 4.04)
p = 0.002

III 3.31 (1.99, 5.52)
p < 0.001

3.43 (2.05, 5.73)
p < 0.001

3.41 (2.03, 5.72)
p < 0.0001

2.98 (1.67, 5.32)
p < 0.001

3.11 (1.74, 5.56)
p < 0.001

3.17 (1.76, 5.70)
p = 0.0001

IV 5.16 (2.83, 9.40)
p < 0.001

5.16 (2.84, 9.40)
p < 0.001

5.05 (2.75, 9.26)
p < 0.0001

5.26 (2.71,10.21)
p < 0.001

5.23 (2.70,10.15)
p < 0.001

5.34 (2.72, 10.45)
p < 0.0001

BG I Ref Ref Ref Ref Ref Ref

II 1.67 (1.20, 2.33)
p = 0.003

1.65 (1.18, 2.31)
p = 0.003

1.62 (1.15, 2.27)
p = 0.006

1.88 (1.28, 2.77)
p = 0.001

1.87 (1.27, 2.76)
p = 0.002

1.87 (1.26, 2.76)
p = 0.002

III 1.47 (0.94, 2.28)
p = 0.088

1.44 (0.92, 2.25)
p = 0.107

1.41 (0.90, 2.21)
p = 0.123

1.59 (0.97, 2.62
p = 0.068

1.56 (0.94, 2.58)
p = 0.083

1.56 (0.94, 2.60)
p = 0.083

IV 2.87 (1.13, 7.30)
p = 0.027

2.90 (1.13, 7.40)
p = 0.026

2.67 (1.04, 6.88)
p = 0.042

2.22 (0.67, 7.31)
p = 0.190

2.23 (0.67, 7.36)
p = 0.189

2.20 (0.66, 7.34)
p = 0.201

Abbreviations: PVS = perivascular spaces; HR = hazard ratio; CSO = centrum semiovale.
Model 1 adjusted for age and sex.
Model 2 additionally adjusted for Framingham cohort, interval between MRI and examination cycle and education.
Model 3 additionally adjusted for smoking, diabetes, hypertension, and prevalent cardiovascular disease.
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for grade II PVS and 2.6-fold (HR 2.67, 95%CI 1.04–6.88) for
grade IV ePVS compared with grade I (model 3). Models
exploring nonlinear effects of age did not change associations
in either CSO or BG.

We further evaluated whether PVS are associated with de-
mentia, independent from other markers of CSVD. In models
additionally adjusting for WMHV (model 4), we observed
slight attenuation of the associations between CSO PVS
burden and incident dementia, but remained strong and sig-
nificant (Table 4). By contrast, the associations of PVS bur-
den in the BG region with incident dementia were no longer
significant. Analyses assessing the mixed PVS score showed
significant associations of high PVS burden with incident all-
cause dementia driven by CSO PVS, but not BG. In analyses
stratified by age, sex, or APOE-ɛ4 genotype, the observed
associations were similar among subgroups.

Figure 3 shows survival functions from model 3 comparing
survival experience across PVS groups. The survival curves,
which represent the probability that an individual remains
dementia-free beyond specific years of follow-up, clearly show
group differences for both CSO and BG. Differences were
particularly notable after approximately 4 to 5 years of follow-
up and were more prominent for participants with high CSO
PVS burden. The probability for dementia-free survival be-
yond 5 years of follow-up was 98% for grade I compared with
92% for grade IV CSO PVS. At 10 years of follow-up, these
estimates were 93% and 73%, respectively.

Alzheimer Dementia
Given thatmost of the incident dementia cases were AD type, we
observed similar results compared with all-cause dementia as
expected. The hazard for AD significantly increased as CSOPVS
burden increased, independent of vascular risk factors, prevalent
CVD, and WMHV. BG PVS burden was also associated with
higher AD hazard independent of vascular risk factors and
prevalent CVD, but associations were attenuated and no longer
significant after adjustment for WMHV. Analyses assessing the
mixed PVS score showed significant associations of high PVS
burden with incident AD driven by CSO PVS, but not BG.

VaD
Although we observed increasing incidence rates of VaD with
higher PVS grades, we were unable to conduct multivariable
analyses because of the small number of VaD events in sub-
groups of PVS burden (N = 36).

Multivariable Analyses Adjusted for CSVD and
Neurodegeneration Measures
Measurements of CBI, TCBVr, andWMHVwere available in the
full sample with ePVS data. However, CMB ratings were only
available in a much smaller subset of participants (n = 285), thus
limiting interpretation of results as noted in the discussion section
(additional data are listed in eTable 2, links.lww.com/WNL/
C371). We conducted separate analyses using model 3 addi-
tionally adjusted for WMHV, CBI, TCBVr, or CMB (additional

data are listed in eTable 2, links.lww.com/WNL/C371, in the
Supplement). In analyses adjusted for CBI, no significant changes
were observed. Adjustment for WMHV, CBI, or TCBVr atten-
uated the results remaining significant only for CSO PVS.

Clinical characteristics of the overall sample and the smaller
sample with CMB data (N = 285) were similar. In the small
sample with available CMB data, associations were attenu-
ated. Effect sizes decreased toward the null and had large CIs,
but as noted, this smaller sample does not represent the full
sample included in the remaining analyses and should be
interpreted with caution.

Discussion
In our population-based cohort study of asymptomatic indi-
viduals, we found that PVS burden was associated with in-
creased risk of all-cause dementia and AD. The hazard
increased as the burden of PVS increased and was in-
dependent of vascular risk factors and prevalent CVD. Nearly
16% of participants developed incident dementia over a me-
dian follow-up period of over 8 years and up to approximately
19 years and those with higher PVS burden had between
2-fold (for grade II) and 5-fold (for grade IV) higher risk. The
associations of CSO PVS and incident dementia were in-
dependent of ischemic CSVD measures (represented by
WMHV and CBI) and neurodegeneration (represented by
TCBVr) but not for BG PVS. CMB data were only available in
a subset of participants, in whom lobar CMB seemed to at-
tenuate the relations, but need to be interpreted with caution
given the much smaller sample studied.

If indeed PVS prove to represent glymphatic dysfunction, in
addition to being considered a marker of CSVD, our results
would support a role for both of these processes in the risk of
dementia, with a dose-effect relation where increasing PVS
burden was related to higher incident dementia.

Our results are consistent with several previous studies in-
cluding smaller samples where PVS burden was associated with
prevalent dementia,35,36 incident dementia,37,38 and 2 previous
population-based studies.39 The effect sizes observed in ours
and other studies suggest strong associations with higher bur-
den PVS, despite differences in methodology used to rate PVS
presence and burden. However, prior meta-analyses have
found conflicting evidence in the relation of PVS and cognitive
disorders. Heterogeneity most likely arises from differences in
PVS rating methods and differences in sample characteristics.
Our results suggest that the role of PVS burden as a subclinical
marker of heightened dementia risk needs to be reconsidered,
but further studies using automated, reliable quantitative
methods of PVS measurements are needed to confirm our
observations and affirm our hypothesis.

Our study expands previous studies by including a larger
sample, a broader age range starting from middle age, and a
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longer follow-up period. The latter provides a clinically rele-
vant observation as studies with short follow-up periods may
not be able to detect incident dementia outcomes. Examina-
tion of survival analysis curves suggests that risk begins to
diverge after around 4–5 years of follow-up, and the differ-
ences between PVS groups become more pronounced be-
yond 10 years. This observation suggests a long window of
opportunity for potential preventive interventions for de-
mentia after identification of high PVS burden. However,
whether PVS burden may serve as surrogate marker and
treatment target for dementia needs to be evaluated further in
the context of clinical trials.

The underlying molecular mechanisms explaining the asso-
ciation of glymphatic dysfunction and CSVD with incident
dementia remain to be fully elucidated, but some studies
suggest that at least in some cases, it may involve pathways
unrelated to Aβ.40 We speculate that possible mechanisms
linking impaired vascular and perivascular function with de-
mentia are complex and may invoke key processes in mi-
crovascular dysfunction such as endothelial dysfunction,41

blood-brain barrier dysfunction,42 impaired vasoreactivity,43

vessel stiffening, dysfunctional blood flow and interstitial
fluid drainage,44 microvascular ischemia,45 and inflammation,46

many of which are likely to interact and lead to secondary
neurodegeneration.

Our study has several strengths including its prospective
cohort design, inclusion of a large sample with thorough
characterization of confounders, inclusion of brain MRI
markers of ischemic cerebrovascular disease to assess the
independent role of PVS in dementia risk, and careful and
accurate ascertainment of incident dementia over a long
period. Brain MRI measurements were reliable and blin-
ded to clinical and demographic characteristics and out-
come ascertainment.

The study has some limitations. Selection of participants
into this study was based on the availability of MRI. Par-
ticipants included where generally healthier than those
excluded as noted in supplementary Table 1 (links.lww.
com/WNL/C371), potentially biasing our results toward
lower risk. Although we used different MRI sequences to
rate PVS using validated methods, we found that adjust-
ment in the statistical models for MRI sequence (axial or
coronal view) did not change the results. Finally, our results
are mostly based on Framingham Heart Study participants
of European ancestry, thus preventing generalization of
results to other ethnic or racial groups.

In this large prospective cohort study of community-
dwelling individuals free of stroke and dementia, higher
burden of PVS, particularly in the CSO, was related to
higher rates of incident dementia. The association showed a
dose-effect relation and was independent of vascular risk
factors. These findings suggest that PVS burden may be

useful to identify individuals at increased risk of dementia in
subclinical stages.
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