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ABSTRACT

BACKGROUND AND PURPOSE: Dilated perivascular spaces in the brain are associated with greater arterial pulsatility. We hypothesized
that perivascular spaces identify individuals at higher risk for systemic and cerebral vascular events.

MATERIALS AND METHODS: Stroke-free participants in the population-based Northern Manhattan Study had brain MR imaging per-
formed and were followed for myocardial infarction, any stroke, and death. Imaging analyses distinguished perivascular spaces from lesions
presumably ischemic. Perivascular spaces were further subdivided into lesions with diameters of =3 mm (small perivascular spaces)and >3
mm (large perivascular spaces). We calculated relative rates of events with Poisson models and hazard ratios with Cox proportional models.

RESULTS: The Northern Manhattan Study participants who had MR imaging data available for review (n = 1228; 59% women, 65% Hispanic;
mean age, 71 = 9 years) were followed for an average of 9 = 2 years. Participants in the highest tertile of the small perivascular space score
had a higher relative rate of all deaths (relative rate, 1.38; 95% Cl, 1.01-1.91), vascular death (relative rate, 1.87; 95% Cl, 1.12-3.14), myocardial
infarction (relative rate, 2.08; 95% Cl,1.01-4.31), any stroke (relative rate, 1.79; 95% Cl,1.03-3.11), and any vascular event (relative rate, 1.74; 95%
Cl,1.18-2.56). After we adjusted for confounders, there was a higher risk of vascular death (hazard ratio, 1.06; 95% Cl, 1.01-1.11), myocardial
infarction (hazard ratio, 2.22; 95% Cl, 1.12-4.42), and any vascular event (hazard ratio, 1.04; 95% Cl, 1.01-1.08) with higher small perivascular
space scores.

CONCLUSIONS: In this multiethnic, population-based study, participants with a high burden of small perivascular spaces had increased
risk of vascular events. By gaining pathophysiologic insight into the mechanism of perivascular space dilation, we may be able to propose
novel therapies to better prevent vascular disorders in the population.

ABBREVIATIONS: HR = hazard ratio; LP| = lesions presumably ischemic; Ml = myocardial infarction; NOMAS = Northern Manhattan Study; PP = pulse pressure;

PVS = perivascular space; RR = relative rate; WMHV = white matter hyperintensity volume

On entering the skull, large arteries of the circle of Willis be-
come encircled by a layer of leptomeninges and pial cells
that accompany them through their course in the subarachnoid
space and into the brain parenchyma, creating a potential perivas-
cular space (PVS)."” The physiologic role of these PVSs relates to
the drainage of brain interstitial fluid into perivascular pathways,
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subarachnoid space, and the glymphatic drainage system."*
Perivascular spaces are heterogeneous in their anatomic and
physiologic characteristics. For example, basal ganglia PVSs are
anatomically distinct from cortical PVSs, and arterial PVSs differ
from venous PVSs.'~ These anatomic differences may have im-
plications for interstitial fluid drainage rates in different brain
regions.”®

An increased prevalence of PVSs has been associated with
multiple sclerosis,” which may suggest altered clearance of inflam-
matory cells and exudates from the PVSs.”® PVSs have also been
associated with pulsatile blood hemodynamics and hyperten-
sion.® It may be that through these associations, PVSs relate to
carotid atherosclerosis,” imaging biomarkers of brain small-ar-
tery disease such as white matter hyperintensities, and lacunar

10,11

stroke, as well as brain atrophy.12’13 The coexistence with

other imaging biomarkers of small-artery disease, such as lacunar
infarcts and white matter disease, which themselves are associated

12,14

with hypertension, may suggest a shared physiopathology.
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Nonetheless, dilated PVSs have been associated with higher sys-
tolic blood pressure and pulse pressure (PP) to a greater extent
than other imaging biomarkers of small-artery disease®'”; this
association suggests a differential role for greater pulsatility as a
predisposing factor for these lesions. The validity of dilated PVSs
as imaging biomarkers of risk has not been validated prospec-
tively, however, to our knowledge.

Because of the links between PVSs and vascular disease, we
tested the hypothesis that brain PVSs are independent imaging
biomarkers of vascular risk and that this risk is greater in individ-
uals with high PP and among those with evidence of established
non-PVS-related small-artery disease in the Northern Manhattan
Study (NOMAS) MR imaging substudy.

MATERIALS AND METHODS

The NOMAS MR imaging substudy represents a population-
based sample of adults 50 years of age or older at the time of MR
imaging who have prospective follow-up. A detailed report of the
criteria for enrollment in the NOMAS cohort and the MR imaging
substudy has been provided elsewhere.® In brief, participants
needed to be free of stroke symptoms at the time of enrollment
and had to provide informed consent to undergo brain MR im-
aging. The study was approved by the local institutional review
board (Columbia University and University of Miami). Demo-
graphic data were self-reported. Hypertension, diabetes, and hy-
percholesterolemia were defined at the time of MR imaging and
during follow-up by either self-reported diagnoses, medication
use to treat these vascular risks, or blood pressure and/or labora-
tory evidence of these vascular risks, as previously reported.®’
Blood pressure measurements were taken twice (>1 hour apart)
at the time of the brain MR imaging. Smoking was defined as
self-reported current smoking at the time of MR imaging and
during follow-up.

Brain MR Imaging Protocol and Postprocessing

Imaging was performed on a dedicated 1.5T research MR imaging
system (Philips Healthcare, Best, the Netherlands). The FLAIR
image was acquired in the multisection turbo spin-echo mode
with an FOV of 250 mm, rectangular FOV of 80%, acquisition
matrix of 192 X 133 scaled to 256 X 256 in reconstruction, 3-mm
section thickness with no gap, a TE of 144 ms, a TR of 5500 ms, an
inversion recovery delay of 1900 ms, and a flip angle of 90°. Di-
lated PVSs have been subdivided into 4 types: type IIT lacunes, a to
d. Dilated PVSs of small diameter (ie, <3 mm) have been called
“type III lacunes a” or “criblures,” and here we call them small
PVSs. They are often numerous, and it is not practical to count
them. Consequently, semiquantitative scores have been pro-
posed.'* Small PVSs are defined here as brain parenchymal voids
observed on axial T1 images of no more than 5 mm in any axial
diameter (Fig 1).''” A semiquantitative score ranging from 0 to
2 was used to rate 13 separate anatomic areas in the brain, with a
possible overall score thus ranging from 0 to 26. The intra- and
interreader reliabilities were excellent (intraclass correlation co-
efficient = 0.90) and good (intraclass correlation coefficient =
0.73).%° For T1 voids of >5 mm, we noted their anatomic loca-
tion and the associated FLAIR characteristics (ie, hyperintense
rim) and obtained the longest axial diameter, a diameter perpen-
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FIG1. Examples of parenchymal voids rated in the Northern Manhat-
tan Study MR imaging substudy.

dicular to that, and a vertical diameter (multiplying the number of
sections by section thickness [1.3 mm in this case]) to account for
the rostral path of perivascular spaces. The volume of each large
T1 void was calculated by using the ABC/2 formula for ovoid
bodies,'® which yielded a minimum volume-derived diameter of
3 mm. Motion artifacts on T1 were noted as none, mild-to-mod-
erate, or severe. The measurement and visual ratings were per-
formed with 3D Slicer open source software, Version 4.3.1 (http://
www.slicer.org), which permits measurements below the pixel
resolution of our scans.

We developed a previously published probabilistic method in-
formed by anatomic-radiologic correlation studies that differen-
tiates subclinical lesions presumably ischemic (LPI) and large
PVSs (Fig 1).° Large PVSs correspond to lacunes type IIIb (sub-
cortical or cerebellar) and type Illc (infraputaminal).® With the
shape, anatomic location, and features of the T1 voids, we classi-
fied lesions as more likely LPI, large PVS, or uncertain. With these
criteria, the FLAIR rim was the dominant feature in determining
LPI versus large PVSs, except in the brain stem and the upper
two-thirds of the basal ganglia, where pathologic evidence showed
that voids in these areas are more likely to represent in-
farcts.'”'*° Uncertain voids were found in 56 participants and
were isolated from LPI or large PVSs in only 9 participants. Due to
the lack of confirmatory testing about the nature of these voids,
we left them out of this analysis. This method has proved to have
moderate-to-good reliability.” The total volume of large perivas-
cular spaces was calculated as the sum of the individual volume of
each large perivascular space noted per participant, and the large
perivascular spaces score consisted of the number of large perivas-
cular spaces per participant.

White matter hyperintensity volume (WMHV), total intracra-
nial volume (ie, head size), and total cerebral volume were ob-
tained automatically with a Quantum 6.2 package on an Ultra 5
workstation (Sun Microsysytems, Santa Clara, California) as de-
scribed before. Briefly, tracing the dura allowed the removal of
brain elements from the scan, keeping anterior and middle cranial
fossae but excluding the posterior fossa, resulting in total intra-
cranial volume. Total cerebral volume was computed as the sum
of whole-brain volume voxels from the T1 segmentation process,
and white matter hyperintensity volume was calculated as the sum
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of voxels of =3.5 SDs above the mean image intensity multiplied
by pixel dimensions and section thickness using axial FLAIR im-
ages.”" For this study, the percentage of atrophy was obtained by
using the formula [(Total Intracranial Volume — Total Cerebral
Volume) / Total Intracranial Volume X 100].**

Longitudinal Follow-Up

Participants in the NOMAS MR imaging substudy are screened
annually with standardized telephone interviews and/or in-per-
son visits if the participant was screened positive for a predefined
outcome and/or censoring (ie, no outcome reported). The out-
comes include any stroke, MI, or death (including cause of death).
Any vascular event was defined as a composite of vascular death,
any stroke, or myocardial infarction (MI), as described previ-
ously.”” Briefly, death and vascular death were adjudicated by
NOMAS investigators with a negligible loss to follow-up. Most
NOMAS participants are admitted for inpatient evaluation in case
of major vascular outcomes such as stroke or MI. For participants
not admitted to Columbia University Medical Center, we collect
their medical records from the reported hospital of admission.
Subsequently, stroke subtypes are adjudicated independently
by 2 study vascular neurologists (blinded to the baseline MR
imaging), and MI is adjudicated by a study cardiologist with
the criteria from the Cardiac Arrhythmia Suppression Trial
and the Lipid Research Clinics Coronary Primary Prevention

Trial.>**>

Statistical Analysis
Differences in continuous variables were tested with Student ¢

tests, and differences in categoric variables were assessed with x*
tests. The 2 main independent variables were the small and large
PVSs. Outcomes were all deaths, vascular death, MI, any stroke,
and any vascular events. The small and large PVS scores were used
continuously with a Poisson distribution or categorically with ar-
bitrary cutoffs of tertiles for the small PVS score, and =2 large
PVSs for thelarge PVS score. To build risk models, we adjusted for
total intracranial volume as a covariate. We calculated incidence
rates, relative rates, and their 95% confidence intervals with Pois-
son regression and hazard ratios (HRs) and their 95% CIs with
Cox proportional hazard regressions, with robust sandwich error
variance, adjusting for demographics, prevalent and incident vas-
cular risk factors, and competing risks between death and the
other outcomes.”® To verify that the effect of small or large PVSs
was not confounded by pulsatility, we repeated fully adjusted
models, substituting hypertension with PP, mean arterial pres-
sure, and a variable for the use of antihypertensives. We tested
whether an interaction existed between small and large PVSs with
PP and separately with WMHYV or LPI at the time of MR imaging
and performed stratified models if indicated. The statistical anal-
ysis was performed with SAS software, Version 9.4 (SAS Institute,
Cary, North Carolina).

RESULTS

Description of the Cohort

After excluding those without available T1 sequences, 1228
NOMAS participants were included in this analysis (On-line Ta-
ble 1). Participants were followed for an average of 9 = 2 years
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(median, 9 years; range, 0.5-12.0 years), contributing a total of
10,905 person-years of follow-up with negligible loss to
follow-up.

Small PVSs were found in 91% of the sample (per-participant
mean, 5.5 = 3.8; median, 5; range, 0—22), while large PVSs were
present in 42% (20% had only 1 large PVS; 22% had =2 large
PVSs). Small PVSs were more often found in the basal ganglia
(83%), followed by subcortical white matter (79%) and the pos-
terior fossa (17%). Large PVSs were more often infraputaminal
(29%) than subinsular (13%) or subcortical (7%). With linear
regression with total intracranial volume as the outcome and ad-
justed for age, sex, and ethnicity, a small PVS score (8 = 0.0001,
P =.02) and large perivascular spaces total volume (8 = 0.05, P =
.04) were associated with total intracranial volume, but a large
PVS score was not (8 = 0.60, P = .80).

In adjusted models, hypertension was associated with small
(B =0.14 = 0.05, P = .001) and large PVS scores (8 = 0.52 =
0.11, P <.001). Men (3 = —0.13 = 0.05, P = .01) and older age
(B =0.05=* 0.01 per year, P = .001) were associated with a small
PVS score, and a lower body mass index was associated with a
large PVS score (8 = —0.03 = 0.01, P = .001, On-line Table 2).
There was no association between brain atrophy and small PVS
(B = —0.01, P = .34) or large PVS scores (by number 3 = 0.01,
P = .64; or by volume 8 = 0.001, P = .21).

Incidence and Risk of Outcome Events

Compared with participants in the lowest tertile of small PVSs,
those in the highest tertile had a higher relative rate (RR) of all
deaths (RR, 1.38; 95% CI, 1.01-1.91), vascular death (RR, 1.87;
95% CI, 1.12-3.14), MI (RR, 2.08; 95% CI, 1.01-4.31), any stroke
(RR, 1.79; 95% CI, 1.03-3.11), and any vascular event (RR, 1.74;
95% CI, 1.18-2.56). There were no significant differences in the
rate of events by the number of large PVSs (On-line Table 3).

In adjusted Cox proportional models, participants with higher
small PVS scores had a higher risk of vascular death, MI, or any
vascular events but not of any stroke (Table 1). Adjusting for
WMHYV and LPI attenuated the association of small PVSs with the
risk of vascular death (HR, 1.04; 95% CI, 0.98—1.09) and any
vascular events (HR,1.02; 95% CI, 0.99-1.06) but not with the
risk of MI (HR, 2.15; 95% CI, 1.07—4.33). Substituting PP, mean
arterial pressure, and antihypertensive use at the time of MR im-
aging instead of hypertension did not change the significance of
these associations.

Large PVSs were not predictors of outcome events in this sam-
ple, either by number, volume, or categorized as =2 large PVSs.
Stratifying the small and large PVS scores by anatomic location
demonstrated that participants with higher small PVS scores in
the basal ganglia were at a higher risk of vascular death (HR, 1.12;
95% CI, 1.02-1.22) and any vascular event (HR, 1.06; 95% CI,
1.00-1.13), while a higher small PVS score in the subcortical re-
gions conferred a higher risk of any stroke (HR, 1.08; 95% CI,
1.00—1.16) but not of MI or vascular death (Table 2).

Interactions with Pulsatile Hemodynamics and Other
Biomarkers of Small-Artery Disease

Pulse pressure measured at MR imaging was an effect modifier of
the association between small PVSs and vascular death (P = .011),



Table 1: Hazard ratios between perivascular spaces and outcome events®

All Deaths Vascular Death Myocardial Infarction Any Stroke Any Vascular Event
Small PVS score
Continuously 1.01,0.98-1.04 1.06,1.01-1.1 1.03,0.98-1.08 1.04,0.98-1.10 1.04,1.01-1.07
Categorically
First tertile Reference Reference Reference Reference Reference
Second tertile 0.72,0.53-0.96 113, 0.68-1.87 2.21,110-4.45 0.96,0.54-1.72 1.23,0.86-1.75
Third tertile 0.95,0.71-1.27 1.34,0.80-2.23 1.81,0.89-3.71 1.51,0.88-2.57 1.38,0.97-1.98
Large PVS score
Continuously 0.99,0.90-1.10 0.99, 0.89-1.10 110, 0.93-1.04 1.07,0.88-1.28 1.08,0.97-1.21
Categorically
=1 Reference Reference Reference Reference Reference
=) 1.02,0.77-1.36 1.03,0.77-1.67 140, 0.83-2.36 0.99, 0.60-1.61 1.07,0.78-1.48

#Models are adjusted for head size, motion artifacts, age, sex, ethnicity, vascular risk factors at MRI and during follow-up (hypertension, hypercholesterolemia, diabetes, and

smoking), prior cardiac disease, and body mass index. Data are hazard ratios and 95% Cls.

Table 2: Risk of vascular events by anatomic location®

All Deaths Vascular Death Myocardial Infarction Any Stroke Any Vascular Event

Small PVS score

Basal ganglia 1.01,0.95-1.08 1.12,1.02-1.22 1.06,0.94-1.19 1.00, 0.90-1.12 1.06,1.00-1.13

Subcortical 1.01,0.95-1.07 1.06,0.99-1.14 1.01,0.94-1.12 1.08,1.00-1.16 1.05,0.99-1.14

Posterior fossa 1.02,0.80-1.36 119,0.79-1.76 1.26,0.83-1.91 1.09, 0.70-1.67 1.09,0.83-1.44
Large PVS score

Subcortical white matter 0.68,0.43-1.07 0.81,0.42-1.47 1.26,0.85-1.85 1.32,0.95-1.85 1.08,0.79-147

Subinsular 0.94, 0.80-1.10 1.21,0.92-1.39 110, 0.84-1.43 1.08, 0.80-1.45 11, 0.93-1.30

Basal ganglia supraputaminal 1.73,1.07-2.77 0.54,0.22-2.25 117,0.31-4.37 1.45,0.61-3.43 0.90, 0.40-1.91

Basal ganglia infraputaminal 1.05, 0.88-1.25 1.24,0.93-1.66 0.98,0.63-1.46 0.92,0.70-1.22 1.09, 0.89-1.33

#Models are adjusted for head size, motion artifacts, age, sex, ethnicity, vascular risk factors at MRI and during follow-up (hypertension, hypercholesterolemia, diabetes,
smoking), prior cardiac disease, and body mass index. Data are hazard ratios and 95% Cls.

Table 3: Stratified risk model by tertiles of pulse pressure and systolic blood pressure®

Low Tertile

Middle Tertile

vascular events related to the small PVS
score increased in a dose-effect manner

Stratified by

High Tertile

Pulse pressure at MRI
Small PVS score
Vascular death
Any stroke
Any vascular event
Systolic blood pressure at MRI
Small PVS score
Vascular death
Any stroke
Any vascular event

107 (0.96-118)
1.01(0.90-113)
1,05 (0.98-1.13)

1,08 (0.99-118)
105 (0.94-117)
1.05(0.98-112)

1,05 (0.96-114)
103 (0.90-118)
102 (0.96-1.09)

0.96 (0.86-1.08)
0.95(0.83-1.09)
102 (0.95-1.09)

with increasing tertiles of white matter
hyperintensity volume (Tables 4 and 5).
The risk of MI related to small and large
PVSs was higher among participants

108 (1.01-1.17)
1.07 (0.98-116)
1,05 (0.99-110)
with coexisting LPI than in those with-
out LPI. Similarly, the risk of vascular
111(1.04-1.20)
1.08 (1.01-116)
1.05 (1.00-1.1)

death and any vascular events related to
a high PVS score was higher among par-

*Models are adjusted for head size, motion artifacts, age, sex, ethnicity, vascular risk factors at MRI and during
follow-up (hypertension, hypercholesterolemia, diabetes, and smoking), prior cardiac disease, and body mass index.

Data are hazard ratios and 95% Cls.

Table 4: Stratified risk models by white matter hyperintensities volume tertiles®

ticipants with coexisting LPI than in
those without LPI.

DISCUSSION
In this population-based study of

Stratified by WMH Low Tertile =~ WMH Middle Tertile =~ WMH High Tertile
Small PVS score
All deaths Referent group 1.01(1.97-1.05) 1.04 (1.01-1.07)
Vascular death 1.06 (1.00-1.11) 1.08 (1.04-1.12)
Any stroke 1.01(0.94-1.08) 107 (1.02-112)

Any vascular event 1.03 (0.99-1.07)

stroke-free participants, higher inci-
dence rates of death, vascular death, MI,
stroke, and any vascular event were
noted among those with the highest bur-

1.05 (1.02-1.08) den of brain small PVSs but not large

*Models are adjusted for head size, motion artifacts, age, sex, ethnicity, vascular risk factors at MRI and during
follow-up (hypertension, hypercholesterolemia, diabetes, and smoking), prior cardiac disease, and body mass index.

Data are hazard ratios and 95% Cls.

any stroke (P = .095), and any vascular event (P = .019, On-line
Table 4). In a stratified analysis, a small PVS score was predictive
of vascular death, any stroke, and any vascular event only among
participants in the highest tertile of PP and/or systolic blood pres-
sure at the time of their MR imaging (Table 3).

There were statistical interactions between small and large
PVSs with either WMHYV or LPI (On-line Table 5). In stratified
models, the risk of all deaths, vascular death, any stroke, and any

PVSs. The risk of events was enhanced
when PVSs coexisted with other imaging
biomarkers of cerebrovascular disease,
similar to what has been reported in
other cohorts.””"*® Also, small PVSs predicted risk among those in
the highest tertile of PP and systolic blood pressure, which we
interpret as epidemiologic evidence that small PVSs may be con-
sidered imaging biomarkers of high systemic pulsatility and may
represent end-organ (brain) damage of arterial stiffness.

The discrepancy noted by anatomic location and by coexis-
tence with other biomarkers of cerebrovascular disease suggests a
different pathophysiology of proximal-versus-distal small PVSs.
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Table 5: Stratified risk models by models by LPI-SBI status®

No LPI Any LPI
Present Present

Stratified by

Small PVS score
Myocardial infarction

Large PVS score
Vascular death
Myocardial infarction
Any vascular event

Referent group 1.06 (1.01-1.1)

Referent group 1.34 (1.12-1.60)
127 (1.01-158)
118 (1.04-1.35)

* Models are adjusted for head size, motion artifacts, age, sex, ethnicity, vascular risk
factors at MRI and during follow-up (hypertension, hypercholesterolemia, diabetes,
and smoking), prior cardiac disease, and body mass index. Data are hazard ratios and
95% Cls.

For example, as the pulse-wave pressure dissipates centrifugally
from the aorta, progressive arterial stiffness limits attenuation of
the pulse-wave as it travels into branching arteries leading to end
organs.”” Low-resistance organs like the brain are especially sus-
ceptible to damage related to high pulsatility.>® As the pulse-wave
enters the brain, it encounters first the lenticulostriate penetrating
branches of the middle cerebral arteries supplying the subtantia
innominata and the basal ganglia and, posteriorly, the vertebro-
basilar system that supplies the brain stem and the cerebellum.
The abrupt change in caliber from large to penetrating arteries
renders these smaller vessels susceptible to systemic hemody-
namic stresses, and it may explain why small PVSs in these
proximal locations better predict vascular outcomes other
than stroke.”"** For example, NOMAS participants with PVSs
in the posterior fossa had a nominal 26% higher risk of MI per
PVS noted, while the risk of MI with evidence of subcortical
small perivascular spaces was only 1% higher. Some studies
have shown that subcortical (distal) PVSs are more common in
nonvascular dementias and multiple sclerosis, while basal gan-
glia (proximal) PVSs are common with vascular dementias and
hypertension.'®?*** Another possible explanation for the dis-
parities in the rates of PVS by location may be related to the
double meningeal wrapping of penetrating arteries in the basal
ganglia compared with single-layered coating in other loca-
tions,” which may affect the drainage efficacy of interstitial
fluids. Growing interest has been paid to the interplay among
the glymphatic drainage system, PVSs, and arachnoid granu-
lations in the drainage of interstitial brain fluid,* but it remains
unclear in humans whether glymphatic drainage differs by an-
atomic location.

Another relevant finding from our work is the lack of correla-
tion between large PVSs and vascular risk, despite their associa-
tion with hypertension. Initially, we theorized that large PVSs
could represent an extreme on a continuum starting with small
PVSs; consequently, we hypothesized that large PVSs might con-
fer greater vascular risk. However, the data presented here only
suggest an increased risk of vascular events related to large PVSs
among those with coexisting LP1. Consequently, large PVSs might
be anatomic variants that occasionally may come to clinical atten-
tion if they enlarge enough to cause compressive symptoms, but
they may not be good biomarkers of vascular risk in the general
population (unlike small PVSs or LPI).>>*® These data also serve
as validation of the effort to classify PVSs into distinct pathologic
subtypes” and should motivate researchers to systematically sep-
arate large PVSs from infarcts.””
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The results presented here prospectively validate small VPSs as
imaging biomarkers of vascular risk in an unselected population.
We have attempted to systematically differentiate PVSs from in-
farcts as other groups have,'®'* but we have incorporated patho-
logic information that we believe may improve the accuracy of
our methods. We lack pathology of these brains, which limits the
claim that our method is valid and accurate. The reliability of
ratings of brain parenchymal lesions, particularly <3 mm, is less
than ideal, even in large epidemiologic studies such as NOMAS,
Atherosclerosis Risk in Communities, and others.>'%*® The error
in measurement may explain the lack of statistical significance in
some of our models as it pertains to small PVSs. Because large
PVSs are larger and easier to quantify, error is unlikely to be the
explanation for the lack of association between large PVSs and
outcomes. Automatization of the rating of small and large PVSs
and LPI should be a priority in this field, but it appears daunting,
given the complexities of the brain anatomy and the conflicting
data among studies. The use of PP and systolic blood pressure as
biomarkers of arterial stiffness is not unprecedented.’*' The lack
of more accurate measurements of arterial stiffness, however, is a
limitation of our methods.

CONCLUSIONS

We present evidence that individuals with a higher burden of
small PVSs on brain MR imaging are at a higher risk of vascular
events, especially if their PP or systolic blood pressure is elevated.
Among individuals with subcortical but not deep small perivas-
cular spaces who also have coexpression of white matter hyperin-
tensity and LPJ, the risk of stroke is higher. These results empha-
size the need for an integrated approach to the study of brain
arterial disease that takes into account systemic and intracranial
anatomic variations among individuals. By gaining this patho-
physiologic insight, we may be able to propose novel therapies for
palliating the effects of cerebrovascular disorders in the general
population.
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