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ORIGINAL RESEARCH
PEDIATRICS

Characterization of MR Imaging–Visible Perivascular Spaces
in the White Matter of Healthy Adolescents at 3T

J. Piantino, E.L. Boespflug, D.L. Schwartz, M. Luther, A.M. Morales, A. Lin,
R.V. Fossen, L. Silbert, and B.J. Nagel

ABSTRACT

BACKGROUND AND PURPOSE: Perivascular spaces play a role in cerebral waste removal and neuroinflammation. Our aim was to pro-
vide data regarding the burden of MR imaging–visible perivascular spaces in white matter in healthy adolescents using an automated seg-
mentation method and to establish relationships between common demographic characteristics and perivascular space burden.

MATERIALS AND METHODS: One hundred eighteen 12- to 21-year-old subjects underwent T1- and T2-weighted 3T MR imaging as
part of the National Consortium on Alcohol and Neurodevelopment in Adolescence. Perivascular spaces were identified in WM on
T2-weighted imaging using a local heterogeneity approach coupled with morphologic constraints, and their spatial distribution and
geometric characteristics were assessed.

RESULTS:MR imaging–visible perivascular spaces were identified in all subjects (range, 16–287). Males had a significantly higher num-
ber of perivascular spaces than females: males, mean, 98.4 6 50.5, versus females, 70.7 6 36.1, (P, .01). Perivascular space burden
was bilaterally symmetric (r. 0.4, P, .01), and perivascular spaces were more common in the frontal and parietal lobes than in the
temporal and occipital lobes (P, .01). Age and pubertal status were not significantly associated with perivascular space burden.

CONCLUSIONS: Despite a wide range of burden, perivascular spaces are present in all healthy adolescents. Perivascular space bur-
den is higher in adolescent males than in females, regardless of age and pubertal status. In this population, perivascular spaces are
highly symmetric. Although widely reported as a feature of the aging brain, awareness of the presence of perivascular spaces in a
cohort of healthy adolescents provides the foundation for further research regarding the role of these structural variants in health
and disease.

ABBREVIATIONS: CF ¼ count fraction; NCANDA ¼ National Consortium on Alcohol and Neurodevelopment in Adolescence; PVS ¼ perivascular space;
VF ¼ volume fraction

Arecent resurgence in interest in the perivascular space (PVS)
in the brain, particularly as a route for waste clearance, has

primarily focused on its relationship with neurodegenerative dis-
eases marked by waste accumulation. Such disorders include
Alzheimer disease, cerebral amyloid angiopathy, cerebrovascular
or small-vessel disease, neuroinflammation (eg, multiple sclero-
sis), or acute insult, as in traumatic brain injury.1-4 Perhaps due
to the positive correlation between MR imaging–visible PVS bur-
den and senescence (PVS burden remains static during childhood

and adolescence5,6), information regarding the pediatric preva-
lence of these spaces is sparse and generally focused on groups of
clinical import, such as those with headache and migraines, de-
velopmental delay, autism, and epilepsy.5-10 However, abnormal
findings of very large tumefactive and/or numerous PVSs are
consistently reported in rarer pediatric diseases, such as adreno-
leukodystrophy and mucopolysaccharidoses.11 There are only 2
studies of the prevalence of MR imaging–visible PVSs in large pe-
diatric populations: Two reported that approximately 3%–4% of
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subjects presented with visible PVSs, and one reported that
dilated PVSs were visible in 64%.5,6 This wide variability is likely
due to the MR imaging instruments used to image PVSs in vivo,
historically variable definitions of “normal” and “dilated” PVSs,
and inconsistent methods of quantifying visible PVS burden.

It is possible that these spaces may be visible in many more
youth than previously thought; that they are almost entirely a phe-
nomenon of the aging brain is unlikely. Perhaps due to these many
factors, little is known about the timing of MR imaging–visible
PVS appearance and its relation to age, pubertal status, sex differ-
ences, or spatial distribution in childhood and adolescence. Finally,
a normative benchmark for the spatial distribution of these spaces
may be particularly important because left-right symmetry in MR
imaging–visible white matter PVSs has been broadly reported at all
levels of PVS burden; frank asymmetry, along with PVS size, has
been noted as clinically relevant.12-14

The primary objective of this study was to update existing lit-
erature describing normative data regarding MR imaging–visible
PVS burden in white matter, including the number, volume frac-
tion, and morphology, in a well-characterized cohort of healthy
adolescents using high-field 3T MR imaging with T2-weighted
imaging and manually inspected results from a fully automated
segmentation algorithm.15 The secondary objective was to exam-
ine the relationship between demographic variables such as age,
sex, and pubertal status on the number and morphology of PVSs
in these subjects. Finally, the prevalence and degree of asymmetry
was assessed and reported. These data will provide clinicians and
researchers with a survey of normative data in a well-character-
ized clinically healthy adolescent population. This report aims to
be an essential informant for future studies aimed at understand-
ing the potential role and etiology of MR imaging–visible WM
PVSs in pediatric health and disease.

MATERIALS AND METHODS
Study Design
The subjects included in this study represent a subset of the
cohort enrolled in the National Consortium on Alcohol and
Neurodevelopment in Adolescence (NCANDA). NCANDA is amul-
tisite, cohort-sequential, longitudinal neuroimaging study of adoles-
cents.16 All NCANDA subjects participated in an informed-consent
process. The institutional review board at Oregon Health & Science
University approved the use of de-identified data for this study.

Participants
Subjects recruited for NCANDA at a single site (n=148) were eligi-
ble for inclusion in this study. Adolescents (12–21 years of age)
were eligible to participate. Exclusion criteria were the following:
inability to understand English; residence of .50 miles from the
assessment site; MR imaging contraindications; current use of med-
ications affecting brain function or blood flow (eg, antidepressants,
stimulants); history of a serious medical problem that could affect
MR imaging (eg, diabetes, recurrent migraine, traumatic brain
injury with loss of consciousness for .30minutes); mother who
drank .2 drinks in a week or used nicotine .10 times per week,
marijuana .2 times per week, or other drugs during pregnancy;
prematurity (,30weeks’ gestation); low birth weight or other peri-
natal complications requiring intervention; a current diagnosis of

an Axis I psychiatric disorder (including psychosis) that would
interfere with valid completion of the protocol (mild depression,
simple phobia, social phobia, and attention deficit/hyperactivity dis-
order are not exclusionary); substance dependence; history of learn-
ing disorders; and pervasive developmental disorder or any other
condition requiring specialized education. Thirty subjects with any
history of injury to the head or neck—even those with no loss of
consciousness—were further excluded, and the remaining 118 sub-
jects made up the final cohort for this study. Demographic variables
included sex, age, height, weight, and ethnicity. Pubertal stage was
characterized using the self-assessment Pubertal Development
Scale.17 The Pubertal Development Scale categories were dichotom-
ized into early-mid pubertal and late-post pubertal.

MR Imaging Acquisition and Review
A 3D T1-weighted magnetization prepared rapid acquisition of gra-
dient echo sequence (TR ¼ 1900 ms, TE ¼ 2.92ms, TI ¼ 900 ms,
flip angle ¼ 9°, imaging matrix¼ 256� 256, FOV ¼ 24 cm, voxel
dimensions¼ 1.2� . 9375� 0.9375mm, 160 contiguous slices) and
a 3D T2-weighted turbo spin-echo with variable excitation pulse
sequence (TR/TE¼ 3200/404ms, imaging matrix¼ 256� 256,
FOV¼ 24� 24 cm, voxel dimensions¼ 1.2� . 9375� 0.9375mm,
160 contiguous slices) were performed. MR imaging volumes were
collected in the sagittal plane on a 3T Tim Trio scanner (Siemens)
equipped with a 12-channel head coil. T1-weighted MR images
were read by a board-certified neuroradiologist.18 These reports
were manually reviewed, and information about incidental findings
was noted.

Imaging Preprocessing
T1-weighted images were segmented into tissue types using
FreeSurfer (Version 5.1; http://surfer.nmr.mgh.harvard.edu) to
yield masks of white matter, cortical gray matter, subcortical
gray matter, and ventricular CSF. FreeSurfer-generated parcel-
lations were also used to create a mask that included the cere-
bellum, basal ganglia, and midbrain. The T1-weighted volume
was registered to the T2-weighted volume (FMRIB Linear
Image Registration Tool, FLIRT; http://www.fmrib.ox.ac.uk/fsl/
fslwiki/FLIRT), and the same transformation matrix was
applied to the T1-derived FreeSurfer masks described above.
T2-weighted images were first up-sampled to 0.6-mm isotropic
voxels (3dresample, Analysis of Functional Neuro Images
[AFNI]; http://afni.nimh.nih.gov/afni), skull-stripped (FSL
Brain Extraction Tool; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET),
and submitted to a 5 class K-means-based tissue segmentation
in SPM5 (https://www.fil.ion.ucl.ac.uk/spm/doc/), which pro-
duces a homogenized image in preprocessing (Fig 1B). The tis-
sue class corresponding to WM was thresholded at .50%
likelihood (3dcalc, AFNI; Fig 1C), holes in the resulting mask
were filled (Fig 1D), and the entire mask was eroded by 2 voxels
(3dmask_tool, AFNI; Fig 1E) to avoid the possibility of mis-seg-
mented parts of neocortical gray matter being misidentified as
PVS in WM. Finally, any voxels that shared membership
between the resultant WM mask and the cerebellar/basal gan-
glia/midbrain mask were eliminated from the WM mask
(3dcalc).
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PVS Segmentation
A similar methodology to that used in a previous study was used
for PVS identification (Fig 1).15 Preprocessed homogenized T2-
weighted images were subjected to a 2-part, local heterogeneity
assessment. The sphere of a radius of 3mm was constructed
around each voxel within the eroded WM mask, and the voxels
within that sphere were ranked-based on their intensity (ie, a voxel
was marked as 0.5 if its intensity fell into the 50th percentile of sur-
rounding voxels, Fig 1F). Next, the sphere of a radius of 4mm was
constructed around a voxel, and the average of the difference in in-
tensity between that voxel and surrounding voxels was calculated
and that voxel was marked with the result (3dLocalstat, AFNI; Fig
1G). Finally, if a voxel did not reside in the cerebellum/basal gan-
glia/midbrain mask, did reside in the erodedWMmask, had an av-
erage difference in intensity from surrounding voxels that was
.15% of its own intensity, and had an intensity that fell into the
top fifth percentile of its neighbors, it was considered for morpho-
logic analysis (3dcalc, AFNI; Fig 1H). All clusters of .1mm3 (�5
voxels, 3D corner-to-corner connectivity, 3dclust type 3, AFNI)
were passed to the morphology constraint. Linearity, width, length,
and total volume of each cluster were calculated in Matlab
(MathWorks) (Fig 1I and Fig 1, parts 1–4); a cluster was retained

as a putative PVS if the segmented object was ,16.41-mm wide
and had a linearity of at least 0.8. Each PVS detected by the auto-
mated algorithm was assessed by a trained researcher (M.L.); false
alarms were removed from further analysis. See the RESULTS sec-
tion for a summary of error counts and rates.

Spatial Distribution of PVS
Delineation of WM into lobar regions (left and right frontal, tempo-
ral, parietal, and occipital) was accomplished, in part, using standard
ROI output from FreeSurfer via recon-all (e.g., frontal_R_GM.nii.gz
and frontal_L_GM.nii.gz). Periventricular and other deep WM
regions are not marked by FreeSurfer; however, some WM PVSs
exist in these unmarked WM regions, so it is necessary to classify
unmarked voxels into lobes. Every voxel in the total WMmask that
was not marked by FreeSurfer as belonging to juxtacortical WM
was subjected to the following procedure: An integer-based (1–8,
describing the 8 juxtacortical WM lobar regions above) histogram
was constructed for every voxel that fell within the sphere of a radius
of 7.5mm from each unmarked voxel. After dividing the count of
each juxtacortical WM region (1–8) by the volume of that region to
account for differently sized lobes (eg, frontal � occipital), we
marked each voxel as a member of the lobe and hemisphere of the
maximum normalized frequency of the histogram by a winner-
take-all method (On-line Fig 1). This process failed at the FreeSurfer
WM parcellation stage for 3/118 subjects (2 females and 1 male); all
WM lobar PVS distributions are described in the remaining 115 sub-
jects. Probability maps of PVS incidence in this cohort were gener-
ated using nonlinear registrations. All subjects’ skull-stripped and
homogenized T2-weighted images were affine-registered to Montreal
Neurological Institute space (FLIRT, FSL, and 3dAllineate, AFNI;
mni_icbm152_t2_relx_tal_nlin_sym_09a.nii.gz was used as an initial
template). The resulting datasets were simultaneously submitted to
template construction (antsMultivariateTemplateConstruction.sh,
Advanced Normalization Tools software package [ANTS], affine
þ 2-step nonlinear transform, https://github.com/ANTsX/ANTs/
issues/553). The initial affine transformation and all subsequent
transformations were combined and applied to single-subject native
space PVS masks with false alarms removed (antsApplyTransforms;
ANTS). The mean of all transformed PVS masks was calculated; the
result was voxelwise-thresholded at 0.5% likelihood and cluster-
thresholded at 43.2 mm3 (two hundred 0.6-mm isotropic voxels) for
ease of viewing.

Statistical Analysis
Statistical analyses were performed using STATA/MP 15
(StataCorp). Descriptive statistics were used to analyze the de-
mographic characteristics of the cohort. Sex regression models
were implemented with the total PVS number and volume as
outcomes of interest; sex and age differences were analyzed
using 2-sample t tests. Multivariate linear regression models
were implemented with total PVS number and volume as out-
comes of interest; sex, age, and pubertal stage were used as cova-
riates. PVS volume fraction (VF) and count fraction (CF) were
calculated as the total volume of PVSs (cubic millimeters) or
PVS count within the volume of the WM search field (cubic
centimeters), respectively. The interaction of sex and age on
PVS characteristics was tested with linear regression models. A

FIG 1. Examples of MR imaging–visible PVSs on T2-based images and
PVS segmentation method. A, Acquired T2. B, After intensity normal-
ization. C–H, Intermediate steps in the algorithm. C, WM tissue mask
with holes filled (D) and eroded by 2 voxels (E). F, Frequency rank
map. G, Map of local-intensity difference. H, Segmented objects sub-
mitted to morphologic constraint. I, Final segmentation mask. 1–4,
Morphologic characteristics of 4 of the final segmented PVSs visible
on this axial section (see I).
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secondary analysis included multiple linear regression with cluster
characteristics (width, length, and volume) as individual outcomes
and the same covariates indicated above. Differences in PVS num-
ber and volume across lobes were obtained using Pearson regres-
sion and paired and unpaired t-tests, as appropriate. An asymmetry
index was created by calculating the absolute value of the log of the
left divided by the right CF and VF so that departure from zero (ie,
symmetric) indicated asymmetry; subjects were identified as out-
liers if asymmetry indices were $2.5 SDs from the population
mean. Regression diagnostics for all models were examined for
model fit. All reported P values are 2-sided, and the threshold for
statistical significance set to an a of .05.

Data Availability Statement
The data that support the findings of this study are available from
the NCANDA study on request. The statistical code used to ana-
lyze these data is available on request.

RESULTS
Table 1 provides demographic information and characteristics of
the study cohort. Fifty-six subjects in the cohort (47%) were male.
The median age was 16years (interquartile range, 14.1–18.3 years)
for males, and 16.7 years (interquartile range, 14.3–18.4 years) for
females. In order to study a diverse cohort, both Hispanic and
Non-Hispanic subjects were included. Seven subjects in the cohort
(6%) identified themselves as Hispanic. Nine subjects had inciden-
tal intracranial findings noted by a neuroradiologist (3 instances of
mega cisterna magna; 2 pineal cysts; 1 tonsillar ectopia; 1 gray mat-
ter heterotopia; 1 large vein; 1 large prepontine cistern). None of
the subjects had prominent perivascular spaces noted by a neuro-
radiologist. After adjusting for age, the male brain volume was

145.2 cm3 larger than that of females (95% CI, 108.5–182 cm3;
P, .01), and male white matter volume was 58.5 cm3 larger than
that of females (95% CI, 41–76 cm3; P, .01, On-line Table 1). In
this cohort, age was not significantly associated with brain volume
or total white matter volume (On-line Fig 1). Plots of residuals ver-
sus predicted values, QQ plots, partial regression plots, and outlier
and leverage statistics indicated a good model fit. The total error
rate (of 12,274 detected objects) of the PVS segmentation algo-
rithm in this dataset was 19.4% (2372). Most false alarms were at-
tributable to hypointense WM voxels other than PVS (1696 or
13.8%). The remaining false alarms were attributable to partial
inclusion of GM in the basal ganglia (676 or 5.5%) (On-line Fig 3).

PVS Characteristics
Examples of MR imaging–visible PVSs detected by the segmenta-
tion algorithm can be seen in Fig 1I. PVSs were observed in the su-
pratentorial white matter of all 118 subjects in the cohort (Table 2).
Males had a significantly higher absolute number of PVSs than
females (mean, 98.46 50.5 and 70.76 36.1, respectively; P, .01).
Males also had a higher total volume of PVSs than females (mean,
334.8 6 192.4 mm3 and 241.2 6 134 mm3, respectively; P, .01).
After adjusting for white matter volume, males had higher PVS
number per cubic centimeter of white matter than females (CF
mean, 0.2 6 0.1 and 0.1 6 0.07, respectively; P= .02). Males also
had a higher PVS volume per cubic centimeter of white matter
than females (VF mean, 0.7 6 0.4 and 0.5 6 0.3, respectively;
P= .04). The morphologic characteristics of PVS (ie, length, width,
and volume) were not statistically different between males and
females (P. .35). After we adjusted for sex, no effect of age or
pubertal stage was observed on total PVS volume, total PVS count,
and PVS VF or CF (P. .3, On-line Table 2 and On-line Fig 4).

There were no significant interactions
between age and sex on any of the
above-mentioned PVS characteristics
(P= .68–.94).

PVS Location by Lobe
PVS volume, count, VF, and CF were
significantly positively correlated across
hemispheres in each lobe (Pearson
r. 0.4, P, .01, Fig 2). Significant asym-
metry in this population was defined as 1
hemisphere having approximately 225%

Table 1: Cohort characteristics
Patient Characteristics (Median) (IQR) Males (n5 56) Females (n5 62)
Age (yr) 16 (14.1–18.3) 16.7 (14.3–18.4)
Weight (kg) 63.5 (56.2–81.6) 57.6 (52.1–63.5)
Height (cm) 169 (163.8–180.3) 162.5 (157.4–167.6)
BMI (kg/m2) 22 (19.3–26.1) 21.8 (19.5–24)
PDS score 3.1 (2.6–3.6) 3.6 (2.6-3.6)
Ethnicity (No.) (%)
Hispanic 5 (9) 2 (3)
Non-Hispanic 51 (91) 60 (97)

Note:—BMI indicates body mass index; PDS, Pubertal Development Scale; IQR, interquartile range.

Table 2: Characteristics of PVS identified with the automated algorithm

Characteristic P Valuea
Females (n5 62) Males (n5 56)

Mean (SD) Range Mean (SD) Range
PVS whole brain
PVS total No. ,.01 70.7 (36.1) 20–153 98.4 (50.5) 16–287
PVS total volume (mm3) ,.01 241.2 (134) 74.7–617 334.8 (192.4) 43–1103.3
PVS WM (No./cm3) .02 0.1 (0.07) 0.04–0.36 0.2 (0.1) 0.04–0.6
PVS volume WM (mm3/cm3) .04 0.5 (0.3) 0.16–1.3 0.7 (0.4) 0.1–2.3

Individual PVS cluster
Individual cluster length (mm) .75 3.6 (0.2) 3.3–4.5 3.6 (0.2) 3–4.3
Individual cluster width (mm) .35 2 (0.07) 1.8–2 2 (0.08) 1.7–2
Individual cluster volume (mm3) .80 2.9 (0.3) 2.1–3.8 2.8 (0.3) 2–3.6
Cluster volume (mm3) by total cluster (No.) .80 0.05 (0.02) 0.02–0.16 0.03 (0.02) 0.01–0.14

a Two-sample t test.

4 Piantino � 2020 www.ajnr.org



of the burden of the other hemisphere (asymmetry index � 0.34,
approximately 2.5 SDs above the mean). One male and 2 females
(1.7% and 3.7%) had asymmetry indices for VF that exceeded this
cutoff; CF asymmetry was similarly distributed across the population
(2 [3.3%] and 2 [3.7%] for males and females, respectively). There
was no difference in asymmetry indices between males and females
(VF or CF, P. .1) nor was there an association between CF or VF
asymmetry and age (P. .1). Over both hemispheres, PVS CF was
significantly higher in the parietal and temporal lobes than the fron-
tal lobe; the frontal lobe bore a significantly higher PVS CF than the
occipital lobe (all P, .01, bar graphs in Fig 2). The same relation-
ships were true of PVS VF. There were more PVSs in the parietal
than frontal lobes, more in frontal than temporal lobes, and more in
temporal than occipital lobes; the same relationships were true of

lobar PVS volume (all P, .001, data not shown). PVS CF was also
compared within lobes between sexes (male . female, P, .05 in
the temporal lobe; all other lobes were nonsignificant) and across
sexes within lobes between hemispheres (the burden was higher in
the left temporal lobe than in the right, P, .01; On-line Fig 5, center
column). The same relationships were observed for VF (data not
shown). A brain-wide map of voxelwise probability for a detected
PVS can be found in Fig 3.

DISCUSSION
In this study, we quantify the number and morphology of white
matter PVSs in a cohort of healthy adolescents under rigorous
study-entry criteria. Using 3T MR imaging scans and objective
quantitative methods, we demonstrate that PVSs are seen in this
population in a much larger proportion of subjects than previ-
ously described in the literature.5,6 We provide normative PVS
morphologic characteristics, including total number, volume, and
individual length, width, and diameter of PVSs in this age group
and the distribution of lobar locations of PVS burden. We show
that male adolescents have a higher total number and volume of
PVSs per unit of white matter than females. We show that in ado-
lescents, individual PVS morphology (length, width, and diame-
ter) is not associated with age, sex, or increasing white matter
volume. Finally, we report the incidence rate of asymmetric bur-
den. These findings support the notion that PVSs are seen in
MRIs of healthy individuals.

In adults, the presence of PVSs has been mainly linked to the
aging process9 and to vascular and Alzheimer dementias.19,20

Two studies in youth concluded that in this population, PVSs
were either absent or a rare finding, present in,5% of subjects.5,6

These early studies, although considered the first attempts at quanti-
fying PVS in children, have limitations. Counts were performed on
MRIs obtained using a 1.5T field strength, introducing a floor effect
for small structures with limited contrast to surrounding tissue due
to partial volume effects. Early studies used subjective visual ratings,
which are subject to interrater variability and differences in interpre-
tation and do not provide morphologic details about each individual
PVS. Although children were labeled as “healthy,” MRIs were per-
formed in subjects with entities such as benign epilepsy, headaches,
or behavioral problems, which limit their generalizability.5 Early
studies did not adjust for other important covariates such as sex or
total cerebral white matter. The results presented here expand this
previous work by filling existing gaps in the limited literature
addressing this phenomenon. NCANDA participants met rigorous
study entry criteria that provided us with important baseline clinical
and demographic information on each subject. NCANDA partici-
pants underwent 3T MR imaging, which provided adequate visual-
ization of PVSs. By incorporating objective PVS quantification, we
minimized visual rater irregularities. We were also able to provide
details about the morphology of each PVS, including important
characteristics such as width, length, and volume.

In this cohort, males had a higher number of morphologically
similar PVSs than females. Most important, age and pubertal stage
were not significantly associated with PVS number or total volume.
Furthermore, there was no interaction between age and sex on
PVS burden. A higher prevalence of “large” (.2 mm in diameter)
PVSs in males than in females has been reported in subjects aged

FIG 2. PVS burden in the right and left hemispheres. PVS count and
white matter volume are correlated between hemispheres in all lobes.
Barplots illustrate significantly different PVS count/white matter vol-
ume by lobe across hemispheres. Asterisk indicates P, .05; triple aster-
isks, P, .001.

FIG 3. Map of the likelihood of a segmented PVS at a given voxel across
all subjects.
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0–99 years using a visual rating scale.9 The authors, however, did
not provide an analysis of sex differences across age groups. A sep-
arate study using a volumetric approach in an adult population
also identified higher burden volumes in males over females in
control subjects.1 The timing and etiology of sex differences are yet
to be elucidated. However, the fact that sex differences are already
present in early-pubertal individuals argues in favor of a much ear-
lier etiology than previously established. These differences may be
present at birth or develop during childhood.

In agreement with previous work, PVS burden in this cohort
was highest in the frontal and parietal lobes.5,6 However, PVSs were
also found in the temporal and, more rarely, the occipital lobes. The
appearance of PVSs in the temporal and occipital lobes could be, in
part, attributed to the better resolution of the 3T scans and the
objective measurements used in our study, resulting in a higher sen-
sitivity for PVS detection. In our cohort, PVS burden was bilaterally
symmetric, and a high burden in 1 hemisphere, regardless of the
measure used for burden or of the lobar location, is indicative of a
high burden in the contralateral side. It is certain that the high likeli-
hood of burden symmetry across hemispheres is a reflection of the
symmetry of cerebral vasculature. However, the high interindividual
variability in overall MR imaging–visible PVSs (approximately an 8-
fold difference) remains unexplained. In our cohort, pubertal status
and age were not associated with PVS burden. It is possible that
other variables not included in this analysis may affect PVS burden.
For example, sleep efficiency has been shown to affect PVS burden
in adults, and it may play a role in PVS burden variability in adoles-
cents.21 Last, the incidence rate of a significantly asymmetric burden
in healthy adolescents should be considered 1%–3%, according to
these data. This suggests that an asymmetric burden, defined as
approximately .225% of PVS count or volume between hemi-
spheres, is a rare occurrence, though the clinical significance of such
a finding remains unclear.

Finally, we observed a difference in burden per unit WM
between lobes. It is unlikely that WM is perfused by nearly twice
as many vessels in the temporal and parietal lobes than in the
frontal and occipital lobes per unit tissue; if the interpretation of
a difference in burden between lobes is predicated on an uneven
distribution of lobar vasculature, then the most parsimonious ex-
planation is that these spaces are organized about the venous sys-
tem. Therefore, the finding may arise from either an uneven lobar
distribution of venous architecture in WM or because the parietal
and temporal lobes are more susceptible to the underlying cause of
PVS expansion, or both. Given that the identity, artery or vein, of
the vessels in WM around which these spaces are visible remains
an open question, this report may serve to inform this debate con-
siderably, and strongly suggests that venous return is the primary
system around which these spaces expand in WM. Another possi-
bility is that the temporal and parietal lobes contain some charac-
teristic that makes a member voxel more likely to be a PVS; in
either case, the finding provides a clue to the underlying cause of
the fact that some of these spaces are large enough to view on a
standard clinical MR imaging instrument and some are not.

Previous studies have found no correlation between the num-
ber of PVSs and age in young individuals.5,6 While a strong rela-
tionship between MR imaging–visible PVSs and age has been
noted in patients older than 60 years,9 other studies suggest that

the relationship may be regionally dependent22 or dependent on
the resolution of the images acquired.23 Future studies that objec-
tively address the evolution of age- and sex-related differences in
PVS burden across the life span, especially ones with longitudinal
designs, are needed to further elucidate the potential clinical rele-
vance of these findings.

This study has several limitations. The cross-sectional design of
this analysis precludes the possibility of determining individual lon-
gitudinal changes in PVS burden. Future investigations, including
longitudinal data from this cohort, should be conducted to better
understand individual differences in the development of this phe-
nomenon. Second, the present methodology is limited to white mat-
ter. Given evidence that PVSs do occur in other regions, including
the thalamus, midbrain, cerebellum, insular cortex, extreme capsule,
optic tract, and hippocampus, future studies evaluating these regions
in an adolescent cohort are certainly warranted.24,25

CONCLUSIONS
Using objective measurements in a rigorously selected cohort, we
conclude that PVSs are seen in clinically healthy adolescents, that
males have higher PVS burden than females, and that while overall
burden varies widely, burden symmetry across hemispheres is pre-
served. These differences are not related to age, total white matter
volume, or pubertal status. These findings establish a baseline from
which PVS burden can be investigated in different disease proc-
esses and present the foundation for further research in the physi-
ology and pathology of these structures in youth.
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