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Abstract

Enlarged perivascular spaces (PVS) are considered a biomarker for vascular pathology and has
been observed in several neurological disorders and in normal aging; however, the age-related
changes in PVS structure across the normative lifespan are not well understood. We sought to
characterize the relationship between PVS anatomical characteristics and age in a large cohort
(~1400) between 8 and 90 years of age from the Human Connectome Project (HCP) Lifespan
datasets. PVS from the white matter regions and the basal ganglia (BG) were automatically
segmented and quantified from vesselness maps derived from multimodal structural MRI data.
PVS burden increased from childhood to advancing age in both the white matter and BG and was
reflected by increasing PVS volume fraction (VF), count and mean cross-sectional diameter and
decreasing mean solidity, with elevated PVS burden in males compared to females. Within white
matter regions, PVS burden in childhood significantly predicted the rate of PVS expansion across
the lifespan ((66)=-12.15, p<.001, R?=.69), where regions with low PVS VF in childhood undergo
rapid growth (e.g., temporal regions) and regions with high PVS VF in childhood undergo slowed
growth (e.g., limbic regions). PVS anatomical alterations across the lifespan was not significantly
associated with working memory performance. Together, our findings of spatially-varying patterns
of PVS enlargement across the lifespan constitutes a feature of normal aging and may reflect
alterations to waste clearance functionality. These results provide a normative reference for the
spatial distribution of PVS enlargement patterns from which pathological alterations can be
compared.

Significance Statement

Perivascular spaces (PVS) surround penetrating blood vessels and play an important role in the
brain waste clearance system. Enlarged PVS are observed in normal aging and neurological
conditions; however, research on the role of PVS in health and disease are hindered by the lack
of knowledge regarding the time course of PVS alterations across the lifespan. To address this,
we characterized age-related alterations in PVS structure from childhood through advancing age.
We found PVS become progressively wider and more numerous with differing regional
trajectories. These findings provide an important step towards understanding the evolution of
brain clearance mechanisms across the lifespan and can be used as a normative reference to
better understand neurological disorders characterized by abnormal waste clearance.
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Introduction

The brain waste clearance system consists of a network of vasculature that plays a critical
role in the removal of toxic substrates from the brain to maintain tissue homeostasis. A major
component of the waste clearance system includes perivascular spaces (PVS), which consist of
tubular, interstitial fluid-filled cavities that surround small penetrating vessels in the brain
parenchyma (1). PVS provide a low-resistance pathway to facilitate fluid exchange (2), where
they accommodate the influx of cerebrospinal fluid (CSF) and energy substrates in the peri-arterial
space and the drainage of interstitial fluid and metabolic waste through the peri-venous space (3—
5). There is accumulating evidence that suggests pathological PVS enlargement is associated
with reduced waste clearance functionality and can thus impede the removal of toxic metabolites,
including amyloid beta (AB), and render the brain susceptible to neurological damage (6).
Because several neurological conditions are characterized by dysfunctional waste clearance (1,
7, 8), an understanding of the factors that contribute to PVS alterations can provide insight into
disease pathogenesis.

Over the past decade, technological advancements in MRI acquisition and data
processing have facilitated the study of PVS characteristics in health and neurological disease.
Recent evidence from MRI studies in humans have shown increased PVS visibility in the brains
of patients with neurological conditions, including multiple sclerosis (9) traumatic brain injury (10),
stroke (11), Alzheimer’s Disease (12), mild cognitive impairment (13) and Parkinson’s disease
(14). While typically considered a biomarker of vascular neuropathology, enlarged PVS are also
observed in healthy, cognitively normal individuals. Increased PVS visibility is a prominent feature
of advancing age (15, 16) and recent evidence has shown that enlarged PVS are also observed
in typically developing adolescents (17) and young adults (18), albeit at much lower levels.
However, the precise trajectory of PVS alterations as a consequence of age across the normative
lifespan has yet to be fully described. Because the highest risk factor for the development of
neurodegenerative disease is advancing age (19), age-related alterations to the components that
facilitate the elimination of waste may render the brain more vulnerable to neurodegenerative
pathology. Therefore, characterization of the time course of PVS alterations in the normal human
brain can provide insight into the evolution of waste clearance mechanisms and can offer a
benchmark from which pathological PVS enlargement can be differentiated from that attributed to
normal, healthy aging.

PVS have been observed in several regions of the brain, including the centrum semiovale
of the white matter, basal ganglia (BG), hippocampus and midbrain structures (20). PVS
enlargement in these structures, particularly within the white matter and BG, are differentially
associated with neurological conditions. Vasculopathies, such as cerebral small vessel disease
(CSVD) and hypertension, are preferentially associated with increased PVS visibility in the BG
(11, 20-23), while white matter PVS alterations are predominantly observed in patients with
amyloidopathies (22, 24—-26) and neuroinflammatory conditions, such as multiple sclerosis (27,
28). The apparent spatial dependence of neuropathological PVS enlargement suggest the
mechanisms that contribute to increased PVS visibility differ between the white matter and BG.
The heterogeneous characteristics of MRI-visible PVS therefore suggest that the mechanisms
that govern PVS dilations in health and disease may differ according to spatial location. A
comprehensive understanding of regional patterns of PVS enlargement across the lifespan in the
BG and subcortical white matter would provide granular insight into brain regions that may be
particularly susceptible to age-related changes in waste clearance processes.
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Much of the evidence of age-related changes to PVS burden come from studies that
employ a visual rating scale to score the severity of PVS burden on select axial slices (15, 29—
33). While this approach can be easily implemented in clinical settings, it does not objectively
quantify PVS content and may fail to capture regional PVS heterogeneity across the brain.
Recently, efforts that utilize automated methods have enabled quantification of global PVS
features; however, studies of normative aging have largely focused on PVS total volume or the
fraction of tissue volume occupied by PVS (volume fraction, VF) (18, 34). These approaches
provide limited information regarding the anatomical characteristics of PVS and can be
confounded by total brain volume and age-related atrophy, as previous studies have shown PVS
volume is significantly correlated with intracranial volume (ICV) (18, 34). Therefore, utilization of
multiple morphological and structural characteristics, such as cross-sectional diameter, solidity
and count, can provide greater insight into the mechanisms that contribute to age-related
alterations in PVS volume.

The goal of this study is to characterize the influence of age on regional PVS burden in
the white matter and BG across the lifespan in a large cross-sectional cohort (~1400) of typically
developing and cognitively normal children, adults and the elderly between 8 and 90 years of age.
Here, we visualize PVS using an automated processing workflow to identify and quantify PVS
morphometric features from vesselness maps derived from multi-modal structural neuroimaging
contrasts designed to enhance PVS visibility (35). Features of PVS morphology, including PVS
VF, count, mean cross-sectional diameter and mean solidity, were extracted and used to quantify
the magnitude and timing of PVS alterations across the lifespan in the BG and white matter
regions using growth models. Additionally, we explored the influence of sex on age-related
alterations to PVS morphology. Lastly, we relate variations in the PVS trajectory to working
memory performance, a generalized behavioral domain indicative of fluid intelligence (36), in
order to assess the functional implications of age-related PVS alterations on higher-order
cognition. The results from this study will provide a normative reference for the spatial distribution
and time course of PVS alterations across the lifespan, from which pathological alterations can
be compared.

Results

Age distributions for the HCP cohorts stratified by sex are provided in Table 1. Overall,
age was not significant different between sexes (t(1394)=.79, p=.43); however females were
significantly older than males in the HCP-YA cohort ((403)=-4.07, p<.001).

PVS alterations across the lifespan

PVS were present throughout the white matter and BG in all 3 cohorts and showed
increasing presence with age (Fig. 1).

Age-related PVS alterations in the basal ganglia

Cohort-stratified multiple regression analyses show PVS morphological features are
significantly associated with age after controlling for covariates in the HCP-A group only (Table
2). Age is positively associated with PVS VF (p<.0001), PVS count (p<.0001), and mean PVS
diameter (p<.0001) and negatively associated with mean PVS solidity (p<.0001) in the HCP-A
cohort (SI Appendix, Fig. S1). In the combined lifespan analyses, a quadratic regression best
explained the age-related variance in PVS morphology (Table 3). The relationship between age
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and PVS VF, mean PVS diameter and PVS count were described with a convex curve (Fig. 2A-
C) and the relationship between age and mean PVS solidity were described with a concave curve
(Fig. 2D). The minimum PVS volume fraction and PVS count are estimated at ages 1413 years
and 43+2 years, respectively and increase thereafter, while the maximum PVS mean solidity is
estimated at age 1019 years and decreases nonlinearly. Across all features, the most rapid
feature differences with age occur in the aging cohort (Fig. 2E).

Age-related PVS alterations in the total subcortical white matter

Cohort-stratified multiple regression analyses of PVS morphology in white matter show
significant associations with age in multiple HCP cohorts (Table 2). PVS VF was significantly and
positively associated with age in HCP-D (p<.0001), HCP-YA (p=.0002) and HCP-A (p<.0001).
Age was significantly associated with increasing PVS count in HCP-D (p<.0001), but not HCP-A
(p=.40). The relationship between age and PVS count in the HCP-YA (p=.0047) was reduced to
non-significance following multiple comparison correction with a Bonferroni corrected threshold
of p<.0042. Age was significantly associated with increased mean PVS diameter in HCP-A
(p<.0001), but not HCP-D (p=.87) or HCP-YA following multiple comparison correction (p=.0053).
Mean PVS solidity was significantly and negatively associated with age in HCP-A (p<.0001) and
HCP-YA (p=.0014), but not HCP-D (p=.26). When combined across cohorts (Table 3), a linear
regression account for the most age-related variance in PVS VF (Fig. 3A) and mean PVS
diameter (Fig. 3C). Age-related changes to PVS count were best described by a concave
quadratic model with the most rapid changes observed early in life and peaking at 61+2 years of
age (Fig. 3B). Age-related reductions to PVS mean solidity were best described by a convex
quadratic model that reaches stasis later in life with the estimated minimum solidity beyond the
age range sampled (90+25 years) (Fig. 3D). Standardization of PVS features show all
morphological characteristics contribute to the age-related changes to PVS VF with varying
degrees (Fig. 3E).

Age-related PVS alterations within regions of the subcortical white matter

The distribution of PVS burden across regions per HCP cohort is shown in Fig. 4. Within
HCP-D, temporal white matter has the lowest PVS VF (M+SD = .0048+.0027), particularly within
parahippocampal and entorhinal regions, followed by occipital (.0051+.0022), parietal
(.0077+.0035) and frontal (.0071+.0044) structures. The limbic white matter has the highest PVS
VF in HCP-D (.0143+.0047), specifically within bilateral isthmus and rostral anterior cingulate
regions. Within HCP-YA, occipital white matter has the lowest PVS VF (.0062+.0028), following
by temporal (.0076+.0034), parietal (.0100£.0042), frontal (.0119+.0047) and limbic (.0164+.0046)
structures. This trend was also observed in the HCP-A cohort (occipital: .0099+.0039; temporal:
.0132+.0045; parietal: .0159£.0051; frontal: .0186+.0052; limbic: .0217+.0053), with the lowest
PVS VF in bilateral cuneus, parahippocampal and entorhinal regions and highest PVS VF in
bilateral insula, rostral anterior cingulate and lateral orbitofrontal regions.

Exponential growth curves were used to quantify regional patterns of age-related PVS VF
trajectories (Fig. 5). We found regions with the highest PVS VF in childhood are characterized by
the slowest growth rate, including the white matter underlying the caudal anterior, isthmus and
rostral anterior cingulate cortices bilaterally (Fig. 5A-B). Conversely, regions with low PVS VF in
childhood, including white matter adjacent to bilateral cuneus, lateral and transverse occipital,
inferior frontal and transverse temporal cortices had the largest growth rates. Indeed, we found
the estimated PVS VF at age 8 years of age was significantly associated with slower growth rates
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across the lifespan (Fig. 5C; B=-.71, {(66)=-12.15, p<.001, R?=.69), where limbic regions tend to
have high PVS VF in childhood that changes minimally with age and temporal regions have low
PVS VF in childhood that undergo the largest percent change across the lifespan (Fig. 6).
Occipital regions deviate from this trend, where they have low PVS VF in childhood that remains
low across the lifespan. These trends were observed bilaterally and the growth rate of left
hemisphere white matter regions were significantly and positively correlated with the right
hemisphere (Fig. 5D; B=.98, £(32)=16.43, p<.001, R?=.89).

PVS sex differences

The main effect of sex on PVS morphological features are shown in Table 4. After
controlling for age, scanner type and BG volume, a main effect of sex on PVS VF
(F(1,1388)=76.73, p<.0001), PVS count (F(1,1388)=106.31, p<.0001), and mean PVS solidity
(F(1,1388)=77.85, p<.0001) were observed in the BG, where males had significantly larger PVS
VF and count and smaller mean PVS solidity compared to females. The main effect of sex on
mean PVS diameter in the BG did not survive multiple comparison correction (F(1,1388)=7.27,
p=.007). Within white matter, a significant effect of sex on mean PVS solidity (F(1,1388)=63.83,
p<.0001) and PVS VF (F(1,1388)=24.51, p<.0001) was observed, where males had larger PVS
VF and smaller mean PVS solidity compared to females after controlling for age, scanner type
and total white matter volume. The main effect of sex on white matter PVS count (F(1,1388)=5.36,
p=.02), and mean diameter (F(1,1388)=4.64, p=.03) did not survive multiple comparison
correction.

While PVS burden in the BG was consistently larger in males compared to females across
the lifespan (SI Appendix, Fig. S2), differences in the age-related trajectories of PVS
morphological alterations were observed between sexes in the white matter (SI Appendix, Fig.
S83). After controlling for covariates, a significant interaction between age and sex on white matter
PVS VF (F(3,1388)=17.62, p<.0001) was observed, such that the covariate-adjusted PVS VF rate
of change was greater in females (8=2.13x10%, #(782)=34.30, p<.0001, adjusted R?=.60),
compared to males (8=1.75x10*, t(606)=24.11, p<.0001, adjusted R?=.49). Similarly, an
interaction between age and sex on PVS diameter was also observed (F(3,1388)=21.95,
p<.0001), where the adjusted mean diameter increased faster with age in females (5=.014,
#(782)=20.53, p<.0001, adjusted R?=.34), compared to males (8=.009, #(606)=11.14, p<.0001,
adjusted R?=.17). The cohort-stratified analyses also show males have significantly greater PVS
VF and larger mean diameters compared to females in HCP-D and HCP-YA, while no significant
sex differences were observed in HCP-A (Table 4). No significant interactions between age and
sex were observed for the remaining PVS features.

PVS associations with working memory

In subjects between the ages of 12 and 59 years of age, we found the standardized score
on the NIH Toolbox List Sorting Task decreases significantly with age after controlling for sex and
scanner type (Fig. 7A; {(1392)=-3.82, p=.0001). Age-adjusted standardized scores were used in
subsequent analyses that assess the association between working memory and age-related PVS
morphology as these scores were not significantly associated with age (Fig. 7B; r=-.01, p=.72).
After controlling for age, sex, and scanner type, PVS VF in neither the white matter (£(1391)=-
1.09, p=.27) nor BG (#(1391)=-.08, p=.93) were significantly associated with age-adjusted
standardized working memory scores (Fig. 7C-D). In order to determine the relationship between
age-related PVS alterations and working memory performance, we tested for the interaction of
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working memory performance and age where subjects were stratified into high-performing (age-
adjusted standardized scores > 100) and low-performing (age-adjusted standardized scores
<100). A significant interaction was not observed in the prediction of white matter PVS VF
(F(1,910)=.41, p=.52) or BG PVS VF (F(1,910)=1.07, p=.30) after controlling for covariates (Fig.
7E-F).

PVS morphological associations

White matter regions with high PVS VF, mean diameter, mean solidity and count also
tended to be high in the BG (Fig. 8). PVS morphological features were significantly correlated
with one another in the BG (SI Appendix, Fig. S4) and subcortical white matter (SI Appendix,
Fig. S5), where PVS VF was associated with increased mean diameter and count and decreased
mean solidity. In order to better understand the contribution of PVS morphological features to
alterations in the overall volume of the PVS, multiple linear regression was carried out on
standardized variables to predict the PVS VF from PVS count, diameter and solidity. Within the
BG, PVS count, mean diameter and mean solidity collectively account for 82% of the variance in
PVS VF (F(3,1392)=2098, p<.0001, adjusted R?=.819). Mean PVS diameter has the highest
predictive power (B=.549, 1(1392)=35.49, p<.0001), followed by PVS count (8=.449,
#(1392)=31.76, p<.0001), and mean PVS solidity (8=.128, #(1392)=7.06, p<.0001). PVS mean
diameter and PVS count explain 16% and 13% of the unique variance in PVS VF, respectively,
while mean PVS solidity explains 1% of the unique variance in PVS VF. Relative importance
analysis was used to understand the extent to which each PVS morphological feature drives the
prediction of PVS volume in the multiple regression model. Mean PVS diameter contributes .327
(95% CI = [.295, .358]) to the total proportion of variance, while PVS count and mean solidity
contribute .251 [.230, .276] and .241 [.225, .257], respectively.

Within the white matter, PVS count, mean diameter and mean solidity account for 84% of
the variance in PVS VF (F(3,1392)=2424, p<.0001, adjusted R?=.839). Mean PVS diameter has
the highest standardized beta in multiple regression (8=.498, 1(1392)=42.76, p<.0001), followed
by count (8=.377, t{(1392)=19.21, p<.0001), and mean solidity (8=.285, #(1392)=15.20, p<.0001).
Mean PVS diameter explains 21.12% of the unique variance in PVS VF, while PVS count and
mean solidity account for 4% and 3%, respectively. Relative importance analysis shows mean
PVS diameter contributes .315 (95% CI = [.288, .340]) to the total proportion of variance, while
PVS count and mean PVS solidity contribute .301 [.284, .319] and .224 [.206, .240], respectively.

Discussion

The present study is the first, to our knowledge, to characterize PVS structure across the
lifespan utilizing morphological features derived from automated segmentations in the BG and
white matter. We found PVS visibility increases with age and was accompanied by increased PVS
volume fraction, count and caliber and decreased solidity. Furthermore, PVS enlargement in the
BG and white matter followed different age-related trajectories. Within the white matter, temporal
regions show the largest percent change in PVS volumetric expansion, while cingulate and
occipital regions show the least change. Overall, we observed a significant relationship between
PVS burden in childhood and the rate of PVS expansion, where regions characterized by low
PVS burden in childhood tended to show the most drastic changes with age. Persistent sex
differences in PVS morphology were also observed across the lifespan and differing rates of age-
related PVS alterations were observed in males and females. Our results demonstrate PVS
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enlargement is a dynamic and heterogeneous process that is a feature of healthy aging in
cognitively normal subjects across the lifespan.

Our findings of increased PVS volume fraction with age across the lifespan are
corroborated by previous studies that have found PVS visibility is apparent in children and
adolescents (17, 37, 38) and increases with age in cognitively normal young adults (18, 39) and
elderly subjects (15, 29-34). Furthermore, or finding of increased PVS count and caliber across
the lifespan suggests the observed expansion of the PVS VF is likely attributed to widening of the
PVS, and not due to decreased tissue volume associated with age-related brain atrophy. Because
working memory performance was not significantly associated with PVS morphology in our
dataset, the observed PVS alterations likely reflect normal age-related variation and not
neuropathology. Previous research has suggested a strong interdependence between PVS
structure and waste clearance efficiency in the brain. Physical alterations that disrupt bulk flow,
such as changes to CSF pressure and periarterial blockages, can result in widening of the PVS
(40). Previous studies have also shown aging is associated with reduced metabolic waste
clearance, which may be attributed to age-related reduction in CSF production (41), decline in
arterial pulsatility (42), increase in blood-brain barrier permeability (43) and deposition of insoluble
AB aggregates (44). Therefore, age-related PVS enlargement may reflect reduced fluid exchange
and elimination from the brain. Because the highest risk factor for the development of
neurodegenerative diseases is aging, PVS enlargement and subsequent failure of the waste
clearance system may contribute to the accumulation of protein aggregates and render the brain
more vulnerable to neurodegenerative pathology or escalate the progression of cognitive
dysfunction.

While PVS alterations were observed globally across the lifespan, some noticeable
differences between the BG and white matter age-related PVS morphological trajectories.
Accelerated enlargement of PVS VF in the BG was predominantly observed in older subjects and
coincided with wider diameters and, to a lesser extent, a larger number of visible PVS.
Conversely, PVS VF in white matter increased linearly with age across the lifespan and was
mainly attributed to increased PVS caliber. The differing PVS trajectories in the white matter and
BG may be attributed to differing anatomical characteristics that define vasculature in these
structures. PVS in the BG are surrounded by 2 layers of leptomeningeal membranes that allow
for direct communication with the subarachnoid space, while PVS in white matter are lined by a
single layer of leptomeninges aligned closely with the vessel wall that allow for fluid entry through
the subpial space (45). These differences in structural organization and fluid sources may reflect
relative efficiencies in the drainage of ISF at different sites in the brain. Another potential
explanation for the differing age-related trajectories may be attributed to differences in the
cerebral arteries that feed into the network of perforating blood vessels in each structure. White
matter PVS envelop arteries that originate from several different major cerebral arteries (46), while
BG PVS surround lenticulostriate arteries that branch from the M1 segment of the middle cerebral
artery (MCA) (47). The M1 segment of the MCA is the most pathologically affected territory in the
brain (48, 49) and previous studies have shown the PVS surrounding BG vasculature that stems
from the MCA are particularly susceptible to vascular pathology (11, 20—-23). Because the risk for
cerebrovascular disease increases with advancing age (50), the accelerated BG PVS
enlargement in older subjects may be due, in part, to pathological vascular influences in the aging
cohort.

Within white matter, PVS envelop arteries that originate from cerebral arteries that
perforate the convexity cortex (51). The anterior cerebral artery (ACA) supplies blood vessels to
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anterior-frontal regions around the interhemispheric fissure, the MCA supplies parietal, temporal
and inferior frontal regions via the M4 cortical segment and the posterior cerebral artery (PCA)
supplies occipital regions (46). PVS were not uniformly distributed across the white matter, as we
found frontal, parietal and cingulate regions had the highest PVS burden, while occipital and
temporal regions have the lowest PVS burden bilaterally. Our findings are in line with previous
studies that show the highest PVS burden in frontal and parietal lobes across all age groups (17,
18, 29, 51). Additionally, a recent study in young adults found PVS VF in regions supplied by the
ACA and MCA is elevated compared to those supplied by the PCA (52). Overall, we observed
regionally-dependent patterns of PVS enlargement trajectories across the lifespan, where PVS
levels in childhood were inversely correlated with the rate of growth. Regions fed by the ACA,
such as cingulate and prefrontal white matter, have elevated PVS VF in childhood that remains
relatively constant across the lifespan, while temporal, inferior frontal and lateral occipital regions
supplied by the MCA have low PVS VF in childhood and undergo rapid enlargement across the
lifespan. Medial occipital regions supplied by the PCA are an exception to this trend, as PVS VF
levels remain low across the lifespan. Together, our findings suggest the mechanisms that
contribute to age-related PVS enlargement differ according to the cerebral arteries that support
each region.

It is unclear if the age-related increase in PVS cross-section diameter reflects pathological
enlargement. From childhood to advancing age, the mean PVS diameter in the present study
ranges from 1.85 mm to 2.36 mm in the white matter and 1.32 mm to 1.66 mm in the basal ganglia.
Previous MRI studies acquired at 3T have similarly found the majority of PVS have a maximum
diameter of 3 mm (7, 53); however, it is likely that many more PVS go undetected in the brain
due to limitations in the spatial resolution afforded by clinical MRI scanners. PVS with sub-
millimeter diameters have been observed with ultra-high field MRI (54), which provides
significantly provide visualization of small PVS, and histological studies in vascular tissue suggest
the majority of PVS diameters range from .13 to .96 mm (55). Due to the preponderance of small-
caliber PVS in the brain that are undetectable at the current resolution, it is feasible that the
observed PVS diameter enlargement may be attributed to the simultaneous expansion of multiple
neighboring PVS, thus resulting in the appearance of a single larger PVS (54).

Our finding of increased PVS count with age corroborates previous studies (51, 52) and
is likely attributed to increased visibility of pre-existing PVS, as opposed to the formation of new
ones, because PVS spatially localize with penetrating arterioles and venules that remain static
across age. Consistent with our findings of a strong correlation between PVS count and mean
diameter, increased PVS count could therefore reflect increased caliber of small PVS previously
undetectable with MRI. The age-related increase in PVS count may also be attributed to
discontinuities in PVS visibility, where a single PVS is delineated as multiple disconnected
segments. While discontinuities may be attributed to partial volume effects in small PVS, others
have suggested PVS enlargement can manifest as focal dilations (56) that may be visualized as
several separate segments. This latter interpretation is supported by our finding of age-related
reductions in PVS solidity, a measure that describes shape complexity based on the fraction of
voxels enclosed within the smallest complex polygon, where low solidity tend to describe highly
tortuous paths (57). Previous studies have similarly found increased arterial tortuosity with aging
(58-60). It is unclear whether the increased complexity of the PVS observed in the present study
is due to alterations to the PVS itself, through focal dilations and degradation, or if it is guided by
the underlying structure of the vasculature. Together, our finding of increased PVS VF, count and
diameter accompanied by decreased solidity across the lifespan point towards age-related
enlargement and possibly degradation of PVS.
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Previous studies have shown PVS volumes are larger in males compared to females in
adult (18, 32) and aging subjects (24). While we found PVS VF was significantly larger in males
compared to females in the white matter and BG, males also had significantly more PVS
compared to females in the BG, specifically. Androgen and estrogen receptors on vascular
endothelial cells act as direct targets for circulating sex hormones (61, 62) and the relative
distributions of these hormones across the lifespan may contribute to the observed PVS sex
differences. While androgens have been shown to protect the blood-brain barrier (63), they can
also adversely affect vasculature through neuroinflammatory stimulation (64) and
vasoconstriction (65). Therefore, the unique actions of circulating androgens on the
cerebrovascular system may further exacerbate age-related PVS enlargement in males. We also
found age-related increases to the volume and diameter of white matter PVS occur more rapidly
in females compared to males, where PVS burden in females is lower in childhood and adulthood
and equalizes with males in older subjects. Estrogen is atheroprotective and has been shown to
suppress the cerebrovascular inflammatory response (66, 67), reduce blood-brain barrier
permeability (68) and induce vasodilation (69). However, the protective effects of estradiol wanes
with age as the gonadal production of sex hormones declines after menopause (70) and is
reflected by an age-related increase in blood-brain barrier permeability in females compared to
males (71). Therefore, the accelerated PVS enlargement in females compared to males across
the lifespan may be attributed to age-related reductions in circulating estrogen levels.

While the current study utilizes a granular approach to explore the spatial distribution of
PVS morphological characteristics across age, several limitations should be considered. HCP is
a vast dataset acquired on different scanners at multiple sites and data for the developing and
aging cohorts were acquired with slightly different MRI acquisitions than the young adult cohort.
To overcome this, we employed robust post-processing harmonization techniques to account for
differences in acquisitions and controlled for scanner type as a covariate of no interest in our
analyses. Furthermore, we analyzed cohorts separately and found these results were consistent
with our lifespan trends. Another limitation was the cross-sectional nature of our study and
associations between PVS morphology and age point towards differences, not within-subject
changes, across the lifespan. Our research is also limited by the spatial resolution afforded with
clinically feasible MRI. In a recent simulation study, researchers found structural MRI data can
accurately quantify PVS with diameters greater than twice the image resolution (51). Therefore,
the presence of small PVS may lead to a systemic over-estimation of PVS diameters.

The present study sought to characterize the time course of PVS morphological alterations
in the BG and subcortical white matter regions across the lifespan in a large cohort of ~1400
cognitively normal subjects. We found PVS within white matter regions and the BG undergo
distinct age-related trajectories that may be indicative of their respective roles in pathological
conditions characterized by failure of the waste clearance system. Furthermore, the rate of PVS
enlargement in white matter regions were dependent on the degree of PVS burden in childhood,
highlighting a critical link between waste clearance processes in childhood and in aging. The
findings presented here will aid in our understanding of the role of PVS in health and disease by
providing a benchmark from which pathological PVS alterations can be compared. Therefore,
future studies should aim to understand the pathophysiological and normative mechanisms that
give rise to PVS enlargement in order to better assess its utility as a diagnostic biomarker for
neurodegenerative and cerebrovascular disease.
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Materials and Methods
Study Patrticipants

Cognitively normal subjects from childhood through advanced age were recruited and scanned
through the Washington University-University of Minnesota (WashU-Minn) Human Connectome
Project and the Lifespan Human Connectome Project in Development and Aging. Structural
neuroimaging and demographic information from 1394 participants (784 females) across the
lifespan were included in the present study (M+SD=34.17+20.07 years, 8.08 — 89.75 years).
Across studies, efforts were made to recruit participants that were representative of the racial and
ethnic composition of the United States population.

HCP Development (HCP-D) The sample of typically developing children and adolescents used in
the present study were derived from the Lifespan Human Connectome Project in Development
(72). Subjects were recruited and scanned in Boston, Los Angeles, Minneapolis and St. Louis.
Participants were excluded if they were born premature, require special educational services, had
MRI contraindications, or had a history of serious medical problems, head injury, endocrine
disorders, psychiatric disorders, or neurodevelopmental disorders. The goal of the HCP-D was to
enroll at least 1,300 participants; however, 655 subjects (332 female) with neuroimaging data
were available at the time of this study. Of the participants originally considered, 140 subjects
were excluded in the HCP-D 2.0 release of the data, 32 were excluded due to poor structural MRI
data quality, 6 subjects were excluded due to processing pipeline failures, and 1 subject was
excluded due to anatomical abnormalities, resulting in the inclusion of 471 subjects (260 female)
from the HCP-D cohort in the present analyses (M+SD=14.36+3.77 years, 8.08 — 21.92 years).

HCP Young Adults (HCP-YA) The sample of healthy young adults were acquired through the WU-
Minn Human Connectome Project at Washington University in St. Louis (73). HCP-YA utilized the
same exclusionary criteria as the HCP-D; HCP-YA also excluded subjects with scores below 25
on the mini-mental state exam (MMSE). The study aimed to recruit 1,200 subjects; however, 1112
subjects with neuroimaging data were available at the time of the present study. Of those
considered, 51 subjects were excluded due to poor structural data quality, 643 subjects were
randomly excluded due to familial relationships with other participants, 12 subjects were excluded
due to processing pipeline failures, and 1 subject was excluded due to anatomical abnormalities,
resulting in a total of 405 subjects from the HCP-YA cohort (226 females) used in the present
analyses (M+SD=28.73+3.78 years, 22.00 — 37.00 years).

HCP Aging (HCP-A) The sample of cognitively normal aging adults older than 36 years of age
were acquired through the Lifespan Human Connectome Project in Aging (74). Participants were
recruited and scanned at Washington University St Louis, University of Minnesota, Massachusetts
General Hospital and the University of California Los Angeles. In addition to the exclusionary
criteria listed for HCP-D and HCP-YA, individuals with impaired cognitive abilities were excluded
from HCP-A according to tiered age-appropriate cut-off scores. While over 1,200 subjects will
ultimately be enrolled in the study, there were 687 subjects with neuroimaging data available at
the time of analysis. Of those originally considered, 105 subjects were excluded following the 2.0
release of the HCP-A dataset, 43 were additionally excluded due to poor structural data quality
following quality assurance purposes, 18 subjects were excluded due to processing pipeline
failures, and 1 subject was excluded due to anatomical abnormalities, resulting in the inclusion of
a total of 520 subjects (298 females) from the HCP-A cohort in the present analyses
(M+SD=56.35+13.65 years, 36.00 — 89.75 years).
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MRI Acquisition

HCP-YA Participants were scanned on a Siemens 3T Connectome Skyra with a 100 mT gradient
coil and a 32-channel Siemens receive head coil (75). BO field maps, B1- and B1+ maps were
collected to correct for readout distortion and intensity inhomogeneities. T1-weighted (T1w)
images were collected as a 3D single-echo magnetization prepared — rapid gradient echo (MP-
RAGE) images with the following acquisition parameters: voxel size=.7 mm isotropic, FOV = 224
mm, matrix = 320, 256 sagittal slices per slab, TR = 2400 ms, TE = 2.14 ms, Tl = 1000 ms, FA =
8 degrees, Bandwidth = 210 Hz per pixel, echo spacing = 7.6 ms, GRAPPA factor = 2, 10% phase
encoding oversampling (A-P), dwell time=7.4 ps. T2-weighted (T2w) images were collected as 2
variable flip angle turbo spin-echo sequences averaged together with the following acquisition
parameters: voxel size=.7 mm isotropic, FOV = 224 mm, matrix = 320, 256 sagittal slices per
slab, TR = 3200 ms, TE = 565 ms, BW = 744 Hz/pixel, no fat suppression pulse, GRAPPA = 2,
turbo factor = 314, echo train length = 1105 echoes, 10% phase encoding oversampling, dwell
time = 2.1 ys.

HCP-D and HCP-A Slight variations in the acquisition parameters were made for the HCP-A and
HCP-D cohorts to accommodate the unique challenges of working with young and elderly
populations (76). HCP-D and HCP-A participants were scanned on a variant of the HCP-YA
Connectome scanner, the Siemens 3T Prisma with an 80 mT gradient coil and a Siemens 32-
channel prisma head coil. T1w multi-echo MP-RAGE scans were acquired with the following
acquisition parameters: voxel size=.8 mm isotropic, 4 echoes per line of k-space, FOV = 256 x
240 x 166 mm, matrix = 320 x 300 x 208 slices, 7.7% slice oversampling, GRAPPA = 2, pixel
bandwidth = 744 Hz/pixel, TR = 2500 ms, Tl = 1000 ms, TE = 1.8/3.6/5.4/7.2 ms, FA = 8 degrees.
Motion-induced re-acquisition were allowed for up to 30 TRs. T2w turbo spin echo (TSE) scans
were collected from each subject with the following acquisition parameters: voxel size=.8 mm
isotropic, 4 echoes per line of k-space, FOV = 256 x 240 x 166 mm, matrix = 320 x 300 x 208
slices, 7.7% slice oversampling, GRAPPA = 2, pixel bandwidth = 744 Hz/pixel, TR = 3200 ms, TE
= 564 ms, turbo factor = 314. Motion-induced re-acquisition were allowed up to 25 TRs.

Quality assurance procedures

Prior to data processing and PVS segmentation, all T1w and T2w images were visually inspected
and scans with poor data quality were excluded from analyses. Poor scan quality was
characterized by T1w, T2w or EPC volumes with excessive head motion, reduced GM/WM tissue
contrast, unidentifiable anatomy, blurred images and salt-and-pepper noise, which obstructed the
visibility of PVS. Additionally, EPC images with contrast inhomogeneities due to slight variations
in T1w and T2w data quality or registration failures were excluded.

MRI data preprocessing

All T1w and T2w images were preprocessed using the HCP minimal processing pipeline version
4.0.1 (75) in parallel with the LONI pipeline (77) . HCP-A and HCP-D structural images were re-
sampled to a spatial resolution of .7 mm isotropic to match that of HCP-YA. Following gradient
distortion correction, T2w images were aligned to T1w images using rigid body registration and
then images were transformed to MNI space and brought into alignment with the anterior and
posterior commissure (ACPC). Brain extraction and readout distortion correction using a field map
were then carried out. T2w images were registered to subject T1w native space using boundary-
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based registration (BBR) with 6 degrees of freedom (78). T1w and T2w images were corrected
for B1- and B1+ bias and then registered to MNI space with an affine transformation implemented
with FLIRT followed by a nonlinear registration implemented with FNIRT.

Subcortical segmentation

In order to characterize regional subcortical PVS features, T1w images were processed with
Freesurfer version 6 (http://surfer.nmr.mgh.harvard.edu/). Images were first downsampled to a
voxel size of 1 mm isotropic to accommodate spatial resolution limitations of Freesurfer (75). Data
processing included motion correction, intensity normalization, removal of non-brain tissue and
automated Talairach transformation (79—81). Subcortical white matter and BG were segmented
using an atlas-based approach (82, 83). Subcortical white matter was further parcellated into 68
regional volumes (34 regions per hemisphere) labeled according to the nearest cortical label (82,
83) defined by the Desikan-Killiany atlas (84).

Perivascular space segmentation

PVS were automatically segmented and quantified using the processing technique described in
(35). Adaptive non-local mean filtering using image self-similarity properties was applied to the
co-registered and bias field-corrected T1w and T2w images (85). In order to increase visibility of
the PVS in the subcortical white matter and BG for segmentation, an enhanced PVS contrast
(EPC) was then generated by dividing the T1w image by the T2w image (35).

Frangi filters were applied to the EPC and T2w images (86) using the Quantitative Imaging Toolkit
(QIT) (87) to create PVS vesselness maps, which describes the extent to which a voxel
corresponds to the tubular structure of the PVS. Frangi filter parameters were set to default values
of a= B =0.5 and c was set to half the maximum Hessian norm according to (86). The vesselness
scale ranged from 0.1 to 5 voxels. Binary PVS maps were generated by thresholding the
vesselness maps using a value optimized for the highest concordance and correlation with PVS
counts from expert readers (EPC: scaled { = 1.5; T2w: scaled t = 2.7). The CSF volumetric mask
generated by Freesurfer was dilated using a spherical kernel with a 1.4 mm radius and used to
exclude voxels at the interface between white matter and ventricles to avoid incorrect
classification of outside tissue voxels.

White matter hyperintensities (WMH) are anomalous structural features indicative of tissue
pathology (88). WMH is more common in the normal aging brain compared to younger brains (89)
and has a similar contrast to PVS. While vesselness thresholding excludes most large WMH from
consideration during PVS segmentation, since WMH can be incorrectly classified as PVS. The
influence of WMH on PVS segmentation was assessed in a subset of 200 participants (100 HCP-
A, 50 HCP-YA, and 50 HCP-D subjects), where PVS maps were visually inspected and manually
edited to remove segmentation false positives by a group of 4 trained raters, including WMH,
ventricular walls due to inaccurate tissue segmentation and other erroneously labeled regions
with hyper-intense EPC contrast. To ensure consistency among raters, 33% of the subjects were
inspected by more than one rater. The corrected and uncorrected PVS maps were compared to
determine if manual correction significantly improves analyses. Out of the 200 subjects randomly
selected for analysis, 10 (5%) (1 HCP-D, 1 HCP-YA and 8 HCP-A) were noted to have moderate
or severe WMH according to a visual rating scale ranging from 1 to 3 based on the number and
size of WMH (1=no WMH, 3=several severe WMH). Overall, the false positive rate across all
cohorts was 4.5% (HCP-D: 4.1%, HCP-YA: 7.3%, HCP-A: 3.1%). WMH severity was not
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significantly correlated with the PVS segmentation false positive rate (b=.014, #(198)=1.65,
p=.10). Therefore, it is unlikely that PVS structural alterations in the present study are not
attributed to the presence of WMH in the PVS segmentation method.

Perivascular space feature extraction

The PVS volume fraction was defined as fraction of the volume of space occupied by PVS and
was calculated by dividing the PVS volume by the subcortical white matter and basal ganglia
volume. The PVS morphological properties of count, mean diameter and mean solidity were
extracted from the 3-D volumetric mask of PVS using the Matlab function regionprops3. The PVS
count summed up the number of contiguous PVS-labeled voxels within a given region of interest.
PVS diameter reflects the average cross-sectional diameter and is calculated using the mean of
the second and third principal eigenvectors of an ellipsoid constructed with the same normalized
second central moments as the segmented PVS. The PVS solidity corresponds to the proportion
of the PVS-labeled voxels within the convex hull that contains a given PVS segment. Because
segmented PVS are not always cluster of voxels, The PVS mean solidity was calculated on PVS
with a length of 5 contiguous voxels or greater. For analyses, the mean PVS solidity and PVS
diameter are provided for each white matter and BG region of interest.

Working memory performance

Several cognitive and psychological assessments were administered to subjects in the HCP-D
(72), HCP-YA (90) and HCP-A datasets (74). To assess working memory performance, subjects
were administered the NIH Toolbox List Sorting Task (91). In the task, a sequence of familiar
stimuli (food or animals) are visually and orally presented to subjects, who are then required to
name the series of objects in order of size from smallest to largest. This task has been validated
in subjects between 3 and 85 years of age and is significantly correlated with others measures of
executive function (92). Age-adjusted standardized scores were computed based on different age
groups (ages 3-11 years, 12-59 years, and >60 years); therefore, analyses in the present study
were performed within a subset of participants that comprises 919 subjects (520 females)
between 12 and 59 years of age (30.97+12.41 years).

Statistical analysis

Harmonization Procedure To characterize age-related PVS alterations across the lifespan,
analyses were the carried out on the combined HCP datasets. In order to adjust for non-biological
variance inherent in multi-site research studies, such as differences in study sites and acquisition
protocols, we harmonized the combined lifespan datasets using ComBat-GAM (https://github.co
m/rpomponio/neuroHarmonize). ComBat-GAM is an extension of the batch effect correction tool
ComBat commonly used in genomics and recently developed to account for multi-site scanner
effects. It has been previously shown that ComBat removes unwanted scanner effects, while
preserving biological associations, in a large multi-study analysis that investigated cortical
thickness in health and disease (93). ComBat-GAM additionally utilizes an generalized additive
model (GAM) with a penalized non-linear term to model the dynamic age effects typically
observed across the lifespan (94). ComBat-GAM was applied to the PVS metrics extracted from
the BG and white matter regions to correct for HCP cohort effects while preserving the effects of
sex and the nonlinear effects of age. The harmonization procedure was also run within an
empirical Bayes framework, which assumes features share the same common distribution.
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Cohort-specific analyses Statistical analysis were carried out with R version 3.1.2 and were
assessed separately for each cohort. To assess the influence of age on PVS morphometric
features (mean diameter, mean solidity, count and VF) within the subcortical white matter and
basal ganglia, a general linear model (stats v.3.6.2) was fit for each cohort with the form: PVS =
Bo + Bs*age + B>*sex + Bs*scanner + Bs*volume, where the dependent variable reflects the
morphological feature for a given structure and sex, scanner type and white matter of BG volume
are considered covariates of no interest. The main effect of sex after accounting for age and
scanner type were assessed with analysis of covariance (ANCOVA). Statistical tests were
corrected for multiple comparisons using a Bonferroni-adjusted significance threshold of p<.002
(.05/24).

Combined cohort analyses Combined analyses utilized the harmonized data and included HCP-
D, HCP-YA and HCP-A to assess PVS morphology across the lifespan. The main effect of sex
and age*interaction on PVS features after controlling for covariates was assessed with ANCOVA.
For age effects, Bayesian information criteria (BIC) was used to identify the model that accounts
for the most age-related variance in PVS morphology among the following 4 models typically used
to characterize lifespan trajectories: (1) linear regression, (2) second-order polynomial model, (3)
Poisson curve, and (4) nonlinear growth curve. For the PVS features within the total white matter
and BG, the best fit models were either linear regression (PVS = B, + B;*age) or the second-order
polynomial model (PVS = B, + Bs*age + Bs*age?). A nonlinear growth curve was fit for each
parcellated white matter region to explain the relationship between PVS VF and age in order to
compare the rate of PVS VF change among regions. The model was of the form: PVS = aeXase,
where k reflects the growth rate. The 95% confidence interval for each growth model coefficient
and predicted age at 8 years of age were generated with bootstrap resampling with replacement
(N=10,000). Statistical tests were corrected for multiple comparisons using a Bonferroni-adjusted
significance threshold of p<.006 (.05/8).
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Figures and Tables

Fig. 1. Maps of the PVS distribution in the HCP-D (n=471), HCP-YA (n=405) and HCP-A (n=516) cohorts.
Normative PVS maps were generated by registering each subject map to a population-averaged template
and then averaging PVS segmentations across each group. The results are presented as the percentage
of overlapping PVS across each group within the subcortical white matter (red) and basal ganglia (blue).
PVS is prevalent in all HCP cohorts, including children and adolescents, and the apparent PVS burden
increases with age in both the white matter and basal ganglia.
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Fig. 2. Associations between PVS morphology and age in the basal ganglia. A quadratic curve provided
the best fit model to describe the relationship between age and (A) PVS volume fraction, (B) count, (C)
mean diameter and (D) mean solidity. (E) PVS features in the BG were standardized (z-scores) and plotted
on the same normalized y-axis to enable comparison of feature differences with age over the lifespan (x-
axis). The mean PVS solidity curve was also inverted to show similarities and differences more easily.
Within the BG, PVS volume fraction and mean PVS diameter undergo similar age-related trajectories, while
mean PVS solidity and PVS count grow more slowly
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Fig. 3. Associations between PVS morphology and age in the subcortical white matter. Age was positively
associated with (A) PVS volume fraction, (B) count and (C) mean diameter and negatively associated with
(D) mean solidity. Age-related changes to the PVS volume fraction and mean diameter were best explained
with a linear model, while age-related changes to the PVS count and mean solidity were best represented
with a quadratic model. (E) PVS features in the subcortical white matter were standardized (z-scores) and
plotted on the same normalized y-axis to enable comparison of feature differences with age over the
lifespan (x-axis). The mean PVS solidity curve was also inverted to show similarities and differences more
easily. Within the white matter, PVS count, mean PVS diameter and mean PVS solidity undergo slower
age-related changes compared to PVS VF. PVS count, in particular, reaches peak counts at around 55
years of age.
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Fig. 4. PVS VF varies across white matter regions. The mean PVS volume fraction across white matter
regions in the (A) left and (B) right hemispheres are stratified by HCP cohort and ordered according to
increasing PVS VF in the HCP-A cohort within major lobes. Occipital regions have the lowest PVS VF,
while limbic and frontal regions have the highest. With some exceptions, regions with low PVS burden in
aging subjects also tend to be low in young adults and developing subjects, while regions with high PVS
burden in aging subjects tend to also be high in young adults and developing subjects. Bars represent
standard error.
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Fig. 5. The PVS VF growth rate across the lifespan is driven by PVS burden in childhood. Age-related
changes to PVS volume fraction were fit with an exponential model to assess regional differences in PVS
lifespan trajectories. Bars denoting the growth rate, k, for age-related changes to the PVS volume fraction
are shown for the (A) left and (B) right white matter regions ordered from lowest to highest. The color of the
bars indicate the estimated PVS VF at age 8 years. (C) The relationship between PVS VF predicted at 8
years of age (x-axis) and the PVS growth rate (y-axis) across the lifespan for bilateral white matter regions
is shown. Each point reflects a single white matter region with the 95% confidence interval estimated with
bootstrap resampling. PVS burden is inversely correlated with the PVS VF growth rate across the lifespan,
with trends in major regional demarcations. Limbic regions with high PVS burden in childhood undergo
minimal growth across the lifespan, while temporal regions have low PVS burden in childhood and undergo
rapid growth across the lifespan. Occipital regions are an exception to this finding, which tend to have low
PVS burden in childhood and undergo minimal growth across the lifespan. (D) The estimated growth rate
for PVS VF in white matter regions are highly correlated between the left and right hemispheres.
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Fig. 6. Regional patterns of PVS VF trajectories across the lifespan. The (A) growth rate, (B) PVS VF at
age 8 years and (C) percent change in PVS VF from age 8 to 89 years are shown for the 34 bilateral white
matter regions.
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Fig. 7. PVS burden does not influence working memory performance across the lifespan. (A) Age is
associated with worse working memory performance assessed with the NIH Toolbox List Sorting Task.
Utilizing (B) age-adjusted standardized scores, we sought to determine if PVS burden contributes to age-
related decline in working memory performance across the lifespan. PVS VF was not significantly
associated with age-adjusted standardized scores in either the (C) white matter or (D) BG. Furthermore,
when stratified by working memory performance (performance that is greater or lesser than the population
mean), no significant differences in age-related PVS VF changes were observed between groups in either
the (E) white matter or (F) BG.
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Fig. 8. Similar distributions of PVS morphological features are found in the BG and white matter. The
relationship between PVS morphology between the white matter (x-axis) and BG (y-axis) are shown for (A)
PVS VF, (B) PVS count, (C) mean PVS diameter and (D) mean PVS solidity are shown. A significant and
positive relationship between PVS features in the white matter and basal ganglia were found for all PVS
features, where subjects with low PVS burden in the white matter also tended to have low PVS burden in

the BG, and vice versa.
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Table 1. Age distribution of HCP cohorts stratified by sex.

Age

Dataset n Mean (SD) Range t-statistic

HCP-D 471 14.36 (3.77) 8.08-21.92 -
Males 21 14.44 (3.57) 8.08-21.83 043
Females 260 14.29 (3.93) 8.17-21.92

HCP-YA 405 28.73 (3.78) 22-36 --
Males 179 27.89 (3.64) 22-36 4,07
Females 226 29.40 (3.78) 22-36

HCP-A 520 56.35 (13.65) 36-89.75 -
Males 222 56.69 (13.74) 36.00-89.75 047
Females 298 56.11 (13.59) 36.17-87.75

Combined 1396 34.17 (20.07) 8.08-89.75 -
Males 612 33.70 (20.16) 8.08-89.75 078
Females 784 34.54 (20.00) 8.08-87.75

SD = standard deviation; *** p<.001 ** p<.01 * p<.05
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Table 2. Association between PVS morphological features and age stratified by cohort

White matter

Basal ganglia

Variable Cohort B Std Error t B Std Error t
VF HCP-D 4.32x10* 3.65x10°% 3.93*** 2.11x10°% 5.08 x 10 0.41
HCP-YA 1.82 x 10" 4.85x10° 3.75* 4.45x 10 7.22x10° 0.06
HCP-A 1.78 x 10* 1.26 x 10°  14.07*** 3.63 x 10 1.99 x 10° 18.29***
Count HCP-D 32.58 4.59 7.09%** -1.37 0.75 -1.81
HCP-YA 15.19 5.34 2.85** 0.67 0.73 0.91
HCP-A 1.18 1.41 0.84 0.95 0.16 5.78**
Diameter HCP-D 6.69 x 10 3.97 x 108 0.17 3.36 x 10 1.95x 1073 1.72
HCP-YA 1.52 x 102 5.41x 1073 2.81* 6.18 x 107 3.22x 103 1.92
HCP-A 1.18 x 1072 1.50 x 103 7.88*** 1.06 x 102 8.81 x 10 12.08***
Solidity HCP-D -3.76 x 10* 3.33x10* -1.13 1.42 x 10+ 3.40x10* 0.42
HCP-YA -1.18 x 1073 3.66 x 10 -3.22** 9.59 x 10° 4.15x 10* 0.23
HCP-A -3.68 x 10* 9.02x10%  -4.08*** -1.02x10°% 9.55x10° -10.70***

The partial correlation coefficients for the influence of age on PVS morphological features after controlling
for sex and scanner type for the white matter and BG stratified by cohort. Age-related changes to white
matter PVS morphology were observed in all cohorts, while BG PVS morphological changes with age were
only observed in the aging cohort. *** p<.001 ** p<.01 * p<.05
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Table 3. Quadratic model coefficients that relate PVS morphological features with age across the lifespan
in white matter and basal ganglia

White matter

Basal ganglia

Coefficient B Std Error t R? B Std Error t R?

VF Age 1.96 x 104 478 x10° 40.93*** 0.55 -1.08 x 10 3.40x 10° -3.18** 0.37
Age? -- -- -- 3.90 x 10 3.97 x 107 9.83***

Count Age 39.26 2.45 16.03*** 0.30 -2.37 0.36 -6.55*** 003
Age? -0.32 0.03 -11.27*** 2.94 x 10 423 x10°% 6.95***

Diameter Age 1.09 x 102 5.40 x 104 20.18*** 0.23 2.04 x 103 1.35x 108 1.51 0.29
Age? -- -- -- 6.46 x 10 1.58 x 10°° 4.09***

Solidity Age -1.27 x 108 1.59 x 104 -7.96*** 0.20 1.87 x 104 1.79x10* 1.05 014
Age? 7.05x 10 1.86 x 10 3.79*** -9.56x10°% 2.09x10% -457***

Quadratic regression fits for the PVS morphological features in subcortical white matter and basal ganglia.
The quadratic model did not provide the best fit for the white matter PVS VF and mean diameter and age-
related variance was better explained by a linear regression. *** p<.001 ** p<.01 * p<.05
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Table 4. Sex differences in PVS morphological features stratified by HCP cohort

White matter BG
Females Males Females Males
Feature Cohort t Mean (SD) Mean (SD) t Mean (SD) Mean (SD)

VF HCPD  6.67** 6.25x10-3(2.87 x10%)  8.16 x 10-3(3.29 x 10%) 6.33***  1.05x10-2 (4.89x 103)  1.34 x 10-2 (5.14 x 10?)
HCPYA 298"  9.68x10-3(3.51x 10%)  1.05x 10-2 (3.87 x 10?) -1.08  157x10-2(4.56x10%)  1.51x 10-2 (5.43 x 10°?%)
HCPA  0.08  1.55x10-2(4.66 x10%)  1.57 x 10-2 (4.42 x 10%) 7.08"*  1.74x10-2 (8.03x10%)  2.24 x 10-2 (9.47 x 10%)
Count  HCPD  2.06* 1101 (404) 1374 (441) 4.16%* 181 (69) 245 (68)
HCPYA  -1.37 1489 (431) 1411 (382) -1.06 209 (43) 227 (64)
HCPA 167 1713 (396) 2045 (480) 5.51** 177 (50) 235 (62)
Diameter HCPD  3.68*** 1.79 (0.39) 1.93 (0.42) 0.69 1.31(0.23) 1.33 (0.23)
(mm)  HCPYA  3.31* 1.92 (0.38) 2.04 (0.43) -0.63 1.45 (0.24) 1.43 (0.22)
HCPA  -1.96 2.39 (0.45) 2.33 (0.41) 3.20* 1.64 (0.28) 1.71(0.29)
Solidity =~ HCPD  -4.43*** 0.61 (0.03) 0.60 (0.03) -4 54+ 0.58 (0.03) 0.57 (0.03)
HCPYA  1.23 0.59 (0.03) 0.59 (0.03) -2.59** 0.56 (0.03) 0.56 (0.03)
HCPA  -3.47* 0.57 (0.03) 0.57 (0.03) -6.32%* 0.56 (0.03) 0.54 (0.04)

Main effect of sex on PVS morphological features in subcortical white matter and BG per HCP cohort after
controlling for the effects of sex. PVS count is additionally normalized by intra-cranial volume. SD = standard

deviation; *** p<.001 ** p<.01 * p<.05
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