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Abstract
Background: Perivascular spaces on brain magnetic resonance imaging (MRI) may indicate
poor fluid drainage in the brain and have been associated with numerous neurological conditions.
Cerebrovascular reactivity (CVR) is a marker of cerebrovascular function and represents the
ability of cerebral blood vessels to regulate cerebral blood flow in response to vasodilatory or
vasoconstrictive stimuli. We aimed to examine whether pathological widening of the
perivascular space in older adults may be associated with deficits in CVR.
Methods: Independently living older adults free of dementia or clinical stroke were recruited
from the community and underwent brain MRI. Pseudo-continuous arterial spin labeling MRI
quantified whole brain cerebral perfusion at rest and during CVR to hypercapnia and hypocapnia
induced by visually guided breathing exercises. Perivascular spaces were visually scored using
existing scales.
Results: Thirty-seven independently living older adults (mean age = 66.3 years; SD = 6.8; age
range 55-84 years; 29.7% male) were included in the current analysis. Multiple linear regression
analysis revealed a significant negative association between burden of perivascular spaces and
global CVR to hypercapnia (B = -2.0, 95% CI (-3.6, -0.4), p = 0.015), adjusting for age and sex.
Perivascular spaces were not related to CVR to hypocapnia.
Discussion: Perivascular spaces are associated with deficits in cerebrovascular vasodilatory
response, but not vasoconstrictive response. Enlargement of perivascular spaces could contribute
to, or be influenced by, deficits in CVR. Additional longitudinal studies are warranted to
improve our understanding of the relationship between cerebrovascular function and perivascular
space enlargement.
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Older adults with perivascular spaces exhibit cerebrovascular reactivity deficits
Perivascular spaces are fluid-filled spaces surrounding arterioles, capillaries and
venules in the brain, which facilitate flow of substances and enable clearance of waste (Bakker et
al., 2016; Wardlaw et al., 2020). Magnetic resonance imaging (MRI) of the brain has allowed in
vivo visualization of perivascular spaces (Francis et al., 2019; Kwee and Kwee, 2007; Smith et
al., 2019), which have been linked to numerous cerebrovascular pathologies, inflammation,
neurodegenerative conditions, and cognitive decline (Debette et al., 2019; Gouveia-Freitas and
Bastos-Leite, 2021; Paradise et al., 2021; Wuerfel et al., 2008). Widening of perivascular spaces
may indicate poor fluid drainage due to accumulation of perivascular cell debris, proteins and
waste along blood vessels (Hablitz and Nedergaard, 2021; Wardlaw et al., 2020). Although the
precise mechanism of fluid transport and waste clearance in the brain is still under intensive
investigation, fluid transport through perivascular spaces is thought to participate in the brain’s
putative glymphatic clearance system. Specifically, it has been proposed that cerebral waste
clearance may be facilitated in part by cerebrovascular vasomotion and pulsatility (Hablitz and
Nedergaard, 2021; Jessen et al., 2015; Rasmussen et al., 2022; Ren et al., 2021), and changes in
arterial pulsatility have been hypothesized to contribute to reduced waste clearance and
accumulation of toxic solutes (Iliff et al., 2013; Mestre et al., 2018). While changes in
cerebrovascular pulsatility and low cerebral blood flow (CBF) have both previously been linked
to perivascular spaces in the basal ganglia (Blair et al., 2020; Liu et al., 2021; Mestre et al.,
2018), few prior studies have examined associations between perivascular spaces and dynamic
measures of cerebrovascular function.
Cerebrovascular reactivity (CVR) is a dynamic marker of cerebrovascular function and
represents the ability of cerebral blood vessels to regulate CBF in response to vasoactive stimuli
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(Liu et al., 2019; Urback et al., 2017). Enlarged perivascular spaces may impede or diminish
CVR through reduced CSF flow, endothelial damage, rigidity of arteriolar walls, or breakdown
of the microvasculature (Wardlaw et al., 2020). Alternatively, diminished CVR may facilitate the
development of enlarged perivascular spaces by preventing efficient fluid transport (Hablitz and
Nedergaard, 2021). Prior studies have demonstrated a relationship between reduced CVR and
white matter hyperintensities (Blair et al., 2020; Liem et al., 2009), lacunar infarction (Molina et
al., 1999) and cerebral amyloid angiopathy (Beaudin et al., 2022). However, few studies have
examined whether perivascular spaces specifically may be associated with diminished CVR
(Blair et al., 2016, 2020; Hund-Georgiadis et al., 2001). To the best of our knowledge, only two
studies have examined perivascular spaces as part of a total small vessel disease score in
association with CVR using BOLD functional MRI (Blair et al., 2020). Only Blair et al (2020)
reported the independent association between perivascular spaces and CVR, showing that greater
basal ganglia perivascular spaces are associated with lower white matter CVR. Additionally, no
studies to date have investigated CVR to vasodilation versus vasoconstriction in older adults
with and without perivascular spaces.
In the present study, we aimed to determine whether older adults with perivascular spaces
may exhibit reduced vasodilatory and/or vasoconstrictive CVR in response to hypercapnia and
hypocapnia, respectively. We hypothesized that higher burden of perivascular spaces would be
associated with an attenuated CVR response.
Methods
Participants
Participants were recruited from the community and all study procedures were conducted
as part of the Vascular Senescence and Cognition (VaSC) Study at the University of Southern
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California (USC) and University of California, Irvine. Older adults aged 55 years or older who
were living independently were included. Exclusion criteria included a history of clinical stroke,
dementia, myocardial infarction, major neurological or psychiatric disorder impacting cognition,
MRI contraindication, current organ failure, and other systemic or neurological illness that may
impact central nervous system function. History of vascular risk factors, including hypertension,
body mass index, dyslipidemia, diabetes, as well as history of other medical illnesses, was
determined by clinical interview. Data will be made available via reasonable request to the
authors and based on the conditions outlined the Data and Code Availability Statement. This
study was approved by the local Institutional Review Board; all participants gave informed
consent and underwent detailed clinical assessment and brain MRI.
Neuroimaging
All participants underwent a comprehensive neuroimaging protocol (Nation et al., 2018)
and all MRI scans were conducted on a 3T scanner (Siemens MAGNETOM Prisma System).
The following sequences were examined for the current analysis: 3D T1-weighted anatomical
scan for qualitative assessment of brain structures and abnormalities (Scan parameters: TR =
2300 ms; TE = 2.98 ms; TI = 900 ms; flip angle = 9 deg; FOV = 256 mm; resolution = 1.0 × 1.0
× 1.2 mm3; Scan time = 9 minutes), T2-weighted scan for identification of perivascular spaces
(Scan parameters: TR = 10000 ms; TE = 88.0 ms; flip angle = 120 deg; FOV = 210 mm;
resolution = 0.8 × 0.8 × 3.5 mm3; Echo spacing = 9.8 ms; Echo trains per slice = 11; Scan time =
2 minutes), and 3D gradient and spin-echo (GRASE) pseudo-continuous arterial spin labeling
(pCASL) for CBF. The scan parameters were as follows for pCASL: TR = 5000 ms; TE at
University of Southern California = 36.3 ms; TE at University of California, Irvine = 37.46 ms;
FOV = 240 mm; resolution = 2.5 × 2.5 × 3.4 mm3; slice thickness = 3.42 mm; number of slices =

5

24; labeling duration = 1517 ms; post-labeling delay = 2000 ms. There was a total of 32
acquisitions (1 M0 image + 1 dummy image + 30 alternating tag and control images), with a
total scan time of 5 minutes 25 seconds, yielding 15 tag-control pair images.
Cerebral Blood Flow
Following the protocol as described in Yew et al. (2022), the pCASL scans were preprocessed using the ASLtbx pipeline, implemented in SPM12 within MATLAB (Wang, 2012;
Wang et al., 2008). Pre-processing steps for pCASL scans included motion correction, coregistration to individual subject's structural T1-weighted image, spatial smoothing with a 6 mm
full-width at half-maximum Gaussian kernel, and tag-control subtraction resulting in 15 tagcontrol pairs for each subject with values for absolute CBF (mL/100g tissue/min). All CBF
images were thresholded below 10 or above 150mL/100g/min to exclude CBF outside the
expected physiological range of gray matter (Clark et al., 2021; Nation et al., 2013). Tag-control
pairs were warped to MNI space and averaged to create mean CBF maps for each subject.
Resulting mean CBF maps were visually inspected for quality and gross abnormalities (i.e., large
signal dropout). Partial volume correction was performed by applying subject-specific gray
matter masks derived from the gray matter tissue class segmentation of T1-weighted structural
images (Petr et al., 2018). Segmented gray matter maps were thresholded at 0.3, binarized, and
multiplied by the mean CBF maps to ensure CBF was limited to gray matter.
Perivascular Spaces
Perivascular spaces were identified in accordance with established neuroimaging
standards for SVD (Smith et al., 2019) and scored using the perivascular spaces visual rating
scale and user guide (Potter et al., 2015). Perivascular spaces were scored in the basal ganglia,
centrum semiovale, and midbrain. Overall perivascular spaces score was the highest score of all
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anatomical regions. Scores ranged from 0 (no perivascular spaces) to 4 (>40 perivascular spaces,
severe).
CO2 Manipulation
Hypercapnia and hypocapnia were induced using a breathing paradigm, described in
detail elsewhere (Yew, Jang, Dutt et al., 2022). Briefly, visual stimuli were utilized to guide
patient breathing. Breath hold and paced breathing exercises were performed during separate
pCASL scans. Breath hold for 15 seconds was employed to induce hypercapnia. Paced breathing
at 0.1 Hz using an exhale-inhale cycle was employed to induce hypocapnia. Details of the visual
stimuli and illustrations of the temporal synchronization of breathing paradigms and pCASL
acquisition is shown elsewhere . Participants were excluded from analyses if they could not
adhere to breathing instructions.
Capnography
End tidal CO2 (etCO2) was indexed using capnography during MRI acquisition using an
M3015A sidestream carbon dioxide extension module (Philips Medical Systems) connected to a
nasal cannula into which participants breathed. To correct for sampling tubing latency, etCO2
time series were shifted by a pre-calibrated duration of time (i.e., 10 seconds in our set-up).
Additional details of the protocol and extraction of etCO2 has previously been described in detail
(Yew, Jang, Dutt et al., 2022). For breath hold (hypercapnia), maximum etCO2 was extracted for
each tag-control pair (i.e., maximum positive peak across the acquisition interval for each tagcontrol pair) to capture increases in etCO2induced by breath hold. For paced breathing
(hypocapnia) etCO2 was extracted at every expiration; etCO2 gradually decreased during the
paced breathing task.
Cerebrovascular Reactivity
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Cerebrovascular reactivity was defined as percent change in CBF per unit change in
etCO2 (% ΔCBF/ΔmmHg etCO2) and determined as follows in every voxel:
100  (CBF maximum − CBF minimum) / CBF minimum
CVR (% ΔCBF/ΔmmHgetCO2) =
etCO2 maximum − etCO2 minimum
Values were averaged across voxels and tag-control pairs to determine whole brain CBF
in each breathing condition. CVR maps were generated as described in Yew, Jang, Dutt et al.
(2022). Regional mean CVR values were extracted for our regions of interest (ROI), including
frontal gyrus, orbitofrontal cortex, anterior cingulate cortex, amygdala, hippocampus, medial
temporal lobe, parietal cortex, posterior cingulate cortex, precuneus, caudate, and thalamus.
Statistical Analyses
All analyses were performed using IBM SPSS Statistics 27 and R Version 3.6.1.
Demographic variables were computed to characterize the sample. We examined the relationship
between perivascular spaces (independent predictor) and CVR to hypercapnia and hypocapnia
(dependent outcomes) using multiple linear regression, adjusting for age and sex.
Multicollinearity was assessed, with a variance inflation factor above 4 indicating significant
multicollinearity. We utilized multiple imputation for missing CVR to hypercapnia (N = 4) and
hypocapnia (N = 3) values for our primary outcomes (CVR to hypercapnia and hypocapnia).
Missing value pattern analysis was conducted to ensure data appeared missing at random.
Multiple imputation was performed with 10 imputations, using linear regression and fully
conditional specification (Markov chain Monte Carlo (MCMC) method), which was selected
automatically by SPSS based on missing data patterns. No constraints were applied to imputed
values. Pooled data from 10 imputations was used for all analyses. Sensitivity analysis was
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conducted for all analyses to compare results from pooled data (multiple imputations) versus
original data (listwise deletion). Significance threshold was set at p < .05.
Results
A total of 37 participants were included in the current analysis. Age of study participants
ranged from 55 to 84 years and years of education ranged from 9 to 20. Participant
characteristics are reported in Table I. Scores on the perivascular spaces scale ranged from 1 (N
= 10, 27%) to 3 (N = 6, 16.2%, Figure I). Range of scores were similar in the basal ganglia and
centrum semiovale. Mean perivascular spaces score was 1.89 and mean perivascular spaces score
by region is reported in Table I.
Perivascular Spaces and CVR to Hypercapnia
Mean CVR to hypocapnia in gray matter was 10.1% ΔCBF/ Δ mmHg etCO2. A
significant association was observed between perivascular spaces and CVR to hypercapnia (B = 2.0, 95% CI (-3.6, -0.4), p = 0.015), adjusting for age and sex (Table II, Figure II-III). This
model explained 28% of the variance in CVR to hypercapnia. Sensitivity analysis revealed the
same results when listwise deletion was employed and when accounting for number of vascular
risk factors.
CVR to hypercapnia was associated with perivascular spaces specifically in the basal
ganglia (B = -2.7, CI (-4.7, -0.8), p = .009) and marginally with centrum semiovale (B = -1.8, CI
(-3.8, 0.1), p = .068). After adjusting for sex and age, significant associations were observed
between perivascular spaces in the basal ganglia and CVR to hypercapnia in the right caudate (B
= -7.3, 95% CI (-13.3, -1.3), p = .019), right posterior cingulate cortex (B = -6.4, 95% CI (-11.0,
-1.8), p = .008) and right precuneus (B = -4.2, 95% CI (-7.8, -0.6), p = .025). Perivascular spaces
in the centrum semiovale were significantly associated with CVR to hypercapnia in the right
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anterior cingulate cortex (B = -5.6, 95% CI (-10.5, -0.6), p = .030), right caudate (B = -6.6, 95%
CI (-12.2, -1.0), p = .023), left lateral orbitofrontal cortex (B = -8.3, 95% CI (-15.7, -0.9), p =
.030), left inferior frontal gyrus (B = -4.6, 95% CI (-9.0, -0.3), p = .039) and both left (B = -6.6,
95% CI (-11.3, -1.8), p = .008) and right (B = -4.9, 95% CI (-9.7, -0.1), p = .047) hippocampus.
Perivascular Spaces and CVR to Hypocapnia
Mean CVR to hypocapnia in gray matter was 11.3% ΔCBF/ Δ mmHg etCO2. We
observed no association between perivascular spaces and CVR to hypocapnia, after adjusting for
age and sex (Table III, Figure IV). Sensitivity analysis revealed the same results when listwise
deletion was employed and when accounting for number of vascular risk factors. Pearson’s
correlation also revealed no association with perivascular spaces specifically in the basal ganglia
or centrum semiovale. We observed no associations between perivascular spaces in the basal
ganglia or centrum semiovale and regional CVR to hypocapnia.
We also conducted a site-specific sensitivity analysis which revealed the same findings,
with significant relationship between PVS and CVR to hypercapnia at both USC (p = .014) and
UCI (p = .042) and no relationship between PVS and CVR to hypocapnia at either site
Discussion
Enlarged perivascular spaces are increasingly known to be involved in numerous
cerebrovascular and neurodegenerative conditions (Gouveia-Freitas and Bastos-Leite, 2021).
Prior studies have demonstrated the perivascular space may widen due to waste and protein
accumulation and that clearance of the perivascular space is primarily driven by CSF flow and
cerebrovascular pulsatility (Hablitz and Nedergaard, 2021). Few prior studies have examined
how perivascular spaces may alter the ability of cerebral blood vessels to regulate blood flow in
response to vasoactive stimuli (i.e., CVR; Blair et al., 2016, 2020; Hund-Georgiadis et al., 2001),
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with only one prior study reporting the specific relationship between perivascular spaces and
CVR (Blair et al., 2020). The current study found that higher burden of perivascular spaces is
associated with a diminished CVR to hypercapnia (vasodilation) response. Our findings are
consistent with Blair et al. (2020), where higher basal ganglia perivascular spaces were
associated with lower white matter CVR using BOLD-fMRI. However, this study was one of the
first to utilize pCASL and examine vasoconstriction. No association was observed between
perivascular spaces and CVR to hypocapnia (vasoconstriction).
Prior studies have demonstrated that the vasodilatory response declines more rapidly
during midlife (Peng et al., 2018) and is more vulnerable to decline in old age compared to the
vasoconstriction response . The CVR values we obtained and the burden of perivascular spaces
observed in this study is similar to other studies in older adults (Doubal et al., 2010; Lara et al.,
2022; Yew et al., 2022) although studies establishing prevalence and norms are limited. Higher
burden of perivascular spaces could potentially contribute to decline in the vasodilatory response
in older adults. Dilation of the blood vessel in response to increased CO2 or other vasodilatory
stimuli requires expansion of blood vessels into the perivascular space (; Hablitz and
Nedergaard, 2021). Accumulation of waste, protein and debris along the perivascular space—
which leads to enlargement of the space—may impede with the extent to which the blood vessel
is able to dilate. In contrast, vasoconstriction leads to a reduction the amount of space occupied
by the blood vessel and a larger perivascular space (Mestre et al., 2020). Enlarged perivascular
spaces may indicate decrease glymphatic flow and diminish movement of CSF (Hablitz and
Nedergaard, 2021; Kress et al., 2014; Mestre et al., 2017). Moreover, vasodilation is expected to
decrease flow along the perivascular space (Hablitz and Nedergaard, 2021). It is therefore
possible that blockage along the perivascular space limits the extent to which vasodilation can
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occur and may especially impact the vasodilatory response (i.e., CVR to hypercapnia). While
additional studies are needed to determine directionality, it is also possible that both these
processes occur at the same time, with blockage of the perivascular space causing reduced
vasodilation and diminished vasodilation further impairing interstitial fluid flow and causing
perivascular space expansion. Future studies are needed to address this hypothesis directly.
Regional analysis revealed that perivascular spaces in the basal ganglia were associated
with CVR to hypercapnia in basal ganglia regions (i.e., caudate) as well as posterior regions such
as the posterior cingulate cortex and precuneus. Given our sample size, future studies may reveal
additional areas where CVR to hypercapnia may be related to perivascular spaces. Moreover,
associations between perivascular spaces in the basal ganglia and CVR to hypercapnia were
primarily in the right hemisphere, and additional studies are warranted to determine whether
CVR to hypercapnia may be more vulnerable to small vessel damage in this hemisphere.
Perivascular spaces in the centrum semiovale were associated with CVR to hypercapnia in
anterior and frontal brain regions as well as the hippocampus. Higher burden of perivascular
spaces in the centrum semiovale has previously been reported in amyloid-PET positive
individuals with AD-related cognitive impairment (Charidimou et al., 2015). The hippocampus is
key structure impacted in AD (Braak & Braak, 1990). Our findings are consistent with these
associations, with perivascular spaces in centrum semiovale being associated with CVR to
hypercapnia in both the left and right hippocampus. The mechanism for this remains unknown
and warrants further investigation.
Some of the limitations of this study include the cross-sectional design and limited
sample size. The present study also only evaluated CBF in gray matter due to the low signal-tonoise ratio of white matter pCASL. However, we observed a strong association between
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perivascular spaces and CVR despite these limitations. Moreover, in this study, we were able to
assess CVR to both the hypercapnia and hypocapnia and directly evaluate CBF using pCASL.
Prior studies have primarily examined only the hypercapnia response and utilized transcranial
doppler and blood oxygen level-dependent (BOLD) functional MRI. While both TCD and
BOLD-fMRI provide unique information, pCASL perfusion MRI allows direct examination of
CBF in each voxel in the brain (Liu et al., 2019; Yew, Jang, Dutt et al., 2022). However, low
signal-to-noise ratio and temporal resolution of pCASL also remain limitations. It is also
currently accepted that perivascular spaces extend to the capillary level, however current T2weighted imaging may not be able to capture para-capillary space (Gouveia-Freitas and BastosLeite, 2021). Future studies and advances to visualize para-capillary space at higher resolutions
will provide further insight into this glymphatic clearance system. Given that the participants in
this study had no history of stroke or dementia, additional studies are needed to determine if
these findings generalize to those with more severe cerebrovascular and neurodegenerative
conditions. Longitudinal studies are also warranted to examine the predictive value of CVR and
perivascular spaces as pre-clinical biomarkers of cerebrovascular disease and cognitive decline.
We also utilized a breathing paradigm as opposed to gas inhalation, which may introduce intersubject and inter-breath variations. Our findings should further be validated in future studies
utilizing other methods to induce hypercapnia. In addition, prior studies have shown differences
in labeling efficiency during hypocapnia and hypercapnia due to changes in arterial flow velocity
during vascular challenge (Aslan et al., 2010). In this study, we used the same post-labeling
delay for both conditions, which is a limitation. Future studies with multiple post-labeling delays
would be valuable in determining how this parameter influences CBF and CVR in different
breathing conditions.
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These findings suggest that perivascular spaces are associated with diminished CVR,
specifically for the vasodilatory response. It remains unclear whether widening of perivascular
spaces is a cause, consequence or co-occurring phenomenon to deficits in CVR. Future
longitudinal studies are warranted to examine how this dysfunction may be related to the
development of cerebrovascular and neurodegenerative conditions.
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Table I. Participant Characteristics, Demographics and Vascular Risk Factors
N = 37
66.3 (6.8)
11 (29.7)
15.7 (2.7)

Age, M (SD)
Sex Male, n (%)
Education, M (SD)
Vascular Risk Factors, n (%)
Hypertension
Dyslipidemia
Diabetes
Smoking History
TIA
Cardiovascular Disease
Atrial Fibrillation
Race, n (%)
White
Black
Asian
Other
CVR to Hypocapnia, M (SD)
CVR to Hypercapnia, M (SD)
Perivascular Spaces, Basal Ganglia, M (SD)
Perivascular Spaces, Centrum Semiovale, M (SD)
Perivascular Spaces, Midbrain, M (SD)

11 (29.7)
12 (32.4)
1 (2.7)
11 (29.7)
2 (2.7)
4 (10.8)
3 (8.1)
27 (73.0)
3 (8.1)
4 (10.8)
3 (8.1)
11.3 (7.2)
10.1 (3.2)
1.3 (0.6)
1.8 (0.6)
1.0 (0.2)

Table II. Association Between Perivascular Spaces and CVR to Hypercapnia
Unstandardized
Coefficients
Std.
B
Error
-0.11
0.08
Age (Years)
-0.13
1.05
Sex (Male)
Perivascular Spaces Score
-2.02
0.82
Dependent Variable: CVR to Hypercapnia
Variable

t

Sig.

-1.43
-0.12
-2.46

0.153
0.904
0.015

95% Confidence
Interval for B
Lower
Upper
Bound
Bound
-0.26
0.04
-2.19
1.93
-3.64
-0.40
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Table III. Association Between Perivascular Spaces and CVR to Hypocapnia
Unstandardized
Coefficients
Std.
B
Error
0.04
0.21
Age (Years)
1.33
2.80
Sex (Male)
Perivascular Spaces Score
-0.33
2.07
Dependent Variable: CVR to Hypocapnia
Variable

t

Sig.

0.21
0.48
-0.16

0.832
0.635
0.871

95% Confidence
Interval for B
Lower
Upper
Bound
Bound
-0.36
0.45
-4.16
6.83
-4.38
3.72

Figure I. Enlarged perivascular spaces in the centrum semiovale on T2-weighted MRI
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Figure II. Partial Regression Plot of Association between Perivascular Spaces and CVR to
Hypercapnia

Note: CVR to hypercapnia was measured as % ΔCBF/ΔmmHg etCO2 and enlarged perivascular
was measured using the perivascular spaces visual rating scale. This partial regression plot
accounts for age and sex, as adjusted in the reported regression models.
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Figure III. Average whole-brain gray matter cerebrovascular reactivity (CVR) maps contrasting
high (scores of 2-4; top) versus low (scores of 0-1; bottom) perivascular spaces burden during
breath hold (hypercapnia) condition. Warmer colors indicate higher CVR values (greater percent
change in cerebral blood flow per mmHg change in etCO2), while colder colors show lower CVR
values.

High Perivascular Spaces Burden

Low Perivascular Spaces Burden
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Figure IV. Partial Regression Plot of Association between Perivascular Spaces and CVR to
Hypocapnia

Note: CVR to hypocapnia was measured as %ΔCBF/ΔmmHg etCO2 and enlarged perivascular
spaces was measured using the perivascular spaces visual rating scale. This partial regression
plot accounts for age and sex, as adjusted in the reported regression models.
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