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Abstract  The blood–brain barrier (BBB) undergoes 
functional changes with aging which may contribute 
to cognitive decline. A novel, diffusion prepared arte-
rial spin labeling-based MRI technique can measure 
the rate of water exchange across the BBB (kw) and 
may thus be sensitive to age-related alterations in 
water exchange at the BBB. However, studies inves-
tigating relationships between kw and cognition have 
reported different directions of association. Here, 
we begin to investigate the direction of associations 
between kw and cognition in different brain regions, 
and their possible underpinnings, by evaluating links 
between kw, cognitive performance, and MRI markers 
of cerebrovascular dysfunction and/or damage. Forty-
seven healthy older adults (age range 61–84) under-
went neuroimaging to obtain whole-brain measures 
of kw, cerebrovascular reactivity (CVR), and white 

matter hyperintensity (WMH) volumes. Addition-
ally, participants completed uniform data set (Ver-
sion 3) neuropsychological tests of executive func-
tion (EF) and episodic memory (MEM). Voxel-wise 
linear regressions were conducted to test associations 
between kw and cognitive performance, CVR, and 
WMH volumes. We found that kw in the frontoparietal 
brain regions was positively associated with cognitive 
performance but not with CVR or WMH volumes. 
Conversely, kw in the basal ganglia was negatively 
associated with cognitive performance and CVR and 
positively associated with regional, periventricular 
WMH volume. These regionally dependent associa-
tions may relate to different physiological underpin-
nings in the relationships between kw and cognition in 
neocortical versus subcortical brain regions in older 
adults.
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Introduction

Normal aging is associated with alterations in cer-
ebrovascular function that negatively affect cogni-
tive performance [1–4]. An increasing number of 
studies indicate that disruption of the blood–brain 
barrier (BBB) may represent an early contributor to 
age-related vascular cognitive declines [5–10]. The 
BBB is a highly regulated vascular interface between 
the blood and central nervous system. It is made up 
of the endothelial cells that limit permeability and is 
sheathed by perivascular mural cells, pericytes, and 
astrocytic endfeet [5, 11, 12]. The endothelial cells of 
the BBB have tight junctions which serve to regulate 
the flow of ions and molecules between the blood and 
brain and prevent toxins and pathogens from enter-
ing the brain, supporting proper neuronal functioning 
[13, 14].

BBB disruption can be assessed in  vivo using 
imaging techniques such as dynamic contrast‐
enhanced magnetic resonance imaging (DCE MRI 
[5]). DCE MRI can track paracellular leakage of gad-
olinium (Gd)-based contrast agents (GBCAs) as these 
pass between the blood and brain (ktrans), revealing 
important information about both advanced and more 
subtle tight junction disruption [5, 15, 16], as well as 
increases in transcellular bulk flow transcytosis across 
the BBB [17]. Increased ktrans is associated with cog-
nitive dysfunction in mild cognitive impairment, Alz-
heimer’s disease, and vascular cognitive impairment 
[7, 18, 19]. However, GBCAs have relatively large 
molecular weights (Gd‐DTPA 550  Da) which may 
necessitate significant structural damage to the BBB 
before extravasation occurs [5, 20, 21].

Recently, a non-invasive MRI method has been 
proposed to measure subtler BBB alterations in the 
transport of water across the BBB using diffusion pre-
pared arterial spin labeling (DP-ASL) MRI [21–23]. 
Unlike DCE-MRI, the DP-ASL technique does not 
measure alterations in the permeability of the BBB. 
Instead, it can estimate water exchange rate across 
the BBB (expressed as kw) which indicates the rate 
of water molecule exchange between capillaries and 
brain tissue (i.e., reciprocal of water exchange time) 

[21]. The majority of water molecules traverse the 
BBB via water-specific transport proteins known as 
aquaporins, with aquaporin-4 (AQP4) being the most 
prevalent aquaporin channel in the brain [24]. Char-
acterized by a diameter comparable to that of a sin-
gle water molecule, AQP4 only allows for diffusion 
of one molecule at a time [24, 25]. This regulated 
water transfer across the BBB has physiological sig-
nificance in safeguarding the brain against edema and 
swelling [26, 27]. DP-ASL has been validated in rela-
tion to the exchange of ASL tagged water with tissue 
water in the rat brain, using a hypercapnic challenge 
[28, 29]. For instance, in the rat brain BBB kw was 
shown to increase as a function of mannitol-induced 
osmotic effects on water movement across the BBB 
[30].

This means that the MRI-based metric of DP-ASL 
kw may be sensitive to decreases in cognitive perfor-
mance associated with age-related alterations in water 
exchange across the BBB. To date, however, only a 
handful of studies have employed DP-ASL to inves-
tigate potential links between BBB kw and cognition 
[21, 31–33]. In addition, the relationships reported 
between BBB kw and cognitive performance have 
not been entirely consistent. In particular, while most 
studies have reported a positive relationship between 
BBB kw and cognitive performance [31, 32], Shao 
et  al. [21] reported negative associations between 
BBB kw in whole brain, gray matter (GM), and white 
matter (WM) and cognitive performance in a cohort 
of older adults at risk of cerebral small vessel disease 
(cSVD).

Given the potential utility of BBB kw as a non-
invasive MRI metric of alterations in water exchange 
across the BBB, it is important to gain insight into the 
direction of associations between BBB kw and cogni-
tive function, as well as the underlying mechanisms 
involved. One possibility is that different physiologi-
cal underpinnings may contribute to the direction 
of the kw–cognition associations. Previous research 
by our group and by other researchers hypothesized 
that the positive associations between BBB kw and 
cognition may reflect optimal BBB-related pro-
tein clearance functions [31–33]. However, negative 
associations between BBB kw and cognition appear 
incompatible with the optimal protein clearance func-
tion hypothesis. These negative associations were 
reported in a cohort of older adults at risk of cSVD 
[21]. Therefore, one possible explanation for these 
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negative BBB kw–cognition associations could be 
age-related regional differences in cerebrovascular 
dysfunction and/or vascular related tissue damage.

In the current study, we investigate this possibil-
ity in a cohort of healthy older adults. Specifically, 
we first used a voxel-wise approach to identify asso-
ciations between BBB kw in all possible brain regions 
and composite measures of executive function (EF) 
and episodic memory (MEM). EF and MEM were 
selected because these cognitive domains are among 
the first to be affected in normal aging [34–36]. The 
voxel-wise analysis identified both positive and nega-
tive associations between BBB kw and both EF and 
MEM, in different brain regions.

Second, to assess links between BBB kw and cer-
ebrovascular dysfunction and/or vascular-related tis-
sue damage and how these links relate to cognitive 
performance, additional regression analyses were 
conducted between BBB kw in all regions emerging 
from the voxel-wise analyses and 1) cerebrovascular 
reactivity (CVR), a validated marker of cerebrovas-
cular compliance [37, 38] and 2) white matter hyper-
intensity (WMH) volumes, an MRI marker of WM 
damage associated with cSVD [39, 40].

Materials and methods

Participants

Forty-seven healthy older adults participated in this 
study. All participants provided informed consent 
under a protocol approved by the Institutional Review 
Board of the University of Kentucky. Participants 
were recruited from an existing longitudinal cohort 
at the Sanders–Brown Center on Aging [41] and the 
broader Lexington, KY, community. All participants 
were cognitively intact based on clinical consen-
sus diagnosis and scores from the Uniform Data Set 
(UDS-3) used by US ADCs (procedure outlined in 
[42, 43]) or a score of 26 or higher on the Montreal 
Cognitive Assessment (MoCa [44]) for those partici-
pants recruited from the community.

Study exclusionary criteria were self-reported sig-
nificant head injury (defined as loss of consciousness 
for more than five minutes), heart disease, neurologi-
cal or psychiatric disorders, claustrophobia, pacemak-
ers, the presence of metal fragments or any metal 
implants that are incompatible with MRI, diseases 

affecting the blood (anemia, kidney/heart disease, 
etc.), or significant brain abnormalities detected dur-
ing imaging. Twenty-one of the participants self-
reported hypertension, but indicated it was currently 
under control by prescription medication which they 
identified by name. Four participants not only indi-
cated recent/active diabetes but also indicated it was 
currently under control by prescription medication 
which they identified by name. Detailed character-
istics of the participant cohort are shown in Table 1. 
Thirty of the subjects in the current study also partici-
pated in [33].

Imaging protocol

Participants were scanned with a Siemens 3 T Prisma 
scanner (software version MR_VE11C), using a 
64-channel head-coil, at the University of Kentucky 
Magnetic Resonance Imaging and Spectroscopy 
Center (MRISC). The following sequences were 
used: (1) a 3D multi-echo, T1-weighted, magnetiza-
tion prepared rapid gradient echo sequence (ME-
MPRAGE) used to define anatomical ROIs and for 
MNI152 template space normalization/warping [45]; 
(2) a 3D fluid-attenuated inversion recovery (FLAIR) 
sequence, used to evaluate white matter hyperintesity 
(WMH) volumes; (3) a blood oxygen level–dependent 
(BOLD), echo planar imaging (EPI), functional MRI 
(fMRI) scan for assessment of cerebrovascular reac-
tivity (CVR); and (4) a 3D gradient-and-spin-echo 
(GRASE) diffusion-prepared pCASL (DP-pCASL) 
sequence for assessing the water exchange rate across 
the BBB (kw). Several other sequences were collected 
during the scanning session related to other scientific 
questions and are not discussed further here.

Table 1   Group demographics and mean cognitive measures

1 Mean ± standard deviation is shown for participants
2 MoCA Montreal Cognitive Assessment

n 47

M: F 21: 26
Hypertension medication (yes: no) 21: 26
Recent/active diabetes (yes: no) 4: 43
Age range (years) 61–84
Age (years) 70.6 ± 5.541

Education (years) 16.5 ± 2.31

MoCa2 27.78 ± 1.201
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The multi-echo (ME)-MPRAGE sequence had 
four echoes (repetition time (TR) = 2530  ms; first 
echo time (TE1) = 1.69  ms echo time spacing 
(ΔTE) = 1.86 ms, flip angle (FA) = 7°) and covered 
the entire brain (176 slices, field of view = 256 mm, 
parallel imaging (GRAPPA), acceleration factor = 2, 
1-mm3 isotropic voxels, scan duration = 5.53  min). 
A ME MPRAGE sequence was used because it opti-
mizes gray/white matter contrast which improves 
the accuracy of FreeSurfer-based cortical/subcorti-
cal segmentations and subsequently the accuracy 
of delineated ROIs [46]. The 3D FLAIR sequence 
covered the entire brain and was acquired using 
the following parameters: 1-mm3 isotropic voxels, 
256 × 256 × 176 acquisition matrix, TR = 5000  ms, 
TE = 388  ms, inversion time = 1800  ms, and scan 
duration = 6.45  min. The CVR scan also cov-
ered the entire brain and was acquired using a 
BOLD EPI sequence with the following param-
eters: voxel size of 3.0 × 3.0 × 3.7 mm3, acquisition 
matrix = 64 × 64 × 36, parallel imaging (GRAPPA) 
acceleration = 2, TR = 2000  ms, TE = 30  ms, 
FA = 71°, number of volumes = 216, and scan 
duration = 7.20 min.

Lastly, the DP-pCASL sequence was acquired with 
the following parameters: TR = 4  s, TE = 36.5  ms, 
FOV = 224  mm, matrix size = 64 × 64, 12 slices 
(10% oversampling), resolution = 3.5 × 3.5 × 8 mm3, 
label/control duration = 1500  ms, and centric order-
ing, and optimized timing of background suppres-
sion for grey matter (GM) and WM [47]. A two-stage 
approach was used to measure arterial transit time 
(ATT) and kw: fifteen repetitions were acquired dur-
ing the flow encoding arterial spin tagging (FEAST) 
scan at post-labeling delay (PLD) = 900  ms and dif-
fusion weighting (b-value) of 0 and 14  s/mm2 with 
a total acquisition time of 4 min for estimating ATT. 
The kw metric was calculated from scans acquired at 
PLD = 1800 ms, when the labeled blood reaches the 
microvascular compartment, with b = 0 and 50 s/mm2, 
respectively. Twenty repetitions were acquired for 
each b-value of the kw scan, and the total acquisition 
time was 6 min. The 12 slices of the DP-pCASL scan 
did not cover the entire brain. As such, before each 
DP-pCASL scan, the area of acquisition was manu-
ally positioned to include as much of the hippocam-
pus as possible (98% average hippocampal coverage) 
without excluding any cortical brain regions. Inferior 
temporal lobe regions below the hippocampus were 

partially covered by the DP-pCASL scan (53% aver-
age inferior temporal lobe coverage).

BBB kw mapping

BBB kw maps were created using the procedure out-
lined in [21]. More specifically, DP-pCASL con-
trol/label images were first corrected for rigid head 
motion using SPM12 [48]. Residual motion artifacts 
resulting from temporal fluctuations in the control/
label image acquisition were further reduced using 
principal component analysis [49], which can help 
restore the details of gyral structures. Following 
motion correction, kw maps were calculated by a 
total–generalized–variation (TGV; [50]) regularized 
SPA model [23] using the tissue (or capillary) frac-
tion of the ASL signal at the PLD of 1800 ms, incor-
porating ATT, T1 of arterial blood, and brain tissue 
as inputs for the algorithm [21]. Arterial blood T1 
was assumed to be 1.66  s, which is commonly used 
for CBF quantification [51]. To highlight regional dif-
ferences in BBB kw across the participant cohort, the 
kw maps were converted to Z-scores, representing the 
number of standard deviations that individual voxels 
deviated from the mean BBB kw for each participant.

Following the creation of the BBB kw maps, the 
four echoes of the T1-weighted structural images 
from the ME-MPRAGE scan were averaged into a 
root mean square (RMS) image and registered to the 
M0 image of the DP-pCASL scan. A semi-automatic, 
edge-based approach was then used for registration, 
implemented using the align_epi_anat function of 
AFNI [52]. In more detail, AFNIs 3dLocalstat func-
tion was first used to create normalized 2D gradient 
versions of the kw and T1-weighted images, cor-
responding to the local spatial variance within each 
image. The local spatial variance was computed as the 
standard deviation of intensities within a local neigh-
borhood of voxels, divided by their mean intensity. 
The optimal alignment was subsequently computed 
between the 2D gradient version of the T1-weighted/
M0 images and the resulting transformation matrix 
was used to align the original T1/M0 images.

This edge-based alignment approach was selected 
because it yielded the best T1/M0 image registration 
among all the available methods provided by AFNI, 
for the majority of participants (inspected manu-
ally). For those participants in which registration was 
sub-optimal, the T1-weighted images were manually 



269GeroScience (2024) 46:265–282	

1 3
Vol.: (0123456789)

registered to the M0 images and corresponding trans-
formation matrices created using the nudge tool in 
FSLeyes. Our semi-automated registration approach 
allowed for accurate registration of high-resolution 
T1-weighted images to the low-resolution images of 
the DP-pCASL scan (3.5 × 3.5 × 8 mm3).

Following registration, the BBB kw registered 
T1-weighted images were non-linearly warped/nor-
malized to MNI152 space (MNI ICBM152 1-mm 
6th-generation atlas; [45]) using the AFNI function 
auto_warp.py. The transformation matrices obtained 
in the previous step were used to warp the BBB kw 
maps to MNI152 space, using the AFNI function 
3dNwarpApply and a wsinc5 cost function. The 
MNI152 warped BBB kw images were used in sub-
sequent voxel-wise analyses. Lastly, FreeSurfer 6.0 
was used with the recon-all option to segment each 
participant’s kw aligned T1-weighted image, in native 
space, into 89 cortical/subcortical ROIs (ROIs iter-
ated in [53]). These 89 ROIs were eroded by one 
voxel to minimize partial volume effects and then 
resampled to the BBB kw voxel resolution (i.e., from 
1 mm3 isotropic to 3.5 × 3.5 × 8 mm3 voxels).

Average kw values from the native space, Z-scored 
BBB kw maps were then extracted from each of these 
resampled ROIs for each participant, under the con-
straint that at least 90% of the voxels in a given ROI 
overlapped with the BBB kw map. This constraint is 
important because the BBB kw maps did not cover the 
entire brain, whereas the T1-weighted images did. All 
47 participants included in this study had greater than 
90% coverage in all ROIs reported in subsequent sec-
tions. Extracted values were used in ROI-based analy-
ses to more closely evaluate the relationship between 
BBB kw and cerebrovascular dysfunction. Lastly, 
FreeSurfer estimated intracranial volumes (eICV, in 
mm3) were recorded for each participant. In all ROI-
based regression analyses, eICV was included as a 
covariate to account for head size-dependent differ-
ences in ROI volumes across participants.

Neuropsychological assessment

Forty-two out of the 47 participants of the cohort 
underwent neuropsychological testing using the 
National Alzheimer’s Coordinating Center’s (NACC) 
UDS-3 [42, 43]. The UDS-3 includes a compre-
hensive battery of neuropsychological tests assess-
ing global cognition, memory encoding, memory 

retrieval, semantic memory, working memory, atten-
tion, executive function, processing speed, and verbal 
retrieval. Additional neuropsychological measures 
specific to the UK-ADRC were also administered to 
the participants, including the California verbal learn-
ing test, 2nd edition (CVLT-II) used to construct the 
episodic memory composite scores described in the 
section below.

Executive function (EF) and episodic memory 
(MEM) composite scores

Composite scores were created for the 42 participants 
who underwent neuropsychological testing, to assess 
EF and MEM. As such, all subsequent analyses that 
use these composite scores have a sample size of 42, 
whereas analyses that do not include these composite 
scores use the full participant cohort (n = 47). Better 
performance is reflected by higher composite scores 
for both EF and MEM. The EF composite scores 
were calculated using a validated software toolkit 
developed for the UDS3 [54] and scores from the fol-
lowing individual cognitive tests: category fluency 
(animals and vegetables), phonemic fluency (letter F 
and letter L), digit span backward, and trail making 
test A and B. Specifically, correct responses are used 
for category fluency, phonemic fluency, and digit 
span backward, whereas number of correct lines per 
minute are used for the trail making test.

The UDS-3 does not currently have a software 
toolkit for calculating MEM composite scores. As 
such, MEM composite scores were calculated using 
a factor score-based approach, comparable to the 
one used for the EF composite [54]. In more detail, 
individual test scores were first selected correspond-
ing to those UDS-3/UK-ADC cognitive tests that 
best represent long-term memory performance. That 
is, those cognitive tests with the longest time delay 
between memory encoding and memory retrieval. 
These included the total story units recalled, using 
verbatim scoring from the Craft test, the delayed copy 
scores from the Benson complex figure test, and the 
long delay raw scores from the CVLT-II. An explora-
tory factor analysis indicated that the selected cogni-
tive tests all represent a single latent factor (presum-
ably long-term memory). Factor scores were then 
created for the single factor obtained in the previous 
step, using the Bartlett approach. This approach was 
selected because it provides 1) high validity (the 
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factor scores are highly correlated to the estimated 
factor) and 2) unbiased estimates of factor score 
parameters [55].

CVR imaging procedure

CVR was assessed using a previously described 
procedure [56–58]. Briefly, participants were fitted 
with a mouthpiece and nose-clip and mild hyper-
capnic air (5% carbon dioxide, 74% nitrogen, and 
21% oxygen) was administered using a Douglas bag, 
with a two-way non-rebreathing valve, enabling pre-
cise switching between room-air and hypercapnic 
air [58]. Participants underwent blocked inhalation 
of hypercapnic air and room air while BOLD fMRI 
was acquired. The third author (C. B.) was present 
inside the scanner room throughout the experiment 
to manually switch the valve to control the breath-
ing air type (either room air or hypercapnic air). The 
CVR paradigm used interleaved blocks comprised of 
70  s room-air breathing and 50  s of hypercapnic air 
breathing, for a total scan time of 7.20 min. CO2 con-
centration in the exhaled air was sampled at 100 Hz, 
and the resulting CO2 trace was recorded using cap-
nography (Philips Respironics NM3 Monitor, Model 
7900, CT).

CVR data processing

CVR analysis was performed using a cloud-based 
processing tool, CVR-MRICloud [38, 59] as fol-
lows: the BOLD data were first motion corrected and 
smoothed by an 8-mm Gaussian kernel using SPM12. 
The end-tidal CO2 (Et-CO2) was extracted from the 
CO2 trace using an algorithm to identify the peak CO2 
of each exhaled breath and then the resulting Et-CO2 
curve was temporally aligned (global-shifted) to the 
whole-brain BOLD signal time course. Unscaled, 
whole-brain CVR values were subsequently obtained 
using a general linear model (GLM) between whole-
brain averaged BOLD signal and global-shifted 
EtCO2 (Eq.  1 in [38]). Lastly, the raw CVR values 
obtained in the previous step were scaled to units of 
%BOLD signal change (in the CO2-enhanced vs. nor-
mal air condition) per mm of mercury (Hg) of Et-CO2 
change (%BOLD/mmHg CO2) using Eq. 2 in [38].

The resulting, individual participant CVR maps 
were then co-registered to their corresponding RMS 
T1-weighted images, which allowed warping/normal-
ization of the CVR data to MNI space. In addition, 
the RMS T1-weighted images were segmented by the 
MultiAtlas Segmentation toolbox on MRICloud into 
287 ROIs using the procedure described in [60, 61] 
and the “Adult50-90_287Labels_30atlases_M2_252_
V10A” atlas. The segmented RMS T1 images were 
used to calculate per-ROI CVR values by constrain-
ing the whole-brain CVR procedure described pre-
viously within each ROI separately. That is, the 
Et-CO2 curve was temporally aligned to the BOLD 
signal time course within each ROI separately, fol-
lowed by the GLM and scaling steps. Lastly, to pro-
vide an index of the overall quality of the CVR data, 
per ROI partial correlation coefficients were com-
puted between the BOLD time course and temporally 
aligned EtCO2, after factoring out the linear drift. 
These correlation coefficients passed quality control 
(automatically evaluated by the CVR-MRICloud tool-
box) in all ROIs reported in subsequent analyses.

White matter hyperintensity volume quantification

WMHs were identified using a validated 4-tissue 
segmentation method [62] as follows. Participants’ 
FLAIR images were first registered to their corre-
sponding RMS T1-weighted image using the FSL 
FLIRT function (FSL version 6.0.1; [63]), corrected 
for inhomogeneities using a previously published 
local histogram normalization [64], and then non-lin-
early warped to a standard atlas [62]. WMH probabil-
ities were then estimated on the standard-atlas warped 
FLAIR images using a Bayesian probability structure, 
based on histogram fitting and prior probability maps 
[65]. The prior–probability maps were created from 
more than 700 individuals with semi-automatic detec-
tion of WMHs followed by manual editing [62]. The 
estimated WMH probabilities from the previous step 
were then thresholded at 3.5 SDs above the mean 
WM signal intensity of the FLAIR image to create 
per-participant, binary WMH masks. These binary 
WMH masks were then back-transformed to each 
participants’ native space FLAIR image. Lastly, the 



271GeroScience (2024) 46:265–282	

1 3
Vol.: (0123456789)

native space WMH masks were visually inspected 
and manually edited were necessary to assure quality.

Following visual inspection and manual editing 
of the WMH masks, ROI-based masking was used 
to split the native space WMH masks into periven-
tricular (PV) and deep brain regions. PV WMHs were 
defined as being located within ~ 10 mm of the lateral 
ventricles and deep WMHs were defined as those 
located outside this radius [66]. The PV and deep 
ROIs used for masking were created using a validated 
group mask of the lateral ventricles in MNI152 space 
(MNI ICBM152 1-mm 6th-generation atlas; [45]), 
namely, the Automatic Lateral Ventricle delIneatioN 
(ALVIN) mask, created using data from 275 healthy 
adults (age range 18–94 [67];). The ALVIN mask 
extends beyond the lateral ventricles into brain paren-
chyma (~ 7–11  mm in most participants) to ensure 
inclusion of the lateral ventricles across participants 
with varying brain size. As such, the ALVIN mask, 
inversely warped from MNI152 space to each par-
ticipant’s native space FLAIR image, can be used to 
delineate PV WMHs. Similarly, a whole-brain, binary 
mask in the same space that excludes the ALVIN 
mask can be used to delineate deep WMHs.

More specifically, the following procedure was 
used. First, each participant’s RMS T1 image was 
skull-stripped using FreeSurfer 6.0 and aligned to 
their corresponding FLAIR image in native space, 
using AFNIs align_epi_anat.py function and a local 
Pearson correlation cost function. The aligned and 
skull-stripped T1 images were then non-linearly 
warped to MNI152 space (MNI ICBM152 1-mm 
6th-generation atlas; [45]) using the AFNI func-
tion auto_warp.py. The inverse of the transformation 
matrix obtained in the previous step was then used 
to inversely warp the ALVIN mask from MNI152 
space to each participant’s FLAIR image in native 
space, using the AFNI function 3dNwarpApply and a 
nearest neighbor interpolation method. The inversely 
warped ALVIN masks were subsequently resampled 
to the FLAIR image grid using the 3dresample func-
tion in AFNI. Following the previous step, a binary 
brain mask was also created from the skull-stripped 
and FLAIR aligned RMS T1 images and resampled to 
the FLAIR image grid.

Each participant’s whole-brain WMH mask was 
then multiplied by their native-space ALVIN mask 

to create a PV WMH mask. Similarly, a deep WMH 
mask was created by multiplying each participant’s 
whole-brain WMH mask with a mask created by 
subtracting the native-space ALVIN mask from the 
FLAIR aligned and resampled, T1-based brain mask. 
Lastly, WMH volumes in mm3 were calculated for 
each participant by computing the number of voxels 
in the PV and deep WMH masks.

Statistical analyses

Separate, group-level analyses were conducted with 
EF and MEM composite scores as independent vari-
ables (as mean centered vectors), and voxel-wise, 
Z-scored BBB kw as the dependent variable, using 
linear mixed-effects models (3dLME; [68]). Covari-
ates were age and years of education (as mean-
centered vectors), and gender (as a categorical, 
between-subjects variable). The resulting statistical 
maps were thresholded at qFDR < 0.05 using the 
false discovery rate approach for multiple compari-
son correction [69].

To assess associations between BBB kw and cer-
ebrovascular dysfunction in brain regions where the 
voxel-wise analyses were significant, subsequent 
ROI-based analyses were conducted. These analyses 
focused on BBB kw and CVR values extracted from 
those FreeSurfer and MRICloud/MultiAtlas ROIs that 
overlapped with significantly active voxels, as well as 
PV/deep WMH volumes. ROI analyses were then con-
ducted in SPSS 27 (IBM, Chicago, IL, USA) using lin-
ear regression models with CVR values as the depend-
ent variable and BBB kw as the independent variable. 
Age, years of education, gender, and eICV values acted 
as covariates in all linear regression models.

For WMH volumes, two separate linear regression 
analyses were conducted, one for PV and another for 
deep WMH volumes. PV/deep WMH volumes acted 
as the dependent variable whereas average BBB kw 
from all FreeSurfer ROIs that overlapped with signifi-
cantly active voxels acted as independent variables. 
As in all previous linear regression models, age, years 
of education, gender, and eICV values were used as 
covariates. The WMH distributions were skewed as 
is typical and were log transformed. CVR values were 
also skewed and therefore also log-transformed in 
order to pass the Shapiro–Wilk test of normality [70]. 
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All remaining variables were normally distributed. 
Variance inflation factors (VIF) are provided in all lin-
ear regression analyses in order to evaluate the degree 
of collinearity between independent variables. Multi-
ple comparisons are reported using the Sidak correc-
tion unless stated otherwise.

Results

Voxel‑wise BBB kw vs. EF composite scores

Results from this analysis revealed significant 
positive correlations between EF composite scores 
and BBB kw in the left superior frontal gyrus and 
bilateral precuneus. In addition, negative correla-
tions were observed between EF scores and BBB 
kw in bilateral portions of the putamen (Fig. 1). The 

MNI152 coordinates of peak correlation voxels and 
their corresponding anatomical labels are provided 
in Table 2.

Fig. 1   Voxel-wise results of the BBB kw vs. EF compos-
ite score analysis. Positive correlations are depicted with 
warm (orange to yellow) colors and negative correlations are 
depicted with cool (blue to cyan) colors. Results are overlaid 

on the 1 mm, MNI152 template provided with FSL, rendered 
as a 3D volume. Notes: L = left hemisphere; R = right hemi-
sphere

Table 2   MNI152 coordinates, cluster volume, and anatomical 
labels of voxels showing peak correlation between BBB kw and 
EF composite scores

1 Hemisphere (L: left; R: right)
2 MNI coordinates, in LPI/SPM order

Anatomical 
brain region

Hemisphere1 Cluster 
volume 
(mm3)

MNI  
coordinates  
(X, Y, Z)2

Superior  
frontal gyrus

L 6689  − 12, 47, 25

Precuneus R 429 3, − 83, 42
Putamen L 2230  − 26, 8, − 11
Putamen R 1544 28, 11,2
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Voxel‑wise BBB kw vs. MEM composite scores

Results from this analysis revealed significant positive 
correlations between MEM composite scores and BBB 

kw in the left superior and right middle frontal gyrus, as 
well as negative correlations between these scores and 
BBB kw in the left caudate and putamen (Fig. 2). The 
MNI152 coordinates of peak correlation voxels and their 
corresponding anatomical label are provided in Table 3.

ROI‑based analyses between BBB kw and CVR

To evaluate potential links between BBB kw within 
the brain regions identified in the voxel-wise analy-
ses and MRI metrics of cerebrovascular function, lin-
ear regression analyses were first conducted between 
average BBB kw and CVR extracted from the follow-
ing GM ROIs: bilateral superior frontal gyrus, mid-
dle frontal gyrus, and precuneus. BBB kw was also 
extracted from composite ROIs comprised of the bilat-
eral caudate and putamen ROIs. All linear regression 
analyses controlled for age, years of education, gender, 
and eICV. Results are summarized in Table 4.

Fig. 2   Voxel-wise results of the BBB kw vs. MEM compos-
ite scores analysis. Positive correlations are depicted with 
warm (orange to yellow) colors and negative correlations are 
depicted with cool (blue to cyan) colors. Results are overlaid 

on the 1 mm, MNI152 template provided with FSL, rendered 
as a 3D volume. Notes: L = left hemisphere; R = right hemi-
sphere

Table 3   MNI152 coordinates, cluster volume, and anatomical 
labels of voxels showing peak correlation between BBB kw and 
MEM composite scores

1 Hemisphere (L: left; R: right)
2 MNI coordinates, in LPI/SPM order

Anatomical  
brain region

Hemisphere1 Cluster 
volume 
(mm3)

MNI  
coordinates 
(X, Y, Z)2

Superior  
frontal gyrus

L 1415  − 6, 51, 31

Middle frontal gyrus R 557 17, 53, 10
Putamen L 643  − 29, 2, − 4
Caudate L 515  − 12, 8, 10
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No significant associations were identified between 
BBB kw and CVR in the superior frontal gyrus, mid-
dle frontal gyrus, and precuneus ROIs. However, in the 
basal ganglia ROIs, a significant negative association 
between these measures was identified, indicating that 
higher BBB kw was associated with lower CVR values.

ROI‑based analyses between BBB kw and WMH 
volumes

To further evaluate links between BBB kw and vascular-
related tissue damage, linear regression analyses were 
also conducted between average BBB kw within the 
same ROIs used in the previous section and PV/deep 

WMH volumes, while controlling for age, years of edu-
cation, gender, and eICV. Results are summarized in 
Table  5. A single significant, positive association was 
observed between PV WMH volumes and BBB kw 
within the basal ganglia ROIs, such that higher BBB kw 
was associated with larger PV WMH volumes.

ROI‑based analyses between CVR, PV, and WMH 
volumes and cognitive performance in the basal 
ganglia

A significant negative association was found between 
BBB kw and CVR in the basal ganglia, while a posi-
tive association was observed between BBB kw in the 

Table 4   Linear regression analyses results: BBB kw vs. CVR 
in the superior frontal gyrus, middle frontal gyrus, precuneus, 
and basal ganglia ROIs. Results are adjusted for multiple com-

parisons using the Sidak correction such that p < 0.013 uncor-
rected corresponds to p < 0.05 corrected

Bold values indicate significant results
1 Standardized coefficients
SFG superior frontal gyrus, MFG middle frontal gyrus, Precun precuneus, BG basal ganglia
*p < 0.05 Sidak corrected

ROI 1β r2 p-value SE VIF 95% CI

SFG 0.077 0.005 0.579 0.051 1.124  − 0.073 0.130
MFG  − 0.048 0.002 0.712 0.041 1.093  − 0.098 0.067
Precun  − 0.021 0.0004 0.865 0.026 1.063  − 0.056 0.048
BG  − 0.385 0.145 0.006* 0.026 1.053  − 0.126  − 0.022

Table 5   Linear regression analyses results: BBB kw in the 
superior frontal gyrus, middle frontal gyrus, precuneus, and 
basal ganglia ROIs vs. PV/deep WMH volume (mm3). Results 

are adjusted for multiple comparisons using the Sidak correc-
tion such that p < 0.025 uncorrected corresponds to p < 0.05 
corrected

Bold values indicate significant results
1 Standardized coefficients
SFG superior frontal gyrus, MFG middle frontal gyrus, Precun precuneus, BG basal ganglia, PV periventricular
*p < 0.05 Sidak corrected

PV WMH volume

ROI 1β r2 p-value SE VIF 95% CI

SFG 0.088 0.010 0.389 0.364 1.202  − 0.410 1.040
MFG  − 0.011 0.002 0.911 0.311 1.192  − 0.654 0.585
Precun  − 0.052 0.006 0.584 0.185 1.038  − 0.470 0.267
BG 0.218 0.060 0.024* 0.172 1.066 0.050 0.734
Deep WMH volume
ROI 1β r2 p-value SE VIF 95% CI
SFG 0.171 0.013 0.121 0.632 1.202  − 0.266 2.254
MFG  − 0.025 0.003 0.821 0.540 1.192  − 1.199 0.954
Precun  − 0.092 0.027 0.366 0.321 1.038  − 0.933 0.348
BG 0.161 0.023 0.119 0.298 1.066  − 0.123 1.066
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same region and PV WMH volumes. These findings 
raise the question of whether CVR values in the basal 
ganglia and neighboring PV WMH volumes also 
correlate significantly with EF and MEM composite 
scores, suggesting possible mediation effects of cer-
ebrovascular dysfunction or vascular-related tissue 
damage on the association between BBB kw and cog-
nitive performance in the basal ganglia. To test this 
possibility, two separate linear regression analyses 
were conducted, one with EF and another with MEM 
as the dependent variable and average basal ganglia 
CVR values and PV WMH volumes as independent 
variables in the same model. Age, years of educa-
tion, gender, and eICV were added as covariates in 
both regression models. Results are summarized in 
Table 6. A significant positive correlation was identi-
fied between CVR in the basal ganglia and EF; how-
ever, PV WMH did not correlate significantly with 
EF. Neither CVR nor PV WMH volumes correlated 
significantly with MEM.

The effect of CVR on the association between BBB kw 
and cognitive performance in the basal ganglia

A significant negative association was found between 
BBB kw and CVR in the basal ganglia, while a posi-
tive association was observed between CVR in this 
region and EF. This raises the question of whether the 
BBB kw–EF associations we observed in the voxel-
wise analyses are driven by alterations in the trans-
port of water across the BBB per se, or more general 
vascular dysfunction associated with CVR. To test 
between these alternatives, a mediation analysis was 
conducted, testing the impact of CVR as a mediator 
on the direct effect of BBB kw on EF. The mediation 
analysis was conducted in SPSS using the Andrew 
F. Hayes PROCESS (version 3.5; model 4) compu-
tational tool [71]. The mediation results were evalu-
ated at 95% confidence intervals using the default set-
ting of 5000 bootstrapped samples. As in all previous 
analyses, age, years of education, gender, and eICV 

Table 6   Linear regression analyses results: basal ganglia CVR and PV WMH volumes vs. EF and MEM composite scores. Results 
are adjusted for multiple comparisons using the Sidak correction such that p < 0.025 uncorrected corresponds to p < 0.05 corrected

Bold values indicate significant results
1 Standardized coefficients
*p < 0.05 Sidak corrected

EF
1β r2 p-value SE VIF 95% CI

PV WMH  − 0.220 0.055 0.168 0.121 1.47  − 0.416 0.076
CVR 0.344 0.161 0.015* 0.961 1.09 0.504 4.410
MEM

1β r2 p-value SE VIF 95% CI
PV WMH  − 0.274 0.064 0.136 0.145 1.47  − 0.517 0.073
CVR 0.229 0.061 0.147 1.154 1.09  − 0.631 4.061

Table 7   Mediation analysis results (process 3.5): basal ganglia CVR as a mediator of the direct effect of BBB kw on EF composite 
scores

Bold values indicate significant results
1 Bootstrapped SE
EF executive function composite scores
*p < 0.05

Effect SE t p 95% CI

Direct effect of kw 
on EF

 − 0.536 0.234  − 2.29 0.031*  − 1.0196  − 0.0527

Indirect effect of CVR 
on kw vs. EF

 − 0.020 10.095 - -  − 0.2854 0.1048
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were added as covariates. The results are presented in 
Table 7.

As anticipated from the voxel-wise results pre-
sented previously, a negative direct effect was 
observed between BBB kw in the basal ganglia and 
EF composite scores (Table 7). However, CVR did 
not mediate the direct effect of BBB kw on EF.

Discussion

Our results revealed significant correlations between 
BBB kw and both executive function and episodic 
memory performance. However, the direction of 
these associations varied across brain regions. Fur-
thermore, BBB kw in the basal ganglia, but not in 
frontoparietal brain regions, was negatively asso-
ciated with CVR and positively associated with 
periventricular WMH volume. Our findings col-
lectively indicate that BBB kw is a sensitive metric 
of cognitive function in older adults, but appears to 
show different directions of association in neocorti-
cal and basal ganglia regions. These regionallyde-
pendent associations may relate to different physi-
ological underpinnings in the relationships between 
BBB kw and cognition in neocortical versus subcor-
tical brain regions in older adults.

BBB kw and cognitive performance

Our voxel-wise results present novel evidence link-
ing BBB kw to cognitive performance in task rel-
evant brain regions in older adults, after control-
ling for age, gender, years of education, and eICV. 
Specifically, BBB kw in the frontal and parietal lobe 
brain regions and in the putamen was associated with 
executive function, while BBB kw in the frontal lobe 
brain regions, caudate, and putamen was associated 
with episodic memory. Frontoparietal cortical brain 
regions are consistently implicated in executive func-
tions, such as cognitive control [72–74], and fron-
tal lobe regions are known to play a role in episodic 
memory retrieval [75–78].

The basal ganglia is strongly associated with ini-
tiation of movement [79] and motor learning [80], 
but the dorsal striatum (caudate and putamen) of the 
basal ganglia also play key roles in higher cognitive 
functions such as executive function and episodic 

memory. For example, the caudate and putamen have 
been associated with planning and set-shifting, the 
ability to alter a response in the face of changing cir-
cumstances [81], and other forms of cognitive con-
trol [82]. Additionally, the putamen has been linked 
to verbal episodic memory, particularly with perfor-
mance on the CVLT-II [83], which is one of the cog-
nitive tests used to create the episodic memory com-
posite scores in the current study.

BBB kw and cognitive performance: direction 
of associations

 The direction of the kw–cognition associations we 
observed varied across brain regions, with positive 
associations observed in the frontal and parietal brain 
regions and negative associations observed in basal 
ganglia regions. The positive associations observed 
between BBB kw and cognitive performance in fron-
tal and parietal brain regions are in keeping with the 
BBB kw–cognitive performance trends previously 
reported by our group in the same cortical brain 
regions, in a cohort of cognitively normal older adults 
[33]. Moreover, similar associations in the neocortical 
brain regions have been reported by other researchers 
exploring BBB kw in patient populations [31, 32, 84]. 
Results from the present study provide further evi-
dence that high BBB kw in the neocortical regions is 
associated with high cognitive performance.

In contrast to the positive associations observed 
between BBB kw and cognition in the frontoparietal 
regions, the present study observed negative associa-
tions between BBB kw and cognition in the basal gan-
glia. The basal ganglia is a region that is particularly 
susceptible to age-related vascular dysfunction and 
degradation [85–88]. Specifically, the sole blood sup-
ply to the basal ganglia and neighboring WM comes 
from the lenticulostriate arteries (LSAs) [89], which 
are small and tortuous with no collaterals, rendering 
them more susceptible to flow disruption caused by 
arteriosclerosis and/or ventricular expansion associ-
ated with aging [90]. Therefore, we considered the 
possibility that the negative association between BBB 
kw and cognition in the basal ganglia may be related 
to vascular dysfunction and/or vascular-related tissue 
damage.

Our results indicated a selective negative associa-
tion between BBB kw and CVR in the basal ganglia, 
with no comparable association in frontoparietal 
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regions. Similarly, a selective positive association 
was observed between BBB kw in the basal ganglia 
and PV WMH volumes that was not present in fron-
toparietal regions. Notably, this positive association 
in the basal ganglia was only significant for regional, 
PV WMH volumes and not more distal deep WMH 
volumes. PV WMHs, the most prevalent type of 
WMHs [90], are believed to be in part a consequence 
of vascular damage to the LSAs. Thus, there is an 
established connection between the basal ganglia and 
neighboring PV WMHs in terms of the LSA blood 
supply, contributing to their common susceptibil-
ity to age-related vascular dysfunction and degrada-
tion. Importantly, this arterial supply is not shared 
by deeper WM regions, which are not supplied by 
the LSAs. Therefore, the selective positive associa-
tion we observed between BBB kw in the basal gan-
glia and PV WMH volumes only (not deep WMHs) 
is 1) consistent with the basal ganglia being a region 
where vascular dysfunction and/or damage tends to 
be prominent and 2) suggests a link between kw in the 
basal ganglia and neighboring vascular-related struc-
tural tissue damage.

Potential physiological underpinnings of the BBB kw–
cognition associations in neocortex and in the basal 
ganglia

In our previous study, we found that high BBB kw in 
neocortical regions, but not hippocampus, was associ-
ated with high concentrations of amyloid beta (Aβ)42 
in cerebrospinal fluid (CSF; indicative of low Aβ dep-
osition in neuritic plaques). Thus, our previous results 
suggested that high BBB kw values in neocortical 
regions may be indicative of increased BBB Aβ clear-
ance rates in older adults [33]. Other studies explor-
ing BBB kw in patient populations have adopted 
similar conclusions, linking high kw to optimal BBB 
clearance functions [31, 32]. Optimal Aβ clearance 
rates are likely to be of most relevance to cognition, 
at least in healthy older adults, when considering neo-
cortical regions, as Aβ deposition begins in neocortex 
[91, 92]. Thus, the positive associations we observed 
between kw and cognition in frontoparietal regions in 
this study are not inconsistent with an optimal clear-
ance function explanation.

In contrast, the basal ganglia is not an early site of 
common proteinopathies such as Aβ deposition [91, 
92] or Lewy body deposition (comprising aggregates 

of ubiquitin and alpha-synuclein) [93]. However, the 
basal ganglia is a major site of age-related cSVD, 
which could contribute to the negative relationship 
between BBB kw and cognition we observed in this 
region. Indeed, the significant links between BBB kw 
in the basal ganglia, CVR, and PV WMH volumes we 
observed here suggest that the association between 
BBB kw and cognition in this region may be related 
to vascular dysfunction and/or damage. Notably, how-
ever, the negative association between BBB kw and 
cognitive performance was not mediated by regional 
CVR or neighboring PV WMH volumes. This lat-
ter finding suggests that BBB kw in the basal ganglia 
may be uniquely sensitive to abnormal BBB water 
exchange that is associated with but extends beyond 
general cerebrovascular dysfunction/damage.

One possibility is that age-related arterial stiffen-
ing and associated vascular degradation in the basal 
ganglia may trigger the overexpression of perivas-
cular water channels, leading to higher BBB water 
permeability and increased BBB kw. The water chan-
nel protein aquaporin allows water molecules to pass 
through the BBB one at a time [94]. This limits the 
rate of water exchange across the BBB [22, 95–97], 
which is essential for protecting the brain from swell-
ing and edema [21, 25]. Vascular degradation can 
trigger overexpression of these channels [98–100], 
increasing the BBB’s water permeability and lead-
ing to reduced cognitive performance. We also can-
not eliminate the possibility that the negative asso-
ciation between BBB kw and cognition in the basal 
ganglia could in part reflect loss of BBB integrity or 
BBB leakage, for example, age-related endothelial 
degeneration leading to loss of tight junctions [101]. 
To evaluate this possibility, biofluid markers of BBB 
integrity are necessary, such as measures of CSF/
plasma albumin ratio [5, 10, 102]. This possibility 
will be explored in a future study.

Finally, it should be noted that some of our find-
ings differ from those observed by  [32]. Specifi-
cally,  [32] found negative associations between 
BBB kw and markers of cSVD in the whole brain, 
temporal lobe, normal appearing WM, and puta-
men, in patients with cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL). In contrast, in our study, 
we found positive associations between BBB kw and 
cSVD measures in the caudate and putamen and 
no relationship between BBB kw and measures of 
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cSVD in neocortical regions. This divergence may 
be attributed to reduced expression of the water 
channel protein aquaporin-4 (AQP4) in the BBB 
of CADASIL patients, leading to low BBB kw val-
ues. Previous pathological studies have shown that 
reduced AQP4 expression in the BBB is a charac-
teristic of CADASIL, associated with both chronic 
hypoperfusion of brain tissue and NOTCH3 gene 
mutations which can lead to apoptosis of astrocytes 
and increased clasmatodendritic astrocytes with dis-
placed AQP4 [103–105]. It should also be noted that 
CADASIL and other cerebrovascular disorders may 
prolong arterial/arteriolar transit times which may 
contribute to lower BBB kw values.

Limitations

This was a cross-sectional study that is limited to 
describing correlations. Future longitudinal studies 
are necessary to evaluate causal relationships between 
BBB kw, cognitive ability, and cerebrovascular dys-
function in normal aging. Further, while this study 
provides evidence for different physiological under-
pinnings underlying the relationship between BBB 
kw and cognition in cortical versus subcortical brain 
regions, the specific mechanisms driving these asso-
ciations require further investigation. Animal model 
physiological and/or histological validation studies of 
BBB kw are necessary to directly test specific biologi-
cal mechanisms linking BBB function and/or degra-
dation to the kw metric. The use of other independent 
water permeability techniques may also be helpful 
in further elucidating the role of BBB alteration in 
cognitive aging [106–108]. Lastly, the current study 
employed a DP-ASL sequence with relatively low-
resolution to assess BBB kw. The use of a relatively 
low-resolution DP-ASL sequence limits our ability to 
investigate potential lateralization effects in the rela-
tionship between kw and cognition, particularly affect-
ing voxel clusters near the midline. Future research 
using higher-resolution DP-ASL sequences [109] will 
be better positioned to investigate potential lateraliza-
tion effects.

Conclusions

The present study provides novel evidence suggest-
ing that the non-invasive, MRI measure of BBB kw is 

associated with cognitive functioning in healthy older 
adults. Further, the current study provides preliminary 
evidence suggesting that BBB kw may be associated 
with different physiological underpinnings in neocor-
tex compared to subcortical structures. In particular, 
kw in the basal ganglia maybe sensitive to alterations 
in the transport of water across the BBB that are asso-
ciated with, but extend beyond, general cerebrovas-
cular dysfunction. Future studies should more thor-
oughly explore the relationship between BBB kw and 
cerebrovascular dysfunction in the subcortical brain 
regions using biofluid markers of BBB integrity.
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