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Introduction
Blood–brain barrier (BBB) dysfunction and cerebral hypoperfusion are increasingly implicated in cerebral small-vessel disease 
(cSVD) and late-life cognitive impairment. Although these processes accelerate after age 60, in vivo characterization of the 
BBB and vascular physiology in geriatric memory-clinic populations remains limited. Advanced arterial spin labeling (ASL) 
techniques now enable simultaneous assessment of cerebral blood flow (CBF), arterial transit time (ATT), and BBB water-
exchange time (Tex), offering potential biomarkers of vascular cognitive impairment (VCI). We investigated whether the mean 
and spatial variability of BBB-ASL metrics are associated with white-matter hyperintensity (WMH) burden in late life.

Sixty geriatric patients (60-95 years) attending a memory clinic underwent 3T MRI, including a dedicated BBB-ASL protocol. 
After quality control, 48 participants were included (Table 1). BBB-ASL data were quantified using the ExploreASL pipeline, 
generating maps of Tex, CBF, and ATT (Figure 1). WMH volume was quantified from FLAIR images and log-transformed. In 
addition to mean gray-matter values, spatial coefficients of variation (sCoV) were calculated to capture physiological 
heterogeneity. Associations with age were assessed using linear regression. Relationships between BBB-ASL metrics and 
WMH burden were evaluated using correlations and multivariable linear regression, adjusting for age, sex, and head motion.

Methods

Figure 1 - Group-averaged Tex (top, ms), CBF (middle, mL/100 g/min), and ATT (bottom, 
seconds) maps computed across all subjects passing quality control. Sagittal, coronal, and 
transversal views are shown for each modality. 

Age was not associated with global CBF, ATT, or Tex 
(all p > 0.10), nor with their spatial CoV metrics (all 
p > 0.10), see Figure 2. In contrast, WMH volume 
increased significantly with age (β = 1.04, p = 0.023; 
Figure 2-D). WMH burden was inversely related to 
CBF (r = –0.38, p = 0.020, Figure 2-I). No 
significant correlations were observed between 
WMH burden and mean Tex or ATT (both p > 0.10). 
Among the spatial heterogeneity measures, Tex 
sCoV showed a correlation with WMH volume, 
albeit borderline non-significant (r = –0.32, p = 
0.055, Figure 2-H), whereas CBF sCoV and ATT 
sCoV were not associated with WMH volume. In 
multivariable models predicting log-transformed 
WMH volume, Tex sCoV was an independent 
predictor (β = –62.58, p = 0.016) together with age, 
and remained robust after adjusting for mean Tex and 
ATT.

Results

Conclusion
In geriatric memory-clinic patients, WMH burden is linked not 
only to reduced cerebral perfusion but also to diminished spatial 
heterogeneity of BBB water exchange. These findings suggest that 
loss of BBB physiological variability may reflect advanced 
microvascular injury in late life. Integrating perfusion and BBB-
ASL metrics may improve characterization of vascular 
contributions to cognitive impairment and support BBB water 
exchange as a potential biomarker of cSVD-related pathology.
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BBB-ASL images were acquired using two Hadamard-encoded pseudo-continuous ASL sequences. 
This two-sequence setup enables improved estimation of CBF and ATT using a single-echo 
Hadamard-8 (HAD8) sequence with a wide range of post-labeling delays (PLDs) and estimation of 
Tex using a multi-echo Hadamard-4 (HAD4) sequence, with fewer PLDs but focused on the echo 
times used to separate the intra- and extra-vascular compartments to calculate this proxy of BBB 
water exchange time, given by Tex. The first sequence employed 7 post-labeling delays (PLDs 
600–3400 ms, Hadamard-8) with a labeling duration of 400 ms, TR = 4000 ms, TE = 13.4 ms. The 
second sequence used 3 PLDs (1500, 2500, 3500 ms, Hadamard-4) with a labeling duration of 
1000 ms, TR = 4500 ms, combined with 8 TEs 14.4–217.2 ms. Both sequences used a 3D GRASE 
readout with a 5 × 5 × 5 mm3 voxels and background suppression. M₀ images were also acquired 
with reversed phase-encoding for geometric distortion correction.

Figure 2 - Associations between age 
and CBF (A), Tex (B), ATT (C), and 
white matter hyperintensities (WMH, D) 
volume, as well as with subject 
coefficient of variation of CBF (E), Tex 
(F), and ATT (G), are shown. WMH 
volume association with Tex sCoV (H) 
and CBF (I) is shown together with their 
Pearson correlation r and p values.


