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Abstract
INTRODUCTION: Water exchange rate (Kw) across the blood-brain barrier (BBB) is
used in magnetic resonance imaging (MRI) techniques to evaluate BBB functionality.

Variations in BBB Kw across the Alzheimer’s disease (AD) continuum remain uncertain.
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METHODS: The study encompassed 38 cognitively normal individuals without AD
biomarkers (CN_A-), 30 cognitively normal (CN_A+), and 31 cognitively impaired
individuals (CI_A+) with positive AD biomarkers. Participants underwent clinical

assessments, MRI/positron emission tomography scans, and assays of plasma biomark-
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1 | BACKGROUND

Alzheimer’s disease (AD), characterized by progressive deteriora-
tion in memory, language, and logical thinking, is the leading cause
of dementia.! Significant progress has been made in the diagnosis
and treatment of AD. According to updated diagnostic criteria, AD
exists on a continuum and is defined by its biology, rather than its
syndromic presentation.? Although the US Food and Drug Adminis-
tration (FDA) has approved three anti-amyloid monoclonal antibodies
aimed at slowing cognitive decline in AD,® the safety and efficacy of
these immunotherapies with anti-amyloid beta (Ag) antibodies remain
controversial.*> Therefore, identifying new therapeutic targets for AD
requires a deeper understanding of its pathogenic mechanisms.

The blood-brain barrier (BBB) is a highly selective, semipermeable
interface that protects the central nervous system (CNS) from expo-
sure to toxins and pathogens in the blood.® A previous study has shown
that BBB breakdown is an early biomarker in individuals with early
cognitive dysfunction, independent of AB and tau biomarkers.” Animal
studies have demonstrated interrelationships among BBB dysfunction
and A, tau, neuroinflammation, apolipoprotein E (APOE) genotype, and
aging.®~19 A recent proof-of-concept trial suggested that aducanumab
infusion,combined with focused ultrasound to open the BBB, resulted
in a modest reduction in A burden among AD patients.'! Thus, focus-
ing on BBB dysfunction is crucial for the early detection of AD and the
in-depth study of its pathogenic mechanisms.

Traditionally, cerebrospinal fluid (CSF)!?2 and dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI)1® are used to

assess BBB integrity in vivo. However, these methods are invasive or

DISCUSSION: Consistently lower Kw was evident across the AD continuum and may
act as a diagnostic tool for early AD screening.

Alzheimer’s disease, biomarker, blood-brain barrier, magnetic resonance imaging, plasma,
positron emission tomography, water exchange rate

* Observations revealed a decline in water exchange rate (Kw) across multiple brain
regions within the Alzheimer’s disease (AD) continuum, notably in the hippocampus,
parahippocampal gyrus, and deep brain nuclei during the preclinical stage of AD.

» Strong correlations were established between Kw levels in various brain regions and
plasma biomarkers, as well as neuropsychological performance in the AD continuum.

¢ Interaction between plasma phosphorylated tau (p-tau)217 and Kw in the hip-
pocampus was linked to executive function, indicating a combined detrimental
impact on cognitive abilities stemming from both blood—brain barrier Kw and p-tau

* The combined use of Kw, brain volume, and plasma biomarkers—neurofilament light
chain and glial fibrillary acidic protein—demonstrated potential for distinguishing
individuals within the AD continuum.

have relatively low sensitivity. Furthermore, BBB damage involves not
only structural changes but also functional impairment.!* Recently,
non-invasive diffusion-prepared pseudo-continuous arterial spin
labeling imaging (DP-pCASL) has been validated to measure the water
exchange rate (Kw) across the BBB, offering greater sensitivity in
detecting alterations in BBB function.!> The DP-pCASL technique

has been applied to study aging¢-18

19-21

and several diseases, including
cerebral small vessel disease and schizophrenia.?? These studies
demonstrated significant decreases in Kw values throughout the
brain and in multiple brain regions, along with significant associa-
tions between lower Kw and more severe clinical symptoms and
pathophysiological alterations. For example, Gold et al. reported
that low Kw across the BBB was associated with lower CSF AB42
concentration in normal cognitive aging, suggesting that Kw may be
a promising non-invasive indicator of BBB Ag clearance functions.'¢
Furthermore, BBB Kw values in the neocortices differed significantly
between groups (APOE ¢4 non-carriers > heterozygotes > homozy-
gotes). Increased APOE ¢4 dose is associated with decreased effective
brain waste clearance, including iron and AB, through the BBB.2®
However, it remains unclear whether BBB damage occurs across the
AD continuum in vivo, and whether there is a correlation between BBB
damage and AD neuropathologic changes and neuropsychological
function.

Here, we used data from a Chinese cohort in Beijing to unveil
altered BBB water exchange and highlight the potential of this imaging
technique to reflect pathophysiological processes and monitor disease
progression from cognitively normal individuals without AD pathology

across the AD continuum.
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2 | METHODS
2.1 | Participants

A total of 99 subjects from Beijing were included, consisting of
82 subjects from the Sino Longitudinal Study on Cognitive Decline
(SILCODE)?* and 17 from the Beijing Chaoyang Hospital. All subjects
underwent physical examinations, MRI evaluations, neuropsycholog-
ical assessments, and measurements of plasma biomarkers and/or
AB-positron emission tomography (PET) imaging. Plasma biomark-
ers included phosphorylated tau (p-tau)217, neurofilament light chain
(NfL), and glial fibrillary acidic protein (GFAP).

According to revised criteria for the diagnosis and staging of
AD,2 an abnormal result of the Core 1 biomarker, including AgB-PET,
approved CSF biomarkers, and accurate plasma biomarkers (especially
p-tau217), is sufficient to establish a diagnosis of AD. In this study,
positive AD biomarkers (A+) were defined as plasma p-tau217 posi-
tive and/or AB-PET positive, while negative AD biomarkers (A-) were
defined as plasma p-tau217 negative and AB-PET negative, if avail-
able. In cases of conflicting results, A3-PET scans were preferred over
plasma p-tau217 to determine A+ status.

The diagnosis of cognitively normal (CN) was based on the exclusion
of individuals with mild cognitive impairment (MCI) or AD dementia.?’
The cognitive impairment group (Cl) included both patients with MCl
and mild AD. The dataset comprised 38 CN_A- individuals, 30 CN_A+
individuals, and 31 CI_A+ individuals.

Exclusion criteria included current major psychiatric diagnoses (e.g.,
major depression or anxiety), other neurological disorders or con-
ditions that can cause cognitive decline (e.g., Parkinson’s disease,
encephalitis, insomnia, or thyroid dysfunction), inability to complete
the study protocol, or any contraindications for MRI (e.g., claustropho-
bia, cardiac pacemakers, or metal implants). Additionally, participants
with outlier values (> 3 standard deviation [SD] from the mean) were
excluded.

2.2 | Imaging protocol

MRI data were acquired using a PRISMA 3-Tesla MRI system (Siemens,
Erlangen, Germany) with a 64-channel head coil at the Beijing
Chaoyang Hospital. Foam padding and earplugs were used to minimize
head motion and reduce scanner noise. Participants were instructed
to remain still and awake during the scan. High-resolution structural
images were acquired using 3D T1-weighted magnetization-prepared
rapid gradient echo (MPRAGE). The scan parameters were as follows:
repetition time (TR) = 2300 ms, echo time (TE) = 2.98 ms, flip angle
(FA) = 9°, slice thickness = 1 mm, field of view (FOV) = 256 x 240 mm?2,
and resolution = 1x 1 x 1 mm3, 192 slices.

Kw across the BBB was measured using a 3D gradient and spin echo
(GRASE) DP-pCASL with the following parameters: resolution = 3.5
x3.5 x 8 mm3, TE/TR = 36.3/4200 ms, FA = 120°, FOV = 224 mm
X 224 mm, matrix size = 64 x 64, 12 slices (25% oversampling),

label/control duration = 1500 ms, centric ordering, and optimized

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature in
PubMed and found that while non-invasive diffusion-
prepared pseudo-continuous arterial spin labeling
imaging (DP-pCASL) has been used to evaluate water
exchange rate (Kw) across the blood-brain barrier (BBB)
to detect BBB dysfunction in several diseases, few studies
have described the specific alternations of Kw in patients
with Alzheimer’s disease (AD).

2. Interpretation: In this study, significantly lower Kw val-
ues were observed in multiple brain regions (gray matter,
hippocampus, parahippocampal gyrus, amygdala, tempo-
ral lobe, deep brain nuclei, and cingulate cortex) across
the AD continuum, and associations were found between
Kw in various brain regions and both plasma biomark-
ers (including phosphorylated tau (p-tau)217 and glial
fibrillary acidic protein) and neuropsychological perfor-
mance across the AD continuum. The integration of the
Kw, brain volume, and plasma biomarkers other than p-
tau 217 demonstrated potential in distinguishing stages
within the AD continuum. These findings suggest that the
consistently lower Kw was evident across the AD contin-
uum, and may serve as a useful diagnostic tool for early
AD screening.

3. Future directions: Future work should focus on map-
ping the spatiotemporal evolution patterns of the Kw and
exploring its relationship with the spread of amyloid beta

and tau across the AD continuum.

background suppression timing for gray and white matter. A two-stage
approach was used during the scan. First, 15 repetitions were acquired
during the flow encoding arterial spin tagging (FEAST) scan at post-
labeling delay (PLD) = 900 ms and diffusion weighting (b-value) of
0 and 14 s/mm? to estimate arterial transit time (ATT). Then, when
the labeled blood reached the microvascular compartment, 20 repe-
titions were acquired at PLD = 1800 ms, with b = 0 and 50 s/mm?,

respectively, to estimate Kw. The total scan duration was 10.01 min.1¢

2.3 | Imaging analysis

The DPpCASL data were postprocessed offline using the LOFT
BBB Toolbox (http://www.loft-lab.org/index-5.html), with procedural
details as cited previously.2® Initially, control and label images were
corrected for rigid head motion before subtraction to generate perfu-
sionimages. Subsequently, the tissue and capillary compartments were
delineated from the ASL signal using a diffusion gradient of 50 s/mm?2.
The Kw map computation used a total generalized variation (TGV)26

regularized single-pass approximation (SPA) model, integrating the ASL
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signal’s tissue or capillary fraction, ATT, T1 of arterial blood (1.66 s),
and brain tissue as algorithmic inputs. From background-suppressed
control images captured at two PLDs, a voxel-wise tissue T1 map was
generated.

Normalization of the Kw maps to the Montreal Neurological Insti-
tute (MNI) template was executed using SPM12 (https://www.fil.ion.
ucl.ac.uk/spm). Initially, MO images, located in the same coordinate
space as the Kw maps, were co-registered with each participant’s
T1-weighted images. This was followed by the normalization of the
T1-weighted images to the MNI template space. Subsequently, the
Kw maps were aligned to the MNI template space using the trans-
formation matrices derived from the normalized T1-weighted images.
Post-normalization, mean values in nine regions of interest (ROls)
pertinent to AD were quantified: gray matter (GM), hippocampus,
parahippocampal gyrus, amygdala, frontal lobe, parietal lobe (inclusive
of both inferior and superior parietal lobule), temporal lobe, cingulate
cortex (CC), and deep brain nuclei (DBN, including putamen, cau-
date, and thalamus). The GM mask was segmented by SPM12, with
additional ROIls selected from the Anatomical Labeling Template in
SPM12.27

Further processing of the 3D T1-weighted images was conducted
via the Computational Anatomy Toolbox 12 software (CAT12, http://
www.neuro.unijena.de/cat) integrated into SPM12. This included nor-
malization to the standard MNI space, segmentation, and modulation.
Volumes for the specified ROIs were extracted. To assess the impact
of overall brain size, the brain volume proportion (BVP)—defined as
the ratio of brain volume to total intracranial volume (including all CSF,
white matter, and GM) for each subject—was calculated.

24 | Measurement of AD biomarkers

Plasma levels of p-tau217, NfL, and GFAP were measured by
immunoassay, following manufacturer protocols, using an automatic
Simoa HD-X analyzer (Quanterix). The methodology for plasma p-
tau217 measurement was elaborated in our prior studies.?82? Subjects
were classified as p-tau217 positive if plasma p-tau217 levels were
> 0.661. This threshold was established through receiver operating
characteristic curve (ROC, area under the ROC curve [AUC] > 0.8) anal-
ysis, using AB-PET pathology as the reference standard (unpublished
data). AB-PET imaging was conducted using 18F-florbetapir (18F-AV-
45) at Xuan Wu Hospital, with data acquisition and parameters detailed
in previous studies.282? The reconstructed 8F-AV-45 PET images
were visually interpreted and categorized as negative or positive by
one moderate and one experienced neuroradiologist.3? In cases of

disagreement, a third experienced neuroradiologist adjudicated.

2.5 | Neuropsychological measures
Neuropsychological assessments were structured to evaluate over-
all cognition and key cognitive domains such as memory, executive

function, and language. The evaluations included the basic version of

Montreal Cognitive Assessment (MoCA-B), long-term delayed recall
from Auditory Verbal Learning Test-Huashan version (N5), recognition
(N7), Shape Trail Test A (STT-A), Shape Trail Test B (STT-B), Verbal Flu-
ency Task (VFT), Boston Naming Test (BNT), and Functional Activity
Questionnaire (FAQ).

2.6 | Statistical analyses

Statistical analyses were performed using SPSS 26 (IBM). Continuous
variables, including demographic data and plasma biomarkers, were
expressed as mean + SD and analyzed using one-way analysis of vari-
ance with post hoc tests. Sex data were expressed as counts and
analyzed using chi-square tests.

Kw values were compared among the CN_A+ group, CI_A+ group,
and the CN_A- group using linear regression analysis with age, sex,
education, BVP, and group as independent variables, and Kw as the
dependent variable. A Bonferroni correction was used to adjust for
multiple comparisons. Subsequent correlation analyses focused on
ROIs demonstrating significant differences between groups. Partial
correlation analysis was conducted to explore potential relation-
ships among Kw, plasma biomarkers, and neuropsychological scores,
adjusting for age, sex, and education level.

Moderation analysis used PROCESS (version 4.2)%! to investigate
the effect of plasma p-tau217 on the relationship between Kw and
neuropsychological scores. In this model, z-transformed Kw values
were considered independent variables, z-transformed neuropsycho-
logical scores were the dependent variables, and z-transformed plasma
p-tau217 was evaluated as a potential moderator. Johnson-Neyman
analyses were conducted to identify significant moderation thresholds.
All analyses were executed using R statistical software (R Core Team,
2014) and SPSS 26.

Finally, ROC analysis with SPSS 26 calculated the sensitivity and
specificity of imaging and plasma biomarkers for differentiating among
the CN_A-, CN_A+, and CI_A+ groups. ROC curves were analyzed
for the combined Kw that exhibited significant between-group differ-
ences, as well as combinations of Kw, BVP, NfL, and GFAP.

3 | RESULTS

3.1 | Subject characteristics

The demographic and clinical characteristics of the subjects are pre-
sented in Table 1. There were no significant differences in age and
sex among the three groups. However, significant differences were
observed in years of education (p = 0.006) and all neuropsychological
scores (p < 0.001 for all). The Cl_ A+ group had fewer years of edu-
cation compared to the other two groups (CN_A-, p = 0.002; CN_A+,
p = 0.025) and scored lower on all tests assessing global cognition,
memory, executive function, language function, and functional activ-
ities (CN_A-, p < 0.001 for all; CN_A+, p < 0.001 for all), with no
significant differences noted between CN_A- and CN_A+.
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TABLE 1 Demographicinformation and plasma biomarkers in the three groups.
CN_A- CN_A+ CILA+
(n=38) (n=30) (n=31) p
Sex (M/F) 17/21 9/21 9/22 0.304
Age (years) 68.785 + 4.838 70.266 + 6.942 67.741 + 8.164 0.336
Edu (years) 15.184 + 3.958 14.366 + 4.156 11.887 + 4.664 0.006"¢
MoCA-B 26.000 + 1.724 26.433 + 2.112 14.935 + 5.680 <0.001P¢
N5 6.289 + 2.459 6.500 + 2.713 1.548 + 2.157 <0.001°¢
N7 21.078 + 3.671 22.000 + 1.838 8.225 + 5.655 <0.001°¢
STT-A 53.578 + 13.747 60.733 + 23.106 132.548 + 84.247 <0.001P¢
STT-B 130.184 + 38.363 144.600 + 43.064 227.225 + 90.065 <0.001°¢
BNT 26.657 + 1.681 25.500 + 2.556 18.774 + 5.572 <0.001P¢
VFT 21.289 + 2.930 20.400 + 5.021 8.612 + 3.431 <0.001P¢
FAQ 0.894 + 1.797 0.433 + 0.858 10.322 + 6.425 <0.001"¢
Plasma p-tau217 0.258 + 0.089 0.677 + 0.364 0.980 + 0.508* <0.0012b<
Plasma NfL 13.425 + 5.546 19.225 + 9.084 26.082 + 21.131* 0.0012b
Plasma GFAP 90.705 + 32.016 148.241 + 71.014 199.187 + 99.556* <0.00712b<

Note: Continuous variables are expressed as mean + standard deviation, and sex as numbers (male/female).

Abbreviations: A-, with negative Alzheimer’s disease biomarkers; A+, with positive Alzheimer’s disease biomarkers; BNT, Boston Naming Test; Cl, cognitively
impaired; CN, cognitively normal; FAQ, Functional Activity Questionnaire; GFAP, glial fibrillary acidic protein; MoCA-B, basic version of Montreal Cognitive
Assessment; N5, long-term delayed recall; N7, long-term delayed recognition; NfL, neurofilament light chain; p-tau, phosphorylated tau; STT-A, Shape Trail

Test A; STT-B, Shape Trail Test B; VFT, Verbal Fluency Task.

*Only 13 subjects in the CI_A+ group have plasma biomarker values; others are diagnosed using amyloid beta-positron emission tomography.

aStatistical significance (p < 0.05) between CN_A- and CN_A+.
bStatistical significance (p < 0.05) between CN_A- and CI_A+.
CStatistical significance (p < 0.05) between CN_A+ and CI_A+.

Regarding plasma biomarkers, it is noted that all subjects in the
CN_A- and CN_A+ groups had plasma biomarker values, whereas only
13 subjects in the CI_A+ group had these values, with others diagnosed
using AB-PET. Significant differences were found in levels of p-tau217
(b < 0.001), NfL (p = 0.001), and GFAP (p < 0.001) among the groups.
The CN_A+ group exhibited higher levels of p-tau217 (p < 0.001), NfL
(b = 0.029), and GFAP (p < 0.001) compared to the CN_A- group,
while the CI_A+ group showed higher levels of p-tau217 (p < 0.001),
NfL (p < 0.001), and GFAP (p < 0.001) compared to the CN_A-. Fur-
thermore, the CI_A+ group had significantly higher levels of p-tau217
(b =0.004) and GFAP (p = 0.016) than the CN_A+ group. Additionally,
54 of the 99 individuals underwent AB-PET examination, including 7 Ag
(-) individuals in the CN_A- group, 24 AB (+) individuals in the CN_A+
group, and 23 AB (+) individuals in the CI_A+ group.

3.2 | Comparison of Kw among the CN_A-, CN_A+,
and CI_ A+ groups

As indicated in Table 2, linear regression analyses, adjusted for age,
sex, and education, showed lower Kw values in the CN_A+ group
compared to the CN_A- group in the hippocampus (p = 0.020),
parahippocampal gyrus (p = 0.035), and DBN (p = 0.029), although

these p values did not withstand Bonferroni correction. In contrast, the

CI_A+ group exhibited significantly lower Kw in the GM, hippocam-
pus, parahippocampal gyrus, amygdala, temporal lobe, CC, and DBN
compared to the CN_A- group (p = 0.002 for amygdala, p = 0.001 for
CC, p < 0.001 for all other regions). A schematic representation of
the between-group differences in the whole brain was illustrated in
Figure 1A.

Given the relevance of brain atrophy in AD, a one-way analy-
sis of variance was conducted to examine group differences in BVP,
and Pearson correlation analysis assessed the relationship between
Kw and BVP within the same ROls. Significant differences in BVP
were observed in GM, hippocampus, parahippocampal gyrus, amyg-
dala, frontal lobe, parietal lobe, temporal lobe, and CC among the
three groups (Table S1 in supporting information). Significant cor-
relations between BVP and Kw were found in GM, hippocampus,
parahippocampal gyrus, temporal lobe, amygdala, DBN, and CC (Table
S2 in supporting information). Subsequent linear regression analyses,
controlling for BVP in these seven ROIs showing significant group
differences and significant correlations between BVP and Kw, were
performed. Bonferroni correction adjusted for multiple comparisons
(p = 0.05/7 = 0.0071). The results demonstrated that, after adjusting
for age, sex, education, and BVP, the CN_A+ group had lower Kw in
the hippocampus (8 = -9.621 p = 0.032; Figure 1C), though this did
not meet the Bonferroni correction threshold. In contrast, the CI_A+
group showed significantly lower Kw in GM (8 = -13.904 p = 0.007;
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TABLE 2 Comparison of Kw (min~1) among CN_A+, CI_A+, and CN_A-, adjusted for age, sex, and education.

Brain regions
Gray matter

Hippocampus

Parahippocampal gyrus

Amygdala
Frontal lobe
Parietal lobe

Temporal lobe

CN_A-(n=38)
104.151 + 15.408
112.857 + 17.427
96.972 + 18.547
122.428 + 20.971
99.810 + 18.528
90.246 + 24.161
103.508 + 16.140
107.861 + 14.745

CN_A+ (n=30)
97.311 + 18.523

102.405 + 17.476
87.662 + 17.939

115.291 + 19.996
93.960 + 19.860
85.812 + 26.755
97.365 + 19.451
98.437 + 16.721

CN_A-vs.CN_A+

CN_A+vs.CI_A+

Deep brain nuclei

Cingulate cortex 121.060 + 16.864 116.127 + 26.442

CILA+ (n=31) B p B p
88.837 + 20.232 -6.816 0.123 -18.492 <0.001*
96.218 + 20.307 —-10.360 0.020 —20.738 <0.001*
78.089 + 23.626 -10.342 0.035 —23.848 <0.001*

105.197 + 30.429 -6.707 0.264 -19.846 0.002*
90.846 + 20.324 -6.511 0.178 —12.485 0.014
74.501 + 24.713 -3.164 0.613 —16.657 0.012
84.104 + 20.748 -6.459 0.152 —-23.312 <0.001*
94.409 + 20.512 -9.438 0.029 -16.374 <0.001*

105.449 + 29.658 -5.550 0.352 —20.645 0.001*

Notes: Kw (min~!) are expressed as mean + standard deviation. Bold p values indicate p < 0.05, but cannot survive the Bonferroni correction.
Abbreviations: A-, with negative Alzheimer’s disease biomarkers; A+, with positive Alzheimer’s disease biomarkers; Cl, cognitively impaired; CN, cognitively

normal.
*Significant p value after Bonferroni correction (p < 0.05/9 = 0.0055).

Figure 1B), hippocampus (8 = -16.322 p = 0.007; Figure 1C), and DBN
(B=-12.501p =0.006; Figure 1D).

3.3 | Associations between Kw with plasma
biomarkers and neuropsychological scores in
participants with plasma biomarkers

We explored the correlations of Kw in ROIls with significant
group differences—namely GM, hippocampus, and DBN—with
plasma biomarkers and neuropsychological scores in participants
who had plasma biomarkers (n = 81). Statistical significance for
partial correlation analysis between Kw and plasma biomark-
ers was set at p < 0.05/(number of ROl x number of plasma
markers) = 0.05/9 = 0.0055. Statistical significance for partial
correlation analysis between Kw and neuropsychological scores was
set at p < 0.05/(number of ROl x number of neuropsychological
scores) =0.05/24 = 0.0021. Results indicated that lower Kw in the hip-
pocampus was significantly associated with higher levels of p-tau217
(r=-0.396, p < 0.001; Figure 2A) and GFAP (r = -0.439, p < 0.001;
Figure 2B). Additionally, lower Kw in DBN correlated significantly
with increased p-tau217 (r = -0.319, p = 0.004; Figure 2C) and GFAP
(r = -0.391, p < 0.001; Figure 2D). Furthermore, lower Kw in the
hippocampus also correlated significantly with lower MoCA-B scores
(r=0.429, p < 0.001; Figure 2E), higher STT-A (r = -0.451, p < 0.001,
Figure 2F), and higher STT-B scores (r = -0.361, p = 0.001; Figure 2G).

3.4 | Associations between Kw with plasma
biomarkers and neuropsychological scores in AD
participants with plasma biomarkers

In AD participants with plasma biomarkers (n = 43), lower Kw in the
hippocampus was associated with higher levels of NfL (r = -0.382,

p = 0.015) and GFAP (r = -0.335, p = 0.035). Lower Kw in DBN was
associated with higher GFAP levels (r = -0.365, p = 0.021). Lower Kw
in the hippocampus was correlated significantly with lower MoCA-
B scores (r = 0.394, p = 0.012). However, these p values did not
meet the Bonferroni correction threshold. Conversely, lower Kw in
the hippocampus was significantly associated with higher STT-A scores
(r=-0.462,p=0.002; Figure 2H).

3.5 | Moderation analyses in AD participants with
plasma biomarkers

Moderation analysis revealed a significant interactive effect of p-
tau217 x Kw in the hippocampus on STT-A scores (Figure 3A and
Table 3). The Johnson-Neyman plot illustrated the range of p-tau217
values at which the effect of Kw on STT-A was statistically signifi-
cant. For the hippocampus-STT-A relationship, the Johnson-Neyman
threshold for p-tau217 was 0.761 (Figure 3B). Above this threshold,
higher p-tau217 amplified the negative impact of Kw on STT-A.

3.6 | Discriminative power of the Kw among
CN_A-, CN_A+, and CI_ A+ groups

We evaluated the discriminative capability of combined Kw in gray
matter, hippocampus, and DBN to distinguish individuals among any
two of the three groups. The combined Kw demonstrated good discrim-
inative ability, distinguishing between the CN_A- and CN_A+ group,
the CN_A+ and CIl_ A+ group, the CN_A- and CIl_ A+ group with
AUCs of 0.669 (95% confidence interval: 0.536-0.802; Figure 4A),
0.626 (95% confidence interval: 0.437-0.814; Figure 4B), and 0.779
(95% confidence interval: 0.609-0.950; Figure 4C), respectively. Addi-
tionally, the accuracy of classification improved when combining Kw,
BVP, NfL, and GFAP, showing AUCs of 0.804 (95% confidence interval:
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FIGURE 1

== CN_A- £ CN_A+ mm CIL A+

== CN_A- &3 CN_A+ == CLA+

Lower Kw in multiple brain regions in CN_A+ and CI_A+, compared to CN_A-. A, Maps of Kw in the whole brain from three

representative participants show a trend of lower Kw values in CN_A+ and CI_A+. B, Lower Kw in gray matter in the CI_A+ group compared to the
CN_A- group. C, Lower Kw in the hippocampus in the CN_A+ and CI_A+ groups compared to the CN_A- group. D, Lower Kw in deep brain nuclei
in the CI_A+ group compared to the CN_A- group. * p < 0.05, ** Significant p value after Bonferroni correction (p < 0.05/7 = 0.0071). A-, with
negative Alzheimer’s disease biomarkers; A+, with positive Alzheimer’s disease biomarkers; Cl, cognitively impaired; CN, cognitively normal; Kw,

blood-brain barrier water exchange rate.

0.696-0.911; Figure 4A), 0.810 (95% confidence interval: 0.634-
0.987; Figure 4B), and 0.874 (95% confidence interval: 0.713-0.999;

Figure 4C) for the respective group comparisons.

4 | DISCUSSION

The main findings of our study are as follows: (1) significantly lower Kw
values were found in multiple brain regions in the CN_A+ and CI_A+
groups, compared to the CN_A- group; (2) associations were observed

between Kw in multiple brain regions and plasma biomarkers as well as

neuropsychological performance across the AD continuum; (3) higher
levels of p-tau217 strengthened the negative relationship between Kw
in the hippocampus and neuropsychological performance in subjects
with AD (CN_A+ and CI_ A+ group); (4) the combination of Kw, BVP,
and plasma biomarkers showed potential for distinguishing individuals
across the AD continuum.

In our study, we found that, compared to the CN_A— group, the
Cl_ A+ group exhibited widespread low Kw values in gray matter,
hippocampus, parahippocampal gyrus, amygdala, temporal lobe, DBN,
and CC. The low Kw in the CN_A+ group was confined to the hip-

pocampus, parahippocampal gyrus, and DBN. These results suggest
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FIGURE 2 Correlations of Kw values in different brain regions with plasma biomarkers and neuropsychological scores. A-D, Significant
correlations between Kw in the hippocampus and deep brain nuclei with p-tau217 and GFAP in all participants with plasma biomarkers (n = 81).
E-G, Significant correlations between Kw in the hippocampus with MoCA-B, STT-A, and STT-B scores in all participants with plasma biomarkers
(n=81). H, Significant correlations between Kw in the hippocampus and STT-A scores in AD participants with plasma biomarkers (n = 43). AD,
Alzheimer’s disease; GFAP, glial fibrillary acidic protein; MoCA-B, basic version of the Montreal Cognitive Assessment; p-tau, phosphorylated tau;
STT-A, Shape Trail Test A; STT-B, Shape Trail Test B.
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FIGURE 3 Theinteraction effect of plasma p-tau217 with Kw in the hippocampus on STT-A in AD participants with plasma biomarkers. A,
Graph of the simple slope plot showing the interaction between plasma p-tau217 and Kw in the hippocampus on STT-A. B, Graph of the
Johnson—Neyman plot showing the conditional effect of Kw (X) on STT-A (Y) as a linear function of plasma p-tau217 (W), including the
Johnson-Neyman transition point (i.e., where the confidence interval around the conditional effect crosses zero on the y axis). AD, Alzheimer’s
disease; A-, with negative Alzheimer’s disease biomarkers; A+, with positive Alzheimer’s disease biomarkers; Cl, cognitively impaired; CN,

cognitively normal; JN, Johnson—Neyman; Kw, blood-brain barrier water exchange rate; p-tau, phosphorylated tau; SD, standard deviation; STT-A,
Shape Trail Test A.
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TABLE 3 Moderation effects of Kw (predictor) and p-tau217
(moderator) on STT-A (dependent variable) in AD participants.

Hippocampus S8 95% ClI p Over R?
Kw x -0.321 -0.582 -0.058 0.017 0.533
p-tau217

Kw -0.260 -0.513 -0.006 0.044

p-tau217 0.283 0.148 0.552 0.039

Note: Kw, independent variable; STT-A, dependent variable; p-tau217,
moderator.
Abbreviations: AD, Alzheimer’s disease; Cl, confidence interval; Kw, blood-
brain barrier water exchange rate; p-tau, phosphorylated tau; STT-A, Shape
Trail Test A.

that BBB function is impaired across the AD continuum, with the
degree of damage corresponding to the severity of AD. Specifically,
the data indicate that BBB dysfunction is more widespread in the later
stages of AD and may also be present in preclinical AD. Previous post
mortem studies have confirmed BBB dysfunction in AD patients.3233
However, characterizing BBB impairment and its temporal and spatial
evolution across the AD continuum using autopsy specimens is chal-
lenging. With the rapid advancement of neuroimaging technology, MRI
now enables the in vivo monitoring and evaluation of BBB dysfunc-
tion across the AD continuum. DCE-MRI, which uses a paramagnetic
gadolinium-based contrast agent, is the most widely used method for
quantifying BBB breakdown in clinical settings.>* Numerous studies
based on DCE-MRI have shown that, compared to control subjects,
patients in the prodromal and later stages of AD experience signifi-
cantly increased BBB leakage in several brain regions, including the
hippocampus, total GM, and cortex, which correlates with cognitive
decline.3>-37 |n contrast, DP-pCASL is an imaging technique that uses

endogenous water molecules as contrast agents, allowing non-invasive

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

evaluation of water exchange across the BBB with greater sensitivity to
early-stage disease.’® However, limited research has used DP-pCASL
to describe BBB damage characteristics in cognitive aging.'® Several
studies have also shown that BBB Kw correlates with neuropsycho-
logical performance across multiple brain regions.'®1” Therefore, the
results of this study align with previous findings demonstrating BBB
dysfunction in the later symptomatic stages of AD and further expand
our understanding of BBB dysfunction across the AD continuum. In
this study, we also considered the effects of brain atrophy on BBB
Kw. We found that, compared to the CN_A— group, the CI_ A+ group
showed lower Kw in gray matter, hippocampus, and DBN. Importantly,
the lower Kw in the hippocampus was still evident in the CN_A+ group
after adjusting for BVP. The observed contribution of cerebral atrophy
to Kw changes with AD progression may result from compromised BBB
integrity with neurodegeneration.'® However, the precise mechanisms
need to be confirmed by further basic research and longitudinal clin-
ical studies on the causal relationship between BBB dysfunction and
neurodegeneration. These preliminary results suggest that DP-pCASL
could help identify key brain regions vulnerable to AD, highlighting its
potential as a biomarker for neuropathological changes and cognitive
impairment across the AD continuum.

The results of the correlation analysis showed that decreases in Kw
in multiple brain regions relevant to AD, such as the hippocampus and
DBN, were correlated with high levels of plasma biomarkers (includ-
ing p-tau217, GFAP, and NfL) across the AD continuum. Although the
specific molecular pathway for water exchange across the BBB remains
unclear, aquaporin-4 (AQP4) is believed to play a key role. In the CNS,
AQP4 is primarily distributed in a polarized pattern in the endfeet of
astrocytes, which form an important component of the BBB between
the blood and brain parenchyma.®® The polarized expression of AQP4
on astrocytes facilitates water transport, and thus, the water exchange
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FIGURE 4 Receiver operating characteristic curve. The combination of Kw (gray matter, hippocampus, and deep brain nuclei), BVP, NfL, and
GFAP showed relatively higher classification accuracy in classifying individuals between the CN_A- and CN_A+ groups, CN_A+ and CI_ A+ groups,
and CN_A- and CI_ A+ groups. A-, with negative Alzheimer’s disease biomarkers; A+, with positive Alzheimer’s disease biomarkers; AUC, area
under the receiver operating characteristic curve; BVP, brain volume proportion; Cl, cognitively impaired; CN, cognitively normal; GFAP, glial
fibrillary acidic protein; Kw, blood-brain barrier water exchange rate; NfL, neurofilament light chain.
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rate across the BBB is lower when AQP4 expression or polarization
decreases.3? Both animal“® and human autopsy studies*! have shown a
loss of perivascular AQP4 localization in the endfoot membranes, with
altered AQP4 expression associated with increased amyloid deposits.
Recent studies have demonstrated that plasma p-tau217 performs
best for detecting A pathophysiology and shows a substantial increase
in AD patients.*274* As a result, the high-performance plasma test
for p-tau217 was recently classified as a core biomarker for detect-
ing AD neuropathologic change (ADNPC) and diagnosing AD by the
Alzheimer’s Association Workgroup.? Therefore, we speculate that
the negative correlation between Kw in the hippocampus, DBN, and
p-tau217 may indicate that the lower BBB water exchange rate is
related to AQP4 depolarization caused by severe AD pathology. Simi-
larly, NfL*> and GFAP“é reflect non-specific processes involved in AD
pathophysiology and are promising non-invasive biomarkers for AD.
According to the latest revised criteria for diagnosing and staging AD,2
NfL is a marker of injury, dysfunction, or degeneration of neuropil, while
GFAP is a marker of inflammatory/immune processes primarily driven
by activated microglia, which are associated with BBB damage.104”
Therefore, the correlation between decreased Kw in the hippocampus,
DBN, and high levels of NfL and GFAP may suggest that the lower BBB
water exchange rate also reflects, at least in part, non-specific patho-
logical processes involved in AD. However, these findings should be
further validated in larger scale studies. We also found that decreased
Kw in the hippocampus was significantly associated with poorer neu-
ropsychological performance (measured withSTT-A/B and MoCA-B).
Additionally, results from moderation analyses suggest that higher lev-
els of p-tau217 further enhanced the negative relationship between
Kw in the hippocampus and neuropsychological performance (mea-
sured with STT-A) in subjects with AD (CN_A+ and CI_ A+ group).
These results suggest that measures of the Kw across the BBB may help
identify AD neuropathologic change and cognitive decline across the
AD continuum.

In this study, we also evaluated the discriminative power of com-
bined Kw in gray matter, hippocampus, and DBN for distinguishing indi-
viduals between any two groups in the AD continuum. The combined
Kw demonstrated relatively good discriminative power in classifying
individuals between the CN_A- and CN_A+ groups, the CN_A+ and CI_
A+ groups, the CN_A- and CI_ A+ groups, with AUCs of 0.669, 0.626,
and 0.779, respectively. Furthermore, the combination of Kw in multi-
ple brain regions and BVP showed higher classification accuracy. When
combined, Kw, BVP, NfL, and GFAP achieved higher diagnostic accu-
racy, particularly for distinguishing individuals between the CN_A- and
Cl_A+groups (AUC = 0.874). These results suggest that combining Kw,
BVP, and peripheral blood biomarkers other than p-tau217 may offer a
valuable tool for identifying individuals across the AD continuum.

A strength of this study is that we used the Core 1 biomarkers to
define AD biologically, based on the current revised criteria for AD
diagnosis. However, this study has several limitations. First, as a cross-
sectional design, it limits our ability to establish causal relationships.
Future studies should evaluate the association between Kwacross the

BBB, plasma biomarkers, and neuropsychological performance lon-

gitudinally. Second, this is a preliminary, single-center study with a
relatively small sample size, which may affect the generalizability of
the findings. Multicenter data from different regions and ethnicities
should be included in future studies. Third, it is crucial to character-
ize the spatiotemporal evolution patterns of water exchange across
the BBB and its relationship with the spread of AB, tau, and other
neuropathologic changes in the AD continuum. However, not all partic-
ipants had AB-PET data in this study, and data collection on tau-PET is
ongoing. Therefore, future studies should incorporate AS/tau-PET data
and other neuropathologic changes to provide a more comprehensive
and in-depth investigation.

In conclusion, this study characterized changes in the Kw across
the BBB estimated with the DP-pCASL technique in individuals across
the AD continuum and further explored the association among Kw,
plasma biomarkers, and neuropsychological performance. Our results
suggest that Kw measured by DP-pCASL shows promise as a biomarker
for reflecting pathophysiological processes and monitoring cognitive

decline across the AD continuum.
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