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Plasma biomarkers have great potential in the screening, diagnosis, and monitoring of Alzheimer’s disease (AD). However, findings
on their associations with cerebral perfusion and structural changes are inconclusive. We examined both cross-sectional and
longitudinal associations between plasma biomarkers and cerebral blood flow (CBF), gray matter (GM) volume, and white matter
(WM) integrity. Forty-eight AD patients whose diagnosis was supported by amyloid-β (Aβ) PET received measurement of plasma
biomarkers with a single molecular array, including Aβ42, phosphorylated tau 181 (P-tau181), neurofilament light (NfL), total tau
(T-tau), and glial fibrillary acidic protein (GFAP), and both baseline and one-year follow-up magnetic resonance imaging, including
pseudo-continuous arterial spin labeling, T1-weighted imaging, and diffusion tensor imaging. Correlations were found between
regional CBF and several plasma biomarkers, with Aβ42 showing the strongest correlation with CBF in the left inferior temporal
gyrus (r= 0.507, p= 0.001). Plasma P-tau181 and GFAP levels were correlated with GM volume in the posterior cingulate gyrus and
the bilateral hippocampus and right middle temporal gyrus, respectively. Decreased CBF and GM volume in regions vulnerable to
AD, such as the posterior cingulate gyrus, inferior parietal lobule and hippocampus, could be predicted by the levels of specific
plasma biomarkers. Most biomarkers, except Aβ42, showed extensive correlations with longitudinal WM disruption. Plasma
biomarkers exhibited varied correlations with brain perfusion, GM volume, and WM integrity and predicted their longitudinal
changes in AD patients, suggesting their potential to reflect functional and structural changes and to monitor pathophysiological
progression in the brain.
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INTRODUCTION
Currently, the diagnosis of Alzheimer’s disease (AD) is based on
clinical presentations and postmortem confirmation but can also
be made in vivo with the presence of abnormal biomarkers [1].
Although cerebrospinal fluid (CSF) and positron emission tomo-
graphy (PET) biomarkers have largely increased diagnostic
accuracy, they are either invasive or expensive to identify. With
the development of ultrasensitive immunoassays and mass
spectrometry techniques, biomarkers can be identified in periph-
eral blood with great performance. Blood-based biomarkers are
easily accessible, cost- and time-effective, less invasive, and can be
serially measured, which suggests new possibilities in the screen-
ing, diagnosis, and monitoring of AD [2].
Recent studies have identified and validated plasma biomar-

kers reflecting pathological processes involved in the occur-
rence and progression of AD, including amyloid-β (Aβ)
deposition (Aβ42 and Aβ42/40), pathological tau [phosphory-
lated tau (P-tau)], neurodegeneration [neurofilament light (NfL)
and total tau (T-tau)], and neuroinflammation [glial fibrillary
acidic protein (GFAP)], as the ATNI profile [3, 4]. Given the
promising application of these plasma biomarkers in clinical
practice and trials, it is important to clarify their correlations
with various pathophysiological mechanisms, such as functional

and structural changes in the brain, in addition to their
diagnostic value in AD.
Several studies have cross-sectionally and longitudinally

observed correlations between gray matter (GM) atrophy and
the levels of plasma biomarkers, such as P-tau181, NfL, T-tau, and
GFAP [5–8], although the results were not comparable or were
inconsistent between different testing platforms. Apart from brain
volume reduction, white matter (WM) disruption and decreased
cerebral blood flow (CBF) have been found to be evident even at
early stages of AD [9–13] and could be direct causes of cognitive
impairment [14–17]. Plasma biomarkers, such as P-tau181, NfL,
and GFAP, have been reported to be correlated with WM integrity
in AD patients [18–20]. However, whether plasma biomarkers can
reflect CBF changes in AD patients has not been investigated. Aβ
and tau depositions can be accelerated by cerebral hypoperfusion,
and in turn, the neurotoxic Aβ and tau further exacerbate cerebral
hypoperfusion [21–24].
Therefore, although a few studies have reported associations

between specific plasma biomarkers and GM and WM changes, a
comprehensive understanding of how ATNI plasma biomarkers
can reflect functional and structural brain changes, particularly
perfusion, is lacking. In this study, we analyzed the plasma levels
of Aβ42, P-tau181, NfL, T-tau, and GFAP and their correlations with
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cross-sectional and longitudinal changes in CBF, GM volume, and
WM integrity measured with magnetic resonance imaging (MRI) in
AD patients whose diagnosis was supported by amyloid PET.

METHODS
Participants
A total of 72 participants (48 AD patients and 24 cognitively unimpaired
controls) were recruited from Tianjin Medical University General Hospital.
This was an exploratory study. Empirical and feasibility considerations
determined the number of enrolled participants. No formal statistical
estimation of sample size was performed. All participants provided written
informed consent. The diagnosis of AD was based on the research criteria
for typical AD of the International Working Group‐2 (IWG‐2) [25]. The
inclusion criteria for AD patients were as follows: (1) aged 50–85 years; (2)
had early and prominent episodic memory impairment; (3) had a Clinical
Dementia Rating (CDR) [26] score of 0.5–2; (4) had a positive result on
11C-Pittsburgh Compound B (PiB) PET; and (5) had no evidence of clinically
significant cerebrovascular lesions on MRI. Patients whose cognitive
impairment was potentially caused by other neurological diseases, mental
disorders or medical conditions, such as frontotemporal lobar degenera-
tion, Parkinson’s disease dementia or dementia with Lewy bodies, multiple
sclerosis, severe depression, alcohol or drug abuse, vitamin B12 deficiency,
or human immunodeficiency virus (HIV) or syphilis infection, were
excluded. The inclusion criteria for the cognitively unimpaired (CU)
controls were as follows: (1) aged 50–85 years; (2) no subjective cognitive
decline complaints and normal performance in each cognitive domain of
objective neuropsychological tests; (3) a CDR score of 0 and a Mini-Mental
State Examination (MMSE) [27] score no less than 24; and (4) no clinically
significant brain atrophy or cerebrovascular lesions on MRI. Plasma
biomarkers and both concurrent and one-year follow-up neuroimaging
data were collected for all participants.

Measurement of plasma biomarkers
Blood samples were collected in EDTA tubes in the morning. The samples
were centrifuged at 2500 × g and 4 °C for 35min to obtain plasma within
2 h of collection. The plasma samples were stored at −80 °C for future
analysis. Plasma biomarkers were measured using single molecular array
technology with an ultrahigh-sensitivity protein molecular detection
instrument (Simoa HD-1, Quanterix, MA, USA). Plasma Aβ42 and T-tau
levels were measured using a Neurology 3-Plex A assay kit (Quanterix,
503203), NfL, and GFAP levels were measured using a Neurology 2-Plex B
assay kit (Quanterix, 502713), and P-tau181 levels were measured using a
P-tau181 V2 assay kit (Quanterix 503008) according to the manufacturer’s
instructions.

MRI acquisition
MRI was performed on a 3.0-Tesla scanner (Discovery MR750, General
Electric, Milwaukee, WI) with a 64-channel phased array head coil. T1
images were obtained using a brain volume (BRAVO) sequence with the
following parameters: echo time (TE)/repetition time (TR)= 3.18/8.16ms,
inversion time (TI)= 450ms, field of view (FOV)= 256 × 256mm,
matrix= 256 × 256, flip angle (FA)= 12°, slice thickness= 1mm, and
188 slices. The 3D pseudo-continuous arterial spin labeling (ASL) series
was acquired using a spiral spin‒echo sequence and background
suppression with the following parameters: TE/TR= 11.1/5046ms, labeling
duration= 1450ms, post-labeling delay (PLD)= 2025ms, FA= 111°, matrix
size= 128 × 128, FOV= 240 × 240mm, arms= 8, acquisition points= 512,
slice thickness= 3mm, and 50 slices. Diffusion MRI was acquired using a
diffusion-weighted spin‒echo single shot echo planar imaging (EPI)
sequence with the following parameters: TE/TR= 63.2/6000ms, FA= 90°,
FOV= 256 × 256mm, matrix size= 128 × 128, slice thickness= 6mm,
50 slices, and 64 diffusion directions (b= 1000 s/mm2).

Image processing
ASL MRI images were automatically converted into CBF maps using
Functool software (version 9.4, GE Medical Systems) on an Advantage
Windows workstation. Image processing was conducted using voxel-based
analysis in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12) with
the following steps: (1) the CBF images were registered to structural MRI
images; (2) the structural images were normalized to the Montreal
Neurological Institute (MNI) space and segmented into GM, WM and CSF;
(3) using the parameters determined from the structural images, the CBF

images were normalized and multiplied by a binary brain tissue mask
consisting of only GM and WM; and (4) the normalized CBF maps were
then smoothed with a full width at half maximum (FWHM) of 10mm. We
performed a quality check via visual inspection at every preprocessing
stage. The differences in CBF between AD patients and CU controls were
analyzed using two-sample t tests with age and sex as covariates. Several
clusters were identified after adjusting for global values with an analysis of
covariance (ANCOVA) (voxelwise threshold p < 0.001, minimum cluster size
100 voxels). Significant regions were identified with Talairach–Daemon
software (Research Imaging Center, University of Texas Health Science
Center, San Antonio, TX, USA). To quantify the CBF changes in specific
cortical regions, we further used a 4-mm radius spherical volume of
interest (VOI) centered at the peak voxel of those clusters that were
significant in the SPM analyses. Finally, we obtained the relative CBF values
by calculating the ratios of the regional CBF values to the global CBF values
in all participants. We used the relative CBF values for cross-sectional
analysis and changes in absolute regional CBF values for longitudinal
analysis.
T1 images were processed using voxel-based morphometry (VBM) analysis

in SPM12 with the CAT12 toolbox (http://www.neuro.uni-jena.de/cat) as
previously described [28]. Briefly, images were preprocessed by denoising,
bias correction and intensity normalization. Then, the preprocessed images
were normalized to the MNI space using affine and nonlinear registration
and segmented into GM, WM, and CSF. Furthermore, to preserve the total
amount of GM in the original image, segmented GM images were
modulated by scaling with the amount of GM change caused by image
registration. Finally, the resultant GM images were smoothed with an FWHM
of 8mm. The total intracranial volume (TIV) was calculated as the sum of the
total volume of GM, WM and CSF estimated during the VBM analysis using
CAT12. A quality check via visual inspection was conducted at every
preprocessing stage. Two-sample t-tests were used to identify group
differences in GM volume between AD patients and CU controls using the
CAT12 statistical module with age, sex, and TIV as covariates. According to
the default settings for CAT12, we used 0.1 as the absolute masking
threshold for the VBM data. With a voxel-level peak threshold of p < 0.001
(uncorrected), we primarily identified clusters >100 voxels for the analysis.
Significant regions were identified with Talairach–Daemon software. To
quantify the GM volume in specific regions, we further used a 4-mm radius
of spherical VOI centered at the peak voxel of those clusters that were
significant in the SPM analyses. Finally, we acquired the GM volume for each
VOI, which was adjusted for TIV.
DTI data were processed using the FMRIB’s Diffusion Toolbox (FDT) in

the FMRIB Software Library (FSL V.6.0) (https://fsl.fmrib.ox.ac.uk/fsl/fsl).
Images were preprocessed with the following steps: (1) eddy-current
correction for EPI distortion correction; (2) skull removal and brain tissue
extraction using a brain extraction toolbox; and (3) extraction of average
fractional anisotropy (FA) values within the fiber tracts. To compare WM
integrity between AD patients and CU controls, voxelwise analysis of FA
data was carried out using tract-based spatial statistics (TBSS) [29] with the
following steps: (1) the individual FA maps were nonlinearly registered to
the MNI space using a default FMRIB58_FA atlas; (2) the normalized FA
maps were averaged to generate a mean FA image and then skeletonized
to generate a mean FA skeleton map with a threshold of 0.2; (3) an
individual FA skeleton map was obtained by projecting the normalized
individual FA map onto the mean FA skeleton map; and (4) a general linear
model was generated with a nonparametric permutation-based inference
(“randomize” program within FSL) with age and sex as covariates. The
number of permutations was set to 5000. A familywise error method
(p < 0.05) was used to correct for multiple comparisons using the
threshold-free cluster enhancement (TFCE) option in the permutation
testing tool in FSL. We selected significant WM fibers and labeled them
according to the ICBM-DTI-81 WM label atlas [30]. Finally, we extracted the
FA values of these WM fibers in MATLAB (version R2016a, MathWorks,
Natick, MA, United States).

Statistical analysis
Statistical analyses were performed using SPSS 26.0. A two-tailed p < 0.05
was considered to indicate statistical significance. Demographic and
clinical data were compared between AD patients and CU controls using
Student’s t-tests for continuous variables and chi-square tests for
dichotomous variables. Partial correlation analysis adjusted for age and
sex was conducted to examine the cross-sectional and longitudinal
associations between each plasma biomarker and each neuroimaging
measure in AD patients. Longitudinal changes in absolute regional CBF,
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GM volume, and FA values for each AD patient were calculated by
subtracting the baseline value from the follow-up value for brain regions
with significant differences from group comparisons. For neuroimaging
measures, we focused on brain regions with significant differences
between AD patients and CU controls. Continuous variables were tested
for normal distribution and homoscedasticity using Shapiro–Wilk and
Levene’s tests. The plasma NfL and GFAP levels were log-transformed for
partial correlation analysis to normalize their distributions.

RESULTS
Demographic and clinical characteristics and plasma
biomarkers of all participants
Table 1 shows the baseline characteristics of all participants. There
were no significant differences in age, sex, or years of education
between the groups. MMSE scores were much lower in AD
patients than in CU controls. Compared with CU controls, AD
patients had lower plasma Aβ42 levels and higher plasma P-
tau181, NfL, and GFAP levels (p < 0.001). The plasma T-tau level did
not significantly differ between the groups.

Differences in CBF, GM volume, and WM integrity between AD
patients and CU controls
Compared with that in CU controls, regional CBF in AD patients
was relatively lower in the bilateral superior parietal lobule,
bilateral inferior parietal lobule, bilateral posterior cingulate gyrus,
bilateral uncus, left inferior temporal gyrus, right fusiform gyrus
and left middle frontal gyrus and relatively greater in the right
postcentral gyrus, right precentral gyrus, bilateral putamen,
bilateral thalamus, left middle cingulate gyrus, and cerebellum
after ANCOVA normalization for global CBF (Fig. 1).
The brain regions with decreased GM volume in the AD patients

included the bilateral hippocampus, bilateral middle temporal
gyrus, bilateral inferior parietal lobule, posterior cingulate gyrus,
left superior frontal gyrus, left middle frontal gyrus, and left middle
occipital gyrus (Fig. 2).
FA values were lower in the corpus callosum, bilateral coronal

radiation, right sagittal stratum, bilateral cingulum and right
superior longitudinal fasciculus of AD patients than in those of CU
controls (Fig. 3).

Cross-sectional associations between plasma biomarkers and
neuroimaging measures
Some associations between plasma biomarkers and neuroimaging
measures were observed (Table 2), although they were no longer
statistically significant after Bonferroni correction for multiple
comparisons.

Table 1. Demographic, clinical, and plasma biomarker data of AD patients and CU controls.

AD (N= 48) CU (N= 24) χ2/t p

Age, years 67.88 (7.47) 65.63 (6.27) 1.268 0.209

Sex, males 15 (31.25%) 13 (54.17%) 3.536 0.060

Education, years 10.54 (3.30) 11.92 (3.28) −1.672 0.099

MMSE score 18.58 (5.12) 27.63 (1.47) −11.339 <0.001

Plasma Aβ42, pg/ml 14.04 (4.76) 17.15 (4.52) −2.654 0.010

Plasma P-tau181, pg/ml 6.75 (1.95) 3.05 (1.02) 10.571 <0.001

Plasma NfL, pg/ml 1.24 (0.21) 0.95 (0.24) 5.230 <0.001

Plasma T-tau, pg/ml 2.29 (1.04) 2.39 (0.79) 1.847 0.070

Plasma GFAP, pg/ml 2.32 (0.20) 1.89 (0.22) 8.249 <0.001

Data are presented as the mean (SD) for continuous data and n (%) for dichotomous data. The plasma NfL and GFAP levels were log-transformed to normalize
the distributions.
AD Alzheimer’s disease, CU cognitively unimpaired, MMSE mini-mental state examination, Aβ amyloid-β, P-tau phosphorylated tau, GFAP glial fibrillary acidic
protein, NfL neurofilament light, T-tau total tau.
Bold values identify statistical significance (p < 0.05).

Fig. 1 Regions with relative CBF changes in AD patients
compared with those in CU controls after ANCOVA for global
CBF values. Cold colors indicate regions with relatively reduced CBF,
and warm colors indicate regions with relatively increased CBF. The
color bar represents t values for significant voxels. A threshold of
3.23 (p < 0.001, uncorrected) was used to overlay SPM maps onto a
standard MRI brain template.

Fig. 2 Regions with GM atrophy in AD patients compared with CU
controls. The color bar represents t values for significant voxels. A
threshold of 3.23 (p < 0.001, uncorrected) was used to overlay SPM
maps onto a standard MRI brain template.
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Specifically, extensive correlations between plasma biomarkers
and regional CBF were observed. Across all plasma biomarkers,
Aβ42 demonstrated the strongest correlation with regional CBF in
the left inferior temporal gyrus (r= 0.507, p= 0.001). Plasma Aβ42
levels were also correlated with regional CBF in the left inferior
parietal lobule (r= 0.460, p= 0.003), left superior parietal lobule
(r= 0.349, p= 0.029), right fusiform gyrus (r= 0.321, p= 0.047),
and right postcentral gyrus (r=−0.411, p= 0.009). In addition,
plasma NfL levels were correlated with regional CBF in the left
inferior parietal lobule (r=−0.363, p= 0.025), left superior parietal
lobule (r=−0.336, p= 0.039), and right precentral gyrus
(r= 0.461, p= 0.004); plasma T-tau levels were correlated with
regional CBF in the left cerebellum (r= 0.346, p= 0.031); and
plasma GFAP levels were correlated with regional CBF in the left
inferior temporal gyrus (r= -0.332, p= 0.039), left middle cingu-
late gyrus (r= 0.419, p= 0.008), right putamen (r= 0.359,
p= 0.025), and right postcentral gyrus (r= 0.345, p= 0.031).
For GM volume, both plasma P-tau181 and GFAP levels showed

correlations with several brain regions. The plasma GFAP level was
correlated with the GM volume in the left hippocampus
(r=−0.429, p= 0.003), right hippocampus (r=−0.423,
p= 0.003), and right middle temporal gyrus (r=−0.322,
p= 0.029); the plasma P-tau181 level was correlated with the
GM volume in the posterior cingulate gyrus (r=−0.342,
p= 0.028).
No associations were found between any plasma biomarker

levels and FA values of WM fibers.

Associations between plasma biomarkers and longitudinal
changes in neuroimaging findings
AD patients completed follow-up evaluations of CBF, GM volume,
and WM integrity, with a median follow-up of 13 months
(interquartile range= 3.5 months). Longitudinal changes in all
neuroimaging indicators were calculated by subtracting the
baseline values from the follow-up values. Some associations
were observed between plasma biomarkers and longitudinal
changes in neuroimaging measures (Table 3), although they were
no longer statistically significant after Bonferroni correction for
multiple comparisons. Specifically, plasma Aβ42 and P-tau181
levels were correlated with longitudinal CBF changes in the right
posterior cingulate gyrus (r= 0.388, p= 0.041) and right inferior
parietal lobule (r=−0.385, p= 0.043), respectively.
Plasma Aβ42 (r= 0.463, p= 0.006) and GFAP (r=−0.457,

p= 0.007) levels were significantly correlated with changes in
GM volume in the left inferior parietal lobule. In addition, the
plasma T-tau level was correlated with changes in GM volume in
the right hippocampus (r=−0.384, p= 0.025).
Plasma P-tau181, NfL, T-tau, and GFAP levels predicted FA

decline in several WM fiber tracts; specifically, P-tau181 levels
predicted FA decline in WM fiber tracts in the splenium of the
corpus callosum, bilateral cingulum, right hippocampal cingulum,
right superior longitudinal fasciculus and bilateral coronal radia-
tion; GFAP levels predicted FA decline in WM fiber tracts in the
genu of the corpus callosum, body of the corpus callosum, right
cingulum and left posterior coronal radiation; and NfL levels
predicted FA decline in WM fiber tracts in the body of the corpus
callosum, left cingulum and right posterior coronal radiation; and
T-tau for left superior coronal radiation.

DISCUSSION
The present study examined both cross-sectional and longitudinal
associations between plasma biomarkers and neuroimaging
measures in AD patients. We found that plasma biomarkers

Fig. 3 Regions with reduced FA in AD patients compared with CU
controls. All regions are overlaid on the mean FA template in
grayscale and the associated FA template skeleton (shown in green).
Blue represents areas of significantly reduced FA in AD patients
(p < 0.05, FWE corrected).

Table 2. Cross-sectional correlations between plasma biomarkers and
neuroimaging measures in AD patients.

r p

CBF

Plasma Aβ42
Left inferior temporal gyrus 0.507 0.001

Left inferior parietal lobule 0.460 0.003

Left superior parietal lobule 0.349 0.029

Right fusiform gyrus 0.321 0.047

Right postcentral gyrus −0.411 0.009

Plasma NfL

Left inferior parietal lobule −0.363 0.025

Left superior parietal lobule −0.336 0.039

Right precentral gyrus 0.461 0.004

Plasma T-tau

Left cerebellum 0.346 0.031

Plasma GFAP

Left inferior temporal gyrus −0.332 0.039

Left middle cingulate gyrus 0.419 0.008

Right postcentral gyrus 0.345 0.031

Right putamen 0.359 0.025

GM volume

Plasma P-tau181

Posterior cingulate gyrus −0.324 0.028

Plasma GFAP

Left hippocampus −0.429 0.003

Right hippocampus −0.423 0.003

Right middle temporal gyrus −0.322 0.029

The plasma NfL and GFAP levels were log-transformed. The partial
correlation coefficients (r) were adjusted for age and sex. CBF cerebral
blood flow, Aβ amyloid-β, P-tau phosphorylated tau, GM gray matter, NfL
neurofilament light, T-tau total tau, GFAP glial fibrillary acidic protein.
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correlated differently with brain perfusion, GM volume, and WM
integrity and predicted their changes in patients with AD. In
general, plasma biomarkers showed extensive correlations with
regional CBF, in particular the amyloid biomarker (Aβ42); the
amyloid biomarker (Aβ42) and tau biomarker (P-tau181) were also
predictive of CBF decline. The neuroinflammation biomarker
(GFAP) was the main biomarker correlated with regional brain
volume and longitudinal loss of brain volume. Although there was
no association between any biomarker and FA values at baseline,
all biomarkers except Aβ42 showed correlations with regional WM
deterioration at follow-up.
Aβ, the main pathological hallmark of AD, is believed to initiate

and facilitate a series of pathophysiological processes in the
pathogenesis of AD [31, 32]. We found that a lower plasma Aβ42
level predicted greater atrophy in the left inferior parietal lobule in
AD patients. A previous study reported that lower plasma Aβ42/40
ratios were associated with atrophy in the occipital and temporal

cortices in a Chinese cohort including participants with normal
cognition, mild cognitive impairment (MCI), AD, and non-AD
dementia [33]. These findings were also supported by PET studies
that showed a relationship between high amyloid deposition and
GM atrophy, particularly in the temporal and parietal regions in
cognitively impaired patients [34].
Although correlations between plasma amyloid biomarkers and

cerebral perfusion have not been reported, plasma Aβ42 levels are
strongly correlated with regional CBF changes, particularly in the
temporoparietal region, in AD patients. This finding was supported
by a previous study in which brain Aβ load measured by PET was
associated with decreased CBF in temporoparietal regions in
patients with MCI and AD [35]. Furthermore, a correlation between
Aβ pathology and cerebral hypoperfusion was demonstrated in
transgenic AD mice [36]. In turn, increased Aβ accumulation in the
brain was observed in mouse models of chronic cerebral
hypoperfusion [24, 37].
Plasma P-tau181, which has been demonstrated to be a specific

AD biomarker, was significantly increased in AD patients
compared with that in CU individuals and was highly correlated
with CSF P-tau181 and tau PET [38]. Associations between plasma
P-tau181 and brain atrophy in AD-vulnerable regions have been
established cross-sectionally and longitudinally in cognitively
impaired individuals [39, 40]. In our study, we observed that
plasma P-tau181 was associated with posterior cingulate atrophy
but did not predict GM atrophy over time. An association between
plasma P-tau181 and longitudinal GM volume loss in AD dementia
patients was not observed in previous studies [5, 39].
Very few studies have explored the association between plasma

P-tau181 and cerebral perfusion changes and WM microstructural
damage. Although we did not find cross-sectional associations of
plasma P-tau181 with either regional CBF or FA, baseline levels of
plasma P-tau181 could predict CBF reduction in the right inferior
parietal lobule and FA decline in several brain areas, such as the
splenium of the corpus callosum, bilateral coronal radiation,
cingulum, and right superior longitudinal fasciculus. Similarly, it
has been found that plasma P-tau181 was associated with
longitudinal hypometabolism measured by fluorine-18–labeled
fluorodeoxyglucose (FDG) PET in typical AD regions [41]. For WM
integrity, one study reported cross-sectional associations between
plasma P-tau181 and reduced FA in the left hippocampal
cingulum, left fornix, and left medial lemniscus in AD patients
[18]. These findings suggested the potential effect of P-tau
pathology on brain perfusion and WM integrity.
Plasma GFAP is a marker of astrogliosis. Despite not being

specific to AD, plasma GFAP levels were found to be significantly
elevated in individuals within the AD continuum compared with
that in CU individuals [8, 42, 43]. Our study revealed extensive
associations between plasma GFAP levels and all neuroimaging
measures, including CBF, GM volume, and WM integrity.
Specifically, plasma GFAP was significantly correlated with GM
atrophy in the bilateral hippocampus and right middle temporal
gyrus, predicted GM loss in the left inferior parietal lobule, was
negatively correlated with decreased CBF in the left inferior
temporal gyrus, and predicted FA decline in several WM tracts,
including the genu of the corpus callosum, body of the corpus
callosum, left coronal radiation and right cingulum. This is not
surprising due to the involvement of reactive astrocytes in various
pathophysiological processes in neurodegenerative diseases, e.g.,
AD [44–46]. It was previously observed that an increased plasma
GFAP level was related to brain atrophy [33, 47], hypometabolism
[8], and WM disruption [20] in regions vulnerable to AD.
NfL and T-tau are markers of axonal injury that are not specific to a

particular disease but are linked to neurodegeneration processes.
Previous studies reported associations between plasma NfL levels and
brain atrophy in the temporal, parietal and frontal regions in AD
patients [6, 48, 49]. However, we did not observe correlations between
plasma NfL levels and GM volume, which is consistent with the

Table 3. Associations between plasma biomarkers and longitudinal
changes in neuroimaging measures.

r p

CBF

Plasma Aβ42
Right posterior cingulate gyrus 0.388 0.041

Plasma P-tau181

Right inferior parietal lobule −0.385 0.043

GM volume

Plasma Aβ42
Left inferior parietal lobule 0.463 0.006

Plasma T-tau

Right hippocampus −0.384 0.025

Plasma GFAP

Left inferior parietal lobule −0.457 0.007

FA

Plasma P-tau181

Splenium of corpus callosum −0.378 0.027

Left cingulum −0.392 0.022

Right cingulum −0.356 0.039

Right hippocampal cingulum −0.427 0.012

Right superior longitudinal fasciculus −0.364 0.035

Right superior coronal radiation −0.421 0.013

Right posterior coronal radiation −0.341 0.048

Plasma NfL

Body of corpus callosum −0.394 0.021

Left cingulum −0.359 0.037

Right posterior coronal radiation −0.480 0.004

Plasma T-tau

Left superior coronal radiation −0.377 0.031

Plasma GFAP

Genu of corpus callosum −0.403 0.018

Body of corpus callosum −0.412 0.016

Right cingulum −0.343 0.047

Left posterior coronal radiation −0.405 0.017

The plasma NfL and GFAP levels were log-transformed. The partial
correlation coefficients (r) were adjusted for age and sex. CBF cerebral
blood flow, Aβ amyloid-β, GM gray matter, FA fractional anisotropy, P-tau
phosphorylated tau, NfL neurofilament light, T-tau total tau, GFAP glial
fibrillary acidic protein.
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findings of other studies [33, 50]. AD patients have been shown to
have different patterns of brain atrophy, such as medial-temporal
predominant atrophy, parieto-occipital atrophy, mild atrophy, and
diffuse cortical atrophy [51], which may explain the negative results for
the correlations of specific brain regions. Moreover, clinical and
pathological stages of AD patients could vary across different studies.
Brain atrophy is usually subtle in the early stages but plateaus in very
late stages. Finally, since a larger sample size is more likely to produce
a positive result according to previous studies, the correlation between
plasma NfL level and brain atrophy needs to be further investigated in
a large cohort including AD patients at various stages. In our study, the
plasma NfL level was correlated with changes in the CBF in the left
inferior parietal lobule and right precentral gyrus and could predict FA
decline in the body of the corpus callosum, left cingulum and right
posterior coronal radiation. The perfusion correlation was supported
by previous findings that plasma NfL was negatively associated with
the FDG composite score of AD-typical hypometabolic regions, such
as the bilateral angular, temporal, and posterior cingulate [6]. Previous
studies also revealed a correlation between plasma NfL levels and WM
degeneration in MCI patients [19]. Moreover, plasma T-tau levels
predicted GM loss in the right hippocampus and FA decline in the left
superior coronal radiation in our study. These findings were consistent
with a previous study in which plasma T-tau predicted hippocampal
atrophy over time, whereas no baseline association was found [7].
Moreover, other studies revealed cross-sectional associations between
the plasma T-tau level and lower cortical thickness in the temporal,
parietal, and frontal regions [52, 53].
Our study has several strengths. First, we incorporated a

relatively full picture of plasma biomarkers in the same cohort
and used the same detection methods, making the results
consistent and comparable. In addition, we explored various
aspects of brain changes involved in AD pathogenesis using MRI,
particularly cerebral perfusion, which has rarely been investigated
for its correlation with AD biomarkers. Finally, we obtained
longitudinal MRI data, allowing us to test the ability of plasma
biomarkers to predict brain structural and functional changes over
time. However, some limitations of the current study should be
noted. First, the relatively small number of participants reduced
the representativeness of the whole AD population and may have
led to some false-negative results. In addition, all the correlations
observed in our study were no longer statistically significant after
multiple comparison correction, which means there may be some
false-positive results. As an exploratory study, the results show the
tendency of changes to provide more possibilities for subsequent
validation in larger cohorts. Second, the patients were followed for
only ~1 year. A previous study revealed that rates of AD-specific
cortical thinning increased with disease progression during the
early stages of AD and started to decline when the MMSE score
was approximately less than 21 [54]. Thus, the short follow-up
period may decrease the possibility of identifying biomarkers of
disease and pathophysiological progression. Moreover, we did not
perform longitudinal measurements of plasma biomarkers,
potentially preventing us from identifying more noticeable effects.
Finally, single-PLD ASL was used in this study. Although single-PLD
may result in the inaccurate estimation of CBF and is unable to
capture the dynamic nature of CBF, compared with multiple-PLD,
this method has a simple acquisition process, shorter scanning
time, and easier data processing.
In conclusion, our findings suggest that plasma biomarkers not

only are useful for the clinical diagnosis and differentiation of AD
but also provide additional information on functional and
structural brain changes, particularly for predicting decreases in
cerebral perfusion, GM volume, and WM integrity.
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