
Frontiers in Aging Neuroscience 01 frontiersin.org

Association between gray matter 
atrophy, cerebral hypoperfusion, 
and cognitive impairment in 
Alzheimer’s disease
Haoyang Dong 1†, Lining Guo 1†, Hailei Yang 1†, Wenshuang Zhu 1†, 
Fang Liu 2, Yingying Xie 1, Yu Zhang 1, Kaizhong Xue 1, Qiang Li 3, 
Meng Liang 4, Nan Zhang 2* and Wen Qin 1*
1 Department of Radiology and Tianjin Key Laboratory of Functional Imaging, Tianjin Medical University 
General Hospital, Tianjin, China, 2 Department of Neurology, Tianjin Medical University General Hospital, 
Tianjin, China, 3 Technical College for the Deaf, Tianjin University of Technology, Tianjin, China, 4 School 
of Medical Imaging, Tianjin Medical University, Tianjin, China

Background: Alzheimer’s disease (AD) is one of the most severe neurodegenerative 
diseases leading to dementia in the elderly. Cerebral atrophy and hypoperfusion 
are two important pathophysiological characteristics. However, it is still unknown 
about the area-specific causal pathways between regional gray matter atrophy, 
cerebral hypoperfusion, and cognitive impairment in AD patients.

Method: Forty-two qualified AD patients and 49 healthy controls (HC) were 
recruited in this study. First, we explored voxel-wise inter-group differences in 
gray matter volume (GMV) and arterial spin labeling (ASL) -derived cerebral blood 
flow (CBF). Then we explored the voxel-wise associations between GMV and Mini-
Mental State Examination (MMSE) score, GMV and CBF, and CBF and MMSE to 
identify brain targets contributing to cognitive impairment in AD patients. Finally, 
a mediation analysis was applied to test the causal pathways among atrophied 
GMV, hypoperfusion, and cognitive impairment in AD.

Results: Voxel-wise permutation test identified that the left middle temporal 
gyrus (MTG) had both decreased GMV and CBF in the AD. Moreover, the GMV 
of this region was positively correlated with MMSE and its CBF, and CBF of this 
region was also positively correlated with MMSE in AD (p < 0.05, corrected). Finally, 
mediation analysis revealed that gray matter atrophy of left MTG drives cognitive 
impairment of AD via the mediation of CBF (proportion of mediation = 55.82%, 
β = 0.242, 95% confidence interval by bias-corrected and accelerated bootstrap: 
0.082 to 0.530).

Conclusion: Our findings indicated suggested that left MTG is an important hub 
linking gray matter atrophy, hypoperfusion, and cognitive impairment for AD, and 
might be a potential treatment target for AD.
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Introduction

Alzheimer’s disease (AD), known as a serious and progressive 
neurodegenerative disease, is the leading cause of dementia in the 
elderly. According to the latest statistics, the prevalence of AD was 
increasing yearly and will continue to rise in the future (Scheltens 
et al., 2021; Alzheimer's Association, 2022). The current treatment 
methods can only delay or prevent disease progression but can not 
cure patients fundamentally (Kivipelto et  al., 2018; Long and 
Holtzman, 2019; Livingston et al., 2020). Recently, researchers found 
that multiple modifiable risk factors like hypoperfusion, cardiovascular 
disease, physical activity, diet, education, social and cognitive 
engagement, and traumatic brain injury increased the development 
and progression of AD (Sando et al., 2008; Ronnemaa et al., 2011; 
Rusanen et al., 2011; Stern, 2012; Gottesman et al., 2017; LoBue et al., 
2019; Ogino et al., 2019). In contrast, reducing these modifiable risk 
levels could delay cognitive impairment (Baumgart et  al., 2015; 
Livingston et al., 2020; World Health Organization, 2019).

AD is traditionally characterized by the accumulation of 
amyloid-β (Aβ) plaques and twisted tau protein chain tangles, which 
finally cause neurodegeneration and gray matter atrophy (Sato et al., 
2018; Hanseeuw et al., 2019). However, recent studies indicated that 
vascular dysfunction (such as hypoperfusion) also plays an important 
role in the development and progression of AD (Roher et al., 2004; 
Toledo et al., 2013; Montagne et al., 2015; Janelidze et al., 2017; Kisler 
et al., 2017; Tublin et al., 2019). As hypoperfusion is a modifiable 
factor, elucidating the associations among gray matter atrophy, 
hypoperfusion, and cognitive impairment could deepen our 
understanding of AD’s pathophysiological process and provide new 
targets and strategies for the treatment and prevention of AD.

Severe atrophy of cerebral gray matter volume (GMV) and 
hypoperfusion are two neuroimaging characteristics of AD. Previous 
research reported that AD patients had gray matter atrophy in a wide 
range of brain regions compared with healthy people, including the 
hippocampus, medial and lateral temporal lobes, posterior cingulate 
gyrus, amygdala, thalamus, basal ganglia, and so on (Karas et al., 2004; 
Chetelat et al., 2008; Whitwell et al., 2008; Wang et al., 2015; Pini et al., 
2016). Besides, reduced cerebral blood flow (CBF) of temporal–
parietal regions and posterior cingulate have also been reported in AD 
subjects (Huang et al., 2018; Zhang et al., 2021). What’s more, regional 
gray matter atrophy and hypoperfusion were reported to be associated 
with cognitive decline in AD (Yi et al., 2016; Tuokkola et al., 2019; 
Zhang et al., 2021).

On the relationships between gray matter atrophy and 
hypoperfusion, a recent study reported a positive association between 
atrophied GMV of the medial temporal cortex (MTL) and remote 
CBF in the post-cingulated cortex (PCC) and angular gyrus in AD 
(Huang et  al., 2018). In addition, gray matter atrophy and 
hypoperfusion were both closely associated with amyloid and tau 
depositions, which are hallmarks of AD pathogenesis (Sepulcre et al., 
2016; Albrecht et al., 2020). Moreover, the two endophenotypes share 
the same genetic etiology, such as apolipoprotein E (APOE) ϵ4 allele 
mutation (Thambisetty et al., 2010; Wei et al., 2022). On their casual 
relationships, some literature showed that CBF reduction precedes 
cognitive impairment and gray matter atrophy, even before the Aβ 
accumulation and tau protein tangles (Mosconi et al., 2004; Ruitenberg 
et al., 2005; Zlokovic, 2008; Iturria-Medina et al., 2016; Daulatzai, 
2017; Hughes et al., 2018). In contrast, a recent longitudinal study 

found that total brain atrophy causes CBF to decrease over time in a 
community-dwelling population rather than vice versa; and only 
elders >65 years demonstrated a causal effect of baseline lower CBF on 
brain atrophy (Huang et al., 2018). It should be noted that most studies 
focused on the causal relationships between gray matter atrophy and 
hypoperfusion at the global level, and few studies directly explored 
their joint contribution to cognitive decline. Elucidating the causal 
pathways among gray matter atrophy, cerebral hypoperfusion, and 
cognitive impairment in AD patients, especially at the brain area level, 
could not only help shed light on the pathophysiological mechanisms 
of AD progression but also provide pinpoint targets for 
clinical intervention.

In this study, we proposed two candidate hypotheses to solve these 
issues: (1) regional gray matter atrophy mediates the regulation of 
hypoperfusion of the same brain area on cognitive decline in AD 
versus; (2) regional hypoperfusion mediates the influence of brain 
atrophy on cognitive impairment. To validate these two hypotheses, 
we priorly introduced a series of voxel-wise data-driven association 
analyses to identify candidate brain areas: first, we identified brain 
regions with both reduced GMV and CBF in AD patients; then the 
target regions were further refined within which reduced GMV and 
CBF were inter-correlated, and were both associated with cognitive 
impairment revealed by Mini-Mental State Examination (MMSE) 
scores. Finally, two mediation pathway models were introduced to test 
whether brain atrophy of the candidate areas influences their CBF 
reduction and finally causes cognitive impairment 
(GMV → CBF → MMSE) or vice versa (CBF → GMV → MMSE).

Materials and methods

Participants

Fifty-nine AD patients were recruited from Tianjin Medical 
University General Hospital (from 2017 to 2021) following the IWG-2 
Diagnostic Criteria for typical AD (Dubois et al., 2014): (1) gradual 
and progressive change in episodic memory function over more than 
6 months; (2) amyloid-positive by C-labeled Pittsburgh compound-B 
(PiB) PET scan. The exclusion criteria for AD patients were: (1) the 
presence of other neurological diseases (i.e., stroke, Parkinson’s 
disease, non-AD dementias, multiple sclerosis, traumatic brain injury, 
vitamin B12 deficiency, and brain tumor), (2) any history of other 
psychiatric diseases or alcohol and drug abuse, (3) can not finish the 
neuropsychological assessment, (4) severe arterial stenosis revealed by 
carotid ultrasound and transcranial Doppler, (5) MRI 
contraindications, and (6) severe white matter hyperintensities 
(Fazekas scores > = 2). Besides, 56 age- and gender-matched healthy 
control (HC) participants were also recruited with the same criteria 
mentioned above, except for without any cognitive complaints (MMSE 
≥24). Seventeen patients were excluded due to no ASL data (n = 9) or 
ASL image artifacts (n = 8). And 7 HC participants were excluded 
because of no ASL data (n = 2) or ASL artifacts (n = 5). Finally, 42 AD 
patients (11 M/31 F, 65.38 ± 8.47 years old) and 49 HC (20 M/29 F, 
66.82 ± 6.03 years old) were included in this study. The study was 
approved by the Ethics Committee of Tianjin Medical University 
General Hospital, and written informed consent was obtained from 
all participants. During the recruitment process, all participants were 
assessed on several clinical scales, such as MMSE, Auditory Verbal 
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Learning Test (AVLT), Activities of Daily Living (ADL), Trail Making 
Test (TMT), and so on. The MMSE (Folstein et  al., 1975) can 
comprehensively, accurately, and rapidly reflect the degree of cognitive 
impairment of the subjects, so we chose it to measure the cognitive 
impairment levels in patients. The detailed information of the 
recruited participants is shown in Table 1.

Image acquisition

All magnetic resonance imaging (MRI) data were acquired on a 
3.0-Tesla Discovery MR750 scanner (General Electric, Milwaukee, 
WI) with an eight-channel receive coil. The 3D T1-weighted structural 
MRI (sMRI) data were obtained using a brain volume (BRAVO) 
sequence with the following parameters: repetition time (TR) /echo 
time (TE) /inversion time (TI) = 8.16/3.18/450 ms; field of view 
(FOV) = 256 mm × 256 mm; matrix = 256 × 256; flip angle (FA) = 12°; 
slice thickness = 1 mm; and 188 slices. The resting-state pseudo-
continuous arterial spin labeling (ASL) data were obtained using a 3D 
spiral spin-echo sequence and background suppression: TR / 
TE = 5046/11.09 ms; post labeling delay (PLD) = 2025 ms; 
FOV = 240 mm × 240 mm; matrix = 128 × 128; flip angle (FA) = 111°; 
slice thickness = 3 mm; and 50 slices. Moreover, the resting-state 
functional MRI (rfMRI) data were obtained using a single-shot 
gradient-recalled-echo echo-planar-imaging (SS-GRE-EPI) sequence: 
TR/TE = 2000/30 ms; FOV = 220 mm × 220 mm; matrix = 64 × 64; 
FA = 90°; slice thickness = 3 mm; gap = 1 mm; 36 slices; and 
180 volumes.

Preprocessing sMRI data

The sMRI data were preprocessed using CAT12 software package,1 
an extension of SPM12,2 including (1) bias correction: correct B1 field 
inhomogeneity induced signal variation across voxels; (2) tissue 
segmentation: classify brain into different tissues, including the gray 
matter (GM), white matter, and cerebrospinal fluid; (3) spatial 
normalization: warp the individual GM tissue into Montreal 
Neurological Institute (MNI) space using DARTEL algorithm, 
modulate the GM by Jacobian determinant to preserve the absolute 
volume of the GM tissue (GMV), and resampled into 2-mm cubic 
voxels; (4) spatial smoothing: the resultant GMV were smoothed with 
the full width at half maximum (FWHM) of 8 mm × 8 mm × 8 mm.

1 http://www.neuro.uni-jena.de/cat

2 https://www.fil.ion.ucl.ac.uk/spm/software/spm12

Preprocessing ASL data

SPM12 was used to preprocess the CBF images. First, the ASL 
images were linearly coregistered with individual sMRI images. Next, 
each participant’s ASL-derived CBF images were written into the MNI 
space based on the DARTEL warp parameters generated at the sMRI 
processing steps and were resampled to 2-mm cubic voxels. Then the 
normalized CBF images were further z-score scaled across voxels 
(zCBF) to remove the effect of heterogeneity in labeling efficiency 
caused by the mismatch between scanning parameters and 
participants’ hemodynamics. Finally, an isotropic 8-mm full width at 
half maximum (FWHM) was used to smooth the zCBF images.

Preprocessing fMRI data

DPARSF toolbox3 (Chao-Gan and Yu-Feng, 2010) was used to 
preprocess rfMRI data. First, we  removed the first 10 volumes to 
remove signal drift and let participants adapt to scanning noise. The 
remaining 170 volumes were corrected for time differences across 
slices and head motion across volumes. All subjects’ head motions 
were less than 2 mm of translation and 2° of rotation. Then 
we  regressed out nuisance covariates, including Friston-24 head 
motion parameters, the severe motion volumes with FD > 0.5, white 
matter signal, cerebrospinal fluid signal, and global signal. Next, 
bandpass filtering with 0.01–0.1 Hz was applied to remove the noise 
further. Then the preprocessed rfMRI data were normalized into the 
MNI space using the same linear + DARTEL strategies as ASL images 
and were resampled to 3-mm cubic voxels. Finally, the rfMRI datasets 
were smoothed with an FWHM of isotropic 8-mm.

Statistical analyses

All voxel-wise statistical analyses used non-parametric 
permutation tests based on FSL randomise4 (Winkler et al., 2014) 
with 5,000 permutations for each contrast. First, a two-sample t-test 
was performed to compare the differences in GMV and CBF between 
the AD patients and HC within a gray matter mask with at least 50% 
GM probability. Then, a linear regression model was used to test the 
association between GMV and MMSE scores in AD patients within 
the voxels showing significant GMV and CBF changes revealed by 
the two-sample t-test. Third, a linear regression model was used to 

3 https://www.nitrc.org/projects/dparsf

4 https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise

TABLE 1 Demographic information of the participants.

Variables ADs (n = 42) HCs (n = 49) Statistics p value

Age(years) (Means±SD) 65.38 ± 8.47 66.82 ± 6.03 T = −0.941 0.349

Gender(M/F) 11/31 20/29 χ2 = 1.552 0.213

Education (Means±SD) 10.86 ± 3.56 12.41 ± 3.28 z = −2.195 0.028

MMSE total score (Means±SD) 19.02 ± 5.13 27.72 ± 1.60 z = −7.761 8.431 × 10−15

AD, Alzheimer’s disease; HC, healthy control; SD, standard deviation; M, male; F, female; MMSE, Mini-Mental State Examination.
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test the association between GMV and zCBF within the voxels with 
significant GMV-MMSE association. Finally, we also performed a 
linear regression between zCBF and MMSE within the voxels with 
significant GMV-zCBF association. Before the statistical analyses, 
we regressed out several nuisance covariates, including age, sex, and 
education years, with the total intracranial volume (TIV) as an 
additional covariate for GMV. A threshold-free cluster enhancement 
(TFCE) with the family-wise error rate (FWE) method was used to 
correct for multiple comparisons (corrected p < 0.05). Following the 
above 4-step refinements, we  expected to identify target regions 
satisfying all these conditions: GM atrophy, zCBF hypoperfusion, 
GMV-zCBF association, GMV-MMSE association, and zCBF-
MMSE association.

A mediation pathway model was carried out to test the causal 
pathways among GMV, CBF, and MMSE using the mediation package 
in R software (Tingley et al., 2014). Specifically, we tried to elucidate 
whether zCBF mediates the effect of GMV on MMSE in AD 
(GMV → zCBF → MMSE), or whether GMV mediates the effect of 
zCBF on MMSE (zCBF → GMV → MMSE). The average GMV and 
zCBF values were extracted within the top 50 voxels of significant 
brain regions by the 4-step voxel-wise permutation analyses. Before 
mediation, we regressed out the same nuisance covariates from the 
GMV and zCBF as mentioned in voxel-wise association analyses. A 
bias-corrected and accelerated (BCa) bootstrap method with 10,000 
resamplings was used to estimate the 95% confidence level (CI) of 
mediation effects.

On the demographic statistics, a two-sample t-test was used to test 
the intergroup difference in age, a chi-square test was used to test the 
intergroup difference in sex. And a Mann-Whitney rank-sum test was 
used to test the intergroup difference in education years and MMSE 
(p < 0.05).

Seed-based functional connectivity 
analysis

Seed-based functional connectivity (FC) analysis was used to 
discover the relevant functional network to which the target area 
belongs using DPARSF toolbox. For each HC, we extracted the mean 
blood-oxygen-level dependent signal of the seed region and calculated 
the Pearson’s correlation coefficient between this and the time course 
of each other brain voxel, which were further Fisher-z transformed 
(FC map). Then a one-sample t-test was used to identify voxels with 
positive FC with the target regions using SPM12 (p < 0.05, 
FWE correction).

Results

Demographic and clinical variables

There was no significant difference in age (two-sample t-test, 
T = −0.941, p = 0.349) and gender (chi-squared test, χ2 = 1.552, 
p = 0.213) between the AD and HC. AD had relatively lower education 
years than the HC (Mann-Whitney rank-sum test, z = −2.195, 
p = 0.028). Besides, the MMSE score of AD was significantly lower 
than the HC (Mann-Whitney rank-sum test, z = −7.761, 
p = 8.431 × 10−15) (Table 1).

Differences in GMV and CBF between AD 
and HC

Compared with the HC, AD patients showed significantly lower 
GMV in widespread of cortical and subcortical regions, especially in 
bilateral PCC, precuneus (PCUN), middle (MTG) and inferior 
temporal gyrus (ITG), angular gyrus (AG), inferior parietal lobe (IPL), 
insular, medial prefrontal cortex (MPFC), caudate, MTL including 
hippocampus and parahippocampal gyrus, and so on (Figure 1A and 
Supplementary Figure S1). Besides, AD patients had significantly lower 
zCBF in the PCC, PCUN, AG, IPL, MTG and ITG (p < 0.05; TFCE 
FWE corrected) (Figure 1B and Supplementary Figure S2).

Association between GMV, zCBF, and 
MMSE in AD

In the AD group, we  found significant positive correlations 
between MMSE and GMV in the left MTG, and bilateral PCUN/PCC 
(p < 0.05; TFCE FWE corrected) (Figure 2). Besides, a significantly 
positive correlation was found between the GMV and zCBF in the 
bilateral PCUN/PCC and left MTG (p < 0.05; TFCE FWE corrected) 
(Figure 3). Finally, zCBF of the left MTG was positively correlated 
with the MMSE scores (p < 0.05; TFCE FWE corrected) (Figures 4A,B).

A

B

FIGURE 1

Differences in GMV and CBF between AD and HC. Significant lower 
(A) GMV and (B) z-score of CBF are present in AD relative to HC 
(voxel-wise; p < 0.05, TFCE FWE corrected). The color bar represents 
the T value. AD, Alzheimer’s disease; CBF, cerebral blood flow; FWE, 
family-wise error; GMV, gray matter volume; HC, healthy control; 
TFCE, threshold-free cluster enhancement.
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One-sample t-test demonstrated that the target region (left MTG) 
was positively correlated with the core hubs of the default mode 
network (DMN), including the MPFC, PCC, PCUN, AG, and MTG/
ITG (p < 0.05; FWE corrected) (Figure 4C).

Pathways among GMV, zCBF, and MMSE in 
AD

Mediation analysis showed a significant causal pathway from 
GMV to MMSE via mediation of zCBF in the left MTG (Figure 5A, 
path AB, mediation proportion = 55.82%, β  = 0.242, 95% BCa CI: 
0.082 to 0.530). Moreover, the direct effect was non-significant (path 
C′, β = 0.192, 95% CI: −0.094 to 0.490), indicating a full mediation of 
zCBF on the pathway. In contrast, the zCBF → GMV → MMSE 
pathway did not survive the bootstrapping test (Figure 5B, path AB, 
β = 0.108, 95% BCa CI: −0.056 to 0.280).

Discussion

In this study, we tried to explore which brain areas contributed 
causal associations between gray matter atrophy, hypoperfusion, and 
cognitive impairment in AD. We  identified the left MTG as an 
important attacking hub of AD, whose GMV and CBF were both 

reduced, inter-correlated, and both associated with cognitive 
impairment. Moreover, we found that CBF of left MTG can completely 
mediate the effect of GMV on cognitive impairment, but there is no 
effect of GMV mediating CBF on cognitive impairment. Our findings 
suggested that left MTG is an important hub linking gray matter 
atrophy, hypoperfusion, and cognitive impairment for AD, and might 
be considered as a potential treatment target for AD.

We found that brain regions with atrophied gray matter were 
mainly located in the default mode network, moreover, which was 
consistent with research reports (Karas et al., 2004; Chetelat et al., 
2008; Whitwell et al., 2008; Wang et al., 2015; Pini et al., 2016; Huang 
et al., 2018; Zhang et al., 2021). It has been reported that atrophy of 
the hippocampal and amygdala was associated with poor cognitive 
performance in the elderly controls (Zanchi et al., 2017). The gray 
matter atrophy of the entorhinal cortex and hippocampus might occur 
before the onset of AD symptoms and then extend to the neocortical 
damage (Delacourte et al., 1999; Frisoni et al., 2010; Younes et al., 
2014). However, recent studies have shown that they may not lead to 
severe cognitive decline, especially when individuals have already 
progressed into dementia. For example, a previous study reported 
multiple cortical regions (rather than the hippocampus) whose GMV 
mediated the local tau pathology on cognitive decline, including 
bilateral occipitotemporal regions, angular gyrus, supramarginal 
gyrus, and bilateral frontoparietal regions, etc. (Bejanin et al., 2017). 
Risacher et al. found that the rate of cognitive decline was mainly 

A

B

FIGURE 2

Voxel-wise association results between MMSE and GMV in AD. (A) Brain regions showing a positive correlation between MMSE and GMV in AD patients 
(voxel-wise; p < 0.05, TFCE FWE corrected). The color bar represents the T value. (B) Scatter plots of the association between MMSE and GMV of the 
top 50 voxels in main areas. AD, Alzheimer’s disease; GMV, gray matter volume; MMSE, Mini-Mental State Examination; MTG. L, left middle temporal 
gyrus; PCUN, precuneus.
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A B

FIGURE 3

Voxel-wise association results between GMV and CBF in AD. (A) Brain regions showing a positive correlation between GMV and z-score of CBF in AD 
patients (voxel-wise; p < 0.05, TFCE FWE corrected). The color bar represents the T value. (B) Scatter plots of the association between GMV and z-score 
of CBF of the top 50 voxels in PCUN and MTG.L. AD, Alzheimer’s disease; CBF, cerebral blood flow; GMV, gray matter volume; MTG. L, left middle 
temporal gyrus; PCUN, precuneus.

A

C

B

FIGURE 4

Voxel-wise association results between MMSE and CBF in AD. (A) Brain regions showing positive correlation between MMSE and z-score of CBF in AD 
patients (voxel-wise; p < 0.05, TFCE FWE corrected). The color bar represents the T value. (B) Scatter plots of the association between MMSE and 
z-score of CBF of the top 50 voxels in MTG.L. (C) Brain regions showing the voxels with positive FC with the target regions (MTG.L). The color bar 
represents the T value. AD, Alzheimer’s disease; CBF, cerebral blood flow; MMSE, Mini-Mental State Examination; MTG. L, left middle temporal gyrus; 
FC, functional connectivity.
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caused by cortical gray matter atrophy, not hippocampal atrophy 
(Risacher et al., 2017). Consistent with the above research studies, 
we  found that the brain regions with significant GMV-MMSE 
association mainly belong to neocortical regions of the DMN, such as 
the left MTG, and bilateral PCUN/PCC. Our results indicated that 
gray matter atrophy in neocortical regions of the DMN contributed to 
a more severe cognitive decline than in the hippocampus in patients 
who have already progressed into AD.

CBF reduction has been indicated to play a vital role in the whole 
course of AD, especially before the cognitive symptoms. Several 
longitudinal studies confirmed that the CBF in many brain regions 
was continuously reduced during AD progression, including the PCC, 
and PCUN (Lehtovirta et al., 1998; Kogure et al., 2000; Tonini et al., 
2003; Camargo et al., 2021). In the present study, we found that AD 
patients had widely distributed CBF reduction in several core hubs of 
DMN, which was similar to the findings of the GMV. The close 
association between gray matter atrophy and hypoperfusion has been 
reported by early studies. For example, gray matter atrophy and 
hypoperfusion were both indicators of AD pathogenesis, such as 
amyloid and tau deposition and neuronal loss (Zhao and Gong, 2015; 
Sepulcre et  al., 2016; Albrecht et  al., 2020). Moreover, the two 
endophenotypes share some genetic risk and similar molecular 
pathways (Thambisetty et al., 2010; Sweeney et al., 2018; Wei et al., 
2022). Nevertheless, only a few studies explored the relationship 
between local gray matter atrophy and CBF changes in AD patients. 
For example, a recent study reported a positive association between 

MTL atrophy and remote CBF of PCC/AG in AD (Huang et al., 2018). 
However, this study did not establish a relationship between GMV and 
CBF in the same region. We found the atrophied GMV of several 
DMN regions was closely related to their atrophied CBF, including the 
PCUN/PCC and left MTG. Moreover, we found that the GMV and 
CBF reduction of the left MTG were associated with lower MMSE 
scores, consistent with early studies reporting that decreased CBF was 
closely related to more severe cognitive impairment or faster cognitive 
decline rate (Lehtovirta et al., 1998; Tonini et al., 2003; Benedictus 
et al., 2017; Zhang et al., 2021).

Accumulation of Aβ plaques and twisted tau protein chains 
tangles are the primary pathological hallmarks of AD. However, recent 
research suggested that cognitive impairment may not be  simply 
explained by the accumulation of Aβ plaques (Oh et al., 2014a,b; Foley 
et  al., 2015; Jansen et  al., 2015). Besides, the intervention for Aβ 
accumulation has not achieved ideal results in clinical practice (Long 
and Holtzman, 2019). Most prior studies aimed to separately 
understand the effect of brain structure or cerebral blood perfusion 
on cognitive impairment in AD (Yi et al., 2016; Tuokkola et al., 2019; 
Zhang et al., 2021). However, few studies focused on the relationships 
between the three variables in one experiment. As a result, the 
associations between gray matter atrophy, hypoperfusion, and 
cognitive impairment in AD are still unknown, especially the causal 
pathways between them. A recent longitudinal study reported that 
total brain atrophy causes CBF to decrease over time rather than vice 
versa; and only elders >65 years demonstrated a causal effect of 
baseline lower CBF on brain atrophy (Huang et al., 2018). This study 
provides a preliminary causal link between gray matter atrophy and 
hypoperfusion. However, this inference is based on a normal 
community-dwelling population rather than AD; moreover, GMV 
and CBF were measured at the global brain level; thus, it is unknown 
which brain regions contribute dominantly to cognitive impairments. 
Based on a 4-step voxel-wise refinement strategy, we  precisely 
localized the target at the left MTG, which is one hub of 
DMN. Moreover, we found the cognitive impairment caused by local 
gray matter atrophy of left MTG was completely mediated by the 
decreased CBF in this region (GMV → CBF → MMSE pathway). 
However, there is no effect of GMV mediating CBF on cognitive 
impairment (CBF → GMV → MMSE pathway). The possible 
explanation for this pathway is that gray matter atrophy of left MTG 
reduces the regional blood supply, which further inhibits the neuronal 
activity relating to critical cognition, such as episodic memory. It 
should be  noted that our finding seemingly contradicted to early 
studies indicating an early causal contribution of CBF reduction to 
later cognitive impairment and gray matter atrophy (Mosconi et al., 
2004; Ruitenberg et al., 2005; Zlokovic, 2008; Iturria-Medina et al., 
2016; Daulatzai, 2017; Hughes et al., 2018). This discrepancy might 
be  explained by different disease progression stages (AD vs. 
preclinical/MCI), brain scales (regional vs. global), study design (cross 
vs. longitudinal), and so on.

Although gray matter atrophy is irreversible, multiple methods 
can improve the regional hypoperfusion or connectivity detrimental, 
which may prevent cognitive impairment caused by gray matter 
atrophy in AD. For example, previous studies indicated that drug 
therapy increased the functional connectivity of the DMN, thereby 
improving the cognitive impairment of AD patients (Goveas et al., 
2011; Lorenzi et al., 2011; Li et al., 2012). Moreover, early studies have 
shown that drugs could increase the CBF of AD patients (Hanyu et al., 

A

B

FIGURE 5

Causal Pathways between GMV, CBF and MMSE in AD. (A) Path from 
GMV (factor) to CBF (mediator) to MMSE (outcome). (B) Path from 
CBF (factor) to GMV (mediator) to MMSE (outcome). A bias-
corrected and accelerated (BCa) bootstrapping method was used to 
estimate the CI. AD, Alzheimer’s disease; CBF, cerebral blood flow; 
GMV, gray matter volume; MMSE, Mini-Mental State Examination; 
zCBF, z-score of cerebral blood flow; CI, confidence level.
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2007; Kimura et al., 2012; Daulatzai, 2017; Im et al., 2017; de Jong 
et al., 2019). Viola et al. confirmed the cognitive impairment of mild 
AD patients was improved after 12-month brain reperfusion-
rehabilitation therapeutic (Viola et al., 2014). Thus, our findings may 
provide a potential strategy (increasing left MTG CBF) to improve the 
cognition impairment of AD. Which should be verified by clinical 
interventions such as targeted drugs or transcranial magnetic 
stimulation (TMS) (Mesquita et al., 2013).

Several limitations should be mentioned in the present study. 
First, this study was cross-sectional, and the pathway was inferred by 
statistical rather than biological causality. Second, we only recruited 
participants in a single site; thus, the generalization of the findings 
needs to be verified in other independent datasets. Third, only patients 
who have already progressed into dementia were enrolled, restricting 
our inference in a narrow population. As a result, a prospective 
longitudinal multi-site design with a larger sample size and a broader 
disease progression time scale is preferred to validate the causal 
pathways among regional gray matter atrophy, hypoperfusion, and 
cognitive impairment during AD progression.
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