
Frontiers in Aging Neuroscience 01 frontiersin.org

Voxel- and surface-based 
morphometry in the cortical 
thickness and cortical and 
subcortical gray matter volume in 
patients with mild-to-moderate 
Alzheimer’s disease
Kaidi Li 1,2, Dingling Xie 3, Zhengyong Zhang 4, Chunyu Fu 2,5 and 
Chunyang Li 6*
1 Department of Neurology, Affiliated Hospital of Inner Mongolia Medical University, Hohhot, China, 
2 Inner Mongolia Regional Center for Neurological Disorders, Hohhot, China, 3 Department of 
Neurology, Xianning Central Hospital (The First Affiliated Hospital of Hubei University of Science and 
Technology), Xianning, China, 4 School of Public Health, Xinxiang Medical College, Xinxiang, China, 
5 Department of Neurosurgery, Affiliated Hospital of Inner Mongolia Medical University, Hohhot, 
China, 6 Department of Neurology, Inner Mongolia Brain Hospital (Third Hospital), Hohhot, China

Aim: This study aimed to investigate alterations in whole-brain cortical thickness (CT) 
and cortical and subcortical gray matter volume (GMV) in patients with Alzheimer’s 
disease (AD) compared with healthy controls (HC) using voxel-based morphometry 
(VBM) and surface-based morphometry (SBM). Furthermore, we sought to develop 
a combined predictive model based on these neuroimaging markers and assess 
their potential clinical utility for the early detection and diagnosis of AD.

Methods: A total of 42 patients diagnosed with mild-to-moderate AD and 49 
demographically matched HC were recruited for this study. VBM and SBM 
analyses were performed on three-dimensional T1-weighted magnetization-
prepared rapid gradient echo (3D T1-MPRAGE) imaging sequences to identify 
brain regions that exhibited statistically significant differences between the 
AD and HC groups. Brain regions showing significant group differences were 
selected as the regions of interest (ROIs). Pearson’s correlation analysis was used 
to assess the relationship between extracted neuroimaging metrics (CT, cortical 
GMV, and subcortical GMV) and cognitive performance. Predictive models were 
constructed using CT (from SBM), cortical GMV, and subcortical GMV (from 
VBM) metrics derived from ROIs, both individually and in combination. Model 
performance in discriminating between patients with AD and HCs was evaluated 
using a receiver operating characteristic (ROC) curve analysis.

Results: Compared to HCs, patients with AD exhibited significant CT 
reductions primarily in the transverse temporal gyrus, superior temporal gyrus, 
supramarginal gyrus, insula, temporal pole, entorhinal cortex, and fusiform gyrus. 
Significant GMV reductions in patients with AD were observed predominantly 
in the hippocampus, parahippocampal gyrus, posterior temporal lobe, inferior 
temporal gyrus, middle temporal gyrus, limbic lobe structures, fusiform gyrus, 
amygdala, and thalamus, as detected by VBM analysis. Extracted CT, cortical 
GMV, and subcortical GMV measurements from the ROIs demonstrated 
significant positive correlations with both MMSE and MoCA scores.

Conclusion: In patients with AD, VBM and SBM showed overlapping cortical 
GMV and CT reductions. Volume/thickness reduction was correlated with lower 

OPEN ACCESS

EDITED BY

Vijay Venkatraman,  
The University of Melbourne, Australia

REVIEWED BY

Yongxia Zhou,  
University of Southern California, 
United States
Md. Joynal Abedin,  
Massachusetts General Hospital and Harvard 
Medical School, United States

*CORRESPONDENCE

Chunyang Li  
 lichunyang770905@163.com

RECEIVED 17 December 2024
ACCEPTED 03 June 2025
PUBLISHED 25 June 2025

CITATION

Li K, Xie D, Zhang Z, Fu C and Li C (2025) 
Voxel- and surface-based morphometry in 
the cortical thickness and cortical and 
subcortical gray matter volume in patients 
with mild-to-moderate Alzheimer’s disease.
Front. Aging Neurosci. 17:1546977.
doi: 10.3389/fnagi.2025.1546977

COPYRIGHT

© 2025 Li, Xie, Zhang, Fu and Li. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 25 June 2025
DOI 10.3389/fnagi.2025.1546977

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2025.1546977&domain=pdf&date_stamp=2025-06-25
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1546977/full
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1546977/full
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1546977/full
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1546977/full
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1546977/full
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1546977/full
mailto:lichunyang770905@163.com
https://doi.org/10.3389/fnagi.2025.1546977
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2025.1546977


Li et al. 10.3389/fnagi.2025.1546977

Frontiers in Aging Neuroscience 02 frontiersin.org

MMSE/MoCA scores, confirming functional relevance. ROC analysis revealed 
that combining CT and GMV improved cognitive impairment prediction 
compared to single measures. This integrated approach may enhance clinical 
diagnosis and early risk identification of AD.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative 
disorder characterized by central nervous system degeneration, with 
brain atrophy (BA) being a prominent neuroimaging hallmark of 
brain atrophy. Extensive research indicates that BA represents a 
continuous and progressive process (Braak and Braak, 1991; Knudsen 
et  al., 2022). Pathological changes associated with BA typically 
originate in the hippocampus and entorhinal cortex (Devanand et al., 
2012; Sakurai et al., 2019; Huang et al., 2020), subsequently spreading 
to the temporal and parietal lobes and ultimately encompassing the 
entire brain (Chrzan et al., 2019; Sun et al., 2019; Contador et al., 2021; 
Zhang et al., 2021).

Current structural neuroimaging methods for quantifying BA 
include surface-based morphometry (SBM) and voxel-based 
morphometry (VBM). Numerous studies have demonstrated that 
both SBM and VBM are effective for identifying brain regions affected 
by atrophy (Knudsen et al., 2022; Zhuang et al., 2022; Longhurst et al., 
2023). However, a majority of these investigations have employed a 
single analytical approach, typically assessing either cortical thickness 
(CT) derived from SBM or gray matter volume (GMV) derived from 
VBM, rather than integrating metrics from both methodologies. This 
distinction is significant because CT measures the distance between 
the pial surface and white matter boundary, reflecting cortical gray 
matter layer thickness, whereas GMV quantifies the total volume of 
gray matter within a specific region.

Recent studies have reported structural, functional, and molecular 
alterations in the brains of patients with dementia with either gradual 
progression or different temporal alteration trajectories of each 
multiparametric metric that depend on the disease stage, severity, and 
quantification accuracy (Zhou, 2021). In AD, CT is typically reduced 
in the temporal and parietal regions compared to healthy controls 
(Yuan et al., 2025). Similarly, GMV is also diminished in these areas, 
particularly within the medial temporal lobe, where key limbic 
structures such as the parahippocampal regions are notably affected 
(Ramirez et al., 2025). Furthermore, cortical atrophy is evident in 
specific structures, including the inferior parietal lobule, middle 
temporal gyrus, precuneus, and insula in individuals with AD (Kim 
et al., 2025). Collectively, these structural alterations are crucial for 
elucidating the progression of AD and their impact on brain 
morphology and function.

The integration of SBM and VBM enables a more comprehensive 
assessment of changes in brain volume and cortical thickness, thereby 
enhancing the accuracy of early diagnosis (Yan et  al., 2024). 
Moreover, these techniques can be  employed to identify specific 
regional brain features associated with cognitive decline, which aids 
in differentiating between distinct stages of AD, such as Mild 
Cognitive Impairment (MCI) and early AD (Chen et  al., 2024). 
Consequently, the combined application of SBM and VBM shows 

potential as a diagnostic biomarker for predicting AD progression, 
thereby providing a basis for timely intervention and treatment 
strategies (Cui et al., 2024).

To address the limitations of single-modality analysis, the 
present study combined the SBM and VBM approaches to 
comprehensively analyze alterations in CT, cortical GMV, and 
subcortical GMV in patients diagnosed with mild-to-moderate AD, 
comparing them to cognitively normal elderly controls matched for 
age and educational level. Brain regions exhibiting significant 
atrophy in the AD group compared with the controls were defined 
as regions of interest (ROIs). Subsequently, we  investigated the 
association between these neuroanatomical measures within the 
identified ROIs and cognitive performance, as assessed using the 
Mini-Mental State Examination (MMSE) and Montreal Cognitive 
Assessment (MoCA). Finally, we developed classification models 
utilizing CT, cortical GMV, and subcortical GMV measures—both 
individually and in combination—to differentiate patients with AD 
from healthy controls and evaluated the diagnostic performance of 
these models using receiver operating characteristic (ROC) 
curve analysis.

Methods

Study population

The study participants were recruited from the Department of 
Neurology at the Affiliated Hospital of Inner Mongolia Medical 
University and the Department of Neurology at the Central Hospital 
of Xianning City, Hubei Province, between August 2022 and June 
2024. A total of 42 patients diagnosed with mild-to-moderate 
Alzheimer’s disease (AD) constituted the AD group. Concurrently, 49 
cognitively normal individuals were recruited as healthy controls (HC).

Inclusion and exclusion criteria

AD group
The diagnosis of AD was established based on the criteria 

published by the National Institute on Aging and the Alzheimer’s 
Association (NIA-AA) in 2011 (Jack et al., 2011) and the International 
Working Group (IWG) IWG-2 study criteria from 2014 (Dubois et al., 
2014), additionally referencing the Diagnostic and Statistical Manual 
of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR) 
criteria (Cooper, 2001).

Inclusion criteria
(1) Mini-Mental State Examination (MMSE) score between 15 

and 25 (inclusive), (2) Montreal Cognitive Assessment (MoCA) score 
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< 22 (Roalf et al., 2013), (3) Clinical Dementia Rating Sum of Boxes 
(CDR-SB) score ≥ 1, (4) Alzheimer’s Disease Cooperative Study - 
Activities of Daily Living (ADCS-ADL) score ≥ 22, (5) Absence of 
significant neurological or psychiatric comorbidities other than AD, 
and (6) Medial Temporal lobe Atrophy (MTA) scale score ≥ 1.5 
(utilizing age-adjusted values: ≥1.0 for ages 55–64, ≥1.5 for ages 
65–74, ≥2.0 for ages 75–84).

Exclusion criteria
(1) Contraindications to magnetic resonance imaging (MRI); 

(2) Inability to cooperate with necessary examinations, including 
laboratory tests and neuropsychological assessments; and (3) 
Presence of other conditions potentially causing cognitive 
impairment, such as vascular dementia, frontotemporal 
dementia, Lewy body dementia, or other dementia types; severe 
anemia, thyroid dysfunction, folic acid, vitamin B12 deficiency, 
or other relevant metabolic diseases; major psychiatric disorders; 
or cognitive impairment secondary to poisoning, trauma, 
infection, or medication.

HC group
Healthy controls (HC) comprised cognitively normal elderly 

individuals aged 50–85 years, selected to match the AD group in terms 
of general demographic characteristics.

Inclusion criteria
(1) Normal findings on structural brain MRI, (2) No subjective or 

objective evidence of memory loss or other cognitive decline (MMSE 
score ≥ 26, MoCA score ≥ 26), (3) Absence of significant metabolic 
disorders relevant to cognitive function, and (4) No history of major 
psychiatric or neurological diseases.

Exclusion criteria
Same as those applied to the AD group.

Clinical data collection

General clinical data
Written informed consent was obtained from all participants or 

their legal guardians prior to enrollment. Demographic and clinical 
information, including age, sex, handedness, education level, history 
of memory loss, medical history, family history, and neurological 
examination results, was collected for each participant. The study 
protocol was reviewed and approved by the Ethics Committee of the 
Affiliated Hospital of Inner Mongolia Medical University (Approval 
Number: KY2024065).

Laboratory examinations
Fasting venous blood samples were collected from all the 

participants for a comprehensive panel of laboratory tests. These 
included complete blood count, coagulation profile, serum 
electrolytes, liver and kidney function tests, myocardial enzyme 
spectrum, thyroid function tests, blood glucose, lipid profile, tumor 
markers, and screening for hepatitis, syphilis, and HIV. These 
examinations aim to exclude secondary causes of cognitive 
impairment, including infectious, metabolic, neoplastic, and 
autoimmune conditions.

MRI acquisition
Brain MRI was performed using a 3.0 Tesla Siemens Magnetom 

Verio scanner. High-resolution structural images were acquired using 
a three-dimensional magnetization-prepared rapid gradient-echo 
(3D-MPRAGE) T1-weighted imaging (T1WI) sequence covering the 
whole brain (from the cranial apex to the foramen magnum). The 
acquisition parameters were as follows: Repetition Time 
(TR) = 2,530 ms; Echo Time (TE) = 2.22 ms; flip angle (FA) = 7°; 
Field of View (FOV) = 224 mm x 224 mm; matrix size = 224 × 224; 
Voxel Size (VS) = 1 mm x 1 mm x 1 mm; number of slices = 176; slice 
thickness = 0.9 mm; slice gap = 1.9 mm.

Image processing

Surface-based morphometry (SBM) and 
voxel-based morphometry (VBM)

Image processing was conducted using Statistical Parametric 
Mapping software (SPM12, v7771; The Wellcome Centre for Human 
Neuroimaging, London, UK) and the Computational Anatomy 
Toolbox (CAT; 12.7-Beta, r1615; Structural Brain Mapping Group, 
Jena University Hospital, Germany) implemented in Matrix 
Laboratory (MATLAB) (R2018 version; The MathWorks, Inc., Natick, 
MA, USA). Digital Imaging and Communications in Medicine 
(DICOM) images were converted to the NIFTI format. Images were 
manually reoriented, setting the anterior commissure as the origin 
for standardization.

SBM analysis (cortical thickness)
Cortical thickness (CT) was estimated using the projection-based 

thickness method implemented in CAT12, which reconstructs the 
central cortical surface for each hemisphere. The surface data were 
subsequently resampled and smoothed using a Gaussian kernel with 
a full width at half maximum (FWHM) of 15 mm. Extracted CT 
values were compared between the two study groups using a general 
linear model (GLM) framework, specifically employing independent 
two-sample t-tests vertex-wise across the cortical surface. Statistical 
inference was performed using Threshold-Free Cluster Enhancement 
(TFCE) to identify significant clusters (Salimi-Khorshidi et al., 2011), 
potentially employing an initial cluster-forming threshold of p < 0.001 
(uncorrected). The final statistical threshold was set at p < 0.05, 
corrected for multiple comparisons across the surface using the 
Family-Wise Error (FWE) rate at the cluster level. This analysis yielded 
statistical maps highlighting the regions of significant between-group 
differences in CT.

VBM analysis (gray matter volume)
Participants’ 3D-T1WI images were segmented into gray matter 

(GM), white matter (WM), and cerebrospinal fluid (CSF) probability maps 
using the CAT12 toolbox. The GM maps were spatially normalized to the 
Montreal Neurological Institute (MNI) space using the ICBM152 template 
via the Diffeomorphic Anatomical Registration Through Exponentiated 
Lie algebra (DARTEL) algorithm and modulated to preserve volumetric 
information. Normalized, modulated GM maps were resampled to an 
isotropic voxel size of 1.5 × 1.5 × 1.5 mm3 and smoothed using an 8 mm 
FWHM Gaussian kernel. Between-group comparisons of the regional 
Gray Matter Volume (GMV) were conducted using a GLM framework 
with independent two-sample t-tests. The Total Intracranial Volume (TIV) 
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calculated for each participant was included as a covariate in the statistical 
model to account for variations in head size. Statistical significance was 
assessed using TFCE with a threshold of p < 0.05 (uncorrected). 
FWE-corrected at cluster level (p < 0.05, uncorrected). This analysis 
produced statistical maps indicating regions with significant between-
group differences in GMV.

Statistical analysis

Statistical analyses of the demographic, clinical, and ROI-based 
data were performed using Statistical Package for the Social 
Sciences (SPSS) version 29.0 (IBM Corp., Armonk, NY, USA). 
Continuous variables were compared between the AD and HC 
groups using one-way analysis of variance (ANOVA) and are 
presented as mean ± standard deviation (SD). Categorical variables 
(e.g., sex and handedness) were compared using the chi-squared 
(χ2) test or Fisher’s exact test. A p-value < 0.05 was considered 
statistically significant for these comparisons.

Following whole-brain SBM and VBM analyses, brain regions 
demonstrating statistically significant differences between groups 
(in CT or GMV) were defined as regions of interest (ROIs). Mean 
CT values (from SBM-defined ROIs) and mean GMV values 
(from VBM-defined ROIs separated into cortical and subcortical 
sources) were extracted for each participant from the 
respective ROIs.

Pearson’s correlation analyses were conducted to investigate the 
associations between the extracted neuroimaging metrics (mean CT 
and GMV within the ROIs) and cognitive performance scores (MMSE 
and MoCA) across all participants.

Finally, receiver operating characteristic (ROC) curve analyses 
were performed to assess the diagnostic utility of the mean ROI-based 
CT and GMV values in distinguishing patients with AD from HCs. 
The area under the curve (AUC) was calculated for each metric. 
Additionally, a combined model incorporating multiple neuroimaging 

metrics was evaluated using ROC analysis to determine whether the 
combination of markers improved the diagnostic performance.

Results

Participant characteristics and 
neuropsychological performance

A total of 91 participants were enrolled in the study; their 
demographic and clinical characteristics are summarized in Table 1. The 
AD and HC groups were comparable in terms of sex distribution, age, 
educational level, and scores on the Hamilton Anxiety Scale (HAMA) 
and Hamilton Depression Scale (HAMD), with no statistically significant 
differences observed (all p > 0.05). However, significant differences 
(p < 0.01) were observed between the groups in terms of cognitive 
function and daily living abilities. Specifically, the AD group performed 
significantly worse than the HC group on the Mini-Mental State 
Examination (MMSE), Montreal Cognitive Assessment (MoCA), 
Auditory Verbal Learning Test-Huashan version short-term delayed 
recall (AVLT-H-SR) and long-term delayed recall (AVLT-H-LR), Boston 
Naming Test (BNT), Trail Making Test Part B (TMT-B) completion time, 
Clock Drawing Test (CDT), Clinical Dementia Rating Scale-Sum of 
Boxes (CDR-SB), and the Alzheimer’s Disease Cooperative Study  - 
Activities of Daily Living scale (ADCS-ADL).

Surface-based morphometry (SBM) 
analysis: cortical thickness (CT)

Compared to the HC group, the AD group exhibited 
significantly reduced cortical thickness (CT). In the left hemisphere, 
this reduction was primarily localized to Cluster 1 (peak MNI 
coordinates: −46, −26, and 7), which encompasses the transverse 
temporal gyrus, superior temporal gyrus, supramarginal gyrus, and 

TABLE 1 Characteristics of participants.

Variables AD (n = 42) HC (n = 49) F (χ2) p

Sex (male), n (%) 21(50.0) 27 (55.1) 0.236 0.63

Age, years, Mean ± SD 74.14 ± 5.44 72.67 ± 6.82 1.26 0.27

Education level, Mean ± SD 7.00 ± 2.26 6.61 ± 2.34 0.64 0.42

MMSE, scores, Mean ± SD 17.55 ± 2.46 27.51 ± 1.23 623.03 <0.01

MoCA, scores, Mean ± SD 14.05 ± 2.55 26.65 ± 0.88 1055.50 <0.01

AVLT-H-SR, scores, Mean ± SD 6.02 ± 0.78 8.82 ± 1.51 116.85 <0.01

AVLT-H-LR, scores, Mean ± SD 4.12 ± 0.86 6.94 ± 1.33 138.89 <0.01

BNT, scores, Mean ± SD 21. 29 ± 5.55 28.94 ± 1.18 88.81 <0.01

TMT-B time, seconds, Mean ± SD 239.12 ± 47.28 70.84 ± 34.42 383.82 <0.01

CDT, scores, Mean ± SD 1.64 ± 0.69 3.79 ± 0.41 330.26 <0.01

CDR-SB, scores, Mean ± SD 2.85 ± 1.50 0.20 ± 0.25 147.48 <0.01

HAMD, scores, Mean ± SD 2.95 ± 1.45 2.12 ± 1.725 2.18 0.14

HAMA, scores, Mean ± SD 3.31 ± 1.63 3.08 ± 1.43 0.51 0.48

ADCS-ADL, scores, Mean ± SD 5.24 ± 2.61 0.59 ± 0.64 145.10 <0.01

AD, Alzheimer’s disease; HC, healthy controls; SD, standard deviation; MMSE, Mini-Mental State Examination; MOCA, Montreal Cognitive Assessment; AVLT-H-SR, short-term delayed 
recall of auditory verbal learning test-Huashan version; AVLT-H-LR, long-term delayed recall of auditory verbal learning test-Huashan version; TMT-B, Trail Making Test-B; BNT, Boston 
naming test; CDT, clock drawing test; CDR-SB, Clinical Dementia Rating Scale-Sum of Boxes; HAMD, Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale; ADCS-ADL, Alzheimer’s 
Disease Collaborative Study - Daily Living Ability Scale.

https://doi.org/10.3389/fnagi.2025.1546977
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Li et al. 10.3389/fnagi.2025.1546977

Frontiers in Aging Neuroscience 05 frontiersin.org

insula. The mean CT within Cluster 1 was 2.23 ± 0.14 mm in the 
AD group and 2.39 ± 0.15 mm in the HC group. In the right 
hemisphere, significantly reduced CT in the AD group was 
predominantly observed in Cluster 2 (peak MNI coordinates: 41, 
−22, and 6), involving the superior temporal gyrus, temporal pole, 
entorhinal cortex, transverse temporal gyrus, insula, supramarginal 
gyrus, and fusiform gyrus. The mean CT within Cluster 2 was 
2.77 ± 0.23 mm for the AD group and 3.01 ± 0.17 mm for the HC 
group (see Figure 1, Supplementary Figure S2, and Table 2). Box 
plots corroborate the SBM findings, demonstrating a marked 
reduction in mean cortical thickness in the AD group compared to 
the HC group across the identified regions in both hemispheres (see 
Supplementary Figure S1 for details).

To investigate the relationship between cognitive function and specific 
brain metrics, we performed correlation analyses between Mini-Mental 
State Examination (MMSE) scores and CT in 11 selected Regions of 
Interest (ROIs) (Figure 2). Significant positive correlations were observed 
between MMSE scores and CT in multiple brain regions. The strongest 
associations were found in the left transverse temporal gyrus (R = 0.433, 
p = 1.78e-05), the right entorhinal cortex (R = 0.402, p = 7.97e-05), and the 
right transverse temporal gyrus (R = 0.395, p = 0.000107). In contrast, the 
correlations between MMSE scores and CT in the left supramarginal gyrus 
(R = 0.161, p = 0.127) and the right supramarginal gyrus (R = 0.192, 
p = 0.069) did not reach statistical significance (p > 0.05).

These findings indicate that, in this sample, higher cognitive 
performance, as measured by the MMSE, is associated with greater 

FIGURE 1

Brain regions showing significant differences in cortical thickness (CT) between AD and HC groups. Colors overlaid on the pial surface rendering 
represent brain areas where the AD group exhibited significantly reduced CT compared to the HC group (p < 0.05, TFCE corrected). The color bars 
indicate the T-statistic values for this comparison. CT, cortical thickness; TFCE, threshold-free cluster enhancement.

TABLE 2 Brain regions with reduced cortical thickness in the AD-HC groups.

Cluster Hemisphere T-value Size Peak MNI 
coordinate

Mean CT in 
AD group 

(mm)

Mean CT in 
HC group 

(mm)

Overlap 
of atlas

Region

Cluster 1 L 4.6 472 −46, −26, 7 2.23 ± 0.14 2.39 ± 0.15

38% Left transverse temporal

49% Left superior temporal

12% Left supramarginal

1% Left insula

Cluster 2 R 5.0 1,365 41, −22, 6 2.77 ± 0.23 3.01 ± 0.17

39% Right superior temporal

12% Right temporal pole

8% Right entorhinal

10% Right transverse temporal

14% Right insula

9% Right supramarginal

5% Right fusiform

AD, Alzheimer’s disease; HC, Health control; CT, Cortical thickness.
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CT primarily in the temporal and insular regions, while no significant 
association was found in the supramarginal gyri. Notably, correlations 
between MoCA scores and these brain regions showed a similar 
pattern to those observed with the MMSE (Supplementary Figure S4).

Voxel-based morphometry (VBM) analysis: 
gray matter volume (GMV)

VBM analysis revealed significant gray matter volume (GMV) 
reductions in the AD group compared to those in the HC group. In 
the left hemisphere, these reductions were primarily observed in the 
hippocampus, fusiform gyrus, parahippocampal gyrus, posterior 
temporal lobe, inferior temporal gyrus, and amygdala. In the right 
hemisphere, significant GMV reductions were predominantly 
observed in the hippocampus, parahippocampal gyrus, fusiform 
gyrus, limbic lobe regions, posterior temporal lobe, middle temporal 
gyrus, inferior temporal gyrus, corticohypothalamus, and amygdala 
(Figure 3, Supplementary Figures S2, S3, and Table 3).

Further analyses explored the relationship between cognitive 
performance (using MMSE scores) and GMV across an additional set 
of 15 ROIs, focusing on the medial temporal lobe structures, the 
thalamus, and other temporal regions (Figure 4).

Strong and highly significant positive correlations were observed 
bilaterally between MMSE scores and GMV in the hippocampus 
(Right: R = 0.542, p = 2.83e-08; Left: R = 0.517, p = 1.59e-07), amygdala 
(Right: R = 0.48, p = 1.47e-06; Left: R = 0.403, p = 7.38e-05), and 
parahippocampal gyrus (Right: R = 0.45, p = 7.59e-06; Left: R = 0.407, 
p = 6.18e-05). The correlation for the left inferior temporal gyrus, 
however, was not statistically significant (R = 0.145, p = 0.171). 
Collectively, these results demonstrate widespread positive relationships 
between MMSE scores and GMV in critical memory-associated 
structures (hippocampus, amygdala, parahippocampal gyrus), as well 
as other temporal and subcortical (thalamus) regions examined. 
Furthermore, the correlation between MoCA scores and GMV within 
the ROIs exhibited similar characteristics (Supplementary Figure S5).

The results from both analytical approaches consistently indicated 
that the temporal lobe is the main region of AD-related atrophy.

FIGURE 2

Correlation between mini-mental state examination (MMSE) scores and CT in specific Regions of Interest (ROIs). Scatter plots showing the relationship 
between cortical thickness (Y-axis) and MMSE scores (X-axis) for the 11 selected ROIs (labeled on the Y-axis). Each red dot represents an individual 
participant (N = 42). The solid orange line indicates the linear regression fit, and the shaded area represents the 95% confidence interval. Pearson’s 
correlation coefficients (R) and the corresponding p-values (p) are displayed in each subplot.
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Discussion

Regional brain atrophy patterns identified 
by SBM and VBM

Our analysis revealed that consistent with the progression of AD, CT 
decreased predominantly in the transverse temporal gyrus, superior 

temporal gyrus, superior marginal gyrus, insula, temporal pole, entorhinal 
cortex, and fusiform gyrus. These findings align with those of previous 
studies that employed SBM to investigate brain atrophy patterns in 
patients with AD (Williams et al., 2021; Sattari et al., 2022; Williams et al., 
2023). Similarly, reductions in GMV were primarily observed in the 
hippocampus, parahippocampal gyrus, posterior temporal lobe, inferior 
temporal gyrus, middle temporal gyrus, limbic lobe, fusiform gyrus, 

FIGURE 3

Brain regions exhibiting significantly lower gray matter volume (GMV) in AD compared to HC. The figure displays the results of a voxel-wise comparison of 
GMV between the two groups rendered onto five views of a template brain surface. The color overlay indicates clusters in which AD showed significantly 
reduced GMV relative to HC. The color bar represents the T-statistic values for these significant differences, with warmer colors (yellow to red) indicating a 
stronger statistical significance. Statistical significance was determined using a threshold of p < 0.05, corrected for multiple comparisons across the whole 
brain using the Threshold-Free Cluster Enhancement (TFCE) method. GMV, gray matter volume; TFCE, threshold-free cluster enhancement.

TABLE 3 Brain regions with GMV loss in the AD-HC groups.

Cluster T-value Size Peak MNI coordinate Overlap of atlas Region

Cluster 1 7.2 4,221 21, −33, 2

16% Right hippocampus

8% Right parahippocampal

12% Right fusiform

17% Right posterior temporal lobe

9% Right amygdala

6% Right thalamus

11% Right inferior temporal

7% Right limbic lobe

5% Middle temporal gyrus

Cluster 2 6.5 2,231 −46.5, −53, −27

7% Left hippocampus

7% Left parahippocampal

16% Left fusiform

8% Left amygdala

37% Left posterior temporal lobe

8% Left inferior temporal

9% Left thalamus

GMV, Gray matter volume; AD, Alzheimer’s disease; HC, Health control; MNI: Montreal Neurological Institute.
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subcortical amygdala, and thalamus. This pattern is consistent with prior 
research utilizing Voxel-Based Morphometry (VBM) analysis (Knudsen 
et al., 2022; Zhu et al., 2019; Xiong et al., 2023).

Regions exhibiting GMV atrophy (identified via VBM) and 
reduced CT (identified via SBM) largely overlapped and were 
predominantly located in the temporal, medial temporal, and parietal 
lobes, which are known to be  closely associated with cognitive 
function. Although SBM analysis primarily quantifies CT, it is less 
effective for measuring subcortical GMV. In contrast, VBM analysis 
allows for the assessment of both cortical and subcortical GMV 
(Pergher et al., 2019). The findings from both analyses demonstrated 
substantial consistency in cortical atrophy patterns, corroborating the 
results reported by Yan et al. (2024) and Goto et al. (2022).

Correlation between brain atrophy 
measures and cognitive scores

We performed correlation analyses between the identified 
regions of CT and GMV reduction and scores on the Mini-Mental 

State Examination (MMSE) and Montreal Cognitive Assessment 
(MoCA) (Table 4). Significant positive correlations (indicating that 
greater atrophy corresponds to lower scores) with MMSE scores 
were observed primarily in the right entorhinal cortex, right 
transverse temporal gyrus, bilateral superior temporal gyrus, 
bilateral amygdala, bilateral hippocampus, bilateral fusiform gyrus, 
right inferior temporal gyrus, right middle temporal gyrus, bilateral 
parahippocampal gyrus, and bilateral thalamus (p < 0.05). Similarly, 
regions that correlated significantly with MoCA scores included the 
right entorhinal cortex, right transverse temporal gyrus, right 
insula, bilateral superior temporal gyrus, bilateral amygdala, 
bilateral hippocampus, bilateral fusiform gyrus, bilateral inferior 
temporal gyrus, right middle temporal gyrus, bilateral 
parahippocampal gyrus, and bilateral thalamus (p < 0.05). Overall, 
the distribution of cortical regions and subcortical gray matter 
nuclei showing correlations with MMSE and MoCA scores was 
largely similar. These findings align with previous research by Sun 
et al. (2019) and Huang et al. (2020), who also reported correlations 
between cognitive performance and atrophy in specific brain 
regions (Huang et al., 2020; Sun et al., 2019).

FIGURE 4

Correlations between mini-mental state examination (MMSE) scores and GMV in specific Regions of Interest (ROIs). Scatter plots showing the 
relationship between gray matter volume (Y-axis) and MMSE scores (X-axis) for 15 selected ROIs (labeled on the Y-axis). Each red dot represents an 
individual participant (N = 42). The solid orange line indicates the linear regression fit, and the shaded area represents the 95% confidence interval. 
Pearson’s correlation coefficients (R) and the corresponding p-values (p) are displayed in each subplot.
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Diagnostic utility assessed by ROC analysis

To evaluate the diagnostic potential of these neuroimaging 
markers, we established predictive models for cognitive dysfunction 
based on CT, GMV, and their combination, generating corresponding 
Receiver Operating Characteristic (ROC) curves (Figure 5). The Area 
Under the Curve (AUC) values were 0.845 (95% CI: 0.76–0.93, 
p < 0.001) for CT, 0.867 (95% CI: 0.79–0.95, p < 0.001) for GMV, and 
0.926 (95% CI: 0.87–0.98, p < 0.001) for the combined model. The 
AUC values for both CT (derived from SBM) and GMV (derived from 
VBM) were substantial and comparable, suggesting that each measure 
independently holds a significant diagnostic value for cognitive 
impairment. Notably, the combined CT and GMV model yielded a 
significantly higher AUC than either measure alone (p < 0.05), 
indicating a superior diagnostic performance for predicting cognitive 
impairment. This finding is consistent with those of previous studies 
by Ma et al. (2020) and Chen et al. (2021), supporting the notion that 
integrating cortical thickness and gray matter volume provides a more 
robust neuroimaging biomarker for AD-related cognitive decline.

While our findings corroborate the seminal work of Dickerson 
et al. (2009) on AD-related cortical thinning patterns, we extend these 
observations by demonstrating convergent validity between the SBM 

and VBM modalities. In particular, our dual-modality approach 
resolves the methodological discrepancy reported by Fjell et al. (2014) 
regarding the subcortical measurement sensitivity. The striking 
overlap in temporal lobe atrophy between modalities (AUC > 0.85 for 
both) provides stronger evidence than single-modality studies, such 
as those by Willette et al. (2014), supporting the temporal lobe as the 
most vulnerable epicenter in early AD progression.

These findings have immediate clinical relevance; the 
integrated model could enhance early diagnosis in ambiguous 
cases by detecting subtle structural changes missed by 
conventional MRI assessment, particularly for patients with mild 
cognitive impairment (MCI) who may benefit from closer 
monitoring or early interventions. For broader clinical adoption, 
future efforts should focus on standardizing automated analysis 
pipelines and establishing age-adjusted normative databases, 
which are critical steps toward implementing this approach as a 
cost-effective tool for risk stratification and therapeutic 
monitoring in memory clinics.

Although this study provides important insights into AD-related 
brain atrophy patterns, several limitations should be considered. The 
small sample size may have limited our ability to detect subtle 
regional atrophy patterns, particularly in smaller subcortical 
structures. Additionally, the absence of fluid biomarker data, such as 
CSF or plasma Aβ and tau levels, prevents a direct correlation 
between structural changes and underlying AD pathology. Finally, 
individual variability in neuroanatomy, especially in highly variable 
regions, such as the temporal pole, could introduce measurement 
variability that warrants further investigation in future studies using 
advanced registration techniques.

Conclusion

In patients with AD, VBM and SBM analyses revealed 
overlapping patterns of cortical GMV and CT reductions, 
respectively. However, VBM offers the additional advantage of 
assessing atrophy in the subcortical gray matter structures implicated 
in cognition. Correlation analyses confirmed that reduced volume 
and thickness in these identified regions were positively associated 

TABLE 4 Correlation analysis of CT and GMV reduction in brain regions 
and MMSE and MoCA scores.

Region MoCA MMSE

r p r p

Right entorhinal 0.361 0.000 0.402 0.000

Right temporal pole 0.327 0.002 0.359 0.000

Right transverse temporal 0.370 0.000 0.395 0.000

Left insula 0.240 0.022 0.258 0.014

Right insula 0.282 0.007 0.319 0.002

Left superior temporal 0.304 0.003 0.332 0.001

Right superior temporal 0.340 0.001 0.368 0.000

Left supramarginal 0.118 0.267 0.161 0.127

Right supramarginal 0.153 0.149 0.192 0.069

Left amygdala 0.389 0.000 0.403 0.000

Right amygdala 0.468 0.000 0.480 0.000

Left hippocampus 0.517 0.000 0.517 0.000

Right hippocampus 0.554 0.000 0.542 0.000

Left fusiform 0.319 0.002 0.322 0.002

Right fusiform 0.368 0.000 0.376 0.000

Left inferior temporal 0.158 0.002 0.145 0.171

Right inferior temporal 0.318 0.002 0.318 0.002

Right middle temporal gyrus 0.248 0.018 0.279 0.007

Left parahippocampal 0.390 0.000 0.407 0.000

Right parahippocampal 0.422 0.000 0.450 0.000

Left posterior temporal lobe 0.317 0.002 0.334 0.001

Right posterior temporal lobe 0.391 0.000 0.419 0.000

Right thalamus 0.330 0.001 0.335 0.001

Left thalamus 0.238 0.023 0.251 0.016

CT, Cortical Thickness; GMV, Gray Matter Volume; MMSE, Mini-Mental State Examination; 
MoCA, Montreal Cognitive Assessment.

FIGURE 5

Receiver operating characteristic (ROC) analysis for diagnosing 
cognitive impairment. Curves illustrate the diagnostic performance 
based on CT (black line), GMV (blue line), and a combined model 
(CT + GMV, red line). Sensitivity (%) is plotted against 100% specificity 
(%). The diagonal dashed line represents the chance level 
(AUC = 0.5). Higher performance is indicated by the curves closer to 
the top left. CT, cortical thickness; GMV, gray matter volume.
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with the MMSE and MoCA scores, underscoring their functional 
relevance. Furthermore, ROC analysis demonstrated that, while both 
CT and GMV individually possess diagnostic value, a combined 
model integrating both measures significantly enhances the 
prediction of cognitive impairment. This integrated approach may 
therefore offer improved utility for clinical assessment and future 
research into AD diagnostics, potentially leading to more accurate 
and earlier identification of individuals at risk.
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