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Abstract

INTRODUCTION: Visual short-term memory (VSTM) is a critical indicator of

Alzheimer’s disease (AD), but whether its neural substrates could adapt to early dis-

ease progression and contribute to cognitive resilience in amnestic mild cognitive

impairment (aMCI) has been unclear.

METHODS:Fifty-five aMCI patients and68normal controls (NC) performed a change-

detection task and underwentmultimodal neuroimaging scanning.

RESULTS: Among the atrophic brain regions in aMCI, VSTM performance correlated

with the volume of the right prefrontal cortex (PFC) but not the medial temporal lobe

(MTL), and this correlation was mainly present in patients with greater MTL atrophy.

Furthermore, VSTM was primarily correlated with frontal structural connectivity in

aMCI but was correlated withmore distributed frontal andMTL connectivity in NC.

DISCUSSION: This study provided evidence on neural adaptation in the precursor

stages of AD, highlighting the compensatory role of PFC as MTL deteriorated and

suggesting potential targets in early intervention for cognitive preservation.
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Highlights

∙ Atrophic leftmedial temporal lobe (MTL) no longer correlatedwith visual short-term

memory (VSTM) in amnestic mild cognitive impairment (aMCI).

∙ Atrophic right middle frontal area continued to correlate with VSTM in aMCI.

∙ Frontal brain–behavior correlation was mainly present in the aMCI subgroup with

greater medial temporal lobe (MTL) atrophy.

∙ Reliance of VSTM on frontal connectivity increased in compensation for MTL

dysfunction.

1 BACKGROUND

Amnestic mild cognitive impairment (aMCI) is a prodromal state

of Alzheimer’s disease (AD) with memory loss as the predominant

symptom.1,2 While a substantial number of individuals with aMCI

progress rapidly to AD, variability exists in which some manage to

maintain their cognitive functions for a relatively extended period.3,4

This variation raises important questions: what is the impact of disease

pathology on the neural correlates of cognitive function? Could the

neural correlates adapt in response to pathology and contribute to

prolonged cognitive stability? Addressing these questions may help

us understand the neurocognitive changes along the progression

of the disease and develop strategies for preserving cognitive func-

tion at the early stages of the disease and delaying the conversion

to AD.5

One cognitive domain of particular interest is visual short-term

memory (VSTM), which is crucial yet vulnerable to AD pathology.

VSTM typically involves a binding process in which visual features

are integrated into unified representations to form item identities

for temporary maintenance in memory, providing the basis for fur-

ther manipulation and complex thinking.6,7 Recently, VSTM has been

flagged as a highly sensitive behavioral marker of disease progres-

sion across the AD spectrum and was found to be compromised even

among asymptomatic carriers of familial AD who performed normally

on conventional neuropsychological tests.8–10 VSTM performance has

also been linked to tau and amyloid beta burdens in carriers of famil-

ial AD11 and could effectively discriminate mild cognitive impairment

(MCI) fromhealthy controls at a very early stage of cognitive decline.12

These findings revealed a close relationship between VSTM decline

and AD progression. However, whether the corresponding neural sub-

strates would reorganize along the procedure of pathology has been

largely uninvestigated.

Previous research has identified the prefrontal cortex (PFC) as

the primary neural substrate supporting VSTM13,14 and also placed

increasing emphasis on the hippocampus and the medial temporal

lobe (MTL).15,16 PFC has been associated with top-down control in

maintaining task-relevant information and filtering out irrelevant

distractions.15,17 The hippocampus has been associated with the

performance of VSTM binding and precision.18–20 Both PFC and MTL

exhibited persistent neuronal activity during VSTM processing14,21

and the cross-frequency phase-amplitude coupling between these

two areas has been suggested to be critical for successful mnemonic

processing.22,23 In AD pathology, the MTL is known to be particularly

vulnerable as brain atrophy has been proposed to progress from limbic

and medial temporal areas to higher-order association areas.24,25

Interestingly, previous studies have reported increased activity in

the frontoparietal area during VSTM processing in individuals with

MCI compared to normal controls (NCs) and those with AD.26,27

This suggested that the neural substrate of short-term memory

may change to emphasize prefrontal function when cortical atrophy

most prominently affects MTL function at the early stages of the

disease, potentially representing a neuroadaptive mechanism that

supports cognitive resilience among MCI individuals. However, it

remains unclear whether the altered neural correlates are specific

to short-term memory processing as the verbal nature of the task

material could introduce susceptibility to semantic interference.28

In contrast, VSTM primarily engages visual information processing

and is less susceptible to semantic and verbal strategies, making

it a better tool to detect the impairment in short-term memory

per se.29

The current study aimed to shed light on the neural mechanism

behind cognitive resilience in VSTM under the effects of early AD

pathology. We hypothesized that neural deterioration, particularly

atrophy of the MTL, would lead to dysfunction of the original neu-

ral substrate of VSTM, while neural adaptation, such as compensation

from the PFC, would help sustain cognitive functions. By examining

the relations between VSTMperformance andmultimodal neuroimag-

ing measures, the current study revealed significant reorganization of

the neural correlates underlying VSTM function in the face of disease

progression in aMCI.
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2 METHODS

2.1 Diagnostic assessment

Thediagnosis of aMCIwas carried out by neurologists fromTongji Hos-

pital, Shanghai in accordance with the MCI criteria for the clinical and

cognitive syndrome from the National Institute on Aging–Alzheimer’s

Association.30 Specifically, the criteria included: (a) the participant and

the caregiver had complaints of memory/cognitive decline; (b) Mini-

Mental State Examination (MMSE) or Montreal Cognitive Assessment

(MoCA) scores met criteria adjusted by education; (c) Clinical Demen-

tia Rating (CDR) Scale of 0.5; (d) participants met at least one of

the following three criteria: (1) performance in at least two cognitive

domains fell below the established cutoff (>1 standard deviation [SD]);

(2) at least twocognitive domainswere impaired (>1SD); (3) functional

limitations in more than one area of Instrumental Activities of Daily

Living (IADL-14), with a score of ≥ 1. These criteria allowed for the

accurate identification of an aMCI cohort that represented the tran-

sitional stage between normal aging and AD and ensured the clinical

significance and reliability of our findings.

2.2 Participants

A total of 123 participants were recruited from Tongji Hospital. The

participants included 55 individuals diagnosed with aMCI and 68 age-

matched NCs ranging from 60 to 90 years old. The two groups were

matched in age but differed in education level and sex ratio (see Table 1

for a summary of demographic statistics), which were regressed out

as covariates in subsequent analyses. Significant differences in MMSE

and MoCA scores were observed between the two groups. The study

was approved by the institutional review board at Tongji Hospital and

informed consent was obtained from all participants.

2.3 Behavioral data analyses

VSTM function was assessed using a modified color change detection

task (Figure 1A).31,32 A fixation cross was presented in the center of

RESEARCH INCONTEXT

1. Systematic review: A PubMed search found that stud-

ies show visual short-termmemory (VSTM) is affected by

Alzheimer’s disease (AD), possibly serving as an early sign

of the condition. Yet, there’s a lack of research compar-

ing howVSTM relates to brain function in thosewithmild

cognitive issues or AD versus healthy people, especially

regarding how the brain adapts as the disease advances.

2. Interpretation: This study offers insights into how the

brain adapts to support VSTM in the early phases of

AD. It lays the groundwork for understanding cognitive

resilience in amnestic mild cognitive impairment (aMCI),

helping to explain the brain’s response to early cognitive

decline.

3. Future directions: Future studies should use long-term

research and brain imaging to better understand how the

brain adapts and its link to cognitive resilience. This could

lead to newways to detect and treat AD early on.

the screen throughout the task. An arrow first appeared on the top of

the screen for 200 ms as a cue of to which hemifield the participants

should attend. After another 300 ms, a memory array was presented

for 500 ms and the participants remembered the items on the hemi-

field indicated by the arrow. The array consisted of two or four colored

squares on each side of the fixation cross. After a 900ms delay period,

a test arraywas presented and the participants pressed correspondent

buttons to indicatewhether the test arraywas identical to thememory

array. The test array was presented until a response was given.

Response accuracy andmean reaction time (RT) were calculated for

each participant under each memory load condition. Memory capac-

ity was estimated based on the performance in the 4-item condition

usingCowan’s K coefficient (calculated by “load× [hit rate – false alarm

rate]”).33 Repeatedmeasure analysis of variance (ANOVA) was used to

test for between-group differences in accuracy and RT and analysis of

TABLE 1 demographic characteristics.

aMCI

(n= 55)

NC

(n= 68) Between-group differences

Age (years) 72.42 (6.69) 70.31 (6.19) t(121)= 1.81, p= 0.072a

Sex (male:female) 23:32 44:24 𝜒
2 = 6.42, p= 0.011b

Education (years) 11.33 (2.65) 12.43 (2.79) t(121)=−2.22, p= 0.028a

MMSE 24.86 (2.48) 27.47 (1.65) W= 638.5, p< 0.001c

MoCA 17.07 (3.34) 24.24 (2.48) t(121)=−13.64, p< 0.001a

Note: Values=mean (standard deviation).

Abbreviations: aMCI, amnestic mild cognitive impairment; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; NC, normal

control.
aIndependent two-sample t test.
bChi-square test.
cMann–WhitneyU test.
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(A)

(B) (C) (D)

F IGURE 1 A, Stimuli and trial procedure of visual change detection task. B–D, Performance of change detection task. Error bar represents
standard error. Age, sex, education, and collection site were used as covariates. *p< 0.05; **p< 0.005; ***p< 0.001. aMCI, amnestic mild cognitive
impairment; NC, normal control; RT, reaction time.

covariance (ANCOVA) was used to test for between-group differences

inmemory capacity. The significance thresholdwas set at p<0.05 after

Bonferroni correction and age, sex, education, and the collection site of

imaging data (see below) were used as covariates.

2.4 Magnetic resonance imaging acquisition

Imaging datawere collected fromTongjiHospital using a SiemensVerio

machine and a 32-channel head coil (20 aMCI participants and 27 NC

participants) and from East China Normal University using a Siemens

Prisma machine and a 64-channel head coil (35 aMCI participants and

41 NC participants). There was no significant between-group differ-

ence in the distribution of the collection site (𝜒2 = 0.144, p= 0.704). To

control for the difference in equipment and scanning parameters, col-

lection site was used as a covariate in all analyses involving the imaging

data.

At Tongji Hospital, T1-weighted structural imaging was acquired

with echo time (TE) = 2.98 ms, repetition time (TR) = 2530 ms, field

of view (FOV) = 256 mm × 256 mm, acquisition matrix = 256 × 256,

and reconstruction voxel size = 0.5 × 0.5 × 1.0 mm3. Resting-state

functional imaging was acquired with TR = 500 ms, TE = 30 ms,

FOV = 224mm × 224mm, matrix= 64 × 64, 25 interleaved slices, and

a total of 960 scans. For 27 participants (10 aMCI participants, 17 NC

participants), high angular resolution diffusion-weighted images were

acquired with 64 gradient directions, b= 1000 s/mm2, TR= 13700ms,

TE= 85ms, 75 transverse slices, voxel size= 2 × 2 × 2mm. For 20 par-

ticipants (10 aMCI participants, 10 NC participants), diffusion kurtosis

images were acquired with 30 directions of b = 1000 s/mm2, 30 direc-

tions of b = 2000 s/mm2, TR = 8500 ms, TE = 98 ms, 40 transverse

slices, and voxel size = 3 × 3 × 3 mm3. Directions with b = 2000s/mm2

were removed prior to analysis for consistency across participants.

At East China Normal University, T1-weighted structural imaging

was acquired with TE = 2.98 ms, TR = 2530 ms, FOV = 256 mm ×

256 mm, acquisition matrix = 256 × 256, and reconstruction voxel

size = 1.0 × 1.0 × 1.0 mm3. Resting-state functional imaging was

acquired with TR = 2000 ms, TE = 30 ms, FOV = 224 mm × 224 mm,

matrix = 64 × 64, 31 interleaved slices, and a total of 240 scans. High

angular resolution diffusion-weighted images were acquired with 64

gradient directions of b = 1000 s/mm2, 64 directions of b = 2000

s/mm2, TR = 2400 ms, TE = 71 ms, 76 transverse slices, and voxel

size = 2 × 2 × 2 mm3 for 76 participants (35 aMCI participants, 41 NC

participants). Directions with b = 2000 s/mm2 were removed prior to

analysis for consistency.

2.5 Voxel-based morphometry analysis

To examine the gray matter structural integrity of aMCI and normal

individuals, we extracted whole-brain volumes using a voxel-based

morphometry (VBM) method. T1-weighted images were manually

aligned to conventional anterior commissure (AC) – posterior commis-

sure (PC) space with AC, PC, and the midsagittal plane as landmarks

and were analyzed with CAT toolbox (http://www.neuro.uni-jena.de/

cat/) implemented in Statistical ParametricMapping (SPM12) software

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). The preprocess-

ing procedure included skull stripping, segmentation into gray matter,

white matter, and cerebrospinal fluid probability images, and spatial

normalization of the gray matter images to a customized gray mat-

ter template in standard Montreal Neurological Institute (MNI) space.

Gray matter probability maps were held at the threshold of 0.1 to

minimize the inclusion of incorrect tissue types. The images were

modulated with Jacobian determinants and were smoothed with an

isotropic Gaussian kernel (8 mm full-width half maximum [FWHM])

after segmentation.

A two-sample t test was performed to test the between-group dif-

ference in graymatter volumewith total intracranial volume (TIV), age,

sex, education, and collection site as covariates. A voxel-wise thresh-

 15525279, 2025, 2, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.14475 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [12/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.neuro.uni-jena.de/cat/
http://www.neuro.uni-jena.de/cat/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/


XIE ET AL. 5 of 13

old of p < 0.005 and a cluster-level threshold of p < 0.05 was applied

using the Gaussian random field (GRF) theory method provided in

DPABI toolbox.34 Significant clusters were identified after applying an

AAL (anatomical automatic labeling) mask of 90 graymatter regions.35

Anatomical labels of the clustersweredeterminedusing theAAL,35 the

Harvard–Oxford atlas,36 and the Juelich histological atlas.37 Follow-

upPearson correlation analysis examined the relationship between the

region of interest (ROI; i.e., clusters identified from whole-brain analy-

sis) volumes and VSTM performance with TIV, age, sex, education, and

collection site as covariates.

2.6 Functional magnetic resonance imaging data
preprocessing and connectivity analysis

Functional images from the first 10 seconds were discarded for sig-

nal equilibrium before preprocessing and analysis using the CONN

toolbox.38 The preprocessing procedure included realignment and

unwrapping, slice timing correction, segmentation and normalization,

and Gaussian kernel smoothing (8 mm FWHM). Nine participants in

the aMCI group and four participants in the NC group were excluded

due to excessive head motion (displacement > 3 mm or rotation > 3◦)

and the remaining 46 aMCI participants and 64 NC participants

were included in the following analysis. In addition to the six motion

parameters and their first derivatives, white matter signals and cere-

brospinal fluid signals were removed using the CompCor method.39

This component-based noise correction method reduces physiological

and extraneous noise and provides interpretative information on cor-

related and anticorrelated functional brain networks. Detrending and

a 0.008 to 0.08 Hz band-pass filter were also applied for further noise

reduction.

For analyses of the functional data, we focused on the atrophic brain

regions that showed associationwithVSTM in theVBManalysis. These

areas were used as seed regions of interest (ROI seeds) and seed-to-

voxel functional connectivity was assessed within the rest of the brain.

A two-sample t test was then performed to identify between-group

differences in functional connectivity with age, sex, education, and col-

lection site as covariates. A voxel-wise threshold of p < 0.005 and a

cluster-level threshold of p < 0.05 was applied using the GRF method

provided in DPABI toolbox.34 Significant clusters were determined

after applying a gray matter mask of AAL 90 regions.35 Anatomical

labels of the clusters were determined using the AAL,35 the Harvard–

Oxford atlas, and the Juelich histological atlas. Follow-up Pearson

correlation analysis examined the relationship between VSTM perfor-

mance and between-group differences in functional connectivity with

age, sex, education, and collection site as covariates.

2.7 Median-split analysis

In each of the aMCI andNC groups, participants weremedian split into

a subgroup with a larger volume (LV) of left MTL and a subgroup with

a smaller volume (SV) of left MTL to examine the impact of disease

progression on the relationship between VSTM performance and the

atrophic rightmiddle frontal gyrus (MFG) as found in theVBManalysis.

The brain–behavioral associationwas then calculated in each subgroup

for brain areas showing a significant correlation with VSTM perfor-

mance in the whole group, with age, sex, education, TIV, and collection

site as covariates.

2.8 Native-space T1-weighted image
segmentation

Prior to constructing whole-brain connectomes from the diffusion-

weighted imaging (DWI) data, a 91-region segmentation was first cre-

ated based on the structural imaging data. T1-weighted (T1-w) images

were processed in FreeSurfer v7 (https://surfer.nmr.mgh.harvard.edu/)

using the “recon-all” command with default parameters. All images

were reconstructed into 256 x 256 x 256 resolution with 1-mm

isotropic voxels and whole-brain segmentation was performed based

on the “aparc+aseg” template. In particular, the segmentation divided

MTL into the anterior/posterior hippocampus, entorhinal cortex, and

parahippocampal cortex. Because theMTL was a key ROI to our study,

we further performed amore accurate segmentation of theMTL based

on the ASHS-PMC-T1 atlas40 using the Automatic Segmentation of

Hippocampal Subfields (ASHS) tool,41 which additionally included two

perirhinal cortex segments (Brodmann area 35 and 36).

In generating a final segmentation for connectome construction,

MTL segments from the FreeSurfer segmentation were first removed

using the fslmaths function from FSL.43 An inversed mask of all MTL

segments from ASHS (except for Brodmann area 36) was then applied

to the MTL-removed FreeSurfer segmentation using the mri_mask

function from FreeSurfer. All MTL segments fromASHSwere added to

the processed segmentation except for Brodmann area 36,which over-

lapped with the fusiform gyrus from the FreeSurfer segmentation. In

addition, as whitematter areas in theMTL are usually thin andmay get

misassigned to graymatter areas in automatic segmentation, thewhite

matter segment was dilated by a sphere of 1-mm radius to prevent

thewhitematter pathways frombeingobstructedduring automatically

constrained fiber tracking.

In addition, hippocampal atrophy in MCI patients may result in

enlarged hippocampal fissure, which is not taken into account in the

segmentations described above. To acquire a more accurate estima-

tion of hippocampal graymatter volume that excludes the hippocampal

fissure, we further performed a hippocampal subfield segmentation

using the segmentHA_T1 algorithmprovided in FreeSurfer v7,42 which

further divided the hippocampus into the following subfields: para-

subiculum, pre-subiculum, subiculum, CA1, CA3, CA4, hippocampus

molecular layer, granule cell andmolecular layers of the dentate cortex

(GC-ML-DC), hippocampus-amygdala transition area (HATA), fimbria,

hippocampal tail, and hippocampal fissure. Volumes of the left/right

whole hippocampus head and body were estimated by the algorithm

based on this segmentation (excluding the hippocampal tail and hip-

pocampal fissure) and were used to replace the estimations generated

by ASHS for left/right anterior and posterior hippocampus in the

subsequent volume CCA analyses.
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2.9 DWI data processing

A whole-brain white matter connectome was constructed with the

probabilistic tractography method. An Eddy current correction was

first performed on the raw DWI images in FSL before further pro-

cessing in MRtrix3.44 A response function was estimated based on the

DWI images using the dwi2response function. Voxel-wise fiber orien-

tation distributions were estimated using the dwi2fod function with

constrained spherical deconvolution based on the response function.

Tenmillion streamlineswere generatedusing anatomically constrained

probabilistic tractography (tckgen -act, algorithm = iFOD2, dynamic

seeding, backtracking allowed, streamline endpoints cropped at gray

matter–white matter interface) with anatomical boundaries based on

a five-tissue-type segmentation image generated from a skull-stripped

T1-w image.A4560×4560structural connectomewas thengenerated

by assigning each streamline to regions in the modified segmentations

described earlier using the tck2connectome function.

Instead of directly using the number of streamlines connecting two

regions as a measure of connection density, we followed a practice of

intersubject normalization45,46 to allow for proper comparisonsof con-

nection density between subjects and groups. First, spherical decon-

volution informed filtering of tractograms 2 (SIFT-2)47 was performed,

which generated a weighting factor for each streamline that adjusts its

density to be proportional to the underlying white matter fiber den-

sity, resulting in a value of apparent fiber density (AFD) that quantifies

the relative cross-sectional area of the white matter fibers connecting

two brain regions. The ratios of a subject’s response function size to

the group average response function size at each b value were calcu-

lated and their geometric mean was multiplied with the connectome

constructed from theAFDvalues of all streamlines. To account for indi-

vidual differences in white matter b0 intensity, the ratio of the mean

median b0 value within the subject’s white matter mask to the grand

mean median b0 value of the group was calculated and multiplied with

the connectome. Finally, individual differences in connection density

were accounted for by scalar multiplying the connectome by the pro-

portionality coefficient μ derived from SIFT-2, which represents the

estimated fiber volume per unit length contributed by each streamline.

After acquiring the normalized connectome for all subjects, we

removed connections that had zero values in all subjects and con-

nections that connected contra-lateral regions. Consistency-based

thresholding48 was thenperformed to filter connections by their group

consistency instead of average density, so that structural connections

that are weak but consistently present within the group would not

be discarded. Connections were ranked by the coefficient of variation

(= SD/mean) and thresholded at the 75th percentile. A total of 1408

connections remained after the screening.

2.10 Canonical correlation analysis

We used canonical correlation analysis (CCA) to identify the joint

relationship between structural connections/gray matter volumes and

VSTM performance measures, including two-item and four-item accu-

racy and memory capacity. CCA is a powerful multivariate tool that

calculates the correlation between two sets of variables by identi-

fying two linear combinations of the variables that are maximally

correlated.49,50 The full procedure of the analysis (see Figure S1 in sup-

porting information) was implemented in R and CCA was conducted

using the rcc function from the mixOmics package.51 Prior to all anal-

yses, the linear effects of age, education, sex and collection site on all

behavioral and neural measures were regressed out. Additionally, TIV

was regressed out from all neural measures and the method of DWI

scanning was regressed out from all structural connectionmeasures.

A feature selection procedure52 was first performed to rank the

connections by how robustly they are correlated with a target mea-

sure. In each of the 1000 replicates, we subsampled 90% of the full

data and calculated the Pearson correlation between each connec-

tion/volume (X variable) and each WM measure (Y variable). The X

variables were ranked by their average correlation p values across all

subsamples. The canonical correlations between the Y variables and

the top n X variables in the rank list were then calculated for the range

n = 5 to 50 by bins of 5. For each canonical correlation, the loadings of

the X variables were calculated and the significance threshold was set

at P < 0.001, false discovery rate corrected. The canonical correlation

that generated the greatest number of significant X variable loadings

was selected as the final result of the analysis. In the structrual connec-

tion analysis, we restricted the X variables to all available connections

with frontal and medial temporal regions (see supporting information

for lists of region labels).

3 RESULTS

3.1 Change detection task performance

Two-way repeatedmeasuresANOVA revealed a significantmain effect

of group in accuracy (F[1,117] = 15.38, p < 0.001, partial η2 = 0.116;

Figure 1B) and the post hoc t tests revealed significantly lower accu-

racy of both two-item (p < 0.001) and four-item (p = 0.049) change

detection task in the aMCI group than in the NC group (Bonferroni

corrected). There is a significant main effect of group (F[1,117] = 5.26,

p = 0.024, partial η2 = 0.043) and a significant interaction between

group and load (F[1,117] = 8.62, p = 0.004, partial η2 = 0.069) in RT

(Figure 1C). Post hoc t tests showed significantly longer RT of two-item

(p = 0.011) change detection task in the aMCI group than in the NC

group in (Bonferroni corrected). ANCOVA also showed significantly

lower memory capacity in the aMCI group compared to the NC group

(F[1,117] = 8.382, p = 0.005, partial η2 = 0.067; Figure 1D). Together,

these results agreed with previous findings of VSTM deficits in aMCI

population.

3.2 Brain–VSTM correlation under cortical
deterioration

We first examined the gray matter structural integrity of aMCI par-

ticipants and its association with VSTM performance. A two-sample t
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XIE ET AL. 7 of 13

(A)

(C)

(D)

(B)

F IGURE 2 A, Structural atrophy in aMCI group compared to NC group. Voxel-wise threshold p< 0.005, cluster-level threshold p< 0.05with
GRF correction, graymatter mask applied. B, Significant structural differences betweenNC and aMCI group. Error bar represents standard error.
**p< 0.005; ***p< 0.001. C, Relationship between structural GMV of leftMTL and performance of change detection task for each group. D,
Relationship between structural GMV of rightMFG and performance of change detection task for each group. Age, sex, education, TIV, and
collecting site were used as covariates for the analysis above. aMCI, amnestic mild cognitive impairment; GRF, Gaussian random field; GMV, gray
matter volume; HP, hippocampus; L, left; MFG, middle frontal gyrus; MTL, medial temporal lobe; NC, normal control; postCG, postcentral gyrus; R,
right; TIV, total intracranial volume.

test showed that the volumes of left thalamus (peak coordinate: −18,
−33, 6), right postcentral gyrus (postCG; peak coordinate: 44, −18,
38), left MTL (including hippocampus/amygdala area; peak coordinate:

−27, −10, −16) and right MFG (peak coordinate: 24, 54, 14) were

significantly smaller in the aMCI group compared to the NC group

(Figure2A,B andTable S1 in supporting information, voxel-wise thresh-

old p < 0.005, cluster-level threshold P < 0.05 by GRF correction).

Further correlation analyses showed that the volume of left MTL was

positively correlated with accuracy in both two-item and four-item

conditions and with memory capacity of the change detection tasks

in the NC group but not in the aMCI group (ps > 0.05; Figure 2C).

The volume of right MFG was positively correlated with accuracy in

the four-item condition and memory capacity in both the aMCI group

and the NC group (Figure 2D). No significant correlation was found

between the VSTM performance and the volume of left thalamus or

right postCG.

Next, we used the left MTL cluster and the right MFG cluster

described above as seed regions and tested for between-group dif-

ference in functional connectivity and their correlation with change

detection task performance. Seed to whole-brain analysis showed sig-

nificantly greater connectivity between the left MTL seed and right

superior frontal gyrus/middle frontal gyrus (SFG/MFG; peak coordi-

nate: 16, 46, 26) in the aMCI group compared toNCgroupwhile no sig-

nificant difference was found for connectivity with the rightMFG seed

(Figure3A,B andTable S2 in supporting information, voxel-wise thresh-

old p < 0.005, cluster-level threshold P < 0.05 by GRF correction).

This identified area was adjacent to the right MFG area that showed

significant atrophy in the aMCI group (Figure 3C). However, further
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8 of 13 XIE ET AL.

(A) (B) (C)

F IGURE 3 A, Right SFG/MFG (target) area showed significant between-group difference in functional connectivity to leftMTL (ROI seed).
Voxel-wise threshold p< 0.005, cluster-wise threshold p< 0.05with GRF correction, graymatter mask applied and age, sex, education, and
collecting site as covariates. B, Significant between-group difference in functional connectivity between leftMTL and right SFG/MFG. Error bar
represents standard error; ***p< 0.001. C, Display of the right frontal areas. Red, the right SFG/MFG in functional results; blue, the rightMFG in
structural results; green, overlap area. aMCI, amnestic mild cognitive impairment; GRF, Gaussian random field; MCI, mild cognitive impairment; L,
left; MFG, middle frontal gyrus; MTL, medial temporal lobe; NC, normal control; R, right; ROI, region of interest; SFG, superior frontal gyrus.

correlation analyses revealed no significant correlation between the

identified connectivity and VSTMperformance in either group.

3.3 The impact of disease progression on
brain-VSTM association in PFC

Given that significant correlation between right MFG volume and

VSTM performance was found in both groups, it remains unclear

whether this association reflects a preservation of the original frontal

substrate or an altered neural substrate that emerged in response to

worsened MTL atrophy. We median-split the aMCI participants into

two subgroups by the volumes of the atrophic leftMTL area and exam-

ined the impact of disease progression, characterized by the severity

of left MTL atrophy here, on the relationship between VSTM perfor-

mance and the atrophic right MFG. No significant difference in VSTM

performance or rightMFG volumes was found between the subgroups

except RT, in which the RT was longer in the subgroup with a SV of

left MTL compared to the subgroup with a LV of left MTL (Table S3 in

supporting information). Importantly, a significant positive correlation

between VSTM performance and right MFG volume was found in the

SV subgroup but not in the LV subgroup (Figure 4), suggesting that this

correlation was not a continuous preservation of the original frontal

correlation but may represent a new neural substrate that emerged as

MTL atrophyworsened.

3.4 Reorganized VSTM neural substrate in aMCI

To further investigate the new substrate underlying VSTM in aMCI, we

calculatedwhitematter structural connectivity constructed fromDWI

data and computed correlations with VSTM performance using CCA.

The results showed thatVSTMperformancewas correlatedwithavari-

ety of connections in the NC group, including frontal–parietal, frontal–

frontal, MTL–visual, and MTL–subcortical connections (Figure 5A and

Table S4 in supporting information). On the other hand, VSTM perfor-

mance was mainly correlated with frontal–parietal and frontal–MTL

connections in the aMCI group (Figure 5B and Table 2). This pattern is

consistent with the findings that VSTMwas correlated with rightMFG

volume in both groups but correlated with left MTL volume only in the

NC group. In addition, the significant VSTM correlation with frontal–

MTL connections in the aMCI group also coincideswith thehigher right

SFG/MFG–leftMTL functional connectivity we found.

Finally, we also used CCA to test the correlations between VSTM

performance and whole-brain segmented gray matter volumes. Again,

consistent with earlier findings of VBM-based analysis, CCA revealed

that VSTM performance was correlated with the volumes ofMTL, pre-

frontal, and parietal regions in the NC group (Table S5 in supporting

information) butwasmainly correlatedwith prefrontal and subcortical

regions in the aMCI group (Table 3).

4 DISCUSSION

In the current study, we investigated the impact of neural deterioration

on the neural correlates of VSTMand gathered evidence for the neural

reorganization underlying VSTM in the context of early AD, focusing

specifically on the aMCI phase. Our findings revealed a shift in the

neural substrates of VSTM, showing that VSTM performance became

increasingly associated with the gray matter volumes and white mat-

ter connectivity of the PFC in the aMCI group when MTL atrophy was

severe. These findings enhanced our understanding of neural adapta-

tion in early AD, emphasizing the potential compensatory mechanisms

that may emerge as the disease progresses.

First, our findings corroborated previous literature on a number of

well-established pathological features. Our behavioral results echoed

previous findings of VSTM deficit as an early indicator of AD, under-

scoring its potential as a marker for preclinical detection.53 Brain

atrophy in aMCI, as revealed by the decreased gray matter volumes

of theMTL, thalamus, and frontoparietal regions, were also consistent

with the neurodegenerative patterns observed in early AD.54 The dis-

sociation between VSTM and the atrophicMTL area observed in aMCI
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XIE ET AL. 9 of 13

F IGURE 4 Relationship between GMVof rightMFG and VSTMperformance influenced by the GMV of leftMTL in the aMCI group. Age, sex,
education, TIV and collecting site were used as covariates. aMCI, amnestic mild cognitive impairment; GMV, graymatter volume; GRF, Gaussian
random field; L, left; LV, subgroupwith larger volume of leftMTL;MFG, middle frontal gyrus; MTL, medial temporal lobe; R, right; SV, subgroup
with smaller volume of leftMTL.

F IGURE 5 Structural connections with significant loadings (PFDR < 0.001) in canonical correlation withmeasures ofWMperformance
(two-item and four-item response accuracies, capacity) for (A) the aMCI group and (B) the NC group, respectively. Line color represents loading
correlation coefficient (sign corrected to indicate direction of correlation withWMvariables, not the X variate). aHPC, anterior hippocampus;
aMCI, amnestic mild cognitive impairment; AMG, amygdala; BSTS, banks of superior temporal sulcus; cACC, caudal anterior cingulate cortex; CER,
cerebellum; cMFG: caudal middle frontal gyrus; ERC, entorhinal cortex; FDR, false discovery rate; FG, fusiform gyrus; FP, frontal pole; ICC, isthmus
cingulate cortex; IN, insula; IPL, inferior parietal lobe; LG, lingual gyrus; lOFC, lateral orbitofrontal cortex; NC, normal control; parOB, pars
orbitalis; parOP, pars opercularis; parTR, pars triangularis; pHPC, posterior hippocampus; posCen, postcentral gyrus; PRC, perirhinal cortex
Brodmann area 35; preCen, precentral gyrus; preCU, precuneous; PUT, putamen; rMFG, rostral middle frontal gyrus; SFG, superior frontal gyrus;
SPL, superior parietal lobe; TH, thalamus; TP, temporal pole;WM, white matter.
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10 of 13 XIE ET AL.

TABLE 2 Canonical correlation analysis results for structural
connections and VSTMperformance in the aMCI group.

N-feature r (cc) p (cc)

15 0.75 <0.001

Y variables r (load) p (load)

Accuracy of 2-item 0.75 <0.001

Accuracy of 4-item 0.92 <0.001

Capacity 0.85 <0.001

X variables r (load) p (load)

R.SFG—R.pHPC 0.48 <0.001

L.cMFG—L.AMG 0.49 <0.001

L.rMFG—L.SPL 0.54 <0.001

L.SFG—L.preCU 0.45 <0.001

R.cACC—R.IPL −0.52 <0.001

R.cMFG—R.preCU 0.46 <0.001

R.cMFG—R.BSTS 0.46 <0.001

R.SFG—R.preCU 0.48 <0.001

L.AMG—L.TP −0.60 <0.001

R.pHPC—R.posCen 0.45 <0.001

Notes: Canonical correlation (cc) betweenWMperformance and the top N-

feature connections for aMCI; loadings (load) of connections (X variables)

andWMmeasures (Y variables). False discovery rate corrected P< 0.001.

Abbreviations: aMCI, amnestic mild cognitive impairment; AMG, amygdala;

BSTS, banks of superior temporal sulcus; cACC, caudal anterior cingu-

late cortex; cMFG, caudal middle frontal gyrus; IPL, inferior parietal lobe;

pHPC, posterior hippocampus; posCen, postcentral gyrus; preCU, pre-

cuneus; rMFG, rostralmiddle frontal gyrus; SFG, superior frontal gyrus; SPL,

superior parietal lobe; TP, temporal pole; VSTM, visual short-termmemory;

WM, whitematter.

may have also reflected the impact of neurodegeneration on the role of

MTL in VSTMprocessing as indicated by recent literature.21

Although previous literature has highlighted the indicative role

of VSTM in AD, the adaptation of the neural correlates of VSTM

in response to pathology has rarely been investigated. Adding to

the literature, we found a persistent correlation between VSTM

and right MFG volume in MCI despite the fact that atrophy was

found in this area. Additionally, an adjacent right MFG area exhibited

stronger resting-state functional connectivity with the atrophic left

MTL. Furthermore, the right MFG–VSTM association was primarily

observed in the aMCI subgroup with smaller left MTL volumes. This

“re-appeared” association after worsening MTL atrophy might likely

represent an adaptive reorganization in which MFG compensated for

the deteriorating MTL function rather than a continuous preserva-

tion of frontal function throughout the progression of atrophy.55 In

addition, the two subgroups did not differ in response accuracy or

memory capacity, suggesting that these compensatory neural corre-

lates may help prevent further decline in VSTM. The frontoparietal

network, particularly the MFG, has been proposed to play a critical

role inmaintaining feature informationbefore episodicmemory forma-

tion by the hippocampus.56–58 While previous studies have observed

frontal hyperactivities during the maintenance of verbal short-term

TABLE 3 Canonical correlation analysis results for whole-brain
graymatter volume and VSTMperformance in the aMCI group.

N-feature r (cc) p (cc)

10 0.52 <0.001

Y variables r (load) p (load)

Accuracy of 2-item −0.88 <0.001

Accuracy of 4-item −0.81 <0.001

Capacity −0.81 <0.001

X variables r (load) p (load)

L.rMFG −0.69 <0.001

L.parTR −0.56 <0.001

L.lOFC −0.41 0.002

L.mOFC −0.53 <0.001

L.AC −0.56 <0.001

R.rMFG −0.43 <0.001

R.BSTS −0.63 <0.001

R.AC −0.56 <0.001

R.TH −0.67 <0.001

BS −0.55 <0.001

Notes: Canonical correlation (cc) betweenWMperformance and the top N-

feature volumes for aMCI; loadings (load) of volumes (X variables) andWM

measure (Y variables). False discovery rate corrected P< 0.001.

Abbreviations: AC, accumbens; aMCI, amnestic mild cognitive impairment;

AMG, amygdala; BS, brain stem; BSTS, banks of superior temporal sul-

cus; lOFC, lateral orbitofrontal cortex; mOFC, medial orbitofrontal cortex;

parTR, pars triangularis; rMFG, rostral middle frontal gyrus; TH, thalamus;

VSTM, visual short-termmemory;WM, whitematter.

memory in aMCI,26,27 the relationship between this hyperactivity and

short-term memory performance was not thoroughly examined. By

examining the correlation between VSTM and prefrontal area volume

at different levels of MTL atrophy, the current study provided distinct

evidence for the presence of frontal compensation in the face of severe

MTL deterioration.

Further confirming the presence of prefrontal compensation in

aMCI, CCA on white matter connectivity revealed a reorganization of

the connectivity patterns underlying VSTM in the aMCI groupwherein

the original dependence on MTL connections found in the NC group

diminished and prefrontal connections became the primary neural

correlates. Among all the connections with significant loadings, the

proportion of the frontal connectionswas 61% (11/18) in theNCgroup

but increased to 89% (8/9) in the aMCI group. In both groups, VSTM

performance was associated with connections between the dorsolat-

eral prefrontal cortex (DLPFC), including the SFG and MFG, and the

superior parts of the posterior parietal cortex (PPC), including the

superior parietal lobe (SPL) and precuneus. These connections likely

reflected neural pathways through the second subdivision of superior

longitudinal fasciculus, which is associated with spatial attention and

VSTM.59 In particular, the MFG–SPL pathway has been considered a

part of the dorsal stream of visual processing and has been reported

to be engaged in VSTM processing.60 All these findings imply that an

 15525279, 2025, 2, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.14475 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [12/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



XIE ET AL. 11 of 13

increasing reliance on frontal-parietal pathways for VSTM process-

ing may have developed as the MTL and the pathways connecting it

to visual and subcortical regions deteriorated due to brain atrophy or

synaptic loss.

Interestingly, we also found a number of frontal–MTL connections

correlated with VSTM in the aMCI group. This aligns with our rest-

ing state fMRI finding of elevated functional connectivity between the

left MTL and the right MFG in aMCI, which may indicate enhanced

communication between theMTL and prefrontal system. The PFC and

hippocampus are known to communicate through theta oscillation, and

their interplay is considered crucial for the encoding,manipulation, and

retrieval of working memory,61–63 as well as for supporting cognitive

functions in normal aging.64 The increased reliance on frontal–MTL

connections observed in aMCI may reflect an increased importance

of prefrontal control on MTL representation during maintenance.65

While the precise nature of this finding awaits further investiga-

tion, it might suggest that the compensatory mechanism is not a

simple replacement of the MTL by the PFC but also entails frontal–

hippocampal interactions that complement the reduced capability of

theMTL.

Several limitations of this study should be noted.While our findings

provided evidence for neural reorganization in aMCI regarding VSTM

processing, the cross-sectional nature of the study and the relatively

modest sample size did not allow us to draw conclusions on whether

this reorganization contributed to the prolonged cognitive stability

observed in certain aMCI patients. To answer this question, longitu-

dinal studies with larger sample sizes are needed to closely track the

changes in neural substrates over the time course of disease progres-

sion. In addition, as our imaging data comprised structural and resting

state functional modalities only, evidence from in-task functional data

is needed to directly examine the roles of frontal and MTL regions in

the VSTM processing of aMCI individuals and provide further insights

about the compensation mechanism. Future research can also adapt

more complex task designs to probe the source of VSTM error in aMCI

subgroups,whichwould provide further insights into the cognitive pro-

cesses that were affected as the disease progresses and how these

processes were related to the neural reorganization.

In conclusion, the current study advanced our understanding of

the neural underpinnings of VSTM under the impact of AD pathol-

ogy and provided converging evidence of prefrontal compensation as

MTL deteriorates in the aMCI phase. These findings laid important

groundwork for understanding how cognitive functions may be main-

tained for extended periods before full-fledged advancement to AD

and pointed to the PFC as a potential target for early interventions

using non-invasive stimulation techniques like transcranial magnetic

stimulation.
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