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Abstract.

Background: In early Alzheimer’s disease (AD), high-level visual functions and processing speed are impacted. Few func-
tional magnetic resonance imaging (fMRI) studies have investigated high-level visual deficits in AD, yet none have explored
brain activity patterns during rapid animal/non-animal categorization tasks.

Objective: To address this, we utilized the previously known Integrated Cognitive Assessment (ICA) to collect fMRI data
and compare healthy controls (HC) to individuals with mild cognitive impairment (MCI) and mild AD.

Methods: The ICA encompasses a rapid visual categorization task that involves distinguishing between animals and non-
animals within natural scenes. To comprehensively explore variations in brain activity levels and patterns, we conducted both
univariate and multivariate analyses of fMRI data.
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Results: The ICA task elicited activation across a range of brain regions, encompassing the temporal, parietal, occipital, and
frontal lobes. Univariate analysis, which compared responses to animal versus non-animal stimuli, showed no significant
differences in the regions of interest (ROIs) across all groups, with the exception of the left anterior supramarginal gyrus in
the HC group. In contrast, multivariate analysis revealed that in both HC and MCI groups, several regions could differentiate
between animals and non-animals based on distinct patterns of activity. Notably, such differentiation was absent within the
mild AD group.

Conclusions: Our study highlights the ICA task’s potential as a valuable cognitive assessment tool designed for MCI and
AD. Additionally, our use of fMRI pattern analysis provides valuable insights into the complex changes in brain function
associated with AD. This approach holds promise for enhancing our understanding of the disease’s progression.

Keywords: Alzheimer’s disease, high-level visual categorization, functional MRI, mild cognitive impairment, multivariate

pattern analysis

INTRODUCTION

Alzheimer’s disease (AD) is recognized to affect
not only memory but also sensory systems, includ-
ing vision, olfaction, and audition in its early stages
[1, 2]. Evidence supports the association between
aging, AD, and the impairment of sensory systems
and cognitive functions [3]. Albers et al. [2] under-
score that the visual system is particularly vulnerable,
with AD-related pathology detected in key brain
regions responsible for visual processing, encom-
passing the subcortical visual center, primary visual
cortex, visual association cortex, and the higher-order
visual association cortex within the inferior tempo-
ral gyrus. Although primary visual cortex exhibits
fewer tangles and plaques, these pathological features
become markedly prevalent in the visual association
cortex adjacent to it, showing a twentyfold increase,
and doubling again in the higher-order visual asso-
ciation cortex. Within the context of AD, the visual
association areas manifest more pronounced effects
of neurodegeneration compared to the primary visual
areas [4, 5]. According to Bouras et al. [6] and
Arnold et al. [7], the ventral stream of the visual sys-
tem presents more severe pathology in AD patients.
Notably, the inferior temporal cortex reveals a greater
density of neurofibrillary tangles than the parietal
cortex. These observations were further corrobo-
rated by an independent study [8] employing PET
scans, indicating a more pronounced impairment in
the functioning of the ventral stream than the dor-
sal stream in AD patients. Jackson [5] stated that
deficits in higher-order visual processing have a
more substantial impact on symptoms in individu-
als with AD compared to deficits solely in sensory
visual visibility. While both the ventral and dorsal
visual pathways, responsible for object recognition
and spatial localization respectively, are impacted, the

ventral visual system’s impairment is believed to be
more severe than that of the dorsal visual pathway
[9-11].

This study investigated the impact of ventral
visual pathway impairment, responsible for high-
level visual processing like object categorization,
using an animal spotting task. To date, only two stud-
ies have investigated animal spotting in natural scenes
in individuals with AD, and both were designed as
behavioral tasks without the use of functional mag-
netic resonance imaging (fMRI) to measure brain
activity. In these tasks, participants were instructed
to either saccade or manually respond to images that
contained animals [12, 13].

The pivotal role of processing speed in cognitive
integration and daily functioning is well documented.
Studies have shown that slowing of processing speed
can lead to impairment in various cognitive domains
in both healthy older adults [14-18] and those
with mild cognitive impairment (MCI) or mild AD
[19-25]. While tasks without time constraints may
yield normal performance, the introduction of time
limits could reveal impairments [23]. More com-
plex and demanding tasks may be more sensitive in
detecting processing speed impairment and aiding in
diagnosis. Therefore, it is recommended to evaluate
processing speed along with other cognitive domains
in patients who report memory impairment and diffi-
culties in daily activities.

The majority of fMRI studies conducted on AD
have focused on either resting state [26—31] or task-
based fMRI with a focus on memory [32-36]. Only
a limited number of task-based fMRI studies have
investigated how AD affects visual processing, such
as studies on face-matching [37, 38], color-task and
male/female face-test [39], or passive viewing of
face-photos [40, 41], all employing blocked design
tasks.
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The Integrated Cognitive Assessment (ICA) rep-
resents a rapid visual animacy categorization task.
Participants are presented with natural scenes con-
taining animals and non-animals, and their task is to
rapidly and accurately determine whether each image
represent an animal.

ICA has been tested as a behavioral measure
among individuals with mild cognitive impairment
and mild AD, revealing significantly lower test
scores compared to healthy older adults [42-44].
Additionally, our previous study utilizing electroen-
cephalogram to examine the temporal dynamics of
animacy processing during the ICA test disclosed a
significant delay in animacy processing among MCI
patients in comparison to healthy controls (HC) [45,
46].

This study aims to investigate the specific brain
regions that exhibit activation in response to the ICA
test and identify disparities not only in the level of
brain activity but also in the patterns characteriz-
ing each group’s response to images of animal and
non-animal. To achieve this, we employed both uni-
variate and multivariate pattern analysis (MVPA)
techniques. MVPA allows us to access information
decoded from patterns of brain activity, providing
insights beyond simpler univariate measures that
indicate the overall engagement of a cortical region
[47-50]. Additionally, our exploration extends to
evaluating the feasibility of distinguishing individ-
uals across the HC, MCI, and mild AD groups based
on their unique brain activity patterns. Through this
comprehensive approach, our study aims to enhance
our understanding of the brain’s response to the ICA
test and uncover potential variations across diverse
cognitive states.

METHODS

Subject recruitment

In our study, a total of 45 participants were
recruited, consisting of 20 HCs, 15 with MCI, and
10 with mild AD. All groups were matched for age,
education, and gender, as outlined in Table 1. The
study was approved by the local ethics committee
at the Royan Institute where all participants were
visited and signed a written consent form in accor-
dance with the Declaration of Helsinki. Diagnosis
for all participants met the criteria by the National
Institute on Aging and Alzheimer’s Association
(NIA-AA) diagnostic guidelines [51, 52], confirmed
by a dementia neurologist. All participants took a

comprehensive medical history and extensive battery
of pen-paper neuropsychiatric tests, all of which have
been validated within the Iranian population. These
tests encompassed the Montreal Cognitive Assess-
ment (MoCA) [53, 54], the Addenbrooke’s Cognitive
Examination-Revised (ACE-R) [55-57], the Mini-
Mental State Examination (MMSE) [58, 59], the
Geriatric Depression Scale-30 (GDS) [60, 61], the
Neuropsychiatric Inventory Questionnaire (NPI-Q)
[62-64], the Bristol Activities of Daily Living Scale
(BADLS) [65], and our designed test, the ICA [42],
which was administered on an iPad. For description
of each neuropsychiatric test, please refer to the Sup-
plementary Material.

Exclusion criteria for all three groups were a his-
tory of major neurological disorders such as seizure,
cerebrovascular disease, Parkinson’s disease; major
neuropsychiatric diseases including moderate and
severe depression, anxiety disorders, psychotic disor-
ders, and GDS score>=20; major heart diseases such
as ischemic heart disease and heart failure; hypothy-
roidism or hyperthyroidism, and total thyroidectomy;
cancer; visual impairment such as retinal detachment
problem and unilateral blindness; opioid and heavy
alcohol abuse; individuals diagnosed with subjective
cognitive impairment and moderate or severe AD,;
hand, neck, or head tremor; not currently on any med-
ication that interfere with the study; and presence
of a pacemaker or metals in the body. In the MCI
and mild AD groups, any subject with a history of
using cognitive enhancing drugs (e.g., cholinesterase
inhibitors) for less than 2 months at the time of final
diagnosis was excluded. Inclusion criteria comprised
an age range of 50 to 90 and overall good health. All
subjects possessed normal eyesight or corrected-to-
normal eyesight.

Study test: Integrated cognitive assessment

The fMRI task employed in this study was the pre-
viously established ICA test [42,43, 45, 66]. This task
employs an event-related design and is a rapid visual
categorization task. During the task, participants are
presented with gray scale images of animal and non-
animal within natural scenes, arranged in random
order and across four levels of difficulty. Each partic-
ipant underwent a single session of fMRI scanning
while performing the ICA test. The session consisted
of 10 runs, each comprising 47 trials encompass-
ing 16 animal images, 16 non-animal images, and
15 null trials. Each trial was presented for 100 ms,
followed by a 20 ms inter-stimulus interval (ISI), fol-
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Table 1
Subjects demographics
ANOVA
Characteristics HC MCI mild AD F P
Total number 20 15 10 - -
Age, y, mean (std) 63.9 (6.5) 63.5(7.2) 68 (9.6) 1.27 0.29
Education, y, mean (std) 14.6 (4.2) 15.3(5.4) 13 (5.3) 0.70 0.50
Gender, % female 60 53 50 0.15 0.86

lowed by a 250 ms dynamic mask, followed by a
2630 ms response time, as depicted in Fig. 1. Each
trial was presented at the center of the screen with a 7°
visual angle. Participants were instructed to respond
by pressing the right or left handle, indicating the
presence or absence of an animal in the presented
image, respectively.

Before conducting the fMRI session, the ICA test
was also given to participants on an iPad in the same
session as the neuropsychiatric tests. The ICA test
on the iPad was identical to the one given during the
fMRI scan, but was shorter, lasting 5 min, and con-
sisted of only one run with a total of 100 images
presented to participants [42].

ICA test scores

Subject performance in the ICA test was assessed
by considering their accuracy and reaction time in
categorizing images. Participants were instructed to
respond to the images as promptly and accurately
as possible. Similar to assessments such as MoCA,
ACE-R, and MMSE, higher scores in the ICA test are
indicative of better cognitive function.

Accuracy

This metric is calculated by dividing the number of
correct categorizations by the total number of images
and then multiplying by 100, as shown in Equation
1.

A number of correct categorizations 100 (1)
ccuracy = - X
Y total number of images

Speed: This parameter is determined by the partici-
pants’ reaction times in trials where they responded
correctly, as illustrated in Equation 2. Speed exhibits
an inverse relationship with participants’ reaction
times, meaning that higher speed scores correspond
to lower reaction times (RT: reaction time, e: Euler’s
number ~ 2.7182...).

- mean correct RT
—meangonect RT +0.341

Speed = min |100 and 100 x e 2)

ICA Total (ICA Score Index)

This metric results from a straightforward combi-
nation of accuracy and speed, as outlined in Equation
3.

Speed  Acc :
ICA total (Score Index) = ( pee M) x 100

X
100 100
3

Structural mri acquisition, preprocessing, and
inspection

Structural images were acquired at the National
Brain Mapping Laboratory, faculty of engineering,
University of Tehran, Tehran, Iran, using a 3-Tesla
Philips scanner equipped with a standard 64 channel
head coil. Three dimensional T1-weighted images
were acquired employing the whole brain magne-
tization prepared rapid gradient echo (MPRAGE)
sequence. The scanning parameters were as fol-
lows: echo time (TE)=3.47ms, repetition time
(TR)=2000ms, inversion time (TI)=800ms, flip
angel =7°, matrix size=256 x 256, voxel size=1
mm?3, 176 sagittal slices, slice thickness=1mm,
and field of view (FOV) =256 mm. Each participant
was required to remain in the MRI/fMRI scanner
for approximately 8min to acquire T1-weighted
images at the initiation of brain imaging and
immediately prior to the functional scanning ses-
sion. For each participant, the 176 T1-weighted
sagittal slices in DICOM format were converted
into a single structural volume in NIFTI format
using Statistical Parametric Mapping 12 (SPM12,
http://www fil.ion.ucl.ac.uk/spm/software/spm12/),
and MATLAB R2015b. The structural brain vol-
ume of each subject was carefully examined in
its native space using MRIcroN v1.0.20190902
(https://www.nitrc.org/projects/mricron). This
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Stimulus 1S1

2630 ms
Dynamic Animal/
Mask Non-Animal

Fig. 1. The ICA test. Each trial was shown for 100 ms, followed by a 20 ms inter-stimulus interval (ISI), followed by a 250 ms dynamic
mask, followed by a 2630 ms response time in which participants should decide if there was an animal in the presenting image or not.

inspection aimed to identify any dementia-non-
specific lesions, such as tumors, which could
potentially lead to the exclusion of the subject from
subsequent analyses. Subsequently, all structural
images in the native space were normalized into the
MNI space.

Functional mri data acquisition and
preprocessing

Functional data acquisition was performed at
National Brain Mapping Laboratory, faculty of
engineering, University of Tehran, Tehran, Iran,
utilizing a 3-Tesla Philips scanner equipped with
a standard 64-channel head coil. 34 interleaved
axial slices, covering the entire brain, were acquired
using a T*-weighted gradient-echo EPI sequence
with the following parameters: TR =2000ms,
TE=30ms, flip angle=90°, FOV read =248 mm,
FOV phase = 100%, resolution=3.5 mm?, isotropic
spatial resolution of 3 to 3.5 mm, and a slice thick-
ness=3.5mm. A total of 75 brain volumes were
recorded for each subject during each run. Subjects
were provided with a handle featuring a button on

its top for each hand, positioned beside each side of
their body on the bed. They were directed to press the
right button with their right thumb and the left button
with their left thumb to indicate the presence or
absence of an animal in the displayed image, respec-
tively. The functional data underwent preprocessing
using Statistical Parametric Mapping 12 (SPM12,
http://www fil.ion.ucl.ac.uk/spm/software/spm12/)
within MATLAB R2015b. The preprocessing
sequence included the following steps: 1) slice
time correction using the middle slice; 2) realign-
ment and head motion correction employing a
6-parameter rigid transformation; 3) co-registration
to the subject’s corresponding T1-structural volume;
4) normalization to the MNI standard space; and
5) spatial smoothing using a 6 mm full-width at
half-maximum Gaussian kernel.

Whole brain and roi approaches

The whole brain approach examines all voxels
across the entire brain without any initial hypotheses,
whereas in region-of-interest (ROI) analysis, regions
are chosen based on existing literature. To explore
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Table 2
High-level visual processing ROIs selected from the Harvard-
Oxford Atlas

ROIs name

Parahippocampal Gyrus, anterior division
Parahippocampal Gyrus, posterior division
Lingual Gyrus

Temporal Fusiform Cortex, anterior division
Temporal Fusiform Cortex, posterior division
Temporal Occipital Fusiform Cortex

Occipital Fusiform Gyrus

Inferior Temporal Gyrus, anterior division
Inferior Temporal Gyrus, posterior division
Inferior Temporal Gyrus, temporooccipital part
Middle Temporal Gyrus, anterior division
Middle Temporal Gyrus, posterior division
Middle Temporal Gyrus, temporooccipital part
Lateral Occipital Cortex, superior division
Lateral Occipital Cortex, inferior division

0NN AW =

—_— e e = = \O
Nk W =O

brain regions activated in response to the ICA test,
within the three groups, we conducted whole brain
analysis. For all other analyses, including between-
group univariate analysis and multivariate analyses
including animacy decoding and subject-wise decod-
ing, we adopted the ROI approach. Two sets of
regions were defined as ROIs for our analysis. The
first set pertains to regions linked with high-level
visual processing, including the parahippocampus,
fusiform, lingual, inferior temporal, middle tempo-
ral, and lateral occipital gyri [67-69], as detailed in
Table 2. The second set includes regions affected by
misfolded tau proteins aligned with Braak stages I
to IV [70], corresponding to the clinical stages of
MCI and mild AD. These regions encompass the

hippocampus, parahippocampus, fusiform, lingual,
insular, inferior temporal, middle temporal, posterior
cingulate, and inferior parietal gyri, as outlined in
Table 3.

Univariate analysis

ROI analysis, voxel selection, calculating
between-group mean beta

To ensure consistent results, we opted for voxel
subsets within each ROI rather than considering all
voxels [71]. Moreover, to prevent circular analysis,
we implemented an independent split-data analysis
[72]. To achieve this, the data in the between-group
beta-map was divided into two equal-sized sets: odd
and even runs. For each region, the voxel with the
highest activity level within the odd runs was iden-
tified, and a 100-voxel sphere was centered around
that voxel. Subsequently, we calculated the mean and
standard error of the beta-values from the same sphere
within the even runs, assigning these values to the
respective region. For detailed results, please refer
to the section titled “ROlIs differentially activated
through ICA test between groups.”

MVPA: Animacy decoding

To determine the discrimination accuracy of
images depicting animals and non-animals within
each selected ROI, we employed a linear support
vector machine (SVM) classifier (CoSMoMVPA
1ibSVM, http://cosmomvpa.org/) implemented in

ROIs selected from the Harvard-Oxford Atlas based on Braak tauopathy stages I to IV

ROIs names Braak tau stage
1 Hippocampus /11
2 Parahippocampal Gyrus, anterior division /I
3 Parahippocampal Gyrus, posterior division /I
4 Temporal Occipital Fusiform Cortex I
5 Temporal Fusiform Cortex, anterior division 1T
6 Temporal Fusiform Cortex, posterior division I
7 Occipital Fusiform Gyrus I
8 Lingual Gyrus I
9 Inferior Temporal Gyrus, anterior division v
10 Inferior Temporal Gyrus, posterior division v
11 Inferior Temporal Gyrus, temporooccipital part v
12 Middle Temporal Gyrus, anterior division v
13 Middle Temporal Gyrus, posterior division v
14 Middle Temporal Gyrus, temporooccipital part v
15 Insular Cortex v
16 Supramarginal Gyrus, anterior division v
17 Supramarginal Gyrus, posterior division v
18 Angular Gyrus v

19 Cingulate Gyrus, posterior division v
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MATLAB R2015b. Each ROI was individually
trained and tested with the SVM classifier, yield-
ing an aggregated accuracy performance measure
for each ROI. A leave-one-run-out cross-validation
approach was adopted for training and testing the
data. The images themselves acted as features, clas-
sified as either animal or non-animal. The feature
spaces were defined by the ROIs, with the dimension
of the feature spaces determined by the number of
voxels (n) present within each ROI. For each image,
an n-cell-pattern-vector was generated and labeled
accordingly. The classifier underwent 10 repetitions,
with 9 runs dedicated to training and 1 run for test-
ing in each iteration. This cycle ensured that each run
functioned as a test run once. Consequently, a total
of 10 performance accuracy scores were obtained,
subsequently averaged to yield a final performance
accuracy for each individual ROI. Please refer to the
section titled “There is information in the pattern of
activity while not in the level of activity in the HC
and MCI groups” for detailed outcomes.

MVPA: Subject-wise classification

To assess the accuracy of discriminating between
subjects across the three groups within each
selected ROI, we employed a linear support vector
machine (SVM) classifier (CoOSMoMVPA 1ibSVM,
http://cosmomvpa.org/) implemented in MATLAB
R2015b. The classifier was utilized for pairwise
group classification, including HC versus MCI,
HC versus mild AD, and MCI versus mild AD.
Cross-validation was performed using a leave-one-
subject-out approach, where features (subjects) were
labeled as HC, MCI, or mild AD, and the feature
space dimension equated the number of subjects
within the smaller group. Each subject was repre-
sented by a 4-cell pattern vector, with three cells
capturing distinct univariate contrasts (as described
in the Supplementary Material, 3 estimation and con-
trast vectors), and one cell representing the animal
versus non-animal decoding accuracy (as detailed in
the MVPA: Animacy decoding). In each iteration of
cross-validation, subjects equal to the number within
the smaller group, except one from each group, were
designated as training data, while the remaining sub-
ject from each group served as the test data. Given
the limited data availability, we applied the bootstrap
method by repeating this procedure 10,000 times and
averaging the results to yield a final accuracy perfor-
mance for each pairwise group classification within
each ROI. This comprehensive approach is further

elaborated in the ROIs with information for subject
decoding section, where the results are presented.

Statistical analyses

To ascertain the comparability of the three groups
in terms of age, education, and gender, and to iden-
tify potential significant variations in their ICA test
scores, a single-factor analysis of variance (ANOVA)
was conducted. In cases where notable differences
were observed, a two-tailed 7T-test was subsequently
employed to identify which specific pairs of groups
displayed statistically significant distinctions. For
univariate analyses, one-tailed 7-test were used
to determine the significance of within-group and
between-group differences. In the context of MVPA,
non-parametric statistical tests were utilized. For ani-
macy decoding, the sign-rank test was applied, while
subject-wise classification involved 10,000 bootstrap
resampling of participants. To account for multiple
comparisons, the false discovery rate (FDR) correc-
tion was employed.

RESULTS
ICA and other cognitive tests scores

Table 4 displays the ICA test scores, encompass-
ing the ICA-total, ICA-speed, and ICA-accuracy of
each individual subject along with other cognitive
tests within each group. Table 5 presents a compre-
hensive comparison of ICA scores between each pair
of groups. Specifically, when contrasting the HC and
MCI groups, it is evident that the MCI group exhib-
ited significantly lower scores in both ICA-total and
ICA-speed. Additionally, the comparison between
the HC and mild AD groups reveals that individ-
uals with mild AD showcased significantly poorer
performance across all three ICA scores. Lastly,
an examination of the MCI and mild AD groups
highlights that patients with mild AD displayed sig-
nificantly lower scores in ICA-accuracy.

Neuropsychiatric tests score correlations

Figure 2 illustrates the correlation between each
pair of neuropsychiatric tests, with asterisks (*) and
double asterisks (**) denoting p-values of 0.05 or less
and 0.001 or less, respectively.
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Table 4
ICA test scores along with other cognitive test scores of individual subjects within three groups (ICA scores obtained from iPAD)
ICA ACE-R
Total Speed Accuracy MoCA MMSE Total Attention Memory Fluency Language Visuospatial

HC
avg  66.60 78.05 85.15 26.35 28.90 93.80 17.30 23.95 11.80 24.95 15.80
std  8.75 7.16 7.69 241 1.02 4.24 0.92 2.58 1.85 1.61 0.52
SO01 71 79 90 28 28 97 16 26 13 26 16
S02 71 79 89 30 29 97 17 26 12 26 16
S05 70 75 93 28 29 96 18 24 13 25 16
S12 52 85 61 28 29 95 18 24 12 26 15
S14 67 78 86 28 29 98 17 26 13 26 16
S15 76 87 38 25 27 92 16 23 11 26 16
S16 69 82 84 24 29 85 18 15 14 22 16
S17 67 80 84 22 27 92 15 23 14 24 16
S18 75 85 89 25 29 95 17 24 13 25 16
S23 68 76 89 28 30 100 18 26 14 26 16
S25 61 75 82 29 30 96 18 25 12 25 16
S30 45 61 73 27 30 93 18 25 8 26 16
S31 66 78 33 24 28 82 17 20 9 20 16
S32 66 77 85 27 30 97 18 26 11 26 16
S33 66 72 92 29 30 91 18 25 8 26 14
S35 73 89 82 28 28 96 18 25 12 25 16
S41 74 81 91 23 30 95 18 25 10 26 16
S42 66 72 92 22 28 94 17 25 11 25 16
S44 50 64 78 25 30 92 18 23 13 23 15
S45 79 86 92 27 28 93 16 23 13 25 16

MCI
avg 59.13 71.60 82.33 24.64 27.67 84.00 17.00 22.33 10.13 24.73 1547
std 10.14 7.90 9.01 2.02 145 23.50 1.20 2.09 1.64 1.62 0.83
S03 71 79 91 25 26 90 17 23 10 24 16
S04 65 70 94 27 28 90 17 23 8 26 16
S09 34 51 66 24 29 90 18 20 11 25 16
S10 61 70 87 28 30 93 18 24 10 25 16
S11 68 76 90 24 30 93 18 25 9 26 15
S19 57 72 79 25 27 90 17 24 11 23 15
S21 57 68 84 28* 26 88 16 22 12 22 16
S26 62 73 85 25 28 84 17 18 7 26 16
S28 64 81 79 25 28 95 17 25 12 25 16
S29 56 65 86 26 28 92 18 20 12 26 16
S36 39 66 60 20 25 0 14 23 8 26 14
S37 64 75 85 25 28 82 18 20 9 21 14
S39 59 67 87 22 28 91 17 23 11 26 14
S40 64 80 80 26 28 94 18 24 10 26 16
S43 66 81 82 23 26 88 15 21 12 24 16

mild AD
avg 50.50 69.70 72.50 20.00 24.80 76.60 15.50 18.80 8.50 20.90 12.90
std 11.81 12.25 13.07 6.18 3.19 14.04 2.59 3.22 2.80 4.48 3.63
S06 58 69 83 15 25 71 14 14 8 20 15
S07 39 74 53 22 26 84 18 18 10 26 12
S08 41 51 80 20 24 71 14 21 6 20 10
S13 63 74 85 27 27 94 18 21 13 26 16
S20 36 57 64 15 23 65 14 17 5 15 14
S22 42 74 56 8 17 49 10 13 5 16 5
S24 54 69 78 18 25 69 17 20 7 15 10
S27 69 75 92 25 26 92 17 22 12 25 16
S34 42 59 70 28 29 84 18 20 9 21 16
S38 61 95 64 22 26 87 15 22 10 25 15
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Table 5
ICA test scores differences between three groups using two-tailed
T-test (ICA scores played on iPad). Significant results are marked
with asterisks; * and ** indicates p-values<=0.05 and<=0.01,

respectively
p
Total Speed Accuracy
HC versus MCI 0.03* 0.02%* 0.33
HC versus mild AD 0.00%* 0.03* 0.00%*
MCI versus mild AD 0.06 0.64 0.04*

ICA test activates several brain regions

Univariate analysis of the entire brain’s activa-
tion in response to images of animal and non-animal
revealed extensive brain regions involved during the
ICA test. Specifically, the temporal, parietal, occipi-
tal, and frontal lobes were activated during the task. In
detail, atotal of 32, 34, and 7 cortical areas were found
to be engaged in the HC, MCI, and mild AD groups,

ICA total

MoCA

ACE-R
ACE-Attention
ACE-Memory
ACE-Fluency
ACE-Language
ACE-Visuospatial

MMSE

GDS

NPI-Symptom Severity
NPI-Carer Distress
BADLS

SRM

respectively (p <0.001, FDR corrected). The corti-
cal regions activated within each group are depicted
in Fig. 3, and their names with corresponding coor-
dinates are listed in Supplementary Table 1.

Differences in activated brain areas within three
groups across entire brain

Activation encompassing all lobes of the brain,
including the temporal, parietal, occipital, and frontal
lobes, was observed during the ICA test in both
the HC and MCI groups (Fig. 3 and Supplementary
Table 1). Specifically, within the temporal lobe, both
groups displayed activation in the bilateral fusiform
gyri, and right inferior temporal gyrus. Conversely,
within the mild AD group, an absence of activa-
tion in the temporal lobe was observed, which is
typically anticipated during high-level visual object
recognition tasks and with the exception of the left
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Fig. 2. Pearson correlations (r) between each pair of neuropsychological tests. Color bar indictaes the value of r coefficient and direction
of correlation. Significant correlations are marked with asterisks; * and ** indicates p-values<=0.05 and<=0.001, respectively. The square
diameter represents the correlation between each test and itself, and its value is always equal to 1. The column that is marked with a thick
black border indicates the correlation between ICA and other tests. SRM, self-rated memory.



1142 H. Marefat et al. / Animacy Representation in Alzheimer’s Disease

~

(2]

B

Fig. 3. Several brain areas were activated during the ICA test. A) Lateral view. B) Inferior view. C) Medial view. Regions activated in
response to images of animal and non-animal, FDR corrected at 0.05. SFG, superior frontal gyrus; SPL, superior parietal lobule; FO, frontal
operculum; Ins, insula; Fus, fusiform; IT, inferior temporal; LO, lateral occipital; ParaHipp, parahippocampus; Hipp, hippocampus; Ling,
lingual; ACC, anterior cingulate cortex. The color bar represents the T statistic.

middle occipital gyrus, all of activated areas were
localized within the parietal lobe. Both the HC and
MCI groups exhibited activation in the bilateral insu-
las and the left anterior cingulate cortex, main hubs of
the salience network responsive to external stimuli.
However, again this activation was absent in the mild
AD group, consistent with the disrupted nature of
this network in the condition. These findings are con-
gruent with the behavioral outcomes, which revealed
significantly lower ICA scores in the mild AD group
compared to the other two groups.

ROIs differentially activated through ICA test
between groups

Generally, considering the brain activation in
response to all images of animal and non-animal
within selected ROIs, there were differences between
each two groups (Fig. 4). Brain of HCs was more
activated in the right temporal occipital fusiform
cortex (uncorrected p=0.004) and middle tempo-
ral gyrus, anterior division (uncorrected p=0.047)
in comparison with the MCI group. Brain of HCs
was more activated in the left parahippocampal
gyrus, posterior division (uncorrected p=0.0412),
right lingual gyrus (uncorrected p=0.0029), right
temporal fusiform cortex, anterior division (uncor-
rected p=0.0333), right temporal fusiform cortex,
posterior division (uncorrected p=0.0084), right
middle temporal gyrus, anterior division (uncorrected
p=0.0103), right inferior temporal gyrus, anterior
division (uncorrected p=0.000128), and right infe-
rior temporal gyrus, posterior division (uncorrected
p=0.0046) in comparison with the mild AD group.
Brain of MCIs was more activated in right lat-
eral occipital cortex, inferior division (uncorrected

p=0.0010), right temporal occipital fusiform cor-
tex (uncorrected p =0.0490), right inferior temporal
gyrus, anterior division (uncorrected p=0.0060),
and right parahippocampal gyrus, anterior division
(uncorrected p = 0.0408) in comparison with the mild
AD group.

Right temporal occipital fusiform cortex was com-
mon when comparing HC versus MCI and MCI
versus mild AD groups. Right middle temporal gyrus,
anterior division was common when comparing HC
versus MCI and HC versus mild AD groups. Right
inferior temporal gyrus, anterior division was com-
mon when comparing HC versus mild AD and MCI
versus mild AD groups. Right inferior temporal
gyrus, anterior division specifically was distinct and
remained significant after FDR correction when com-
paring the HC versus mild AD group.

There is information in the pattern of activity
while not in the level of activity in the HC and
MCI groups

By employing MVPA, we discovered that while
recognizable information exists within the patterns
of brain activity, the same cannot be ascribed to the
mere levels of activity. In the context of categoriz-
ing animacy, MVPA demonstrated that both HC and
MCI groups were able to significantly differentiate
between animal and non-animal stimuli while uni-
variate method failed to reveal any difference in brain
activation when comparing responses to animal ver-
sus non-animal images across HC, MCI, and mild
AD groups. The MVPA showcased the ability of HC
and MCI groups to decode animacy across signif-
icant regions. Notably, within the mild AD group,
neither univariate nor multivariate analysis could dis-
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Fig. 4. Brain activation differences in response to all images of animal and non-animal within regions of interest when comparing each two
groups, uncorrected p-value<=0.01. A) Right to-Fus and a-MT were more activated in the HC than in the MCI group. B) Left p-ParaHipp
and right at-Fus, a-IT, a-MT, p-IT, pt-Fus and Ling were more activated in the HC than in the AD group. C) Right inf-LO, to-Fus, a-ParaHipp
and a-IT were more activated in the MCI than in the AD group. to-Fus, temporal occipital fusiform cortex; at-Fus, temporal fusiform
cortex, anterior division; pt-Fus, temporal fusiform cortex, posterior division; a-Mt, middle temporal gyrus, anterior division; a-IT, inferior
temporal gyrus, anterior division; p-IT, inferior temporal gyrus, posterior division; p-ParaHipp, parahippocampal gyrus, posterior division;
a-ParaHipp, parahippocampal gyrus, anterior division; Ling, lingual gyrus; inf-LO, lateral occipital cortex, inferior division. The only region
that remained significant after FDR correction was right a-IT in HC versus AD comparison.

tinguish between animal and non-animal stimuli.
These findings underscore the absence of discrimi-
native information, both in terms of activity level and
pattern, in the mild AD group pertaining to animacy
decoding.

ROIs that have information to decode animacy in
the HC group

Within the HC group, specific regions demon-
strated information within their activity patterns
to effectively differentiate between animals and
non-animals. These regions encompassed the left
and right lateral occipital cortex, superior division
(sup-LO; p=0.0003 and 0.0003), left and right
lateral occipital cortex, inferior division (inf-LO;
p=0.0001 and 0.0010), right lingual gyrus (Ling;
p=0.0113), left and right occipital fusiform gyrus
(o-Fus; p=0.0220 and 0.0097), left and right tem-
poral occipital fusiform cortex (to-Fus; p=0.0001
and 0.0395), left temporal fusiform cortex, posterior
division (pt-Fus; p=0.0028), left inferior tempo-
ral gyrus, temporooccipital part (to-IT; p=0.0007),
left parahippocampal gyrus, posterior division (p-
ParaHipp; p=0.0158), left and right supramarginal
gyrus, anterior division (a-Supmar; p=0.0472 and
0.0220), right supramarginal gyrus, posterior division
(p-Supmar; p =0.0039), left and right angular gyrus
(Ang; p=0.0236 and 0.0007), right insular cortex
(Ins; p=0.0381), and left cingulate gyrus, posterior

division (PCC; p=0.0362), as shown in Fig. 5. Out
of these 19 significant regions (sign-rank), 11 regions
remained significant even after FDR-correction, as
indicated by bars marked with asterisks in Fig. 5.

ROIs that have information to decode animacy in
the MCI group

Within the MCI group, distinct regions exhibited
informative patterns of activity for distinguishing
animals from non-animals. These regions encom-
passed the left and right lateral occipital cortex,
superior division (sup-LO; p=0.0020 and 0.0021),
left and right lateral occipital cortex, inferior divi-
sion (inf-LO; p=0.0000 and 0.0001), left and right
occipital fusiform gyrus (o-Fus; p=0.0101 and
0.0196), left lingual gyrus (Ling; p=0.0167), left
temporal fusiform cortex, posterior division (pt-Fus;
p =0.0232), left and right temporal occipital fusiform
cortex (to-Fus; p=0.0008 and 0.0035), left and
right middle temporal gyrus, temporooccipital part
(to-MT; p=0.0332 and 0.0257), left inferior tem-
poral gyrus, posterior division (to-IT; p=0.0450),
left parahippocampal gyrus, posterior division (p-
ParHipp; p=0.0233), left angular gyrus (Ang;
p=0.000), and left insular cortex (Ins; p=0.0451),
as illustrated in Fig. 6. Among these 16 significant
regions (sign-rank), 7 regions remained significant
after FDR-correction, as indicated by bars marked
with asterisks in Fig. 6.
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Fig. 5. Animacy decoding in the HC group. Dark and light green bars represent the left and right hemispheres, respectively. Bars marked
with asterisk (*) are regions remained significant following FDR correction. sup-LO, lateral occipital cortex, superior division; inf-LO,
lateral occipital cortex, inferior division; Ling, lingual gyrus; o-Fus, occipital fusiform gyrus; to-Fus, temporal occipital fusiform cortex;
pt-Fus, temporal fusiform cortex, posterior division; to-IT, inferior temporal gyrus, temporooccipital part; p-ParaHipp, parahippocampal
gyrus, posterior division; a-Supmar, supramarginal gyrus, anterior division; p-Supmar, supramarginal gyrus, posterior division; Ang, angular

gyrus; Ins, insular cortex; PCC, cingulate gyrus, posterior division.

ROIs that have information to decode animacy in
the mild AD group

Within the mild AD group, certain regions dis-
played distinctive patterns of activity that facilitated
the differentiation between animals and non-animals.
These regions encompassed the left and right lateral
occipital cortex, inferior division (inf-LO; p =0.0048
and 0.0058), right temporal fusiform cortex, posterior
division (pt-Fus; p=0.0195), left parahippocam-
pal gyrus, anterior division (a-ParHipp; p=0.0136),
right parahippocampal gyrus, posterior division
(p-ParHipp; p=0.0097), left supramarginal gyrus,
anterior division (a-Supmar; p=0.0205), as visual-
ized in Fig. 7. Among these 6 significant regions
(sign-rank), no region remained significant after
FDR-correction, as indicated by the absence of aster-
isks in Fig. 7.

As the level of cognitive impairment progressed
from HC to MCI to mild AD, the capacity of
regions to effectively decode animacy declined,
resulting in a reduction in the number of regions
with this capability. This trend is congruent with the
behavioral results from the ICA test scores. Specif-
ically, the ICA-total for HC was superior to that
of MCI and mild AD, measuring at 66.6 (£8.75),
59.13 (£10.14), and 50.5 (£11.8), respectively. The
decreasing ability to extract information from brain
activity, which was unattainable in the mild AD
group and less apparent in MCI compared to HC,
is reflected in behavioral outcomes. In the MCI and
AD groups, individuals struggled to accurately cate-
gorize animacy, highlighting a decline in perceptual
discrimination. For detailed ICA test scores, refer to
Table 4.
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Fig. 6. Animacy decoding in the MCI group. Dark and light orange bars represent the left and right hemispheres, respectively. Bars marked
with asterisk (¥) are regions remained significant following FDR correction. sup-LO, lateral occipital cortex, superior division; inf-LO,
lateral occipital cortex, inferior division; Ling, lingual gyrus; o-Fus, occipital fusiform gyrus; to-Fus, temporal occipital fusiform cortex;
pt-Fus, temporal fusiform cortex, posterior division; p-IT, inferior temporal gyrus, posterior division; p-ParaHipp, parahippocampal gyrus,
posterior division; to-MT, middle temporal gyrus, temporooccipital part; Ang, angular gyrus; Ins, insular cortex.

Regions that had information to decode animacy
in one group but not the other

Several regions exhibited information in their
activity patterns to decode animacy in one group but
not in the other. Specifically, six regions, namely the
right lingual gyrus (Ling), right occipital fusiform
gyrus (o-Fus), left posterior division of the temporal
fusiform cortex (pt-Fus), left inferior temporal gyrus,
temporooccipital part (to-IT), posterior division of
the right supramarginal gyrus (p-Supmar), and right
angular gyrus (Ang), were capable of decoding ani-
macy in the HC group but not in the MCI group.
Conversely, two regions, the right temporal occipi-
tal fusiform cortex (to-Fus) and left angular gyrus
(Ang), displayed animacy decoding capability in the

MCI group but not in the HC group. Interestingly, no
region exhibited animacy decoding potential in the
mild AD group that was not present in the HC or
MCI groups.

ROIs with information for subject decoding

Through the utilization of MVPA, we identified
certain regions that contained discriminatory infor-
mation for distinguishing between different groups,
a process known as subject decoding or subject-wise
classification.

Regions that significantly discriminated HCs from
MCIs were the left temporal fusiform cortex, ante-
rior (at-Fus) and posterior (pt-Fus) divisions and
right insular cortex (Ins) (10000 bootstrap resam-
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Fig. 7. Animacy decoding in the mild AD group. Dark and light
red bars represent the left and right hemispheres, respectively. No
region remained significant following FDR correction. inf-LO, lat-
eral occipital cortex, inferior division; pt-Fus, temporal fusiform
cortex, posterior division; a-ParaHipp, parahippocampal gyrus,
anterior division; p-ParaHipp, parahippocampal gyrus, posterior
division; a-Supmar, supramarginal gyrus, anterior division.

pling of subjects, FDR corrected). These three regions
displayed no discernible information for animacy
decoding in MCI subjects. Intriguingly, in the HC
group, these same regions demonstrated no sig-
nificant animacy-related information at the level
of brain activity; however, they revealed consider-
able information for discriminating between HC and
MCI individuals during subject decoding, exhibit-
ing robust performance accuracies of 63%, 68%, and
70%, respectively (depicted by blue bars in Fig. 8).
Although the left angular gyrus (Ang) also exhibited
subject decoding potential, it did not retain signifi-
cance following FDR correction.

Regions that significantly discriminated HCs from
ADs were the left lateral occipital cortex, inferior
division (inf-LO), left angular gyrus (Ang), and
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Fig. 8. Subject-wise classification. HC versus MCI (blue bars),
HC versus mild AD (red bars), and MCI versus mild AD (yellow
bars). All regions shown here are significant after 10000 bootstrap
resampling of subjects. Regions survived after FDR-correction
are marked with an asterisk (*). at-FUS, temporal fusiform cor-
tex, anterior division; pt-FUS, temporal fusiform cortex, posterior
division; Ang, angular gyrus; Ins, insular cortex; inf-LO, lateral
occipital cortex, inferior division; PCC, cingulate gyrus, posterior
division; to-IT, inferior temporal gyrus, temporooccipital part; L,
left; R, right.

right cingulate gyrus, posterior division (PCC), as
established through 10000 bootstrap resampling of
subjects. However, none of these regions maintained
statistical significance after FDR correction. Perfor-
mance accuracies for the left lateral occipital cortex,
inferior division (inf-LO), left angular gyrus (Ang),
and right cingulate gyrus, posterior division (PCC)
were 64%, 62%, and 63%, respectively (represented
by red bars in Fig. 8).

Regions that significantly discriminated MClIs
from ADs were the Inferior temporal cortex, tem-
porooccipital part (to-IT) and left angular gyrus
(Ang), established through 10000 bootstrap resam-
pling of subjects and FDR correction. Performance
accuracies were 69% and 74%, respectively (depicted
as yellow bars in Fig. 8). Additionally, cingulate
gyrus, posterior division (PCC) exhibited the abil-
ity to decode subjects with a performance accuracy
of 61%, yet it did not retain significance after FDR
correction.

DISCUSSION

We examined the spatial neural dynamics of visual
animacy processing in the brains of HCs, subjects
with MCI, and mild AD. Our results revealed the
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potential of the ICA test, a rapid visual categoriza-
tion task, to detect cognitive impairments in the early
stages of AD. This non-memory ICA task engaged
high-level visual areas affected functionally in early
AD stages. Moreover, this task was designed to be
challenging enough to detect subtle impairments that
are sometimes not easily recognizable using the cur-
rent standard of care assessment tools. Detecting
cognitive decline early offers patients the chance
to enhance their lifestyle, get timely diagnoses, and
access future AD therapies.

We demonstrated that in response to the ICA
task, extensive areas of the cortex were activated,
therefore increasing the likelihood of detecting less
severe brain deteriorations. The MCI group exhib-
ited a greater number of activated regions compared
to both the HC and mild AD groups. In the mild
AD group, unlike HC and MCI, the brain activa-
tion was deteriorated, and limited to the parietal
cortex and the left middle occipital gyrus. Further-
more, we identified regions where the mean level of
brain activity displayed variations between each pair
of groups in response to both animal and non-animal
images.

Traditionally, the predominant analysis method
employed in prior task-based fMRI investigations
within the realm of AD has been univariate anal-
ysis. This approach primarily seeks to identify the
presence and extent of activation within specific
brain regions. We employed MVPA as an alterna-
tive approach to look deeper into the data, aiming
to uncover additional insights that are not typically
discerned through univariate analysis. By apply-
ing MVPA, we identified specific brain regions
in HCs and MCIs that exhibited the ability to
decode animacy. However, in the mild AD group, no
brain regions demonstrated the capability to decode
animacy following the correction for multiple com-
parisons.

ICA scores deteriorate as the disease progresses
from MCI to mild AD

We have established that rapid animacy catego-
rization is compromised in both MClIs and mild AD
patients when compared to HCs, and this impair-
ment exacerbates as the disease progresses from MCI
to mild AD. The MCI group exhibited significantly
lower ICA-speed and total scores than the HC group.
However, the ICA-accuracy did not decline signif-
icantly from HC to MCI. This divergence in speed
but not accuracy suggests that individuals with MCI

might be sacrificing their speed to uphold their per-
formance levels.

Comparing HC and mild AD, the ICA-speed and
total scores of the mild AD group were significantly
lower than those of the HC group. However, unlike the
MCI group, the ICA-accuracy score also exhibited a
significant decline. This observation implies that even
though the processing speed was slower in the mild
AD group, this decrease in speed was insufficient to
sustain accuracy levels comparable to that of HCs.

Comparing MCI and mild AD, we observed a
significant decline in ICA-accuracy, but not in the
ICA-speed. This finding suggests that despite similar
processing speeds, individuals with mild AD exhib-
ited significantly worse accuracy in performing the
ICA test compared to those with MCI.

ICA: A challenging visual task

The aforementioned findings align with previ-
ous research [14, 23] emphasizing the significance
of evaluating both accuracy and speed for effec-
tive differentiation between patient groups and HCs.
Utilizing a time-sensitive approach in neuropsycho-
logical assessments, instead of a time-free model,
can enhance the detection of cognitive deficits. By
measuring both accuracy and reaction time as prox-
ies for cognitive impairment, the ICA test becomes a
more sensitive tool for cognitive screening compared
to solely measuring accuracy in a time-free manner.
These two metrics together offer a more comprehen-
sive assessment, mirroring the demands of real-world
tasks that need to be completed with satisfactory per-
formance within a reasonable timeframe [19].

The rapid and time-sensitive nature of the ICA task
in our study resembles challenging daily activities,
which may explain its ability to detect impairments
that might not be evident in simpler tasks [12]. In [12],
the accuracy of patients with AD differed from that
of HCs only when the task was time-sensitive, while
no difference was observed when participants had
enough time to categorize animacy in natural scenes.
This indicates that the ICA task’s time-sensitive
design is better suited to capture early impairments in
AD, as it simulates real-life experiences that require
an accurate response within a limited time period.

ICA engages several key brain regions

We demonstrated that in response to the ICA task,
extensive areas of the cortex were activated, there-
fore increasing the likelihood of detecting less severe
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brain deterioration at the early stages of AD. Since
the ICA is an animal recognition test within natu-
ral scenes, as opposed to simple shapes on a plane
background, high-level visual areas going beyond
the occipital lobe early visual cortices within the
temporal lobe were activated. These included the
hippocampus, parahippocampus, fusiform, and infe-
rior temporal gyri that are also known to be affected
by misfolded tau proteins at the early stages of AD
[70]. Bilateral insulas and the left ACC, which serve
as main hubs of the salience network and generally
activated across tasks [73], were also activated dur-
ing the ICA task. Because of natural scenes, it was
not surprising that parts of the parietal lobe which is
known to code location-dependency in visual percep-
tion were also activated.

Differential activation of extensive brain regions
by the ICA task across groups

Upon comparing the groups and taking into
account the activated regions within each group, we
noticed distinct brain activation profiles in response
to all images of animal and non-animal. The HC and
MCI groups displayed activation in high-level visual
areas within the temporal cortex, specifically the ven-
tral visual pathway responsible for object recognition,
which aligns with the target of the ICA test. In con-
trast, the mild AD group exhibited brain activation
mainly limited to the parietal cortex and left middle
occipital gyrus, even though the task was not specif-
ically designed to activate this pathway. Specifically,
the IT cortex was activated in both the HC and MCI
groups but not in the mild AD group. It can be under-
stood that in terms of ICA-accuracy, the HC and MCI
groups could recognize animals much better than the
mild AD group.

Another remarkable difference was observed in the
activation of the main hubs of the salience network;
bilateral insulas and the left ACC were activated in
the HC and MCI groups, while this activation was
absent in the mild AD group.

In addition to the presence of activation in specific
regions in response to images of animal and non-
animal, the level of activity also exhibited notable
differences among the HC, MCI, and mild AD groups
in the temporal cortex. The right fusiform and MT
regions exhibited more activation in the HC compared
to the MCI group. Specifically, the IT cortex showed
no difference between the two groups. We know that
object recognition takes place in the IT cortex, so the
same level of activity in the IT cortex can explain

the similar ICA-accuracy in the HC and MCI groups,
but the lower activation in the fusiform and MT gyri
in the MCI group perhaps can explain the reason that
MCI patients compromised their speed to compensate
this lower activation. The left parahippocampus, right
fusiform, MT, and specifically the IT cortex, showed
more activation in the HC group in comparison to the
AD. These findings can explain worse animal catego-
rization in the mild AD group. Additionally, the right
parahippocampus, fusiform, and specifically the IT
cortex, demonstrated lower activity in the mild AD
group in comparison to the MCI. Again, this observa-
tion can explain the worse ICA-accuracy and animal
categorization in the mild AD group in comparison
to the MCI.

Considering the presence of activation or level
of activity in response to images of animal versus
non-animal, we did not observe any difference in
any groups that could explain the difference in the
ICA scores between the three groups. We conducted
MVPA to search for information that was not discov-
erable in voxel-wise univariate analysis to understand
the mechanism of successful animacy decoding in the
healthy control group, and worse categorization in the
MCI and mild AD groups.

Multivariate pattern analysis reveals extra
information

In an era where precision and individualized
medicine are becoming the gold standard, the role of
MVPA in neuroimaging studies is more crucial than
ever. This advanced technique allows us to capture the
complex interplay of brain regions, offering a better
understanding of neural mechanisms than traditional
methods.

Aside from the novel nature of the ICA test, this
was the first study applying MVPA, a method that
considers the pattern of activation, not just the level
of activation as in traditional univariate analyses. To
the best of our knowledge, the few existing visual
task-based fMRI studies in MCI and mild AD have
applied univariate or functional connectivity methods
[37—41], making this study unique in its approach to
high-level visual processing.

Univariate analysis within the HC, MCI, and mild
AD groups revealed no difference in brain activa-
tion when comparing responses to animal versus
non-animal stimuli. However, MVPA in the HC and
MCI groups could significantly categorize animacy in
high-level visual areas, including the lateral occipital,
lingual gyrus, fusiform, and inferior temporal gyrus.
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Additionally, MVPA identified regions that could
discriminate between groups, termed subject-wise
classification. Specifically, the left temporal fusiform
cortex, both in its anterior and posterior divisions, and
the right insula could distinguish HC individuals from
those with MCI. Furthermore, the left temporooccipi-
tal part of the IT cortex and the left angular gyrus were
found to discriminate individuals with MCI from mild
AD.

By considering the complex patterns of brain
activation through MVPA, our study has unveiled
additional layers of information, enhancing our
understanding of the underlying neural processes and
contributing to the advancement of cognitive assess-
ment in AD.

Future directions

As we look ahead, several avenues for future
research emerge that could address the limitations
of the current study and extend our understanding of
AD and MCIL.

While our study provides valuable insights, the
modest sample sizes for the MCI and AD groups
limit the generalizability of our findings. Future stud-
ies should aim for larger sample sizes to ensure more
representative results.

Our study was cross-sectional, preventing us from
drawing conclusions about the progression from MCI
to AD. Longitudinal studies are essential for captur-
ing the temporal dynamics of disease progression and
could offer more definitive insights into the transition
from MCI to AD.

Incorporating additional biomarkers such as
genetic or metabolic markers could provide a more
comprehensive understanding of AD and MCI,
enriching the dataset and potentially revealing new
avenues for diagnosis or treatment.

Additionally, methodological refinements are war-
ranted. While our approach is supported by existing
literature, especially in the context of individual
variability, we recognize the value of cross-subject
validation. Future studies should consider incorpo-
rating such techniques to enhance the robustness and
validity of the findings.

Lastly, as research in this domain progresses,
multi-center studies could prove invaluable. Collab-
orative research efforts can help in gathering a more
diverse and larger sample, thereby enhancing the gen-
eralizability of the findings.

By addressing these areas, we believe that future
research could move us closer to clinical applications,

whether that be in early diagnosis, treatment strate-
gies, or understanding the underlying mechanisms of
the disease.
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