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Abstract.
Background: There has been renewed interest in the deteriorating effects of sub-threshold amyloid-� (A�) accumulation
in Alzheimer’s disease (AD). Despite evidence suggesting a synergistic interaction between the APOE �4 allele and A�
deposition in neurodegeneration, few studies have investigated the modulatory role of this allele in sub-threshold A� deposition
during the preclinical phase.
Objective: We aimed to explore the differential effect of the APOE �4 carrier status on the association between sub-threshold
A� deposition, cortical volume, and cognitive performance in cognitively normal older adults (CN).
Methods: A total of 112 CN with sub-threshold A� deposition was included in the study. Participants underwent structural
magnetic resonance imaging, [18F] flutemetamol PET-CT, and a neuropsychological battery. Potential interactions between
APOE �4 carrier status, A� accumulation, and cognitive function for cortical volume were assessed with whole-brain
voxel-wise analysis.
Results: We found that greater cortical volume was observed with higher regional A� deposition in the APOE �4 carriers,
which could be attributed to an interaction between the APOE �4 carrier status and regional A� deposition in the posterior
cingulate cortex/precuneus. Finally, the APOE �4 carrier status-neuropsychological test score interaction demonstrated a
significant effect on the gray matter volume of the left middle occipital gyrus.
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Conclusion: There might be a compensatory response to initiating A� in APOE �4 carriers during the earliest AD stage.
Despite its exploratory nature, this study offers some insight into recent interests concerning probabilistic AD modeling,
focusing on the modulating role of the APOE �4 carrier status during the preclinical period.
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INTRODUCTION

Alzheimer’s disease (AD) is distinguished from
other neurodegenerative diseases by amyloid-� (A�)
deposition [1]. This A� accumulation has been shown
to nonlinearly increase decades before the first clin-
ical symptoms in AD [2]. In this regard, there is a
period during which only A� exists without overt
clinical symptoms, and this period has been defined
as the preclinical AD phase [3]. In preclinical AD
patients, the rate of conversion to mild cognitive
impairment (MCI) and dementia is five times higher
than that of the control group without A� [4]. In
addition, because this period is attracting attention
as a suitable time to perform a primary intervention,
several attempts to identify A� pathology have been
carried out through in vivo brain imaging, such as
A�-positron emission tomography (PET) [5].

However, questions surrounding the clinical impli-
cation of A� accumulation below the threshold for a
A�-PET positive scan have recently resurfaced [6].
Previous postmortem study has demonstrated that
65% of individuals with a negative [18F] flutemeta-
mol (FMM) PET scan display an early autopsy stage
of A� accumulation, and 15% exhibit an advanced
stage [7]. Additionally, A� has shown a regional
spreading pattern in the accumulating trajectory even
during the preclinical phase [8], and specific brain
regions relevant to the default-mode neural network
have been demonstrated to be prone to early A�
deposits [9]. Furthermore, even in cognitively unim-
paired older adults, sub-threshold A� deposits were
related to cognitive and functional decline [10] and
further accumulation of A� and tau pathology [11,
12].

Brain cortical atrophy, an early neurodegenera-
tive biomarker during preclinical phase [13], predicts
further cognitive decline [13] and is correlated with
soluble as well as fibrillar A� accumulation [14, 15].
Moreover, a previous study has found a differential
atrophy pattern between positive and negative A�
scans in the CN group [16].

The APOE genotype has been demonstrated to
perform a modulatory role in the penetrance of the
A�-dependent pathway and the effect of environ-

mental factors and other low-risk genes in sporadic
AD [17]. Among APOE genotypes, the APOE �4
allele has been shown to increase A� production
[18], decrease A� clearance [19], and contribute to
the increased risk of AD in a dose-dependent man-
ner [20]. These APOE �4 fragments have also been
reported to interact synergistically with AD pathol-
ogy, deteriorating the degree of neurodegeneration
[21, 22]. In this regard, previous AD studies have
reported that APOE �4 carrier status affects medial
temporal lobe atrophy as well as that of the frontal and
parietal lobes in a dose-dependent manner [23–25].
However, other research findings pertinent to APOE
�4 have been inconsistent, demonstrating no signif-
icant difference in cortical volume compared with
other APOE genotypes in AD patients [26, 27]. In
addition, APOE �4 carriers in the CN group have
displayed accelerating hippocampus atrophy [28] but
modest cortical brain region atrophy [23]. However,
in another study within CN subjects, the APOE �4
allele has been associated with faster cortical thinning
in AD-related cortical brain regions [29].

Despite the synergistic interaction between APOE
�4 allele and A� deposition for the neurodegeneration
[22], most aforementioned studies did not evaluate
the presence of A� deposits. Moreover, although sub-
threshold A� accumulation has clinical implications
during the earliest phase of AD, few studies have
explored interactions with APOE �4 allele for cortical
atrophy in patients with sub-threshold-level A� depo-
sition. In addition, given that the predefined signature
regions of AD tend not to exhibit atrophy during
the preclinical phase [10], there might be undeter-
mined effects in other brain regions, as many previous
studies have only evaluated cortical atrophy in pre-
defined brain regions. Furthermore, in the preclinical
phase, although sub-threshold A� shows a regional
spreading pattern [8] that has been a more accurate
predictor of cognitive decline than global A� [30],
previous studies have mainly focused on the global
accumulation.

In this regard, the present study aimed to evaluate
the differential impact of the APOE �4 carrier status
on the association between sub-threshold A� depo-
sition, cortical volume, and cognitive performance
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in preclinical phase AD patients. Additionally, the
present study assessed the effect of the APOE �4
carrier status on cortical volume by whole-brain anal-
ysis. Furthermore, the study examined the impact of
subtle changes in global and regional A� deposition
and evaluated both memory performance and exec-
utive functions affected during the earliest trajectory
of AD.

MATERIALS AND METHODS

Participants

Subjects were recruited from volunteers registered
in the Catholic Aging Brain Imaging database, which
contains brain scans of patients who visited the out-
patient clinic at the Catholic Brain Health Center,
Yeouido St. Mary’s Hospital, The Catholic Uni-
versity of Korea, from 2017 to 2021. In all 2,219
subjects, cognitive function was assessed using the
Korean version of the Consortium to Establish a
Registry for AD (CERAD-K) [31]. The measure-
ments included assessments regarding the Korean
version of the verbal fluency (VF) test, the 15-item
Boston Naming Test, Mini-Mental State Examination
(MMSE-K) [32], word list memory (WLM), word
list recall (WLR), word list recognition (WLRc),
constructional praxis, and constructional recall. In
addition, total memory (TM) scores were obtained
by summing the respective z-scores from the WLM,
WLR, and WLRc tests. The total CERAD-K scores
were calculated by summing all subcategory z-scores,
excluding the MMSE-K and constructional recall
scores. Additionally, the Stroop Word-Color Inter-
ference test, Trail Making Test B, and VF test were
used to assess executive function [33, 34]. Higher
Trail Making Test B scores mean lower executive
function. To calculate the executive function com-
posites, we summed respective z-scores of the Stroop
Word-Color Interference test, VF test, and inverse
value of Trail Making Test B. Details regarding
the use of specific tests and the reviewing pro-
cess are described in the Supplementary Material.
The inclusion criteria were as follows: 1) unim-
paired memory function, quantified by scoring above
age-, sex-, and education-adjusted cut-offs on the
WLM, WLR, and WLRc domains; 2) MMSE-K
score between 24 and 30; 3) Clinical Dementia
Rating score of 0; 4) Memory Box score of 0;
5) normal cognitive function based on the absence
of significant impairment in cognitive function or
activities of daily living; and 6) no family history

of AD. We excluded participants with a history of
alcoholism, drug abuse, head trauma, or psychiatric
disorders and those taking any psychotropic medica-
tions (e.g., cholinesterase inhibitors, antidepressants,
benzodiazepines, and antipsychotics), those with
uncontrolled multiple cardiovascular risk factors
(e.g., uncontrolled arterial hypertension, diabetes
mellitus, dyslipidemia, cardiac disease including
coronary heart disease, arrhythmia, etc.), and those
with evidence of subcortical ischemic changes cor-
responding to a score ≥2 on the Fazeka’s scale
[35]. T2-weighted fluid-attenuated inversion recov-
ery data were acquired to objectively exclude vascular
lesions or other diseases. Participants underwent
FMM PET-CT within 3 months of the magnetic res-
onance imaging (MRI) scan and those with positive
FMM PET scan were excluded. The procedures for
APOE genotyping are described in the Supplemen-
tary Material. Considering the protective effect of
APOE �2 allele [36], we excluded participants with
the APOE �2 allele (Fig. 1). If a participant had
at least one APOE �4 allele, they were categorized
as an APOE �4 carrier; if they had no APOE �4
allele, they were categorized as an APOE �4 non-
carrier. The study was conducted under the ethical and
safety guidelines set forth by the Institutional Review
Board of The Catholic University of Korea, which
approved all research activities (SC18TESI0143).
Written informed consent was obtained from all par-
ticipants.

Structural MRI data acquisition

Imaging data were collected by the Yeouido
Saint Mary’s Hospital Department of Radiol-
ogy at The Catholic University of Korea using
a 3T Siemens Skyra MRI machine and a 32-
channel Siemens head coil (Siemens Medical
Solutions, Erlangen, Germany). The parameters
used for the T1-weighted volumetric magnetization-
prepared rapid gradient echo scan sequences were
TE = 2.6 ms, TR = 1,940 ms, inversion time = 979 ms,
FOV = 230 mm, matrix = 256 × 256, and voxel
size = 1.0 × 1.0 × 1.0 mm3.

Structural MRI preprocessing

Image preprocessing was conducted using SPM12
(Wellcome Trust Centre for Neuroimaging, Lon-
don, UK; http://www.fil.ion.ucl.ac.uk/spm) using the
CAT12 toolbox (http://www.neuro.uni-jena.de/cat/).
We utilized an optimized voxel-based morphometry

http://www.fil.ion.ucl.ac.uk/spm
http://www.neuro.uni-jena.de/cat/
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Fig. 1. Flow chart describing the selection process of the participants in our cohort study. ∗Exclusion Criteria: a history of alcoholism,
drug abuse, head trauma, or psychiatric disorders and those taking any psychotropic medications; uncontrolled multiple cardiovascular risk
factors; evidence of subcortical ischemic changes corresponding to a score ≥2 on the Fazeka’s scale. FMM, [18F] flutemetamol.

(VBM) process [37] that included 1) segmentation
and extraction of the brain in native space, 2) nor-
malization of the images to a Montreal Neurological
Institute (MNI) standard space, 3) segmentation and
extraction of the normalized brain (extraction was
repeated to ensure that no non-brain tissue remained);
4) modulation of the normalized images to correct for
tissue volume differences due to the normalization
procedure, and 5) sample homogeneity evaluation to
identify any outliers in the study population. The gray
matter probability values were smoothed using an
8-mm full-width half-maximum isotropic Gaussian

kernel. The smoothed gray matter images were used
for statistical analysis using SPM12.

[18F]-flutemetamol PET image acquisition and
processing

FMM was manufactured, and FMM-PET data
were collected and analyzed as described previously
[5]. Static PET scans were acquired from 90 to
110 min after 185 MBq of FMM injection. MRI for
each participant was used to co-register and define
the ROIs and correct partial volume effects that arose
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from expansion of the cerebrospinal spaces accom-
panying cerebral atrophy using a geometric transfer
matrix.

SUVR calculation

The semi-quantification of FMM uptake on
PET/CT scan was performed by obtaining the stan-
dardized uptake value ratios (SUVRs). The volumes
of interest (VOIs) were restricted to gray matter,
covering the frontal, superior parietal, lateral tempo-
ral, anterior, and posterior cingulate cortex/precuneus
regions. These VOIs were also considered in a pre-
vious study [5]. The reference region for SUVR
calculations was pons. The mean uptake counts of
each VOIs and reference region were measured on
the preprocessed image. A regional SUVR was calcu-
lated as the ratio of each cortical regional mean count
to the pons mean count (SUVRPONS). The global
cortical average (composite SUVR) was calculated
by averaging regional cortical SUVRs weighted for
size. We used a cut-off of 0.62 for “positive” versus
‘sub-threshold’ neocortical SUVR, consistent with
the cut-off values used in a previous FMM PET study
[5]. PET scans classified with sub-threshold A� accu-
mulation also exhibited normal visual reading.

Statistical analysis

Statistical analyses were performed using R
software (version 4.0.5), jamovi (version 1.6.23)
(https://www.jamovi.org), and SPM 12. Assumptions
of normality were tested for continuous variables
using the Kolmogorov–Smirnov test in R software;
all data demonstrated a normal distribution. The two-
sample t-test and chi-square (χ2) tests were used to
probe for differences in demographic variables, clin-
ical data, regional and global A� deposition, and
cognitive function between APOE �4 carriers and
non-carriers in each CN sub-A� group. All statisti-
cal analyses were conducted considering a two-tailed
p-value < 0.05 to define statistical significance.

Structural image analysis was performed using
SPM12 (Wellcome Trust Centre for Neuroimaging,
London, UK; http://www.fil.ion.ucl.ac.uk/spm). To
compare the difference in the cortical volume depend-
ing on the APOE �4 carrier status, ANCOVA on
a voxel-by-voxel basis was carried out between the
APOE �4 carriers and non-carriers on the individual
smoothed gray matter images. Age, sex, years of edu-
cation, and total intracranial volume were included as
covariates in the statistical tests. Additionally, a gen-

eral linear model (GLM, a flexible factorial model
in SPM12) based on whole-brain analysis was per-
formed to evaluate the impact of A� deposits-APOE
�4 carrier status interaction on cortical volume using
the smoothed gray matter images in the CN sub-A�
group. APOE �4 carrier status, regional, and global
FMM SUVRPONS were the independent variables.
We controlled for the effects of age, sex, years of
education, and total intracranial volume using GLM
analysis implemented in SPM 12. The threshold was
set at p < 0.05 [false discovery rate (FDR)] to control
for multiple comparisons.

Furthermore, a GLM based on whole-brain anal-
ysis was performed on the smoothed gray matter
images to evaluate the impact of APOE �4 carrier
status-by-neuropsychological test scores interaction
on the cortical volume. APOE �4 carrier status,
CERAD-K subdomain, TM, executive function,
and total CERAD-K scores were the independent
variables. We performed correction for multiple com-
parisons using the family-wise-error correction based
on Gaussian Random Field Theory (GRFT) [38]
at cluster level (p < 0.05) combined with a primary
uncorrected voxel-level threshold of p < 0.001 in
DPABI V5.1 201201 (http://rfmri.org/dpabi, GNU
GENERAL PUBLIC LICENSE, Beijing, China).
GRFT finds right threshold for a smooth statistical
map which gives the required family-wise-error cor-
rection.

RESULTS

Baseline demographic and clinical data

Table 1 shows the baseline demographic data for
APOE �4 non-carriers and carriers in the CN sub-
A� group. There were no significant differences in
age, sex, number of years of education, and total
intracranial volume between APOE �4 carriers and
non-carriers. Regarding global and regional FMM
SUVRPONS, no significant differences were found
between APOE �4 carriers and non-carriers. Among
the neuropsychological test scores, the CERAD-K
VF, BNT, and CR subdomains were significantly
higher in the APOE �4 non-carriers (p < 0.05). How-
ever, the scores in the remaining domains, total
memory, executive function, and total CERAD-K
scores showed no significant difference between
APOE �4 non-carriers and carriers. Additionally,
whole-brain analysis of the CN sub-A� group did
not reveal any significant differences in gray matter
volume between APOE �4 carriers and non-carriers.

https://www.jamovi.org
http://www.fil.ion.ucl.ac.uk/spm
http://rfmri.org/dpabi
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Table 1
Demographic and clinical characteristics of the study participants

APOE �4 carrier status Non-carrier Carrier p
(N = 80) (N = 32)

Age (y) 66.9 ± 6.1 67.3 ± 7.5 0.945
Gender 0.974

Male 23 (28.8%) 10 (31.2%)
Female 57 (71.2%) 22 (68.8%)

Years of education 12.8 ± 3.6 12.5 ± 4.2 0.724
TIV (mm3) 1503.1 ± 141.2 1511.5 ± 138.5 0.780
Global SUVRPONS 0.56 ± 0.03 0.55 ± 0.04 0.293
Regional SUVRPONS

ACC 0.57 ± 0.04 0.58 ± 0.04 0.218
FL 0.44 ± 0.04 0.43 ± 0.04 0.309
PL 0.37 ± 0.04 0.38 ± 0.06 0.434
PCC/Precuneus 0.49 ± 0.04 0.48 ± 0.04 0.474
TL 0.51 ± 0.03 0.51 ± 0.04 0.958

CERAD-K
VF 17.0 ± 4.2 15.5 ± 3.0 0.037
BNT 13.2 ± 1.4 12.2 ± 1.7 0.001
MMSE 28.3 ± 1.4 28.2 ± 1.2 0.966
WLM 20.2 ± 3.2 20.4 ± 3.0 0.781
CP 10.8 ± 0.6 10.7 ± 0.9 0.665
WLR 7.0 ± 1.5 7.0 ± 1.4 0.920
WLRc 9.5 ± 0.7 9.5 ± 0.8 0.805
CR 8.4 ± 2.6 7.3 ± 2.8 0.038
TMT B 118.2 ± 61.6 142.7 ± 73.3 0.074
Stroop word-color 41.7 ± 10.8 39.9 ± 8.3 0.386
Total memory 0.11 ± 2.42 –0.28 ± 2.45 0.438
Executive function 0.27 ± 2.57 –0.68 ± 1.91 0.060
Total CERAD-K 0.33 ± 3.90 –0.83 ± 3.64 0.150

Data are presented as the mean ± SD unless indicated otherwise. SUVRPONS, standardized uptake
value ratio of [18F] flutemetamol, using the pons as a reference region; ACC, anterior cingulate
cortex; FL, frontal lobes; PL, parietal lobes; PCC/Precuneus, posterior cingulate cortex and pre-
cuneus; TL, lateral temporal lobes; CERAD-K, Korean version of Consortium to Establish a
Registry for Alzheimer’s Disease; VF, verbal fluency; BNT, Boston Naming Test; MMSE, the
Korean version of the Mini-Mental Status Examination; WLM, Word List Memory; CP, Con-
structional Praxis; WLR, Word List Recall; WLRc, Word List Recognition; CR, constructional
recall; TIV, total intracranial volume; Total memory, composite score summing respective z-scores
of the WLM, WLR, and WLRc tests; Executive function, composite score summing respective
z-scores of the Stroop Word-Color Interference test, VF test, and inverse value of Trail Making
Test B; Total CERAD-K, composite score summing respective z-scores of the CERAD-K VF,
BNT, WLM, CP, WLR, and WLRc domains; TMT B, Trail Making Test B.

Association between quantitative value of Aβ

deposition and cortical volume according to the
APOE �4 carrier status

Figure 2A shows brain regions with a significant
interaction between regional A� deposition in the
PCC/precuneus and APOE �4 carrier status in terms
of cortical volume after adjusting for age, sex, years
of education, and total intracranial volume (FDR-
adjusted p < 0.001). The results can be attributed to
APOE �4 carriers showing greater cortical volume
with higher regional A� deposition. The results can
be attributed to APOE �4 carriers showing greater
cortical volume with higher regional A� deposition.
Scatter plots visualize these results in Fig. 2B. Table 2

displays the anatomical locations and cluster size
of the brain regions with significant A� deposition-
APOE �4 carrier status interactions regarding gray
matter volume. Considering global and regional A�
deposits in ROIs other than the PCC/precuneus, there
were no significant A� deposition-APOE �4 carrier
status interactions on cortical volume.

APOE �4 carrier status-by-neuropsychological
performance scores interaction on cortical
volume

After adjusting for age, sex, years of education, and
total intracranial volume, the APOE �4 carrier status-
total CERAD-K score interaction demonstrated a
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Fig. 2. A) Brain regions showing a significant interaction between A� deposition in the posterior cingulate cortex/precuneus and APOE
�4 carrier status on gray matter volume in cognitively normal older adults with sub-threshold A� deposition. B) Scatter plots visualizing
relationships between sub-threshold A� deposition in the posterior cingulate cortex/precuneus and gray matter volume in regions of interest
according to APOE �4 carrier status. General linear model analysis adjusting for age, sex, years of education, and total intracranial volume,
FDR-adjusted p < 0.001, cluster p < 0.05. The cluster size of the regions of interest was greater than 100 voxels. SUVRPONS, standardized
uptake value ratio of [18F] flutemetamol.
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Table 2
Anatomical locations of the regions showing a significant sub-threshold A� deposition-APOE �4 carrier status interaction on gray matter

volume in cognitively normal older adults with sub-threshold A� deposition

Region L/R Cluster Peak Peak MNI coordinates
(Voxel count) F value (x, y, z)

PCC/Precuneus SUVRPONS-by-APOE �4 carrier
status interaction on gray matter volume

Hippocampus R 606 34.0823 28 –14 –14
Middle temporal gyrus R 295 28.1768 40 –34 –8
Amygdala L 292 30.6923 –18 2 –16
Hippocampus L 278 45.5994 –16 –34 0
Cerebellum 8 L 256 35.2305 –22 –54 –48
Cerebellum 8 R 177 32.7515 18 –58 –48
Temporal pole: middle temporal gyrus L 176 28.3857 –30 4 –46
Putamen R 120 27.6089 16 16 –8
Postcentral gyrus L 112 26.6399 –38 –16 46
Rectus gyrus L 108 27.9905 2 34 –14

General linear model analysis adjusted for age, sex, years of education, and total intracranial volume, FDR-adjusted p < 0.001, cluster
p < 0.05. SUVRPONS, standardized uptake value ratios of [18F] flutemetamol; L, left; R, right.

significant effect on gray-matter volume of the left
middle occipital gyrus in the CN sub-A� group
(GRFT correction at a p < 0.05, voxel p < 0.001). As
expected from the visualizing scatter plot shown in
Fig. 3, cortical volume in the left middle occipital
gyrus was larger in APOE �4 carriers that showed
higher total CERAD-K scores. Table 3 displays the
anatomical locations and cluster sizes of the brain
regions showing a significant APOE �4 carrier status-
by-global cognitive function interaction. There was
no significant interaction effect with other CERAD-K
subdomains, TM, and executive function scores.

DISCUSSION

The current study aimed to evaluate differen-
tial associations between regional and global A�
accumulation, cortical volume, and cognitive per-
formance scores depending on the APOE �4 carrier
status in the CN sub-A� group.

In the current study, there were no significant
differences in regional and global A� deposition
between APOE �4 carriers and non-carriers in the CN
sub-A� group. While some studies with AD patients
have displayed increased A� deposition in APOE �4
carriers compared to non-carriers [26, 39, 40], other
studies have reported no difference between APOE
�4 carriers and non-carriers [41, 42]. Moreover, there
are limited studies examining the significant differ-
ence in A� deposition according to the APOE �4
allele in the CN sub-A� group. In particular, consid-
ering that A� accumulation increases most steeply
during the middle-aged [43, 44], the characteristics
of the subjects whose A� deposition level remained

below the threshold until their mid-60 s also might
have influenced the non-significant difference in A�
level according to APOE �4 carrier status.

With regard to cortical volume, we found no sig-
nificant difference in gray matter volume between
APOE �4 carriers and non-carriers in the CN sub-A�
group. Although the impact of the APOE genotype
on cortical structure is understudied in the preclin-
ical phase, the current results differ from previous
research documenting thicker cortices and faster cor-
tical thinning in APOE �4 carriers than non-carriers
[29]. Additionally, another prior study suggested
APOE �4 fragments to be associated with a neuron-
specific proteolytic mechanism for cortical atrophy
[45]. However, these findings are somewhat lim-
ited by the lack of information on A� deposits in
the CN group. Additionally, the impact of APOE
�4 carrier status on the cortical volume might be
more limited because the current study was con-
ducted in subjects at a stage before A� deposition
progressed significantly. Given the limitation of the
previous paper, the current study explored the dif-
ferential effect of sub-threshold A� deposition on
cortical volume according to APOE �4 carrier sta-
tus. The results of this study showed that APOE �4
carriers in the CN sub-A� group had a greater corti-
cal volume with higher regional A� deposition of the
PCC/precuneus. Although these results differ from
those of earlier studies [46], the results presented
herein support evidence from clinical observations
showing a positive association between A� accumu-
lation and cortical volume in CN participants [47].
Another prior study suggests a different pattern in the
association between A� deposition and cortical thick-
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Fig. 3. Impact of the interaction between global cognitive function and APOE �4 carrier status on cortical volume in cognitively normal
older adults with sub-threshold A� deposition. General linear model analysis adjusting for age, sex, years of education, and total intracranial
volume. Thresholds were set using GRFT correction at a p < 0.05, voxel p < 0.001. The statistical threshold of cluster size > 44. Total
CERAD-K, composite score summing respective z-scores of the CERAD-K VF, BNT, WLM, CP, WLR, and WLRc domains.

Table 3
Anatomical locations of the regions showing a significant interaction between global cognitive function and APOE �4 carrier status on gray

matter volume in cognitively normal older adults with sub-threshold A� deposition

Region L/R Cluster Peak Peak MNI coordinates
(Voxel count) F value (x, y, z)

Middle occipital gyrus L 63 16.0884 –40 –78 30

General linear model analysis adjusted for age, sex, years of education, and total intracranial volume. Thresholds were set using GRFT
correction at a p < 0.05, voxel p < 0.001. The statistical threshold of the cluster size was 44. L, left; R, right.

ness depending on the level of A� deposition in CN
subjects, only showing a positive association between
the sub-threshold A� deposition value and corti-
cal thickness [48]. Moreover, the previous findings
showed thicker cortices in temporoparietal regions
with an increase in early AD pathology index, which
incorporates A� and tau levels in the trajectory of
AD [25]. In this research, APOE �4 carriers displayed
faster hippocampus atrophy with an increase in AD
pathology index during the whole AD spectrum [25].
Considering their research methods, these studies
measured AD pathology through cerebrospinal fluid,
which cannot be used to assess regional AD pathol-
ogy. Additionally, they also did not examine the
interaction effect between AD pathology and APOE
genotype on cortical volume. Moreover, some of
the findings were observed during the AD spec-
trum period rather than during the preclinical phase.
Therefore, these limitations suggest that prior study
findings need to be interpreted cautiously.

Among the ROIs showing a larger cortical vol-
ume with higher regional A� deposition in the
PCC/precuneus in APOE �4 carriers within the
present study, the cerebellum has been demonstrated
to be structurally and functionally connected to the
cerebral cortex [49, 50]. In particular, the posterior

cerebellum, including the cerebellum 8, has been
reported to be related to the known ROIs of the
default mode network, which is vulnerable to A�
and tau deposition [51, 52]. Additionally, AD and
MCI patients have exhibited greater atrophy in the
posterior cerebellum than healthy controls [53–55].
Considering the previous findings, although it is
assumed that the APOE �4 allele can modulate the
association between the portions of the posterior cere-
bellum and the cerebral cortex vulnerable to AD
pathology, research on the effect of the APOE �4
genotype on cerebellar volume has not yet been con-
ducted in CN individuals.

Concerning larger cortical volume and higher
AD pathology during the preclinical phase, post-
mortem studies considering preclinical AD patients
have found nuclear and cellular hypertrophy [56,
57], followed by cellular atrophy [58]. Additionally,
transgenic mice studies of AD have found neural
hypertrophy and increased synapses [59]. Moreover,
another animal research model of AD showed amy-
loid precursor protein to increase cortical neuron size
[60]. These findings have been explained by the reac-
tive neuronal hypertrophy or inflammatory response
to initial A� accumulation [58]. With regard to the
reactive inflammatory response, the APOE �4 allele
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is associated with enhanced microglial activation and
greater astrogliosis in the frontal and temporal lobe
compared with other APOE genotypes [61, 62]. Addi-
tionally, transgenic mouse models of AD pathology
have shown the APOE �4 genotype to increase the
inflammatory response of microglia and astrocytes
[63, 64], modulating cytokine release depending on
the glial cell type and disease stage [65, 66]. Fur-
thermore, the APOE �4 allele was found to increase
inflammatory gene transcription, such as by trig-
gering the receptor expressed on myeloid cells 2
(TREM2) [64, 67]. Considering all of this evidence,
the principal theoretical implication of the present
findings is that the inflammatory response to the ear-
liest stage of A� accumulation could affect neuronal
and glial hypertrophy in CN participants, with this
effect being enhanced by the APOE �4 carrier status.

Another important finding of the present investiga-
tion was that the PCC/precuneus was the ROI where
A� deposition exhibited a distinctive effect on corti-
cal volume according to the APOE �4 carrier status.
In addition, the PCC/precuneus has been reported
to be vulnerable to initial A� accumulation in the
course of AD [68]. Furthermore, prior research in AD
patients has demonstrated that A� does not signifi-
cantly deposit in the medial temporal and temporal
poles, although atrophy progressed in these regions
[69]. On the contrary, in the PCC/precuneus, atro-
phy did not progress clearly, but A� deposition was
significant [69]. This discrepancy could be partially
explained by the fact that A� affects remote brain
regions through transsynaptic spread via afferent con-
nections [70]. In the current study, no differences in
A� deposition were observed in the PCC/precuneus
compared with other regions. This might be because
the current study participants were in the preclinical
phase. However, the interaction of A� accumula-
tion with APOE �4 carrier status in terms of cortical
volume was not observed in areas other than the
PCC/precuneus. Additionally, despite subthreshold
A� deposition in the present study, A� deposition
in the PCC/precuneus region of APOE �4 carri-
ers differentially affected the cortical volume of the
temporal lobe, including the hippocampus, middle
temporal gyrus, and temporal pole. Another possible
explanation is tauopathy, which affects atrophy rate,
interacting with A� deposition during the preclini-
cal phase [71]. However, it has been demonstrated
that the proportion of the CN sub-A� group with
positive tau deposition is only 12% [72], and the
effect of tauopathy on cortical atrophy starts in the
early stages of MCI [46]. In this respect, it could

be estimated that the effect of tau on atrophy in the
preclinical phase of AD in those without A� depo-
sition is limited. Moreover, the ROIs showing the
sub-threshold A�-APOE �4 carrier status interaction
on the cortical volume are part of the cortico-
hippocampal systems [73]. This system consists of
the posterior medial (PM) and anterior temporal (AT)
systems, which are involved in processing contexts
and item information, respectively [73]. Additionally,
the hippocampus integrates these two sub-systems
for supporting memory-guided behavior [73]. While
the PCC/precuneus constitutes the PM system, the
ROIs of the current study correspond to the AT sys-
tem and hippocampus. Taken together, the earliest
A� deposition in the hub region of the PM system
could differentially affect the cortical volume in brain
regions of the AT system according to the APOE
�4 carrier status. However, we did not detect any
interaction between cortical volume and APOE �4
carrier status on the cognitive performance scores
in these ROIs. Instead, we explored the interaction
between cognitive function and APOE �4 carrier sta-
tus on cortical volume by whole-brain analysis and
found greater left middle occipital gyrus volume to
be associated with higher global cognition scores in
APOE �4 carriers compared with non-carriers. The
left middle occipital gyrus volume has predicted AD
occurrence con-jointing with AD-associated single
nucleotide polymorphism data [74] and has exhib-
ited a significant decrease in MCI patients compared
to the CN group [75]. However, this region has
displayed greater volume in the APOE �4 carriers
of healthy middle-aged individuals [76]. Although
there is a paucity of studies examining the APOE �4
allele-cognitive function interaction on brain struc-
ture, including the left middle occipital gyrus in the
earliest phase of AD, given that greater cortical vol-
ume was found in APOE �4 carriers with initial A�
deposits, this finding might reflect the compensatory
response to the earliest A� in APOE �4 carriers
within a normal deposition level. However, previous
research has indicated that the relationship between
structural biomarkers and memory performance in
the preclinical phase starts to appear from the age of
70 years [77]. Moreover, the current study has evalu-
ated the association with subtle cognitive differences
within the normal range. In this regard, these factors
could have contributed to the relative lack of statis-
tical robustness for the interactions described in the
present paper.

Finally, several limitations to this study need to be
acknowledged. First, we did not evaluate causative
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factors, including tau, TAR DNA-binding protein-43,
neuronal injury marker, etc., known to affect corti-
cal atrophy in the trajectory of AD [78–80]. Second,
since the atrophy rate depending on AD pathology
and APOE genotype could have contributed to a
higher cortical volume in a cross-sectional study [71],
further longitudinal studies need to be carried out
to clarify the aforementioned associations in the CN
sub-A� group. In addition, the possible effect of the
duration of A� accumulation on cortical atrophy also
supports the need for further longitudinal studies [81].
Thirdly, since the current study has focused on the
CN sub-A� group, there is a bias toward includ-
ing APOE �4 non-carriers, considering the increased
chance of A� pathology affected by this AD high-risk
allele. Therefore, the APOE �4 carriers whose A�
deposition level remained below the threshold until
their mid-60 s could have a higher possibility of hav-
ing other characteristics, including protective genes
[82] and higher cognitive reserve [83], etc. Finally,
the current study’s proportion of APOE �4 carriers
was 28.6%, which is relatively high compared to
the global proportion of 23.9% [84]. Therefore, this
selection bias could have contributed to the signifi-
cant interaction with APOE �4 carrier status observed
in the present study.

This study set out to explore the differential effects
of the APOE �4 carrier status on the associations
between A� deposition, cortical volume, and cogni-
tive performance during the preclinical phase of AD
within those with sub-threshold A� deposition level.
We found the possibility of a compensatory response
to the initiating A� in APOE �4 carriers at the ear-
liest stage of AD, which is overlooked due to the
absence of clinical symptoms. Despite its exploratory
nature, this study offers some insight into recent inter-
ests concerning probabilistic AD modeling, focusing
on the modulating role of APOE �4 carrier status by
showing the earliest impact of this allele during the
preclinical period. Finally, the current findings con-
tribute to a deeper understanding of the earliest stage
of A� accumulation within the progression of AD
with a compliment to the aforementioned limitations.
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R, Miederer I, Praus C, Sorg C, Wohlschläger A, Riemen-
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