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Abstract
Background and purpose: The presence of apolipoprotein E ε4 (APOE ε4) is associated 
with an increased risk of developing Alzheimer disease (AD). The aim of this study was to 
assess the effects of APOE ε4 on amyloid-β (Aβ) pathology, glucose metabolism, and gray 
matter (GM) volume and their longitudinal changes in healthy control (HC) and amnestic 
mild cognitive impairment (aMCI).
Methods: We included 50 HCs and 109 aMCI patients from the Alzheimer's Disease 
Neuroimaging Initiative phase 2/GO based on availability of baseline T1-weighted mag-
netic resonance imaging, 18F-florbetapir positron emission tomography (PET), and 18F-
fluorodeoxyglucose (FDG) PET. Of these, 35 HCs and 67 aMCI patients who underwent 
24-month scans were included for follow-up study.
Results: Voxelwise analysis revealed that APOE ε4 carriers exhibited greater baseline Aβ 
deposition than APOE ε4 noncarriers in both diagnostic groups. However, there was no 
significant difference between APOE ε4 noncarriers and APOE ε4 carriers in terms of 
18F-FDG PET standardized uptake value ratio and GM volume. Region of interest-based 
analysis showed statistically significant greater Aβ deposition in APOE ε4 carriers than 
APOE ε4 noncarriers only in aMCI patients. Furthermore, APOE ε4 carriers generally ex-
hibited a greater magnitude and spatial extent of longitudinal changes in Aβ deposition 
than APOE ε4 noncarriers in both diagnostic groups.
Conclusions: Our findings suggest a differential effect of APOE ε4 on Aβ pathology, glu-
cose metabolism, and GM volume. Studying APOE ε4-related brain changes with neuro-
imaging biomarkers in preclinical AD offers an opportunity to further our understanding 
of the pathophysiology of AD at an early stage.
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INTRODUC TION

The apolipoprotein E (APOE) gene is the most significant genetic mod-
ulator of late onset Alzheimer disease (AD) [1], with three major allelic 
variants, ε2, ε3, and ε4 [2].The ε4 allele of the APOE gene raises the risk 
of AD while decreasing the age of onset [3]. APOE isoforms regulate 
amyloid-β (Aβ) clearance variably, with APOE ε4 being less effective 
than APOE ε2 or APOE ε3 [4]. Previous studies have demonstrated that 
APOE ε4 carriers have increased Aβ deposition [5, 6], a greater per-
centage of individuals who tested positive for Aβ [7, 8], and earlier and 
speedier Aβ accumulation [9]. The results of studies investigating the 
effect of APOE ε4 on glucose metabolism were inconsistent, demon-
strating lower glucose metabolism [3], no genotype effect [10], and 
higher glucose metabolism in APOE ε4 carriers compared to APOE ε4 
noncarriers [11]. Numerous studies have used T1-weighted magnetic 
resonance imaging (MRI) to investigate the effect of APOE ε4 on brain 
structure, but the results are contradictory [12]. Several studies found 
reduced hippocampal volume in APOE ε4 carriers compared with non-
carriers in elderly individuals [13, 14]. Nonetheless, there have also 
been some studies reporting no significant differences in hippocampal 
volume between APOE ε4 carriers and noncarriers [15, 16].

Only a few studies have evaluated the effect of APOE ε4 on vari-
ous neuroimaging modalities. Gonneaud et al. [6] assessed the effect 
of APOE ε4 on brain volume, glucose metabolism, and Aβ deposition 
in cognitively normal individuals. They found no significant effect of 
APOE ε4 on brain volume and glucose metabolism, but Aβ deposition 
was significantly higher in APOE ε4 carriers than in noncarriers. Baek 
et al. [17] assessed the effects of APOE ε4 on Aβ and tau deposi-
tion and their longitudinal changes in the AD spectrum. They found 
increased baseline Aβ and tau deposition in APOE ε4 carriers com-
pared with noncarriers, and the tau accumulation rate was higher in 
APOE ε4 carriers. In patients with mild cognitive impairment (MCI), 
the presence of APOE ε4 allele increases the risk of conversion to 
AD [5]. However, the effect of the APOE ε4 on brain Aβ pathology, 
glucose metabolism, and brain volume in patients with amnestic 
MCI (aMCI) is not fully understood. Studies assessing the effect of 
APOE ε4 on several neuroimaging biomarkers and their longitudinal 
changes in patients with aMCI are rare.

In this study, we sought to characterize the effect of APOE ε4 
on Aβ pathology as measured by 18F-florbetapir (AV45) positron 
emission tomography (PET), glucose metabolism as measured by 
18F-fluorodeoxyglucose (FDG) PET, and gray matter (GM) volume 
as measured by T1-weighted MRI and their longitudinal changes in 
healthy controls (HCs) and patients with aMCI.

MATERIAL S AND METHODS

Participants

Data were obtained from the Alzheimer's Disease Neuroimaging 
Initiative (ADNI) database (https://adni.loni.usc.edu). The ADNI 
study was approved by the institutional review boards of all 

participating institutions. Informed written consent was obtained 
from all participants at each site.

In this study, we selected ADNI-GO/2 participants meeting the 
diagnostic criteria for aMCI who had Mini-Mental State Examination 
(MMSE) scores between 24 and 30, a Clinical Dementia Rating (CDR) 
score of 0.5, a memory complaint, objective memory loss measured 
by education adjusted scores on the Wechsler Memory Scale Logical 
Memory II, and absence of loss in other cognitive domains [18]. At 
baseline, 50 HCs and 109 aMCI patients were selected on the basis 
of the availability of T1-weighted MRI, 18F-AV45 PET, 18F-FDG PET, 
APOE genotyping, cerebrospinal fluid (CSF), and neuropsychological 
assessments. Of these, 35 HCs and 67 aMCI patients who under-
went 24-month scans were included for follow-up study. A complete 
list of ADNI inclusion and exclusion criteria is available at https://
adni.loni.usc.edu/metho​ds/docum​ents/.

Neuropsychological assessment

Neuropsychological tests were performed by certified raters using 
standardized ADNI protocols. Participants underwent a comprehen-
sive battery of neuropsychological tests; we evaluated performance 
on the MMSE, Rey Auditory Verbal Learning Test (RAVLT; immedi-
ate), and Alzheimer's Disease Assessment Scale Cognitive subscale 
(ADAS-Cog) consisting of 11 (ADAS-Cog11) and 13 (ADAS-Cog13) 
items in this study. The neuropsychological test data for study par-
ticipants were obtained from the ADNI files “MMSE.csv,” “CDR.csv,” 
and “ADNIMERGE.csv,” respectively.

APOE genotyping

Peripheral blood was collected from study participants to be used for 
APOE ε4 genotyping. APOE ε4 carriers were defined as individuals with 
one or two copies of allele ε4 (either ε4/ε4, ε4/ε3, or ε4/ε2), and non-
carriers were defined as individuals with no allele ε4. APOE ε4 geno-
typing methods are described at https://adni.loni.usc.edu in detail.

CSF measurements

The ADNI procedures for lumbar puncture can be found at https://
adni.loni.usc.edu. CSF concentrations of Aβ1–42, phosphorylated tau 
(p-tau), and total tau were measured using Elecsys immunoassays on 
a Cobas e 601 analyzer (software version 05.02) as described previ-
ously [19, 20]. All participants who were included in this study had 
their CFS data obtained from the ADNI site.

MRI and PET acquisition and processing

Preprocessed 18F-AV45 PET, 18F-FDG PET, and corresponding 
raw T1-weighted MRI images in the DICOM (Digital Imaging and 
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Communication in Medicine) format were downloaded from the 
ADNI database (https://adni.loni.usc.edu). All structural MRI images 
obtained in this study were acquired using 3.0-T scanners. PET im-
ages were acquired following the intravenous injection of 370 MBq 
(10 mCi) of 18F-AV45 (50–70 min postinjection) and 185 MBq (5 mCi) 
of 18F-FDG (30–60 min postinjection). 18F-AV45 and 18F-FDG PET 
were acquired within 1 week of each other, and the correspond-
ing MRI images were acquired close to the time of the 18F-AV45 
PET scan. The preprocessed PET images were averaged, spatially 
aligned, reoriented, and then interpolated into a standard image and 
voxel size (image volume 160 × 160 × 96, 1.5 × 1.5 × 1.5 mm in x, y, z) 
and smoothed to a common resolution of 8-mm full width at half 
maximum (FWHM). Detailed methods for PET data acquisition and 
preprocessing are available at https://adni.loni.usc.edu/metho​ds/
pet-analy​sis-metho​d/pet-analy​sis/.

Structural MRI and PET data were analysed using Statistical 
Parametric Mapping 12 (SPM12; Wellcome Trust Centre for 
Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm/) and in-house soft-
ware implemented in MATLAB 2019b (MathWorks). In brief, struc-
tural MRI images were brain-extracted, segmented into GM, white 
matter, and CSF, normalized to the standard Montreal Neurological 
Institute (MNI) space, and then smoothed with an 8-mm FWHM 
Gaussian filter. PET images were partial volume corrected (PVC) [21]. 
The PVC PET pictures were coregistered with the corresponding 
structural MRI, and then the transformation parameters established 
by MRI spatial normalization were applied to the spatial normaliza-
tion of the T1-coregistered PET images to the standard MNI space. 
Standardized uptake value ratio (SUVR) images were created by nor-
malizing the uptake to the cerebellar GM mean value.

Four regions of interest (ROIs), including middle temporal gyrus, 
posterior cingulate cortex, inferior parietal lobule, and prefrontal 
cortex, were created based on the Automatic Anatomical Labeling 
atlas [22] in the MNI space. These four regions were selected as a 
priori ROIs due to their importance in cognitive function and vul-
nerability to AD.

Voxelwise analysis

The voxelwise analysis was performed to assess differences in base-
line 18F-AV45 PET SUVR,18F-FDG PET SUVR, and GM volume be-
tween HC and aMCI using two-sample t-tests in SPM12 with age, 
gender, years of education, and APOE ε4 status as covariates. The 
voxelwise analysis was also performed to assess the effects of APOE 
ε4 on Aβ pathology, glucose metabolism, and GM volume. We imple-
mented two-sample t-tests with age, gender, and years of education 
as covariates, comparing 18F-AV45 PET SUVR,18F-FDG PET SUVR, 
and GM volume separately for APOE ε4 noncarriers and APOE ε4 
carriers in HC and aMCI. All SPM statistical maps were thresholded 
at voxel level at p < 0.001 uncorrected and cluster level false discov-
ery rate (FDR) corrected at pFDR < 0.05, voxel size k > 100.

Longitudinally, difference 18F-AV45 PET SUVR and 18F-FDG PET 
SUVR images were created by voxel-based subtraction (Δ: follow-up 

− baseline) using the SPM12 “ImCalc” function. Mean difference 18F-
AV45 PET SUVR and 18F-FDG PET SUVR images were averaged over 
all APOE ε4 noncarriers and APOE ε4 carriers in each diagnostic group.

Statistical analysis

SPSS Statistics for Macintosh version 26 (IBM) was used for the 
statistical analysis of demographic, clinical, and ROI-based data. 
Continuous and categorical variables were compared between 
the APOE ε4 noncarriers and APOE ε4 carriers using independent-
samples t-test and chi-squared test, respectively. ROI-based longi-
tudinal changes in 18F-AV45 PET SUVR, 18F-FDG PET SUVR, and 
GM volume were compared between APOE ε4 noncarriers and APOE 
ε4 carriers by using a linear mixed-effects model with baseline age, 
gender, and years of education as fixed factors. Pearson correlations 
were run to assess the relationship between neuroimaging measures 
and clinical measures in aMCI APOE ε4 noncarriers and aMCI APOE 
ε4 carriers. We considered results statistically significant at p < 0.05.

RESULTS

Participant characteristics

Demographics and clinical characteristics of the study participants 
at baseline are summarized in Table 1. There were no significant dif-
ferences between APOE ε4 noncarriers and APOE ε4 carriers in age, 
gender, years of education, and any neuropsychological assessments 
at baseline. CSF level of Aβ1–42, p-tau, and total tau were significantly 
affected by APOE ε4 status.

APOE ε4 noncarriers showed higher levels of Aβ1–42 than APOE 
ε4 carriers, but levels of p-tau and total tau were lower in APOE ε4 
carriers.

Effects of APOE ε4 on 18F-AV45 PET SUVR, 18F-FDG 
PET SUVR, and GM volume at baseline

Voxelwise analysis of 18F-AV45 PET SUVR revealed that APOE ε4 
carriers exhibited greater baseline Aβ deposition than APOE ε4 non-
carriers in both diagnostic groups. In HCs, APOE ε4 carriers showed 
greater Aβ deposition in the right posterior cingulate cortex, left 
fusiform gyrus, and bilateral supramarginal gyrus than APOE ε4 non-
carriers. In aMCI patients, APOE ε4 carriers show greater Aβ deposi-
tion in the left anterior cingulate cortex, left dorsolateral prefrontal 
cortex, right anterior prefrontal cortex, right middle temporal gyrus, 
and bilateral insula than APOE ε4 noncarriers (Figure  1a, Table  2). 
In terms of 18F-FDG PET SUVR and GM volume, voxelwise analysis 
revealed that there was no significant difference between APOE ε4 
noncarriers and APOE ε4 carriers in both diagnostic groups.

For the ROI-based analysis, aMCI APOE ε4 carriers showed 
significantly higher 18F-AV45 PET SUVR than aMCI APOE ε4 
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noncarriers. In HCs, APOE ε4 carriers showed higher 18F-AV45 
PET SUVR than APOE ε4 noncarriers, but this was not statistically 
significant (Figure  1b). In both diagnostic groups, there were no 
statistically significant differences in regional 18F-FDG PET SUVR 
and GM volume between APOE ε4 noncarriers and APOE ε4 car-
riers. However, the overall 18F-FDG PET SUVR and GM volume of 
four ROIs were slightly higher in APOE ε4 carriers than in APOE ε4 
noncarriers (Figure 1c).

Effects of APOE ε4 on longitudinal changes in 
18F-AV45 PET SUVR, 18F-FDG PET SUVR, and 
GM volume

Mean difference PET SUVR images visually illustrating the effects of 
APOE ε4 on longitudinal changes in Aβ deposition and glucose metabo-
lism in each diagnostic group are shown in Figure 2a,b. In both diagnos-
tic groups, APOE ε4 carriers generally exhibited greater magnitude and 
spatial extent of longitudinal changes in Aβ deposition than APOE ε4 
noncarriers. Longitudinal regional changes (Δ: follow-up − baseline) in 
18F-AV45 PET SUVR, 18F-FDG PET SUVR, and GM volume are demon-
strated in Figure 2c. APOE ε4 carriers showed significantly greater lon-
gitudinal increase in Aβ deposition compared with APOE ε4 noncarriers 

in the middle temporal gyrus in both diagnostic groups (p < 0.05), and 
in the inferior parietal lobule in aMCI (p < 0.05). For both HC and aMCI, 
APOE ε4 carriers also showed greater longitudinal increased in Aβ dep-
osition than APOE ε4 noncarriers in the posterior cingulate cortex and 
prefrontal cortex, but this was not statistically significant. aMCI APOE 
ε4 carriers showed a greater longitudinal decline in glucose metabo-
lism than aMCI APOE ε4 noncarriers, with statistical significance only 
in the inferior parietal lobule (p < 0.05). HC APOE ε4 carriers demon-
strated a higher longitudinal decline in glucose metabolism than HC 
APOE ε4 noncarriers in the posterior cingulate cortex and prefrontal 
cortex, but a lesser decline in the middle temporal gyrus and inferior 
parietal lobule. APOE ε4 carriers had either higher or lesser longitudinal 
reductions in GM volume than APOE ε4 noncarriers in both diagnostic 
groups.

Effect of APOE ε4 on relationship between 
neuroimaging measures and cognitive performance in 
aMCI at baseline

In aMCI APOE ε4 noncarriers, 18F-AV45 PET SUVR and GM volume in 
four ROIs were significantly correlated with the RAVLT-immediate, 
ADAS-Cog11, and ADAS-Cog13 (Figure  3a). Only 18F-AV45 PET 

TA B L E  1  Demographic and clinical characteristics of the study participants at baseline

Characteristic

HC, n = 50 aMCI, n = 109

APOE ε4 noncarriers, 
n = 33

APOE ε4 carriers, 
n = 17 p

APOE ε4 noncarriers, 
n = 50

APOE ε4 carriers, 
n = 27 p

Age, years 72.90 ± 5.88 72.91 ± 6.38 0.999 70.47 ± 6.77 68.55 ± 7.15 0.159

Gender, M/F 17/16 9/8 0.924 40/26 19/24 0.093

Education, years 17.15 ± 2.24 17.47 ± 2.24 0.635 16.33 ± 2.65 15.93 ± 2.57 0.434

MMSE 29.27 ± 1.07 28.88 ± 1.45 0.285 28.50 ± 1.46 28.16 ± 1.65 0.265

RAVLT-immediate 47.42 ± 10.57 44.94 ± 11.75 0.452 39.77 ± 12.10 37.91 ± 10.54 0.410

ADAS-Cog11 5.24 ± 2.50 5.94 ± 3.27 0.404 7.86 ± 4.32 8.67 ± 3.65 0.320

ADAS-Cog13 8.03 ± 3.75 9.12 ± 4.91 0.387 12.35 ± 5.94 14.14 ± 6.45 0.142

CSF Aβ1–42, pg/ml 1622.50 ± 585.10 1134.61 ± 774.59 0.023* 1461.38 ± 697.72 893.20 ± 458.23 <0.001*

CSF p-tau, pg/ml 18.67 ± 5.14 24.34 ± 9.34 0.012* 21.18 ± 12.42 30.47 ± 17.70 0.002*

CSF total tau, pg/ml 208.57 ± 61.11 262.35 ± 94.69 0.026* 232.20 ± 114.86 314.43 ± 159.73 0.003*

Note: Data are presented as mean ± SD.
Abbreviations: ADAS-Cog11, Alzheimer's Disease Assessment Scale Cognitive subscale consisting of 11 items; ADAS-Cog13, Alzheimer's Disease 
Assessment Scale Cognitive subscale consisting of 13 items; aMCI, amnestic mild cognitive impairment; CSF, cerebrospinal fluid; F, female; HC, 
healthy control; M, male; MMSE, Mini-Mental State Examination; RAVLT, Rey Auditory Verbal Learning Test.
*p < 0.05.

F I G U R E  1  Comparison of baseline 18F-florbetapir (AV45) positron emission tomography (PET) standardized uptake value ratio (SUVR), 
18F-FDG PET SUVR, and gray matter (GM) volume between groups. (a) Voxelwise comparison of baseline 18F-AV45 PET SUVR between 
APOE ε4 noncarriers and APOE ε4 carriers in healthy control (HC) and amnestic mild cognitive impairment (aMCI). The Statistical Parametric 
Mapping statistical maps were thresholded at the voxel level at p < 0.001 uncorrected and cluster-level false discovery rate (FDR) corrected 
at pFDR < 0.05, voxel size k > 100. The colour bar represents the T value. (b) Region of interest (ROI)-based comparisons of baseline 18F-AV45 
PET SUVR between APOE ε4 noncarriers and APOE ε4 carriers in each diagnostic group. Data are presented as mean and SD; p-values 
for the comparison between APOE ε4 noncarriers and APOE ε4 carriers are shown: **p < 0.01, ***p < 0.005. (c) ROI-based comparisons of 
baseline 18F-FDG PET SUVR and GM volume between APOE ε4 noncarriers and APOE ε4 carriers in each diagnostic group. No statistically 
significant result was found
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SUVR was significantly correlated with cognitive functions in aMCI 
APOE ε4 carriers (Figure 3b). In both aMCI APOE ε4 noncarriers and 
aMCI APOE ε4 carriers, 18F-FDG PET SUVR was not correlated with 
any measure of cognition.

DISCUSSION

In this study, we assessed the effects of APOE ε4 genotype on Aβ 
pathology, glucose metabolism, and GM volume and their longitu-
dinal changes in HC and aMCI. We found that APOE ε4 carriers had 
greater baseline Aβ deposition than APOE ε4 noncarriers in both di-
agnostic groups, whereas there were no significant effects of APOE 
ε4 on baseline glucose metabolism and GM volume in either HCs 
or aMCI patients. Longitudinally, we found a faster rate of Aβ ac-
cumulation in APOE ε4 carriers compared with APOE ε4 noncarriers 
in both diagnostic groups. aMCI APOE ε4 carriers showed a greater 
longitudinal decline in glucose metabolism compared to aMCI APOE 
ε4 noncarriers. Regarding the effect of APOE ε4 on longitudinal GM 

volume changes, the results are contradictory. Our findings imply 
that APOE ε4 has a differential effect on Aβ pathology, glucose me-
tabolism, and GM volume in HC and aMCI.

The vast majority of previous studies that assessed the effect 
of APOE ε4 on Aβ pathology in cognitively normal individuals found 
that APOE ε4 carriers have greater Aβ deposition than noncarri-
ers [6, 23, 24]. Fleisher et al. [9] examined 18F-AV45 PET imaging 
in 61 older HCs, 53 MCI patients, and 45 AD patients, and found 
that APOE ε4 carriers in each of the diagnostic group had higher 18F-
AV45 PET SUVRs, patterns of 18F-AV45 PET elevations indicative 
of AD, and a greater proportion fulfilling 18F-AV45 PET-positive cri-
teria compared with APOE ε4 noncarriers. The effect of APOE ε4 
on Aβ pathology was shown to be region-specific, although the pri-
mary effect regions varied across studies. Drzezga et al. [25] used 
11C-Pittsburgh compound B (PIB) PET to assess Aβ deposition in 
AD patients, and they found that APOE ε4 carriers had significantly 
stronger and more extended 11C-PIB uptake in bilateral temporopa-
rietal and frontal cortex than APOE ε4 noncarriers. Scheinin et al. [26] 
used 11C-PIB PET to assess the effect of APOE ε4 on Aβ deposition in 

TA B L E  2  Clusters showing significant differences in 18F-AV45 SUVR between APOE ε4 noncarriers and APOE ε4 carriers in HC and aMCI 
patients at baseline

Comparison

Cluster level

Peak T

MNI coordinates

Brain region
Brodmann 
areap k x y z

HC APOE ε4 noncarriers vs. HC APOE ε4 carriers

<0.0001 19,179 4.74 0 −26 34 Right posterior cingulate 
cortex

23

0.042 1565 4.05 −56 −62 −18 Left fusiform gyrus 37

0.018 2356 3.94 64 −21 12 Right supramarginal gyrus 40

0.005 3231 3.91 −40 −50 51 Left supramarginal gyrus 40

aMCI APOE ε4 noncarriers vs. aMCI APOE ε4 carriers

<0.0001 7131 6.76 −2 44 8 Left anterior cingulate 
cortex

32

0.001 756 5.92 28 44 27 Left dorsolateral 
prefrontal cortex

9

0.021 300 5.62 24 62 0 Right anterior prefrontal 
cortex

10

0.001 649 5.60 56 −18 −12 Right middle temporal 
gyrus

21

0.022 316 5.58 −6 50 3 Left insula 13

0.021 318 5.57 30 52 18 Right insula 13

Note: Threshold of p < 0.001 uncorrected at voxel level and p < 0.05 corrected for false discovery rate at cluster level, voxel size k > 100.
Coordinates of peak voxels (x, y, z) are given in MNI space.
Abbreviations: aMCI, amnestic mild cognitive impairment; AV45, florbetapir; HC, healthy control; MNI, Montreal Neurological Institute; SUVR, 
standardized uptake value ratio.

F I G U R E  2  Effects of APOE ε4 on longitudinal changes in 18F-florbetapir (AV45) positron emission tomography (PET) standardized uptake 
value ratio (SUVR), 18F-fluorodeoxyglucose (FDG) PET SUVR, and gray matter (GM) volume. (a) Mean difference 18F-AV45 PET SUVR images, 
visually illustrating the effects of APOE ε4 on longitudinal increases in Aβ deposition in healthy control (HC) and amnestic mild cognitive 
impairment (aMCI). (b) Mean difference 18F-FDG PET SUVR images, visually illustrating the effects of APOE ε4 on longitudinal decline in 
glucose metabolism in HC and aMCI. (c) Region of interest (ROI)-based comparison of longitudinal changes in 18F-AV45 PET SUVR, 18F-FDG 
PET SUVR, and GM volume between APOE ε4 noncarriers and carriers in HC and aMCI. *p < 0.05
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cognitively normal individuals and reported that APOE ε4 appears to 
have a substantial effect on 11C-PIB uptake, primarily in the frontal 
cortex. In this study, we found that APOE ε4 appears to have a sig-
nificant effect on 18F-AV45 uptake predominantly in the posterior 
cingulate cortex, parietal, and occipital regions of HC subjects, but 
predominantly in the anterior cingulate cortex, insula, frontal, and 
temporal regions of aMCI patients. Our findings suggest that the ef-
fect of APOE ε4 on Aβ pathology is stage- and region-specific.

Most of the study assessing the effect of APOE ε4 on Aβ pa-
thology has been cross-sectional, with a limited number of studies 
assessing the longitudinal changes. Using 11C-PIB PET imaging in 
cognitively normal middle-aged and elderly people, Mishra et al. [1] 
shown that APOE ε4 carriers had a greater longitudinal accumulation 
of Aβ pathology in the cortex than noncarriers. A longitudinal 11C-
PIB PET study showed that the presence of APOE ε4 is associated 
with a higher prevalence of Aβ-negative to Aβ-positive conversion, 
but APOE ε4 is not associated with rate of Aβ deposition after adjust-
ing for age [27]. Our findings are in line with previous studies, sug-
gesting that APOE ε4 carriers had greater longitudinal accumulation 
of Aβ pathology than APOE ε4 noncarriers. Furthermore, we found 
that the effect of APOE ε4 on longitudinal changes in Aβ deposition 
was significant in the middle temporal gyrus and inferior parietal lob-
ule, but mild in the posterior cingulate cortex and prefrontal cortex. 
It is important to note that we included age, gender, and years of ed-
ucation as covariates in our analysis to exclude confounding factors; 
thus, it is unlikely that our findings reflect variations in these factors.

18F-FDG PET studies assessing the effect of APOE ε4 on glucose 
metabolism are fewer in number than Aβ-PET studies, and the find-
ings have been inconsistent. Previous studies have reported lower 
glucose metabolism in the APOE ε4 carriers compared with non-
carriers [28], but higher glucose metabolism [10], and no effect has 

also been reported [11]. In this study, we found that APOE ε4 had no 
significant effect on baseline glucose metabolism in both diagnostic 
groups. It is in line with previous studies suggesting that the delete-
rious effect of APOE ε4 on glucose metabolism is more likely in larger 
samples [6], in APOE ε4 homozygotes [29], or those with a family 
history of AD [30]. Consistent with previous study [31], we found 
that APOE ε4 carriers had greater longitudinal decreases in glucose 
metabolism than APOE ε4 noncarriers in aMCI patients. However, 
the effect of APOE ε4 on longitudinal changes in glucose metabolism 
was only significant in the inferior parietal lobule. Taken together, 
our findings further support the idea that the effects of APOE ε4 on 
AD pathology are stage- and region-specific.

Imaging studies assessing the effect of APOE ε4 on brain struc-
ture are the most numerous and inconsistent [12]. APOE ε4 carriers 
have been shown to have significantly less GM volume than APOE 
ε4 noncarriers in both young and old adults, and this is most seen in 
regions that are sensitive to AD such as the hippocampus or other 
medial temporal structures [32, 33]. Our results agree with previous 
studies [34, 35] suggesting that APOE ε4 had no significant effect on 
baseline GM volume. Previous studies reported that APOE ε4 carri-
ers undergo a faster rate of GM atrophy than APOE ε4 noncarriers 
[36, 37], but there have been observations to the contrary [38, 39]. 
In this study, APOE ε4 carriers showed either greater or lesser lon-
gitudinal changes in GM volume compared to APOE ε4 noncarriers, 
leaving the effect of APOE ε4 on longitudinal changes in GM volume 
unclear. Furthermore, we found correlations between GM volume 
and cognitive measures exclusively in APOE ε4 noncarriers, suggest-
ing that APOE ε4 may modify the relationship between GM volume 
and concomitant cognitive performances [12].

Previous multimodal studies have demonstrated a graded effect of 
APOE ε4 on Aβ pathology, glucose metabolism, and GM atrophy. Chen 

F I G U R E  3  Heatmap illustrating the correlations between regional 18F-florbetapir (AV45) positron emission tomography (PET) 
standardized uptake value ratio (SUVR), 18F-fluorodeoxyglucose (FDG) PET SUVR, gray matter (GM) volume, and neuropsychological 
measures of APOE ε4 noncarriers (a) and APOE ε4 carriers (b) in amnestic mild cognitive impairment. Pearson correlation coefficient was 
used for the analysis. Blue indicates a positive association, and red indicates a negative association. **p < 0.01, ***p < 0.005. ADAS-Cog, 
Alzheimer's Disease Assessment Scale Cognitive subscale; IPL, inferior parietal lobule; MTG, middle temporal gyrus; PCC, posterior cingulate 
cortex; PFC, prefrontal cortex; RAVLT, Rey Auditory Verbal Learning Test
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et al. [30] reported that the effect of APOE ε4 on glucose metabolism 
is stronger than that on GM volume. Our results showed that the ef-
fects of APOE ε4 on glucose metabolism and GM atrophy appear to be 
subtler than those on Aβ pathology. The strong effect of APOE ε4 on 
Aβ deposition is consistent with previous studies. It has been demon-
strated that APOE ε4 has both Aβ-dependent and Aβ-independent ef-
fects on glucose metabolism and GM atrophy. Lowe et al. [40] found 
APOE ε4 carriers demonstrate decreased glucose metabolism was 
strongly associated with Aβ deposition. In contrast, the current study 
did not assess whether the APOE ε4 effects on glucose metabolism 
and GM density were associated with Aβ deposition. Knopman et al. 
[41] reported lower glucose metabolism in APOE ε4 carriers compared 
with noncarriers, and there was no interaction between Aβ deposition 
and APOE ε4 genotype with respect to glucose metabolism in Aβ-
positive cognitively normal individuals older than 70 years. Similarly, 
Jagust et al. [42] reported significant effects of APOE ε4 on both Aβ 
deposition and glucose metabolism in cognitively normal elderly indi-
viduals, but showed that the lower glucose metabolism was indepen-
dent of the presence of Aβ deposition. Furthermore, the presence of 
APOE ε4-related hypometabolism and GM atrophy in children [43], and 
young individuals [44], when Aβ deposition is considered absent, fur-
ther argues for Aβ-independent effects of APOE ε4 on brain glucose 
metabolism and GM changes.

There are some limitations of our study. Due to the small sample 
size and limited number of APOE ε4 homozygotes, APOE ε4 homo-
zygotes and heterozygotes have been pooled together in this study, 
which precluded us from investigating APOE ε4 allele dosage effects 
on Aβ deposition, glucose metabolism, and GM changes. A lack of 
sex-stratified analysis is also a limitation to our study. Recent stud-
ies have suggested that APOE ε4 carriers exhibit a greater risk of 
Aβ pathology, glucose hypometabolism, and GM atrophy in women 
compared with men. Future studies analysing sex-stratified asso-
ciations between the APOE ε4 allele and multimodal neuroimaging 
biomarkers will be necessary. Lastly, a longer follow-up interval may 
provide additional evidence on the APOE ε4 effects on Aβ deposi-
tion, glucose metabolism, and GM volume.

In summary, our multimodal study provides a comprehensive 
view of the differential effect of APOE ε4 on three different neuro-
imaging biomarkers. The present study provides evidence that APOE 
ε4 has a significant effect on Aβ pathology, as well as more modest 
effects on glucose metabolism and GM volume. Using neuroimaging 
biomarkers to examine APOE ε4-related brain alterations in aMCI 
would provide an excellent chance to further our knowledge of the 
pathogenesis of AD at an early stage.
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