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A B S T R A C T   

Medial temporal lobe (MTL) subregions are differentially affected in Alzheimer's disease (AD), with a specific 
involvement of the entorhinal cortex (ERC), perirhinal cortex and hippocampal cornu ammonis (CA)1. While 
amyloid (Aβ) and APOEε4 are respectively the first molecular change and the main genetic risk factor in AD, their 
links with MTL atrophy remain relatively unclear. 

Our aim was to uncover these effects using baseline data from 130 participants included in the Age-Well study, 
for whom ultra-high-resolution structural MRI, amyloid-PET and APOEε4 genotype were available. 

No volume differences were observed between Aβ + (n = 24) and Aβ- (n = 103), nor between APOE4+ (n =
35) and APOE4- (n = 95) participants. However, our analyses showed that both Aβ and APOEε4 status interacted 
with age on CA1, which is known to be specifically atrophied in early AD. In addition, APOEε4 status moderated 
the effects of age on other subregions (subiculum, ERC), suggesting a more important contribution of APOEε4 
than Aβ to MTL atrophy in cognitively unimpaired population. 

These results are crucial to develop MRI-based biomarkers to detect early AD.   

1. Introduction 

The medial temporal lobe (MTL) is among the most studied brain 
region because of its involvement in a myriad of cognitive processes and 
its sensitivity to ageing, neurological and psychiatric diseases, including 
Alzheimer's disease (AD) (Moscovitch et al., 2006; Small et al., 2011). In 
the context of AD, histological studies have reported that the MTL is the 
first region to be targeted by neurofibrillary tangles (NFT), although 
MTL subregions are not affected homogeneously (Braak and Braak, 
1991). NFTs first target the perirhinal and entorhinal cortices (PRC and 
ERC, respectively) before propagating to the hippocampal subfield CA1, 
then the subiculum (SUB), CA2, CA3 and the dentate gyrus (DG) (Braak 
and Braak, 1991). Importantly, the pattern of atrophy reported in 
magnetic resonance imaging (MRI) studies are consistent with these 
histopathological observations, with an involvement of ERC, PRC and 
CA1 in early AD stages (ie in patients with mild cognitive impairment 
[MCI]) while all MTL subregions appeared to be atrophied at the AD- 

dementia stage (Adler et al., 2018; de Flores et al., 2015a; Gertje 
et al., 2016; Hata et al., 2019; Pini et al., 2016; Wolk et al., 2017; Xie 
et al., 2019). Thus, MTL atrophy is commonly used as a biomarker to 
monitor AD-related neurodegeneration in-vivo, and provides important 
pathologic staging information (Jack et al., 2018). However, results are 
sparse and less consistent in preclinical AD (i.e. Aβ-positive (Aβ+) 
cognitively unimpaired [CU] individuals), with studies reporting atro
phy in SUB/preSUB (Hsu et al., 2015; Parker et al., 2019), Brodmann 
area 35 (BA35 - a subregion of PRC) (Wolk et al., 2017) or no atrophy 
(Xie et al., 2019) in comparison to Aβ- CU. The same conclusion applies 
to the effects of APOE ε4, the main genetic risk factor for sporadic AD, 
with limited and inconsistent findings (Vilor-Tejedor et al., 2021). For 
example, studies reported no effects of APOE ε4 on hippocampal sub
field volumes (Voineskos et al., 2015) while others reported atrophy of 
CA3/DG (Mueller et al., 2008) or CA1 stratum radiatum lacunosum 
moleculare (SRLM) (Kerchner et al., 2014). All these discrepancies in the 
literature most likely reflect the variability in the anatomical definition 
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of hippocampal subfields across laboratories as well as the use of 
different segmentation protocols (e.g. manual vs automatic approaches). 
Notably, several groups applied FreeSurfer to MRI scans with approxi
mately 1 × 1 × 1 mm3 resolution, which raised serious concerns given 
that this resolution is generally insufficient for visualizing the internal 
structure of the hippocampus (de Flores et al., 2015b; Wisse et al., 
2021). 

Since MTL subregional volumetry could be useful in the early diag
nosis and monitoring of AD, it is particularly important to better char
acterize the deleterious effects of Aβ and APOE genotype on these 
structures. Our aim was to uncover these effects, for the first time in the 
same cohort, to further our understanding of the mechanisms underlying 
MTL atrophy in the context of AD. To that end, dedicated ultra-high- 
resolution T2-weighted scans acquired in cognitively unimpaired 
elderly were used together with a tailored automatic segmentation 
algorithm. 

2. Methods 

2.1. Participants 

Participants from the baseline visit of the Age-Well randomized 
clinical trial of the Medit-Ageing European Project were included in the 
present study (Poisnel et al., 2018). Participants were recruited from the 
general population from November 2016 until March 2018, older than 
65 years, native French speakers, retired for at least 1 year, educated for 
at least 7 years, and performed within the normal range on standardized 
cognitive tests. They did not show evidence of a major neurological or 
psychiatric disorder (including alcohol or drug abuse), history of cere
brovascular disease, presence of a chronic disease or acute unstable 
illness, and current or recent medication usage that may interfere with 
cognitive functioning. Only participants with available dedicated ultra- 
high-resolution structural MRI, 18F florbetapir PET and APOE genotype 
were included. A global SUVr measure extracted from the 18F florbetapir 
PET was used to dichotomize the population into Aβ positive (Aβ+) and 
negative (Aβ-) based on a threshold corresponding to the 99.9th 
percentile of the neocortical standard uptake value ratio distribution 
among 45 healthy young individuals younger than 40 years (André 
et al., 2020). In addition, the cohort was dichotomized into APOE ε4 
carriers (at least one ε4 allele; ε4+) and non-carriers (no ε4 allele; ε4-). 
Baseline data were collected from November 2016 until April 2018. The 
Age-Well randomized clinical trial was approved by the local ethics 
committee (Comité de Protection des Personnes Nord-Ouest III, Caen, 
France; trial registration number: EudraCT: 2016–002,441–36; IDRCB: 
2016-A01767–44; ClinicalTrials. gov Identifier: NCT02977819) and all 
participants gave written informed consent prior to the examinations. 

2.2. MRI data acquisition and handling 

Each subject underwent an MR scan at the CYCERON center (Caen, 
France) using a 3 T Philips (Eindhoven, The Netherlands) scanner. First, 
T1-weighted structural images were acquired (Repetition Time (TR) =
6.8 ms; Echo Time (TE) = 3.1 ms; flip angle = 6◦; 180 slices; slice 
thickness = 1 mm; Field of View (FoV) = 256 × 256 mm2; matrix = 256 
× 256; in-plane resolution = 1 × 1 mm2; acquisition time = 5 min16). In 
addition, two ultra-high-resolution T2-weighted structural images (TR 
= 5310 ms; TE = 110 ms; flip angle = 90◦; 23 slices; slice thickness =
2.5 mm; FOV = 140 × 111 mm2; matrix = 352 × 352; in-plane reso
lution = 0.398 × 0.398 mm2, acquisition time = 3 min43) were ac
quired perpendicularly to the long axis of the hippocampus, and both 
images were then coregistered and averaged using SPM12. 

Hippocampal subfields (CA1, CA2, CA3, DG, SUB) and extra- 
hippocampal regions (ERC, BA35, BA36, and parahippocampal cortex 
[PHC]) volumes were estimated automatically for each participant from 
their averaged ultra-high-resolution T2-weighted image using the 
Automated Segmentation for Hippocampal Subfields (ASHS) software 

(Yushkevich et al., 2015). For an example of ASHS segmentation, see 
Fig. 1. Note that a customized atlas was first created for this purpose. 
This was motivated by recent observations based on ex vivo MRI and 
histology data showing that the dark band, a hypointense line appearing 
within the gray matter of the hippocampus on T2 images frequently used 
in segmentation protocols as the boundary between DG and SUB/CA, is 
exclusively composed of SRLM (de Flores et al., 2020a). Thus, dark band 
voxels should be labeled as SUB/CA only, but were split evenly between 
SUB/CA and DG in the original atlas provided with ASHS (ashs_atla
s_upennpmc_20170810) (Yushkevich et al., 2015). Therefore, we 
manually edited the segmentations from the original atlas (29 subjects) 
to label all dark band voxels as SUB/CA and generated a new atlas. 
Leave-one-out cross-validation analyses showed similar accuracy as 
compared to the original atlas (Dice coefficients: CA1 = 0.82, CA2 =
0.56, CA3 = 0.53, DG = 0.80, SUB = 0.76, ERC = 0.79, BA35 = 0.72, 
BA36 = 0.78, PHC = 0.78). The volume of the whole hippocampus was 
estimated as the sum of the five hippocampal subfields. All ASHS seg
mentations were visually inspected and manually edited when feasible 
(see the QC procedure in supplementary material). All volumetric 
measures were normalized to the total intracranial volume (TIV, 
calculated using SPM12 by summing the volumes of the gray matter, 

Fig. 1. : Example of an ASHS segmentation in the hippocampal head and 
hippocampal body. Abbreviation: BA: Brodmann area; CA: cornu ammonis; DG: 
dentate gyrus; ERC: entorhinal cortex; PHC: parahippocampal cortex; 
SUB: subiculum. 
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white matter and cerebrospinal fluid) to compensate for interindividual 
variability in head size. Note that raw volumes are reported in Supple
mentary Table 1. 

2.3. Statistical analyses 

For each MTL subregion, group comparisons were performed (Aβ +
vs Aβ- participants and ε4+ vs ε4 participants) using ANCOVAs, 
including age, sex and education as covariates. Interactions with age (i. 
e., Aβ status*age and APOE ε4 status*age) were also investigated for 
each subregion. In case of significant interaction (p < 0.05), post-hoc 
correlation analyses (Pearson) were performed to investigate the asso
ciations between age and MTL volumes within specific groups (Aβ + vs 
Aβ- individuals and ε4+ vs ε4 individuals). Lastly, both the Aβ and APOE 
status were entered in the same model (including age, sex and education 
as covariates) and all analyses were repeated. This allowed us to assess 
whether specific effects of Aβ or APOE existed while controlling for the 
other one. Finally, we further evaluated the associations between am
yloid pathology and MTL atrophy by performing Pearson's correlations 
between global florbetapir SUVr and MTL volumes. 

3. Results 

One hundred and thirty cognitively unimpaired older adults were 
included. Demographics of the cohort are reported in Table 1. Twenty- 
seven subjects were classified as Aβ + while 103 were Aβ-. In addi
tion, 35 subjects were ε4+ and 95 were ε4-. No significant differences 
were found in terms of age, education or female/male ratio between Aβ 
+ and Aβ- subjects nor between ε4+ and ε4- subjects. However, the 
proportion of ε4+ subjects was higher in the Aβ + group (52%) than in 
the Aβ- group (20%) (Х2 = 10.8, p = 0.001). 

No significant group differences were found between Aβ + vs Aβ- 

individuals nor between ε4+ vs ε4- individuals for any MTL subregions 
(Table 2). In the full cohort, no significant associations were found be
tween global florbetapir SUVr and MTL volumes (see Supplementary 
Table 1). However, a significant interaction was found between age and 
Aβ status on CA1 (F = 4.47, p = 0.04). More precisely, CA1 was nega
tively associated with age in Aβ + individuals (r = − 0.48, p = 0.01) but 
not in Aβ- individuals (r = − 0.05, p = 0.58) (Fig. 2). 

In addition, significant interactions were found between age and 
APOE status on CA1 (F = 4.31, p = 0.04), SUB (F = 5.21, p = 0.02), ERC 
(F = 4.56, p = 0.03), and the whole hippocampus (F = 4.97, p = 0.03). 
Post-hoc analyses showed that the volumes of CA1, SUB and the whole 
hippocampus were significantly associated with age in ε4+ subjects (r =
− 0.43, p = 0.01; r = − 0.41, p = 0.01; r = − 0.41, p = 0.01, respectively), 
while a trend was found for ERC (r = − 0.31, p = 0.07). In contrast, none 

Table 1 
Demographics of the population.   

Full 
cohort 

Aβ- Aβ+ p ε4- ε4+ p 

N 130 103 27 – 95 35 – 
Age (years, 

mean ±
SD) 

68.9 
± 3.8 

68.5 
± 3.4 

70.2 
± 4.7 0.07 

69.0 
± 3.7 

68.4 
± 4.0 0.38 

Gender (F/ 
M) 80/50 63/40 17/10 0.86 63/32 17/18 0.06 

Education 
(years, 
mean ±
SD) 

13.2 
± 3.1 

13.3 
± 3.0 

12.8 
± 3.4 0.48 

13.2 
± 3.0 

13.3 
± 3.3 0.89 

APOE 
Genotype 
(ε4− / 
ε4+) 95/35 82/21 13/14 0.001 – – – 

E2/3 11 11 0 – 11 0 – 
E3/3 84 71 13 – 84 0 – 
E2/4 2 0 2 – 0 2 – 
E3/4 29 18 11 – 0 29 – 
E4/4 4 3 1 – 0 4 – 
Global 

cognition 
(mean ±
SD) 

141.0 
± 2.7 

141.0 
± 2.7 

141.0 
± 2.6 0.86 

141.2 
± 2.4 

140.4 
± 3.1 0.21 

Episodic 
memory 
(mean ±
SD) 

57.5 
± 8.2 

58.1 
± 7.7 

55.4 
± 9.6 0.18 

57.1 
± 8.0 

58.7 
± 8.8 0.37 

SD: standard deviation, F: female, M: male, Aβ: amyloid-β. 
Global cognition was assed using the Mattis DRS. Episodic memory was assed 
using the California Verbal Learning Test sum of trials 1–5. 
Continuous variables were compared using 2-sample t-tests while categorical 
variables were compared using chi-square tests. Significant results (p < 0.05) are 
highlighted in bold font. 

Table 2 
: Effects of Aβ and APOE4 status and their interaction with age on MTL 
subregions.  

a) Aβ Status  

TIV-normalized volume 
(mean ± SD) 

Group 
comparison 
(Aβ- vs Aβ+) 

Interaction 
(Aβ 
status*age)  

Aβ- Aβ+ F P F P 

CA1 
0.96 ±
0.10 

0.93 ±
0.14 0.59 0.44 4.47 0.04 

CA2 
0.02 ±
0.003 

0.02 ±
0.004 1.70 0.19 0.58 0.45 

CA3 
0.05 ±
0.01 

0.06 ±
0.01 4.10 0.05 0.05 0.82 

DG 
0.42 ±
0.05 

0.40 ±
0.07 0.54 0.46 1.95 0.17 

SUB 
0.32 ±
0.04 

0.32 ±
0.04 0.55 0.46 1.20 0.28 

ERC 
0.41 ±
0.04 

0.40 ±
0.07 0.63 0.43 3.56 0.06 

BA35 
0.36 ±
0.06 

0.35 ±
0.04 1.22 0.27 2.03 0.16 

BA36 
1.24 ±
0.18 

1.25 ±
0.19 0.39 0.53 1.47 0.23 

PHC 
0.67 ±
0.09 

0.66 ±
0.09 0.05 0.82 3.68 0.06 

Whole 
hippocampus 

1.77 ±
0.18 

1.73 ±
0.24 0.47 0.49 3.54 0.06  

b) APOE Status  

TIV-normalized volume 
(mean ± SD) 

Group 
comparison 
(ε4- vs ε4+) 

Interaction 
(APOE 
status*age)  

ε4- ε4+ F P F P 

CA1 
0.96 ±
0.10 

0.93 ±
0.13 1.06 0.30 4.31 0.04 

CA2 
0.02 ±
0.003 

0.02 ±
0.004 0.39 0.53 0.01 0.92 

CA3 
0.05 ±
0.01 

0.05 ±
0.01 0.91 0.34 0.47 0.50 

DG 
0.41 ±
0.05 

0.41 ±
0.07 0.18 0.68 3.78 0.05 

SUB 
0.32 ±
0.04 

0.32 ±
0.04 0.14 0.71 5.21 0.02 

ERC 
0.41 ±
0.04 

0.40 ±
0.06 0.09 0.76 4.56 0.03 

BA35 
0.37 ±
0.06 

0.34 ±
0.06 3.82 0.05 0.46 0.50 

BA36 
1.24 ±
0.16 

1.26 ±
0.22 0.03 0.87 2.61 0.11 

PHC 
0.67 ±
0.08 

0.66 ±
0.10 0.06 0.81 2.66 0.11 

Whole 
hippocampus 

1.77 ±
0.17 

1.73 ±
0.24 0.76 0.39 4.97 0.03 

All volumes were normalized by the total intracranial volume. CA: cornu 
ammonis; DG: dentate gyrus; SUB: subiculum; ERC: entorhinal cortex; BA: 
Brodmann area; PHC: parahippocampal cortex. 
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of these subregions were associated with age in ε4- individuals (r =
− 0.11, p = 0.31; r = − 0.01, p = 0.97; r = − 0.09, p = 0.40; r = 0.02, p =
0.82, respectively) (Fig. 2). 

Results remained overall unchanged when both the Aβ and APOE 
status were entered in the same model, with i) no significant group 
differences between Aβ + subjects vs Aβ- subjects nor between ε4+
subjects vs ε4- subjects and ii) a significant interaction between age and 
Aβ status on CA1 (F = 4.16, p = 0.04) as well as significant interactions 
between age and APOE status on CA1 (F = 4.07, p = 0.04), SUB (F =
4.81, p = 0.03), ERC (F = 4.13, p = 0.03) and the whole hippocampus (F 
= 4.75, p = 0.03) (Supplementary Table 3). 

4. Discussion 

In the present study, we used dedicated ultra-high-resolution T2- 
weighted images together with a tailored automatic segmentation al
gorithm using a customized atlas to investigate the effects of Aβ and 
APOE ε4 status on MTL structures in cognitively unimpaired elderly. We 
did not find significant differences in volume between Aβ + and Aβ- 
individuals nor between ε4+ and ε4- individuals. In contrast, our ana
lyses revealed significant interactions between Aβ status and age on CA1 
as well as between APOE ε4 status and age on CA1, SUB and ERC, 
suggesting accelerated age-related volume decrease in Aβ + and/or ε4+
individuals in these subregions. 

Characterizing the contribution of Aβ to atrophy in cognitively un
impaired population is particularly important to identify biomarkers 
that are sensitive and specific to early (preclinical) AD, especially since 
the disease tends to be defined biologically (Jack et al., 2018). Results 
from the literature are very heterogenous, with cross-sectional studies 
reporting atrophy of the hippocampus (Nosheny et al., 2019; Whitwell 
et al., 2013) or BA35 (Wolk et al., 2017) in Aβ + subjects as compared to 
their Aβ- counterparts, while other groups failed to report such differ
ences (Chauveau et al., 2021; Mattsson et al., 2014; Yushkevich et al., 
2015). Regarding hippocampal subfields, two studies reported atrophy 
in SUB/preSUB (Hsu et al., 2015; Parker et al., 2019). However, the 
method used in these papers, which consisted in applying FreeSurfer to 
MRI scans with approximately 1 × 1 × 1 mm3 resolution, raised serious 

concerns given that this resolution is generally insufficient for visual
izing the internal structure of the hippocampus (de Flores et al., 2015b; 
Wisse et al., 2021). Interestingly, Mueller et al. (2018) tested several 
image types and algorithms to detect Aβ associated subfield atrophy in 
cognitively normal subjects from the Alzheimer's Disease Neuroimaging 
Initiative (ADNI). Using high resolution T2 hippocampal images, the 
authors found volume reduction in PHC and ERC with ASHS, and in SUB 
with FreeSurfer 6. Using T1 images, they did not find atrophy with 
FreeSurfer 5.1 but showed atrophy in CA1 using shape analyses. These 
inconsistencies may only reflect the variability in the anatomical defi
nition of MTL subregions across techniques but might also suggest the 
inexistence of a reliable neuroanatomical signature of preclinical AD, as 
expressed by Whitwell et al. (2013). 

Although we did not find direct group differences between Aβ + and 
Aβ- individuals, our analysis showed a significant interaction between 
Aβ status and age on CA1, with this region being negatively associated 
with age in Aβ + subjects but not in Aβ- subjects. Interestingly, this re
gion has been extensively described as atrophied in early AD (de Flores 
et al., 2015a). To our knowledge, no other study has investigated the 
interactions between age and Aβ on hippocampal subfields. The mech
anisms that link amyloid-ß to brain atrophy are poorly understood and 
still debated (Jagust, 2016; Jeong, 2017; La Joie et al., 2020). On one 
hand, an important number of studies support that soluble Aβ oligomers 
contribute to neurodegeneration in AD through several mechanisms; for 
example by acting on multiple synaptic receptors including NMDA-type 
glutamate and α7-nicotinic acetylcholine (α7-nACh) receptors (Palop 
and Mucke, 2016; Spires-Jones and Hyman, 2014) or via Aβ-related 
mitochondrial dysfunction (Cho et al., 2009). However, it is important 
to keep in mind that PET targets aggregated forms of amyloid-β which 
might explain why we do not observed direct associations between 
amyloid SUVr and MTL volumes. On the other hand, autopsy data have 
consistently shown a quantitative and topographical dissociation be
tween amyloid plaques and neurodegeneration (Falke et al., 2003; 
Gómez-Isla et al., 1997). In addition, several studies showed that tau 
pathology was more tightly associated with atrophy than amyloid (de 
Flores et al., 2020b; La Joie et al., 2020), which is in line with autopsy 
studies showing that Aβ-associated neurodegeneration is rare in the 

Fig. 2. : Significant interactions between Aβ status and age as well as between ε4 status and age on medial temporal lobe structures. All medial temporal lobe 
volumes obtained using ASHS were normalized by the total intracranial volume. CA: cornu ammonis; SUB: subiculum; ERC: entorhinal cortex; WH: whole hippo
campus. 
Interactions were investigated using ANCOVAs, including age, sex and education as covariates. In case of significant interaction (p < 0.05), post-hoc correlation 
analyses (Pearson) were performed to investigate the associations between age and MTL volumes within specific groups. t, trend; *p < 0.05. 
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absence of tau (Price and Morris, 1999) or other pathologies (Wilson 
et al., 2013). Thus, it is possible that the effects we observed are medi
tated by tau pathology. Indeed, Wisse et al. (2022) recently showed that 
CSF p-tau levels partially mediated age effects on hippocampal atrophy 
rates. In addition, several studies using tau PET tracers showed higher 
MTL uptake in Aβ + subjects as compared to Aβ- (Jagust, 2018; Maass 
et al., 2017). Thus, the association between age and the volume of CA1 
in Aβ + participants could reflect the presence of tau pathology, espe
cially since CA1 is the first hippocampal region to be targeted by tau in 
AD (Braak and Braak, 1991). However, this hypothesis is purely spec
ulative and cannot be tested given that we do not have any measures 
regarding tau pathology in this population. 

In addition to the effect of Aβ, we also aimed at assessing the effects 
of APOE genotype on MTL structures. We did not find any significant 
differences between APOE ε4 carriers and non-carriers individuals. 
APOE ε4 is the largest genetic risk factor for sporadic AD and its effect on 
brain atrophy has been largely studied, with discrepant findings (Fou
quet et al., 2014; Tzioras et al., 2019). Thus, studies found significant 
differences in hippocampal volume between ε4 carriers and non-carriers 
(Cacciaglia et al., 2018; Honea et al., 2009; Veldsman et al., 2021; 
Wishart et al., 2006) while others did not (Dong et al., 2019; Khan et al., 
2017; Van Etten et al., 2021). Results are also inconsistent when spe
cifically investigating hippocampal subfield atrophy. Indeed, studies 
reported volume reductions of CA3/DG (Mueller et al., 2008), CA1- 
SRLM (Kerchner et al., 2014), the molecular layer (Dounavi et al., 
2020), SUB (Donix et al., 2010) in APOE ε4 carriers whereas others 
failed to report such differences (Burggren et al., 2008; Reiter et al., 
2017). 

While we did not find significant differences between APOE ε4 car
riers and non-carriers, our analysis showed significant interactions be
tween APOE ε4 status and age on CA1, SUB, ERC and the whole 
hippocampus, with these structures being negatively associated with age 
in carriers only. Note that previous studies using standard T1 isotropic 
1mm3 images reported inconstant results, with no effects (Chauveau 
et al., 2021), effects on CA1 (Martí-Juan et al., 2021) or in all FreeSurfer 
6 subfield ROIs (Veldsman et al., 2021). Recently, several studies 
showed higher MTL tau-PET uptake in APOE ε4 carriers in comparison 
to non-carriers (La Joie et al., 2021; Salvadó et al., 2021; Therriault 
et al., 2020). Similarly to the effects we described for Aβ, the interactions 
we observed for APOE might also reflect the accumulation of tau pa
thology with advancing age in APOE ε4 carriers. Interestingly, Van Etten 
et al. (2021) recently showed a negative association between age and 
hippocampal volume which was modulated by white matter hyper 
hyperintensities (WMH) in APOE ε4 carriers but not in non-carriers. 
These results provide an alternative explanation to our results, where 
vascular vulnerabilities would be the main driver (or an additional 
contributor) of age-related atrophy in APOE ε4 carriers. 

It is well known that APOE ε4 increases the risk of AD in part by 
driving earlier and more abundant Aβ pathology through several 
mechanisms, including a deficit of clearance and an increased produc
tion and formation of fibrils (Yamazaki et al., 2019). Thus, the inter
action we found between age and Aβ status on CA1 could be driven by 
APOE. To test this hypothesis, we repeated our analyses by entering both 
the amyloid and APOE status in the same model. Results were similar, 
suggesting independent effects of amyloid and APOE on MTL atrophy. 

The present study has strengths and limitations. First, a major 
strength is the use of a tailored method to estimate MTL structures 
volume, consisting of dedicated ultra-high-resolution T2-weighted im
ages together with the ASHS algorithm and a custom atlas taking into 
account recent observations based on ex vivo MRI and histology data. In 
addition, this work is the first, to our knowledge, to investigate both the 
effects of Aβ and APOE on MTL subregions in the same sample using 
ultra-high-resolution hippocampal images. However, the interactions 
we found between Aβ status and age as well as between APOE ε4 status 
and age on several MTL subregions were not strong and did not survive 
correction for multiple comparisons. This might be explained by a lack 

of statistical power given the relatively small sample size. Thus, these 
analyses need to be replicated in a larger cohort, potentially enriched in 
Aβ + and APOE ε4 carriers individuals. Nevertheless, it is important to 
keep in mind that the effects of Aβ and APOE on atrophy are certainly 
subtle, potentially explaining the discrepancies in the literature. 

Altogether, our results provide new insight regarding age-related 
atrophy in these populations at-risk for AD. These results are impor
tant in the perspective of developing MRI-based biomarkers to detect 
early AD and further our understanding of MTL atrophy in normal and 
pathological ageing. 
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Gaël Chételat: Drafting/revision of the manuscript for content, 
including medical writing for content; Study concept or design; Analysis 
or interpretation of data 

CRediT authorship contribution statement 

Robin de Flores: Conceptualization, Methodology, Formal analysis, 
Investigation, Writing – original draft, Visualization. Solène Demeil
liez-Servouin: Methodology, Resources, Writing – review & editing. 
Elizabeth Kuhn: Methodology, Resources, Writing – review & editing. 
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Eustache, F., Desgranges, B., Chételat, G., 2015b. Effects of age and Alzheimer’s 
disease on hippocampal subfields: comparison between manual and FreeSurfer 
volumetry. Hum. Brain Mapp. 36, 463–474. https://doi.org/10.1002/hbm.22640. 

de Flores, R., Berron, D., Ding, S.-L., Ittyerah, R., Pluta, J.B., Xie, L., Adler, D.H., 
Robinson, J.L., Schuck, T., Trojanowski, J.Q., Grossman, M., Liu, W., Pickup, S., 
Das, S.R., Wolk, D.A., Yushkevich, P.A., Wisse, L.E.M., 2020a. Characterization of 
hippocampal subfields using ex vivo MRI and histology data: lessons for in vivo 
segmentation. Hippocampus 30, 545–564. https://doi.org/10.1002/hipo.23172. 

de Flores, R., Wisse, L.E.M., Das, S.R., Xie, L., McMillan, C.T., Trojanowski, J.Q., 
Robinson, J.L., Grossman, M., Lee, E., Irwin, D.J., Yushkevich, P.A., Wolk, D.A., 
2020b. Contribution of mixed pathology to medial temporal lobe atrophy in 
Alzheimer’s disease. Alzheimers Dement. 3–5 https://doi.org/10.1002/alz.12079. 

Dong, Q., Zhang, W., Wu, J., Li, B., Schron, E.H., McMahon, T., Shi, J., Gutman, B.A., 
Chen, K., Baxter, L.C., Thompson, P.M., Reiman, E.M., Caselli, R.J., Wang, Y., 2019. 
Applying surface-based hippocampal morphometry to study APOE-E4 allele dose 
effects in cognitively unimpaired subjects. NeuroImage: Clin. 22, 101744 https:// 
doi.org/10.1016/j.nicl.2019.101744. 

Donix, M., Burggren, A.C., Suthana, N.A., Siddarth, P., Ekstrom, A.D., Krupa, A.K., 
Jones, M., Martin-Harris, L., Ercoli, L.M., Miller, K.J., Small, G.W., Bookheimer, S.Y., 
2010. Family history of Alzheimer’s disease and hippocampal structure in healthy 
people. Am. J. Psychiatry 167, 1399–1406. https://doi.org/10.1176/appi. 
ajp.2010.09111575. 

Dounavi, M.-E., Mak, E., Wells, K., Ritchie, K., Ritchie, C.W., Su, L., O’Brien, J.T., 2020. 
Volumetric alterations in the hippocampal subfields of subjects at increased risk of 
dementia. Neurobiol. Aging 91, 36–44. https://doi.org/10.1016/j. 
neurobiolaging.2020.03.006. 

Falke, E., Nissanov, J., Mitchell, T.W., Bennett, D.A., Trojanowski, J.Q., Arnold, S.E., 
2003. Subicular dendritic arborization in Alzheimer’s disease correlates with 
neurofibrillary tangle density. Am. J. Pathol. 163, 1615–1621. https://doi.org/ 
10.1016/S0002-9440(10)63518-3. 

Fouquet, M., Besson, F.L., Gonneaud, J., La Joie, R., Chételat, G., 2014. Imaging brain 
effects of APOE4 in cognitively normal individuals across the lifespan. 
Neuropsychol. Rev. 24, 290–299. https://doi.org/10.1007/s11065-014-9263-8. 

Gertje, E.C., Pluta, J., Das, S., Mancuso, L., Kliot, D., Yushkevich, P., Wolk, D., 2016. 
Clinical application of automatic segmentation of medial temporal lobe subregions 
in prodromal and dementia-level Alzheimer’s disease. J. Alzheimers Dis.: JAD 1–11. 
https://doi.org/10.3233/JAD-160014. 
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