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Objective: Previous research has indicated that there are potential associations between
education and total hippocampal volume in the trajectory of Alzheimer’s disease (AD). However,
the correlation between education and hippocampal subfield volumes in the progression of AD
has yet to be understood. This study examined the relationship between education, which is a
standard proxy for cognitive reserve, and hippocampal subfield volumes in healthy and amnestic
mild cognitive impairment (aMCI) groups.

Subjects and methods: Thirty-eight subjects with aMCI and 39 healthy control subjects
underwent 3 T magnetic resonance imaging, and hippocampal subfield volumes were measured
by automated segmentation. Multiple linear regression analysis was used to determine the
association between education and hippocampal subfield volumes.

Results: Education had a significant negative correlation with the left parasubiculum,
presubiculum, and subiculum volumes in the aMCI group. In addition, multiple subfield volumes
including left parasubiculum, left/right presubiculum, left cornus ammonis (CA)3, and left CA4
showed a significant correlation with the neuropsychological test scores in the control group
and aMCI group.

Conclusion: These findings contribute to a better understanding of the association between
education, hippocampal subfield volumes, and amnestic cognitive functions in the early phase
of AD.

Keywords: education, hippocampus, presubiculum, subiculum, mild cognitive impairment,

cognitive reserve

Introduction
Education is one of the known modifiable factors which modulate the course of
Alzheimer’s disease.! Low level of education has been documented to be related with
increased prevalence of Alzheimer’s dementia (AD).? In addition, meta-analyses of
education have shown higher education has a protective role against developing AD and
delays the progression of AD due to tolerance of increased AD pathology.® Furthermore,
previous studies have demonstrated that education is correlated with the structural and
functional changes of hippocampus, which is vulnerable to the pathogenesis of AD,*?
in healthy older adults, mild cognitive impairment (MCI) and AD patients.*®
Among these changes of hippocampus, hippocampal volume loss has been associ-
ated with the early progression of AD.° However, some controversy exists concerning
the relationship between education and hippocampal volume in the progress of AD.
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Although several studies comparing amnestic MCI (aMCI)
and AD patients with healthy controls have shown a non-
significant relationship between education and hippocampal
atrophy,*'® another longitudinal study of cognitively nor-
mal older adults found a significant relationship between
mental activity including education and the rate of hip-
pocampal atrophy.'!

Because the hippocampus is a heterogeneous structure
consisting of interacting subregions,'? recent studies have
reported selective changes in volumes within the subre-
gions of the hippocampus measured in vivo with magnetic
resonance imaging (MRI) during the trajectory of AD.!*15
These hippocampal subfields can be delineated by manual
or automated segmentation. Van Leemput et al introduced
an automated segmentation technique based on a parametric
method modeling the spatial distribution of the hippocampal
subfields to overcome the limitations of manual segmenta-
tion, which is labor intensive and time consuming.!'¢

However, there are few reports relating education to
hippocampal subfield volumes in the progression of AD.
Although it has previously been reported that a significant
negative effect of education was only found in the right cornus
ammonis (CA)1 region of the hippocampus, the authors did
not consider the variable of diagnosis when examining the
effect of education on the hippocampal subfield volumes by
linear regression.!” Furthermore, although aMCI subtype has
been reported to represent a prodromal stage of Alzheimer’s
disease,'® this previous study did not distinguish between
amnestic aMCI patients and non-amnestic aMCI patients.

The objective of this study was to explore the associa-
tion of education with hippocampal subfield volumes while
controlling for multiple variables including diagnosis, age,
sex, and APOE €4 genotype in healthy control and aMCI
groups. In this study, we evaluated the degree of education
as education years, which can be quantified objectively.
Furthermore, our study used an automated segmentation
method built with a novel atlasing algorithm and ex vivo MRI
data from autopsy brains, which has been shown to be more
accurate than the automated segmentation methods used in
previous studies.'” Moreover, we attempted to explore the
relationship between hippocampal subfield volumes, educa-
tion, and amnestic cognitive functions in healthy controls
and aMCI patients.

Subjects and methods
Subjects

Seventy-seven subjects were included in this study (38 with
aMCI [age range: 63—89 years] and 39 healthy elderly

controls [age range: 62—87 years]). The cognitive functions
of all the subjects were assessed with the Korean version of
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD-K), including Verbal Fluency, 15-item Boston
Naming Test, the Korean version of mini mental status exam-
ination (MMSE-K),? word list memory (WLM), word list
recall (WLR), word list recognition (WLRc), Constructional
Praxis, and constructional recall (CR).?! Patients with aMCI
met Petersen’s criteria:'® 1) memory complaint corroborated
by an informant; 2) objective memory impairment for age,
education, and sex; 3) essentially preserved general cogni-
tive function; 4) largely intact functional activities; and
5) no dementia. All aMCI patients had an overall Clinical
Dementia Rating of 0.5.22 Objective memory impairment
was defined as a performance score of 1.5 SDs below the
respective age-specific, education-specific, and sex-specific
normative means on at least one of the four episodic memory
tests included in the CERAD-K, namely, the WLM, WLR,
WLRc, and CR tests.?! Performance scores of other non-
amnestic cognitive tests were 1.5 SDs above the respective
age-specific, education-specific, and sex-specific normative
means. Concise description of the tests and reviewing pro-
cess is given in the Supplementary material. We excluded
the participants who had any history of alcoholism, drug
abuse, head trauma, psychiatric disorders, or taking any
psychotropic medications (eg, cholinesterase inhibitors,
antidepressants, benzodiazepines, and antipsychotics).

The inclusion criteria of healthy elderly controls were as
follows: 1) subjects aged >60 years; 2) performance scores of
eight tests in the CERAD-K battery were 1.5 SDs above the
respective age-specific, education-specific, and sex-specific
normative means; and 3) Clinical Dementia Rating =0.
Subjects with any history of alcoholism, drug abuse, head
trauma, psychiatric disorders, or taking any psychotropic
medications were excluded. The study was conducted in
accordance with the ethical and safety guidelines set forth
by the Institutional Review Board of the Catholic University
of Korea. The Institutional Review Board of the Catholic
University of Korea approved all study procedures. Written
informed consent was obtained from all participants. All
participants were right-handed.

MRI acquisition

All participants underwent MRI scans on a 3 T whole-body
scanner equipped with an eight-channel phased-array head
coil (Verio; Siemens, Erlangen, Germany). The scan-
ning parameters of the T1-weighted three-dimensional
magnetization-prepared rapid gradient-echo sequences
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were as follows: TE =2.2 ms, TR =1,780 ms, inversion
time =900 ms, flip angle =9°, field of view =250x250 mm?,
matrix =256x256, and voxel size =1.0x1.0x1.0 mm®.

Image processing

For surface and volumetric segmentation of the whole brain,
we used the FreeSurfer image analysis suite (version 6.0,
http://surfer.nmr.mgh.harvard.edu).” The technical details

of these procedures have been described in previous
publications.?*** Briefly, the processing stream included
a Talairach transformation of each subject’s native brain,
removal of non-brain tissue, and segmentation of the gray
matter/white matter tissue. The cortical surface of each
hemisphere was inflated to an average spherical surface
to locate both the pial surface and the gray matter/white
matter boundary.

Hippocampal volumes were obtained from the auto-
mated procedure for volumetric measures of brain structures
implemented in FreeSurfer. Automated segmentation of the
hippocampus to its respective subfields was performed using
Bayesian inference, a statistical model of the medial tem-
poral lobe and an ex vivo atlas. The Dice overlap measures
between the manual and automated segmentation methods
were ~0.7 for all substructures.'® We focused on the volume
of the CA1, CA3, CA4, granule cell layer of dentate gyrus
(GC-DG), parasubiculum, presubiculum, and subiculum
and excluded the fimbria (which is a white matter region),
hippocampal fissure, and the final portion of the hippocampal

Axial

tail (which is not subdividable in any of the subfields) from
the analyses. Total hippocampal volume was computed by
summing the relative volumes of the CA3, CA4, GC-DG,
parasubiculum, presubiculum, subiculum, and hippocampal
tail (Figure 1).

Statistical analyses

Statistical analyses for demographic data were performed
with R software (version 2.15.3).2 Assumptions for nor-
mality were tested for all continuous variables using the
Kolmogorov—Smirnov test. All variables were normally
distributed. The independent -test and the y? test were
used to assess potential differences between the aMCI and
healthy control groups for all demographic variables. All
statistical analyses used a two-tailed level of 0.05 for defin-
ing statistical significance. In accordance with other volu-
metric analyses, adjustment was performed for each region
by an analysis of covariance approach: adjusted volume =
raw volume — BX (intracranial volume [I[CV]-mean ICV),
where B is the slope of the regression of the region of interest
volume on ICV.?¢ Adjusted volume was used for all analyses
described in this study.

To assess the main effect of education on hippocampal
subfield volumes, we used multiple regression analyses
adjusting for diagnosis, age, sex, and APOE genotype.
In addition, to evaluate the association of education with
the hippocampal subfield volumes in each group, multiple
regression analyses were performed in both the healthy

Parasubiculum
Presubiculum
Subiculum
CA1

CA3

CA4

GC-DG

HATA

Fimbria

Hippocampal fissure

Hippocampal tail

Figure | lllustration of parcellation scheme used for automated hippocampal subfield segmentation: axial view, coronal view, sagittal view. Images are from a control subject.
Abbreviations: CA, cornus ammonis; GC-DG, granule cell layer of dentate gyrus; HATA, the hippocampus—amygdala transition area.
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control and aMCI groups, adjusting for age, sex, and APOE
genotype. To assess the relationship between hippocampal
subfield volumes and the neuropsychological test scores
(MMSE-K, CERAD-K WLM, WLR, and WLRc), multiple
regression analyses were performed adjusting for age, sex,
education, and APOEF genotype in both the healthy control
and aMCI groups. Furthermore, to determine the association
between education and the neuropsychological test scores,
multiple regression analyses were performed adjusting for
age, sex, and APOE genotype in both the healthy control
and aMCI groups. Also, to address the question of whether
the hippocampal subfield volumes mediated the association
between education and the neuropsychological test scores
in the healthy control or aMCI groups, a mediation analysis
was performed using the PROCESS macro?’ controlled for
age, sex, education, and APOE genotype. All results were
considered significant at p<<0.05.

Results

Demographic data

Table 1 shows the baseline demographic data for the different
subject groups. There were no significant differences in
sex, education, and APOE genotype between the aMCI and
control groups. The control group subjects were significantly
younger than the aMCI group subjects (p<<0.05). Compared
with the control group, the aMCI group showed significantly
worse performance on the MMSE-K, CERAD-K WLM,
WLR, WLRc, and CR (p<<0.001). In regard to non-amnestic
cognitive functions, while the aMCI group showed signifi-
cantly worse performance on the CERAD-K Verbal Fluency
than the control group, there was no significant difference in
CERAD-K Boston Naming Test and Constructional Praxis
scores between the two groups (Table S1). There was no

significant difference in total ICV between the aMCI and
control groups (Table 1). The detailed clinical characteristics
of aMCI group are shown in Table S2.

Relationship between education and

hippocampal subfield volumes

A significant negative correlation with education was found
for the left parasubiculum (=—0.26, adjusted R>=0.134,
p<0.01; Figure S1A), left presubiculum (f=-0.26, adjusted
R?=0.178, p<0.05; Figure S1B), and left subiculum
(B=-0.23, adjusted R?>=0.256, p<<0.05; Figure S1C) in both
groups (Table 2). The negative correlation of education with
left parasubiculum (B=—0.37, p<<0.05; Figure S1D), left pre-
subiculum (B=-0.28, p=0.055), and left subiculum volume
(B=-0.31, p<<0.05; Figure S1E) showed significance and a
trend toward significance in the aMCI group (Table 2). None
of the hippocampal subfields were significantly correlated
with education in the control group (p>0.05; Table 2).

Relationship between hippocampal
subfield volumes and neuropsychological

test scores

A significant negative correlation was found between left/
right parasubiculum, left/right presubiculum, left subiculum
volume, and CERAD-K WLR scores in the control group
(Table 3C). In particular, the strongest relationship was found
in the left parasubiculum (f=-0.65, p=0.001; Figure S2A)
and presubiculum (f=-0.64, p=0.001; Figure S2B). A sig-
nificant positive relationship was also found between left
CAL, left CA3, left/right CA4, left subiculum, left/right total
hippocampus, and CERAD-K WLRc scores in the control
group (Table 3D). Particularly, the strongest correlation was
found in the left CA3 (f=—0.65, p=0.001; Figure S2C) and

Table | Demographic and clinical characteristics of the study participants

Control group (n=39) aMClI group (n=38) p-value
Age (years) 71.8+5.8 (62-87) 75.5+5.4 (63-89) 0.006
Sex (M:F, %) 46:54 26:74 0.16
Education (years) 9.1£6.3 (0-21) 10.2+4.7 (0-20) 0.368
APOE4 carrier (n, %) 6 (18.2%) 9 (25.7%) 0.648
MMSE-K 26.5+2.4 (23-30) 23.1£3.9 (11-29) <0.001
CERAD-K WLM 17.343.9 (10-28) 12.943.9 (6-20) <0.001
CERAD-K WLR 5.5%1.6 (3-9) 2.7+1.8 (0-8) <0.001
CERAD-K WLRc 8.9+1.2 (6-11) 6.5+2.4 (1-10) <0.001
CERAD-K CR 7.1£2.9 (2-11) 3.742.5 (0-8) <0.001
TICV (mm?) 1,445,879.9+162,780.2 1,453,963.5+166,234.4 0.830

(1,099,427-1,727,122)

(1,151,643-1,786,046)

Note: Data are means £ SD (minimum—maximum) unless indicated otherwise.

Abbreviations: aMCl, amnestic mild cognitive impairment; CERAD-K, the Korean version of Consortium to Establish a Registry for Alzheimer’s Disease; CR, constructional
recall; MMSE-K, the Korean version of mini mental status examination; TICV, total intracranial volume; WLM, word list memory; WLR, word list recall; WLRc, word list

recognition.
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Table 2 Relationship between hippocampal subfield volumes and education

Hippocampus Education years® (both groups)

Education years® (control group)

Education years® (aMCI group)

Std. B t p-value Std. B t p-value Std. B t p-value
Left
CAlI —-0.06 -0.53 0.6 0.22 1.12 0.27 -0.22 -1.29 0.206
CA3 —-0.13 —1.04 0.305 0.05 0.23 0.823 -0.16 -0.91 0.372
CA4 —-0.1 —-0.84 0.404 0.15 0.70 0.489 -0.21 —-1.28 0.211
GC-DG =0.11 -0.95 0.348 0.14 0.67 0.507 -0.23 -1.43 0.163
Parasubiculum -0.31 -2.70 0.009<# -0.29 -1.36 0.185 -0.37 -2.43 0.02]¢*
Presubiculum -0.26 -2.38 0.02<* —-0.15 -0.71 0.485 —-0.28 -2.00 0.055¢
Subiculum -0.23 -2.19 0.032¢* —0.11 —-0.56 0.579 -0.31 -2.12 0.042<*
Total —-0.19 -1.72 0.09¢ 0.05 0.26 0.797 —-0.26 —1.68 0.102¢
Right
CAlI —0.11 -1.13 0.371 0.18 0.92 0.365 -0.13 -0.82 0.42
CA3 —0.11 —-0.84 0.403 0.12 0.6l 0.547 —-0.08 -0.98 0.336
CA4 —0.05 —-0.39 0.698 0.29 1.43 0.164 —-0.18 —1.04 0.305
GC-DG —-0.05 —0.64 0.705 0.34 1.83 0.077¢ -0.17 —-1.06 0.296
Parasubiculum -0.2 —1.69 0.095¢ —-0.13 -0.61 0.549 -0.29 —-1.83 0.077¢
Presubiculum —-0.15 -1.22 0.229 0.01 0.02 0.98 -0.21 -1.29 0.208
Subiculum -0.17 —-1.53 0.132¢ 0.02 0.12 0.907 -0.22 —1.48 0.149¢
Total —-0.1 -0.83 0.41 0.19 0.99 0.329 -0.19 —-1.16 0.257

Notes: *Subjects’ age, sex, diagnosis and APOE £4 genotype were used as covariates. *Subjects’ age, sex, and APOE €4 genotype were used as covariates, ‘Education was finally
selected as an independent variable after performing stepwise regression (*p<<0.05; #p<<0.01).
Abbreviations: aMCl, amnestic mild cognitive impairment; CA, cornus ammonis; GC-DG, granule cell layer of dentate gyrus; std. B, standardized beta.

the left CA4 (B=—-0.65, p=0.001; Figure S2D) in the control
group. In addition, a significant positive relationship was
found between left/right GC-DG, right CA4, right presubicu-
lum, right total hippocampus, and CERAD-K CR scores in
the aMCI group. The strongest association was found in the
right presubiculum (B=0.45, p=0.005; Figure S2E). No hip-
pocampal subfield volumes were significantly correlated with

CA4, and right presubiculum, which showed significant
correlation with the CERAD-K CR scores only in the aMCI
group. The mediation analysis showed that the effect of
education on CERAD-K CR scores was not mediated by the

Table 3 (A-E) Relationships between cognitive functions and
hippocampal subfield volumes

. A
the MMSE-K and CERAD-K WLM scores in both the control
and aMCI groups (p>0.05; Table 3A, B, and E). MMSE-K
Hippocampus MMSE-K* MMSE-K*
Relationship between education and (control group) (aMCl group)
. Std.f ¢t p-value Std.p t p-value
neuropsychological test scores —
A significant positive correlation was found between educa- e(t: Al 00l 005 0963  —007 —037 0717
tion and CERAD-K CR in both the control (3=0.74, p<<0.001; CA3 -0.13 -055 0.59 001 007 0943
Table 4) and aMCI groups (B=0.45, p=0.041; Table 4). CA4 -0.13 055 058 002 Ol 091l
GC-DG -0.14 -0.61 0.546 0 0.0l 0.989
L. . Parasubiculum 0.07 0.27 0.788 0.06 035 0732
The mediating effect of hippocampal Presubiculum 036 —1.81 008 004 024 08l6
SUbﬁeId VOIUmeS on the aSSOCiation Subiculum -0.38 -—2.04 0.05° 0.01 0.09 0928
. Total -0.19 -0.83 0415 -0.03 -0.16 0.876
between education and the Right
H CAl -0.09 -0.39 0.701 -0.13  -0.73 0.472
n'europsychologlcal' teSF Scores ' ‘ CA3 024 103 0313 -002 -009 0927
Given the significant relationship between education, hip- CA4 0.l 045 0655  -004 -019 085l
pocampal subfield volumes, and the CERAD-K CR scores GC-DG 007 033 0744 003 -0.19 0.849
in the aMCI group, a mediation analysis was performed Parasubiculum -0 = -039 0701 -007 -038 0.708
, , , Presubiculum —028 —I.15 0259  -004 -021 0835
with education as an independent factor and CERAD-K CR Subiculum 03 —130 0206  -003 -0.16 0878
scores as dependent factors in the aMCI group. The proposed Total -0.15 -0.67 051 -0.11 -0.58 0567
mediators were the volumes of the left/right GC-DG, right (Continued)
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Table 3 (Continued)
B

CERAD-K word list memory

Hippocampus CERAD-K WLM*
(control group)

CERAD-K WLM*

(aMCI group)

Std.f ¢t p-value Std.p t p-value
Left
CAl 0.26 1.48  0.149¢ -0.07 -0.38 0.705
CA3 0.04 0.19 0.848 -0.1 -0.51 0.617
CA4 0.33 1.95  0.06¢ -0.08 -0.44 0.66
GC-DG 0.29 1.68  0.104¢ -0.05 -0.26 0.796
Parasubiculum -0.11 -0.53 0.601 0.1 —0.60 0.555
Presubiculum 0.0l 0.04 097 -0.02 -0.10 0917
Subiculum 0.26 1.58  0.124¢ 0 0 0.997
Total 0.14 0.74 0.464 -0.05 -032 0.752
Right
CAI 0.08 0.45  0.655 0.0l 0.05 0.959
CA3 -0.09 -047 0.643 0.24 147  0.151¢
CA4 -0.01 -0.06 0.953 0.13 073 0474
GC-DG -0.01 -0.08 0.936 0.14 082 0421
Parasubiculum 0.04 0.18 0.858 0.05 029 0778
Presubiculum —0.05 -0.25 0.805 0.2 1.18  0.247
Subiculum -0.01 -0.04 0.97 0.08 050 062
Total 0 0.02 0.986 0.07 039 0696
C

CERAD-K word list recall

Hippocampus CERAD-K WLR*®
(control group)

CERAD-K WLR*

(aMCl group)

Std.f ¢t p-value Std.p t p-value
Left
CAlI 0.15 0.66 0.516 0.02 0.12  0.909
CA3 -0.12  -0.50 0.621 0.13 0.66 0514
CA4 -0.08 -035 0.726 0 0.00 |
GC-DG -0.06 -0.28 0.779 0.05 029 0.775
Parasubiculum -0.65 —3.53 0.001¢ 0.05 029 0771
Presubiculum -0.64 -3.58 0.001% -0.09 -0.57 0.576
Subiculum -042 -2.15 0.039¢* -0.11 -0.70 0.488
Total -0.27 -1.37 0.183¢ -0.05 -0.28 0.778
Right
CAlI -0.09 -0.41 0.688 -0.16 -0.93 0.362
CA3 -0.15 -0.69 0.497 -0.I1 -0.58 0.566
CA4 -0.16 -0.72 0.477 -0.15 -0.79 0.435
GC-DG -0.13 -0.62 0.54 -0.I1 -0.60 0.556
Parasubiculum -0.32 -1.86 0.072¢ -0.18 -1.02 0317
Presubiculum -0.43 -2.17 0.038* -0.17 -0.98 0.333
Subiculum -0.41 -2.16 0.039% -0.14 -0.80 0.431
Total -0.34 -1.72 0.09¢° -0.17 -095 0.35
D

CERAD-K word list recognition

Hippocampus CERAD-K WLRc*
(control group)

CERAD-K WLRc*

(aMCl group)

Table 3 (Continued)

Hippocampus CERAD-K WLRc* CERAD-K WLRc*
(control group) (aMClI group)
Std.f t p-value Std.f t p-value
CA4 0.54 3.60 0.001% 0.07 043 0671
GC-DG 0.5 323  0.003%* 0.06 035 0726

Parasubiculum -0.01 -0.07 0.948 0.06 040 0.69
Presubiculum  0.12 0.2 0.548 -0.02 -0.16 0.878

Subiculum 0.34 206 0.048* —-0.03 —-0.20 0.843
Total 0.48 3.03  0.005% 0.0l 0.04  0.966
Right
CAl 0.32 1.97 0.05%" 0.02 0.I5 0.883
CA3 0.28 1.60 0.121" -0.03 0.18 0883
CA4 0.36 226 0032 —-0.01 -0.05 0.96l
GC-DG 0.27 1.66 0.108 0 0.02 0.982
Parasubiculum  0.25 146 0.154° -0.03 -0.20 0.844
Presubiculum  0.32 191  0.065° -0.08 -0.46 0.646
Subiculum 0.29 .70  o0.If -0.08 -0.50 0.622
Total 0.37 230 0.028"* —0.06 -0.37 0.712

E

CERAD-K constructional recall

Hippocampus CERAD-K CR* CERAD-K CR®
(control group) (aMCl group)
Std.p t p-value Std.f t p-value
Left
CAl 0.14 054 0596 0.0l 0.06  0.952
CA3 -0.18 —-0.66 0.514 0.16 0.71 048l
CA4 -0.I —-042 0.677 0.18 0.84  0.405
GC-DG -0.11  —-0.42 0.675 0.43 275 0.01#*
Parasubiculum -0.24 -0.87 0.391 -0.06 -0.28 0.779
Presubiculum -0.16 —-0.56 0.579 0.05 028 0.78
Subiculum —0.02 -0.07 0.945 0.18 095 0349
Total -0.13 —0.48 0.638 0.13 065 0518
Right
CAl -0.05 -0.21 0.834 0.07 032 0755
CA3 -0.27 -1.02 0315 0.23 1.05 0.303
CA4 -0.3 —-1.16 0.255 0.41 259 0.014e*
GC-DG -0.26 —1.08 0.288 0.4 247  0.019*

Parasubiculum -026 -0.91 0.369 0.03 0.12  0.904
Presubiculum -0.19 -0.70 0.493 0.45 298  0.005¢*
Subiculum -0.07 -0.26 0.797 0.26 1.30  0.205
Total -0.2 -0.79 0434 0.41 2,60 0.014e*

Notes: *Subjects’ age, sex, education, and APOE €4 genotype were used as
covariates. "MMSE-K was finally selected as an independent variable after performing
stepwise regression. “CERAD-K word list memory was finally selected as an
independent variable after performing stepwise regression. ‘CERAD-K word list
recall was finally selected as an independent variable after performing stepwise
regression. °Insignificant finally selected model after performing stepwise regression.
fCERAD-K word list recognition was finally selected as an independent variable after
performing stepwise regression. SCERAD-K constructional recall was finally selected
as an independent variable after performing stepwise regression. ¥p<<0.05; #p<<0.01;
#p<<0.005.

Abbreviations: aMCl, amnestic mild cognitive impairment; CA, cornus ammonis;
GC-DG, granule cell layer of dentate gyrus; MMSE-K, the Korean version of mini
mental status examination; std. B, standardized beta; CERAD-K, the Korean version

Std.p ¢ p-value Std.f ¢ p-value of Consortium to Establish a Registry for Alzheimer’s Disease; WLRc, word list
Left recognition; WLR, word list recall.
CAl 0.48 320 0.003% 0.1 0.55 0.584
CA3 0.57 3.84 0.001*%* 0.06 033 0747
(Continued)
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Table 4 Relationships between cognitive functions and education

Cognitive function

Education years® (control group)

Education years® (aMCI group)

Std. B t p-value Std. B t p-value
MMSE-K 0.45 3.08 0.004%+ 0.46 2.85 0.008>#
CERAD-K word list memory 0.32 1.60 0.121° 0.16 0.96 0.346
CERAD-K word list recall 0.23 1.21 0.237 0.09 0.53 0.602
CERAD-K word list recognition 0.02 0.08 0.936 0.04 0.25 0.807
CERAD-K constructional recall 0.74 6.04 <0.001%* 0.3 2.14 0.041%*

Notes: *Subjects’ age, sex, and APOE €4 genotype were used as covariates. "Education years were finally selected as an independent variable after performing stepwise

regression (*p<<0.05; #p<<0.01; ¥p<<0.005).

Abbreviations: aMCl, amnestic mild cognitive impairment; CERAD-K, the Korean version of Consortium to Establish a Registry for Alzheimer’s Disease; MMSE-K,

the Korean version of mini mental status examination; std. 3, standardized beta.

volumes of any aforementioned hippocampal subfields in the
aMCI group (Results section in Supplementary material).

Discussion

We initially examined the association of education with
hippocampal subfield volumes in cognitively normal older
adults and aMCI patients. Although total hippocampal
volume showed nonsignificant association with education,
the left parasubiculum, left presubiculum, and left subiculum
volumes exhibited a significant negative correlation with
education. However, these findings do not support previous
studies which demonstrated a negative correlation of educa-
tion with the right CA1 volume in a combined cohort group
of healthy controls and patients with MCI and AD.!” This
discrepancy could be attributed to the exclusion of diagnosis
as an independent variable in the multiple linear regression
analysis in the previous study."” A diagnosis of aMCI has
been demonstrated to be associated with smaller hippocampal
subfield volumes including the subiculum, presubiculum,
and CA1-CA2 transition zone.'>!* In this respect, exclusion
of diagnosis as an independent variable in multiple linear
regressions could have affected the relationship between
education and the hippocampal subfield volumes in the
previous study. Furthermore, given that amnestic and non-
amnestic cognitive functions have attributed to the different
laterality of hippocampus,?®% the fact that the previous study
did not distinguish amnestic MCI patients from non-amnestic
MCI patients could have affected the inconsistency. Another
explanation for this discrepancy might be the heterogeneity
of the aMCI group. Individuals in the amnestic MCI group
could have been classified as late MCI or early MCI based
on CERAD-K delayed recall test scores (Methods section
in Supplementary material).*® Results from an earlier study
demonstrated a significant difference in left hippocampal
volume between late MCI and early MCI groups.*® In our
study, the percentage of subjects with early MCI was higher
than that of late MCI (55.3% vs 44.7%; Table S2). Therefore,

the heterogeneous aMCI group in our study could have had a
confounding effect on these results. Another possible expla-
nation for the discrepancy is the lack of data on beta-amyloid
(AP) retention in this study. It has been reported that aMCI
patients with AP retention showed smaller hippocampal
volumes than those without A retention.’! Furthermore, A3
retention has been demonstrated to have a significant interac-
tion with cognitive reserve proxies (including education) on
the volume of the left hippocampus.?? Therefore, A retention
could affect hippocampal subfield volumes and may have
had a confounding effect on the current results.

Another important finding was that only the aMCI group
showed a significance in a negative relationship between
education and left parasubiculum/subiculum volumes.
Cognitive reserve including the level of education has been
demonstrated to have a negative association with brain
volumes, including hippocampus, in MCI and AD patients
compared to healthy controls.** A possible explanation for
this might be that individuals with a high cognitive reserve
could have increased AD pathology after clinical presenta-
tion due to a higher tolerance to AD pathology, and this
increased AD pathology could affect the brain structure in
MCI and AD patients.* In addition, the laterality of hip-
pocampus was found in the relationship between education
and hippocampal subfield volumes. Although there have
been no controlled studies which explore the effect of edu-
cation on the laterality of hippocampus, the asymmetry of
hippocampus has been reported to be critical for the appro-
priate memory acquisition and retention,?® being associated
with integration of the verbal and nonverbal memory.** In
these regards, our findings might be interpreted with the
aforementioned propositions.

Both the subiculum, which correlated with education in
this study, and the CA1, which correlated with education in a
previous study, have been suggested to provide the dominant
outflow of the hippocampal circuit consisting of hippocampal
subfields.* The outflow of these subregions has been reported
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to connect with the medial prefrontal, orbitofrontal, and
anterior and posterior cingulate cortices,”’** which are default
mode network and compensatory network regions.®340
In cognitively normal older adults and AD patients, cognitive
reserve can recruit new and compensatory brain networks to
function against advancing AD pathogenesis.*! Therefore,
the findings of this and previous studies raise intriguing
questions regarding the role of hippocampal subfields such
as the subiculum and CAl in providing compensatory
mechanisms permitted by cognitive reserve, considering
that education has been documented to be a standard proxy
of cognitive reserve.*

The second aim of this study was to explore the relation-
ship between hippocampal subfield volumes, education, and
amnestic cognitive functions in both the healthy control and
aMCI groups. We found that the left presubiculum and para-
subiculum volumes were most significantly associated with
CERAD-K WLR scores in the control group, the left CA3
and CA4 volumes were most significantly correlated with
the CERAD-K WLRc scores in the control group, and that
the right presubiculum volume was most significantly related
with the CERAD-K CR scores in the aMCI group. Although
there have been few studies on the relationships between the
hippocampal subfield volumes and the neuropsychological
tests in the healthy control and aMCI groups, an automated
hippocampal shape analysis method has displayed a positive
association between CERAD WLR scores and deformation
ofthe CA1 and subiculum in aMCI subjects.* Furthermore,
our previous study has demonstrated significant correlations
between left presubiculum, subiculum volumes and the
MMSE-K/CERAD-K WLR scores in AD subjects, but not
in healthy older controls.* However, the current findings are
limited by a paucity of existing evidence on the relationship
between the hippocampal subfield volumes and the amnestic
cognitive functions measured by cognitive assessment battery
in the progression of AD. Furthermore, the aforementioned
limitations could have also affected this relationship in a
similar way. Notwithstanding these limitations, this finding
offers some insight into the laterality of hippocampus. In
this study, whereas verbal amnestic cognitive functions
were most significantly associated with the left hippocampal
subfield volumes, nonverbal amnestic cognitive functions
were most significantly correlated with the right hippocampal
subfield volumes. This is in accordance with previous obser-
vations that mnemonic functions for verbal and nonverbal
stimuli are distinguishable and asymmetrically recruit the left
and right hippocampus, respectively.?-* Additionally, these
results must be interpreted with caution because the degree of
cognitive decline is not substantial in the early phase of AD,

restricting the relationship between the hippocampal subfield
volumes and the amnestic cognitive functions.

In functional MRI studies, the subiculum is observed
to have differential brain activity during the retrieval of
hippocampus-dependent memories**® and has been associ-
ated with clock drawing test score in aMCI and AD patients.*
In animal studies, the subiculum is downstream of the deep
layer of the entorhinal cortex,'? which was found to be
involved in delayed retention.® Hence, it is possible that
the subiculum volume might be associated with memory-
based neuropsychological test scores. In addition, the pre-
subiculum, a substructure of the subiculum, has also been
reported to be correlated with clock drawing test score in
AD patients.*® In contrast to the subiculum, few studies are
available that supply evidence allowing inferences about the
relationship between the presubiculum and amnestic cogni-
tive functions. Given that the presubiculum is a substructure
of the subiculum, further work is required to fully examine
the role of the presubiculum in amnestic cognitive func-
tion. The CA3 has also been demonstrated to participate in
recognition memory, along with GC-DG.>! Therefore, these
previous results broadly support our current observations on
the relationship between the hippocampal subfield volumes
and the amnestic cognitive functions.

The mediation analysis revealed nonsignificant indirect
effect of hippocampal subfields on the relationship between
education and amnestic cognitive function. As the functional
changes of hippocampus have been documented to be cor-
related with cognitive functions,’>* additional studies will
be needed to develop an integrated understanding of the
hippocampal subfields by evaluating both functional and
structural changes of the hippocampal subfields.

The principal limitation of this study was the lack of a
high-resolution T2 scan for automated hippocampus seg-
mentation. It has been reported that automated segmentation
using combined T1/T2 data better captures differences in
the subregions between healthy controls and AD patients,
compared to using only T1 scans.'” In addition, although
studies were conducted on aMCI patients, the combination
of single domain and multiple domain aMCI subjects may
have affected the outcome, given the differential effect of this
categorization on the conversion of AD.> Therefore, future
studies should attempt to minimize bias by using combined
T1/T2 data, including a larger sample of subjects, and con-
sidering confounding factors such as detailed classification
of aMCI and the presence of A retention.

Although these findings should be interpreted with cau-
tion, this study has several strengths including the use of
automated segmentation of the hippocampus with improved
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accuracy and robust statistical analysis while controlling
for clinically related variables to evaluate the associations
between education, hippocampal subfield volumes, and
amnestic cognitive functions. An additional strength is that
this study focused on the early phases of AD. Hippocampal
atrophy has been known to affect the transition from normality
to mild cognitive impairment.>* Moreover, cognitive reserve
has been demonstrated to be correlated with functional brain
reorganization in the parietotemporal regions during the early
course of AD.*® In this respect, focusing on the early phase
of AD might allow the effect of education on hippocampal
subfield volumes to be examined more robustly.

This study identified a negative association of education
with presubiculum and subiculum volumes after adjusting for
multiple variables including diagnosis, age, sex, and APOE €4
genotype. The second major finding was that the parasubicu-
lum, presubiculum, CA3 and CA4 volumes were associated
with mnemonic neuropsychological test scores in both groups.
This study adds to the growing body of research indicating
that cognitive reserve could impact hippocampal subfields
and related amnestic cognitive functions in the early phase of
AD. In addition, further research with other cognitive reserve
proxies is required to better understand the complex interac-
tion of cognitive reserve and the pathogenesis of AD.
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