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Abstract

Recent studies have shown that in the preclinical phase of Alzheimer’s disease
(AD), subtle cognitive changes can be detected using sensitive neuropsycholog-
ical measures, and have proposed the concept of objectively-defined subtle
cognitive decline (Obj-SCD). We aimed to assess the functional alteration of
hippocampal subfields in individuals with Obj-SCD and its association with
cognition and pathological biomarkers. Forty-two participants with cognitively
normal (CN), 29 with Obj-SCD, and 55 with mild cognitive impairment (MCI)
were retrospectively collected from the ADNI database. Neuropsychological
performance, functional MRI, and cerebrospinal fluid (CSF) data were
obtained. We calculated the seed-based functional connectivity (FC) of hippo-
campal subfields (cornu ammonisl [CAl], CA2/3/dentate gyrus [DG], and
subiculum) with whole-brain voxels. Additionally, we analyzed the correlation
between FC values of significantly altered regions and neuropsychological per-
formance and CSF biomarkers. The Obj-SCD group showed lower FC between
left CA1-CA2/3/DG and right thalamus and higher FC between right subicu-
lum and right superior parietal gyrus (SPG) compared with the CN and MCI
groups. In the Obj-SCD group, FC values between left CA2/3/DG and right
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1 | INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of demen-
tia in the elderly (Masters et al, 2015). It is an
ongoing process that leads to alterations in cognitive
function and results in status ranging from the preclinical
phase, mild cognitive impairment (MCI), to the final
dementia status (Veitch et al., 2019; Vermunt
et al., 2019). Given the irreversible nature of AD, early
intervention in its preclinical phase has the potential to
prevent or delay cognitive decline due to AD (Sperling
et al., 2011). In addition to subjective cognitive decline,
objectively-defined subtle cognitive decline (Obj-SCD) is
another type of slight cognitive change that can be cap-
tured using sensitive neuropsychological measures in the
preclinical phase of AD and has recently gained wide-
spread recognition (Edmonds, Delano-Wood, Galasko,
et al., 2015).

According to Edmonds/Thomas criteria (Edmonds,
Delano-Wood, Galasko, et al., 2015; Thomas, Edmonds,
et al., 2018; Thomas, Eppig, et al., 2018), individuals with
Obj-SCD can be detected by six sensitive neuropsycholog-
ical measures in three different cognitive domains
(i.e., memory, language, and attention/executive func-
tion) and three process scores from Auditory Verbal
Learning Test (AVLT). Specifically, the Obj-SCD is
defined by performance >1 standard deviation below the
demographically adjusted (age, sex, and education) mean
on (1) two neuropsychological measures in two different
cognitive domains; (2) two process scores; or (3) one neu-
ropsychological measure and one process score. Notably,
in a follow-up study over 10 years, individuals with Obj-
SCD progressed to MCI at a rate of 2.46-3.17 times faster
than the cognitively normal subjects (Thomas, Edmonds,
et al, 2018). In addition, Obj-SCD was associated
with faster amyloid accumulation, increased plasma
phosphorylated-tau, g, levels, and neurodegeneration in a

thalamus were positively associated with Auditory Verbal Learning Test
(AVLT) recognition (r = 0.395, p = 0.046) and CSF Ap,_4, levels (r = 0.466,
p = 0.019), and FC values between left CA1 and right thalamus were positively
correlated with CSF Ap,_4, levels (r = 0.530, p = 0.006). Taken together, dys-
function in CA1-CA2/3/DG subregions suggests subtle cognitive impairment
and AD-specific pathological changes in individuals with Obj-SCD. Addition-
ally, increased subiculum connectivity may indicate early functional compen-
sation for subtle cognitive changes.

Alzheimer’s disease, early detection, functional connectivity, hippocampal subfields, subtle

4-year follow-up study (Thomas et al., 2020; Thomas,
Bangen, et al., 2021).

Memory loss is considered to be an early and major
clinical manifestation of AD. It is well known that the
hippocampus plays a key role in cognitive function, espe-
cially in episodic memory (El Haj et al., 2016; Squire
et al., 1992; Tulving & Markowitsch, 1998). Alterations in
hippocampal structure and function (e.g., atrophy, dis-
connection, or decreased activation) have been widely
reported to be associated with cognitive decline in
patients with MCI and AD (Berron et al., 2020; Hampel
et al., 2008; Jaroudi et al., 2017). The heterogeneous for-
mation of the hippocampus is also well recognized, and it
can be cytoarchitectonically divided into different sub-
fields, including the four fields of the cornu ammonis
(CA1-4), dentate gyrus (DG), and subiculum (Duvernoy
et al., 2013). The most pronounced neuronal loss associ-
ated with AD occurs mainly in the CAl region (West
et al., 1994). Neuropathological studies have also shown
that early tau pathology appears in the CAl and subicu-
lum before affecting the entire hippocampus (Braak &
Braak, 1991; Lace et al., 2009). In addition, most of the
hippocampal output originates from the subiculum, which
is mainly connected to the medial temporal lobe, precu-
neus/posterior cingulate, and frontal regions (Aggleton &
Christiansen, 2015; de Flores et al., 2017). Although the
distinct functions of hippocampal subfields have been well
described, little is still known about the alterations of
intrinsic neural activity in the preclinical phase of AD.

Many functional magnetic resonance imaging (fMRI)
studies have provided consistent evidence that disruption
of functional connectivity (FC) precedes structural atro-
phy, reflecting alterations in underlying neural activity
(Pievani et al., 2011). Based on resting-state fMRI
(rsftMRI), altered FC in hippocampal subfields has been
widely reported in MCI and AD patients. For example,
the intrinsic FC between the subiculum and frontal and
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posterior cingulate regions was significantly reduced in
MCI patients compared with healthy controls
(HC) (de Flores et al., 2017). In addition, patients with
MCT also had decreased FC between right CA1 and right
middle temporal gyrus as well as between the left CA2
and bilateral cuneal cortex compared with HC (Li
et al., 2018). Furthermore, Yan et al. (2020) found that
the FC in the CA1, CA2/3/DG, and subiculum tended to
decrease with disease progression (AD < MCI < HC) and
that disruption of these functions was positively corre-
lated with cognitive impairment. And exploring the func-
tional changes in hippocampal subfields of individuals
with Obj-SCD will deepen our understanding of the early
physiological mechanisms.

In the present study, we aimed to evaluate FC changes
in hippocampal subfields in individuals with Obj-SCD.
The hippocampus was divided into three subfields using
in vivo MRI (Copara et al., 2014; Yan et al., 2020), includ-
ing the CAl, CA2/3/DG, and subiculum. In addition, we
explored the association between FC changes in hippo-
campal subfields and cognition and AD-specific pathologi-
cal biomarkers. Because cognitive impairment is milder in
Obj-SCD individuals than in MCI patients, we hypothe-
sized that some functional compensation in addition to
functional disruption could be detected in Obj-SCD.

2 | MATERIALS AND METHODS
2.1 | Cognitive groups

Data used in the preparation of this study were obtained
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (http://adni.loni.usc.edu/). We included
1380 participants without dementia, including cognitively
normal (CN) and MCI participants from ADNI1, ADNI-
GO, and ADNI-2, who completed baseline neuropsycho-
logical assessments. Notably, recent studies (Bondi
et al., 2014; Edmonds, Delano-Wood, Clark, et al., 2015)
have noted that the conventional Petersen/Winblad
ADNI criteria for MCI are prone to false-positive diagnos-
tic errors. Here, we reclassified 1380 participants accord-
ing to the following criteria.

The cognitive status of MCI was determined using
Jak/Bondi actuarial neuropsychological criteria (Bondi
et al., 2014; Jak et al., 2009): (1) two impaired neuropsy-
chological measure scores (>1 SD below demographically
adjusted [age, sex, and education] mean) within the same
cognitive domain or (2) at least one impaired measure
score across all three cognitive domains. Specifically,
there were two neuropsychological measures in three dif-
ferent cognitive domains (memory, language, and atten-
tion/executive function). The memory domain included
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the AVLT delayed free recall correct responses and AVLT
recognition (hits minus false-positives). The language
domain included the 30-item Boston Naming Test (BNT)
total correct and Semantic Verbal Fluency (SVF) total score.
The attention/executive function domain included Trail-
Making Test (TMT) parts A and B times to completion.

Participants without dementia who did not meet the
Jak/Bondi MCI criteria were considered to be in the CN
group or Obj-SCD group. According to the Edmonds/
Thomas actuarial criteria (Thomas, Edmonds, et al.,
2018), the Obj-SCD status was determined by the follow-
ing criteria: (1) one impaired neuropsychological mea-
sure score (>1 SD below demographically adjusted mean)
in two different cognitive domains or (2) two impaired
process scores (>1 SD below demographically adjusted
mean) in AVLT or (3) one impaired neuropsychological
measure score and one impaired process score. The three
process scores from AVLT used in the Obj-SCD criteria
included learning slope ([list A trial 5-list A trial 1]/5),
retroactive interference (list A trial 6/list A trial 5), and
total intrusion errors (total number of extra-list intrusion
errors across all recall trials).

The following are our steps in determining the regres-
sion weights and dividing the Obj-SCD and MCI groups.
First, we identified a robust normal control group with a
sample of 239 CN participants who had not developed
MCT (Petersen et al., 2010) for at least 4 years of follow-
up (range 4-15 years; mean 7.18 years). Detailed demo-
graphics and neuropsychological data for the 239 robust
controls were summarized in Table S1. Second, we ran
the regressions on just this robust group. For each neuro-
psychological test (including the neuropsychological and
process score), we regressed test scores on age, sex, and
education to obtain the regression weights. Third, we
used these regression b-weights derived from the robust
group to calculate predicted scores for each test for all
participants. Participant z-scores were then calculated
based on the discrepancy between the observed and pre-
dicted scores and divided by the estimated standard error
of the regression model for the test-specific control group.
Finally, a threshold of >1 SD (i.e., z-score <—1) below
the mean was used to identify impairment on a given
test. The z-scores for the TMT tests were reverse encoded,
so it is interpreted in the same way as other z-scores.

Finally, the 1380 participants were reclassified into
452 CN, 275 Obj-SCD, and 653 MCI participants based
on the diagnostic criteria described above. Detailed
demographic and neuropsychological data for the three
groups were summarized in Table S2. To analyze the
FC of hippocampal subfields, we only included 132 partic-
ipants with complete neuropsychological measures and
rsfMRI data from the original 1380 participants. After
screening, five participants (including two MCI and three
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‘ 1380 non-demented ADNI participants ‘

Based on Jak/Bondi and
: Edmonds/Thomas actuarial
neuropsychological criteria

Included
<«

v
452 CN, 275 Obj-SCD and 653 MCI participants

4
132 participants with baseline rsfMRI data ‘

FIGURE 1
inclusion process from the initial ADNI

The flow diagram shows the

participants without dementia.

Excluded | e
» o Poor image quality: 1 CN

Excessive head motion: 3 CN and 2 MCI

\ 4
42 CN, 29 Obj-SCD and 55 MCI participants ‘

CN) were excluded due to excessive head motion (details
later), and one CN participant was excluded due to poor
image quality. Thus, a total of 42 CN participants,
29 Obj-SCD participants, and 55 MCI participants were
finally enrolled (Figure 1).

2.2 | Biomarkers in cerebrospinal fluid
Cerebrospinal fluid (CSF) biomarkers included: amyloid-
beta 1-42 (AB,_4»), total tau (t-tau), and phosphorylated
tau at position 181 (p-tau;g;), which were all measured
using the multiplex xXMAPLuminex platform (Luminex)
with Innogenetics INNOBIA AlzBio3) immunoassay Kkit-
based reagents (Shaw et al., 2009). It is important to note
that CSF samples were not available for all participants
in this study, as the lumbar puncture is an invasive pro-
cedure that is not mandatory for healthy participants.
Finally, the samples used for CSF analysis included 37 of
42 CN participants, 28 of 29 Obj-SCD participants, and
50 of 55 MCI participants. In addition, detailed CSF data
for 1380 participants were also summarized in Table S2.

2.3 | Structural MRI and rsfMRI data

All participants were scanned using a 3.0-Tesla Philips
MRI scanner. Structural images were acquired using a
3D MPRAGE T1-weighted sequence with the following
parameters: repetition time (TR) = 2300 ms; echo time
(TE) = 2.98 ms; inversion time (TI) = 900 ms; 170 sagittal
slices; within plane FOV = 256 x 240 mm?; voxel size =
11 x 1.1 x 1.2 mm?>; flip angle =9°; bandwidth =
240 Hz/pix. The rsfMRI images were obtained using an
echo-planar imaging sequence with the following param-
eters: 140 time points; TR = 3000 ms; TE = 30 ms; flip
angle = 80°; number of slices = 48; slice thickness =

3.3 mm; spatial resolution = 3.31 x 3.31 x 3.31 mm?>;
matrix = 64 x 64.

2.4 | Imaging preprocessing

The rsfMRI data was processed using the Data Proces-
sing & Analysis for Brain Imaging (DPABI, http://rfmri.
org/dpabi) (Yan et al., 2016) with Statistical Parametric
Mapping software (SPM12, http://www.fil.ion.ucl.ac.uk/
spm/) on the MATLAB platform (MathWorks, Natick,
MA, USA). Briefly, the preprocessing steps were as fol-
lows: (1) removal of the first 10 timepoints; (2) slice tim-
ing; (3) realignment; (4) spatial normalization to the EPI
template and resampling into 3 x 3 x 3 mm?; (5) nui-
sance covariate regression including Friston-24 head
motion parameters, white matter signal, and cerebrospi-
nal fluid signal; (6) temporally filter (0.01-0.08 Hz). Sub-
jects with more than 2.5 mm maximum displacement in
any of the x, y, or z directions or 2.5° of any angular
motion were discarded (including three CN and two MCI
participants). In addition, the framewise displacement
(FD) Jenkinson value of each subject was calculated to
correct for the head motion artifacts.

The T1-weighted images were preprocessed and ana-
lyzed using the Computational Anatomy Toolbox (CAT12,
http://dbm.neuro.uni-jena.de/cat/) and SPM12. The images
were bias-corrected, tissue-classified (grey matter [GM],
WM, and CSF), and registered using linear (12 parameter
affine) and non-linear transformations (warping) within
the CAT12 default preprocessing pipeline.

2.5 | Seed-based FC analysis

The masks for the region of interests (ROIs) (bilateral
CAl1, CA2/3/DG, and subiculum) were extracted
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respectively from probabilistic cytoarchitectonic maps of
the SPM Anatomy Toolbox (Eickhoff et al., 2005). Seed-
to-voxel FC map for each subject was constructed by the
Dynamic brain connectome (DynamicBC) toolbox
(http://restfmri.net/forum/DynamicBC) (Liao et al,
2014). The FC maps were generated by calculating the
Pearson coefficients between the time course of seed
ROIs and remaining voxels. After that, the FC maps were
transformed to zFC maps by Fisher’s Z transformation.
Finally, the zFC maps were smoothed with a Gaussian
kernel of 4 x 4 x 4 mm? full widths at half maximum.

2.6 | Statistical analysis
Statistical analyses of demographic, neuropsychological,
and CSF data were performed using IBM SPSS 26.0 statis-
tical software. The Kolmogorov-Smirnov test was used to
test for normal distribution. One-way analysis of variance
(ANOVA) and Kruskal-Wallis test was used for continu-
ous variables. Bonferroni correction was performed for
pairwise comparisons of the three groups. Binary data,
such as sex, were compared using the chi-square test.
Statistical analyses of hippocampal subfields connec-
tivity were performed using the DPABI toolbox (Yan
et al., 2016). An analysis of covariance (ANCOVA) was
performed with age, sex, education, and head motion
(FD value) as covariates to determine FC alterations in
hippocampal subfields between the three groups. To con-
trol for the effect of cortical atrophy on functional analy-
sis, normalized modulated (with the volumetric
information encoded) GM maps were used as covariate
images. After Gaussian random field (GRF) correction,
the threshold was set to p < 0.005 at the voxel level and
p <0.05 at the cluster level. In addition, we extracted
mean FC values from regions showing significant group
effects by ANCOVA and further performed post-hoc pair-
wise comparisons (p < 0.05, Bonferroni correction).
Finally, we performed partial correlation analyses to
examine the correlation between mean FC values from
regions showing significant group effects and neuropsy-
chological performance and CSF biomarkers, with age,
sex, and education level as covariates.

3 | RESULTS
3.1 | Demographics, neuropsychological,
and CSF data

Demographics, neuropsychological performance, and
CSF biomarkers are summarized in Table 1. There were
no significant differences between the three groups in
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terms of age, sex, and education level. As expected, the
MCI group performed the worst on almost all neuropsy-
chological measures, followed by the Obj-SCD and then
the CN group. However, there were no significant differ-
ences among the three groups in CSF biomarkers, but
such differences were found in all participants (Table S2).

3.2 | The resting-state FC of
hippocampal subfields

By ANCOVA analyses, significant differences were
detected (1) between left CAl and right thalamus,
(2) between left CA2/3/DG and right thalamus, and
(3) between right subiculum and right superior parietal
gyrus (SPG) (Figure 2, Table 2). Specifically, the Obj-SCD
group showed decreased FC between left CA1-CA2/3/DG
and right thalamus and increased FC between right subi-
culum and right SPG compared with the CN and MCI
groups (Figure 3). Additionally, the MCI group showed
increased FC between left CA2/3/DG and right thalamus
compared with the CN group.

3.3 | Correlation of FC with cognition
and CSF biomarkers

In the Obj-SCD group, FC values between left CA2/3/DG
and right thalamus were positively associated with AVLT
recognition (r = 0.395, p = 0.046) and CSF Ap,_4, levels
(r =0.466, p = 0.019), and FC values between left CAl
and right thalamus were positively correlated with CSF
AP;_4, levels (r = 0.530, p = 0.006) (Figure 4). We did not
find significant correlations of FC values with cognition
and CSF biomarkers in the MCI group.

4 | DISCUSSION
To our knowledge, this is the first study to investigate FC
alterations of hippocampal subfields in individuals with
Obj-SCD. Specifically, compared with the CN and MCI
groups, the Obj-SCD group showed decreased FC
between left CA1-CA2/3/DG and right thalamus and
increased FC between right subiculum and right SPG. In
addition, functional alterations of hippocampal subfields
in the Obj-SCD group were associated with cognitive
decline and pathological biomarkers. Our study extends
prior work and demonstrates the functional abnormali-
ties in individuals with Obj-SCD by examining the FC of
hippocampal subfields.

Compared with the CN group, the Obj-SCD group
showed reduced FC between the left CA1-CA2/3/DG and
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TABLE 1 Demographic, neuropsychological, and CSF data
CN Obj-SCD MCI
Variables (N = 42) (N =29) (N = 55) F/y? P
Demographic factors
Age 71.29 (6.85) 71.97 (6.47) 73.58 (6.66) 1.49 0.230
Sex (F:M) 24:18 14:15 27:28 0.78 0.676
Education 16.36 (2.55) 16.59 (2.73) 15.76 (2.49) 1.18 0.311
GDS 1.26 (1.36) 1.14 (0.95) 1.55 (1.45) 1.07 0.345
Neuropsychological measures
MMSE 28.74 (1.21) 28.59 (1.59) 27.85 (1.79) 431 0.015°
Memory
AVLT delayed recall 8.36 (2.79) 5.21 (3.08) 3.15(3.34) 33.55 <0.001%5¢
AVLT recognition 12.76 (1.85) 11.79 (2.11) 8.36 (3.59) 32.87 <0.001%¢
Language
SVF (animal) 22.05 (4.03) 20.59 (4.08) 17.29 (4.45) 15.98 <0.001°¢
BNT 28.52 (1.44) 27.72 (1.81) 26.60 (3.66) 6.14 0.003°
Attention/executive function
TMT part A (s) 29.48 (7.71) 31.86 (6.59) 44.91 (17.26) 20.49 <0.001%
TMT part B (s) 67.00 (17.75) 89.07 (40.75) 125.96 (68.46) 16.86 <0.001%P¢
Process scores
AVLT learning slope 1.33 (0.39) 0.91 (0.45) 0.74 (0.46) 22.39 <0.001%°
AVLT retroactive interference 0.80 (0.17) 0.69 (0.27) 0.59 (0.24) 10.96 <0.001°
AVLT intrusion errors 2.24 (2.38) 3.83 (2.90) 3.51(3.49) 3.02 0.052
CSF biomarkers*
AP1_4 (pg/ml) 195.84 (54.64) 170.81 (48.35) 182.35 (56.57) 1.74 0.180
p-taug; (pg/ml) 37.71 (21.99) 42.98 (18.05) 41.80 (26.97) 0.49 0.617
t-tau (pg/ml) 77.37 (50.06) 86.88 (47.00) 81.16 (43.81) 0.33 0.719
Head motion (FD value) 0.16 (0.07) 0.14 (0.07) 0.16 (0.08) 0.41 0.664

Note: Values are expressed as mean (standard deviation), number of participants.

Abbreviations: CN, Cognitively normal; Obj-SCD, Objectively-defined Subtle Cognitive Decline; MCI, Mild Cognitive Impairment; GDS, Geriatric Depression
Scale; MMSE, Mini-Mental State Examination; AVLT, Auditory Verbal Learning Test; SVF, Semantic Verbal Fluency; BNT, Boston Naming Test; TMT, Trail-

Making Test; CSF: Cerebrospinal fluid; FD, framewise displacement.
*115 participants (CN = 37, Obj-SCD = 28, MCI = 50) have CSF biomarkers.

#Post hoc analysis further revealed the source of ANOVA difference (CN vs. Obj-SCD) (p < 0.05, significant difference between the two groups).
PPost hoc analysis further revealed the source of ANOVA difference (CN vs. MCI) (p < 0.05, significant difference between the two groups).
Post hoc analysis further revealed the source of ANOVA difference (Obj-SCD vs. MCI) (p < 0.05, significant difference between the two groups).

the right thalamus, reflecting early dysfunction of hippo-
campal subfields in the preclinical phase of AD. Our find-
ings are consistent with previous work that has found
reduced connectivity or activity in hippocampal subfields
in individuals at high risk for AD who have not yet been
considered cognitively impaired. For example, young
APOE &4 carriers had reduced pattern separation in CA3
compared with non-carriers, suggesting that genetic AD
risk may influence the neural mechanisms underlying
pattern separation in hippocampal subfields (Lee
et al., 2020). Weaker FC strength between the body of
hippocampus and the default mode network (DMN) was

observed in individuals with subjective cognitive decline
(Zajac et al., 2020). Also, the subjective cognitive decline
individuals exhibited reduced connectivity strength in
structural covariance networks seeding from the anterior
and posterior hippocampus compared with normal con-
trols (Fu et al., 2021). Therefore, combining our findings
with previous results, we speculate that decreased con-
nectivity in hippocampal subfields may be an early bio-
logical marker of cognitive deficits due to AD. In
addition, inconsistent with previous studies on reduced
FC in the CAl and CA2/3/DG in MCI (de Flores
et al.,, 2017; Yan et al., 2020), we found increased FC
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FIGURE 2
FC in hippocampal subfields. Based on

Group differences of

the three ROIs of hippocampal subfields,
regions that showed significant FC
differences were located in right
thalamus (seed: left CA1; a), right
thalamus (seed: left CA2/3/DG; b), and
right SPG (seed: right subiculum; c).
SPG, superior parietal gyrus. The
statistical threshold was set at p < 0.005
with a cluster level of p < 0.05 (two-
tailed, GRF corrected).

S oo RVGIRSNR

Thalamus

& &3

Seed:left CA1

13.338

Thalamus

Seed:left CA2/3/DG

Seed:right subiculum

TABLE 2 Group differences in FC of hippocampal subfields
Regions Peak MNI coordinate Peak intensity Cluster voxels
Seeds X Y Z
L CAl R thalamus 12 —18 3 13.3378 26
L CA2/3/DG R thalamus 6 —-12 9 10.1862 25
R subiculum R SPG 24 —51 60 9.4404 25
Note: The statistical threshold was set at p < 0.005 with a cluster-level of p < 0.05 (two-tailed, GRF corrected).
Abbreviations: FC, functional connectivity; CA, cornu ammonis; DG, dentate gyrus; SPG, superior parietal gyrus; L, left; R, right.
FIGURE 3 The post hoc analysis of (a) (b) (c)
FC in hippocampal subfields. The Obj- Right thalamus Right thalamus Right SPG
SCD group showed decreased FC
between left CA1 and right thalamus 0.6+ * % o %67 -;**- Q
(a), and between left CA2/3/DG and %) k. % 3
L 0.4+ S 044 s a
right thalamus (b), as well as increased 2 A @ i “ 8
FC between right subiculum and right ® 0.2 FE ('_?, 0.2+ . S
. 5 i3 8 o e
SPG (c) compared with the CN and MCI T ood==h % S o004 “% 3
groups. The MCI group showed g =i P, - 2 g
Ll = o
increased FC between left CA2/3/DG 9 -0.24 s g 0.2 n =
. Q [=))
and right thalamus co.mpare'd to the CN 0.4 4 o4l 2 04
froup (b). iPG, superior parietal gyrus. & . 600 ‘&0\ > 600 &c’\ B3 ’ooo @0\
p < 0.05, "p < 0.001 & e &

between the CA1-CA2/3/DG and the thalamus in the
MCI group relative to the Obj-SCD group. A possible
explanation is that the increased FC in the MCI group

could be compensation mechanism for the brain func-
tional disruption/cognitive decline (Clément &
Belleville, 2010). Similar results of increased brain
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activity, FC and glucose metabolism have also been
widely reported in patients with MCI (Ashraf et al., 2015;
Gardini et al., 2015; Pan et al., 2017).

We also found increased FC between the right subicu-
lum and right SPG in the Obj-SCD group compared with
the CN and MCI groups. Anatomically, the subiculum is
the primary source of extrinsic projections that modulates
neuronal activation from the hippocampus to cortical
or subcortical areas (O’Mara, 2006). Previous studies
reported decreased FC from the subiculum to frontal,
occipital, and posterior cingulate regions in patients with
MCI and AD (de Flores et al., 2017; Yan et al., 2020). In
contrast, our results of increased FC in the subiculum in
the Obj-SCD group may indicate early functional com-
pensation for pathologic processes, whereas higher FC is
required to maintain relatively intact cognitive function.
Previous studies also support this finding with regional
hyperperfusion (Thomas, Osuna, et al, 2021) and
increased local functional activity (Cui et al., 2021) in the
Obj-SCD group compared with the CN group.

In terms of correlation analysis between hippocampal
subfields connectivity and cognition, we found that left
CA2/3/DG and right thalamus connectivity was posi-
tively correlated to AVLT recognition in the Obj-SCD
group. The CA2/3/DG regions have been reported to be
associated with encoding, retrieval, and discrimination
of memories (Hainmueller & Bartos, 2020; Meira et al.,
2018; Rebola et al., 2017). The thalamus, as the key struc-
ture of the ‘extended hippocampal system’, is directly
and interconnected with hippocampal formation and
plays an important role in episodic memory (Aggleton &
Brown, 1999; Frost et al., 2021). Therefore, disrupted con-
nectivity in the CA2/3/DG subfield may reflect subtle
memory deficits in the preclinical phase of AD. Further-
more, the FC between the left CA1-CA2/3/DG and right
thalamus in the Obj-SCD group was also positively corre-
lated with CSF Ap,_4, levels. The accumulation of cere-
bral AP is considered to be a characteristic pathological

change in AD and can be detected at a very early stage
(Hardy & Higgins, 1992). The CSF biomarkers for all par-
ticipants (Table S2) showed lower AB;_4, levels, but not
tau levels in the Obj-SCD group than in the CN group,
which is consistent with the fact that the accumulation of
AP in the brain occurs earlier than tau-induced neurofi-
brillary tangles (Jack et al., 2018). Therefore, we hypothe-
sized that decreased FC between the left CA1-CA2/3/DG
and right thalamus in the Obj-SCD group could be
caused by increased amyloid accumulation in the brain.
Similarly, previous human and animal studies have
reported that hippocampal disconnection is associated
with increased cerebral amyloid deposition in AD
(Franzmeier et al., 2021; Vyas et al, 2020; Wu
et al., 2019), which supports our results. Unexpectedly,
no significant differences in CSF biomarkers were found
between the three groups for the FC analysis, but such
differences were found in all participants. A possible
explanation is that the sample containing rsfMRI data is
relatively small and may not be representative of all
participants.

It is well known that neuroimaging asymmetric fea-
tures are common in structural and functional imaging
of neurodegenerative diseases, especially in AD. Specifi-
cally, left-lateralized brain degeneration, such as cortical
atrophy (Janke et al., 2001), hypometabolism (Weise
et al., 2018), and AP deposition (Frings et al., 2015) may
dominate in the progression of AD. In disagreement with
previous studies, we observed that regions showing sig-
nificant alterations in FC with various hippocampal sub-
fields between the three groups were located in the right
hemisphere. These findings align very well with the cog-
nitive reserve hypothesis. Based on the critical role of
noradrenergic (NA) activity in mediating the protective
effects of cognitive reserve (Robertson, 2013), Robertson
further highlighted the close relationship between the
cognitive processes with the right hemisphere, fronto-
parietal localization, which is strongly regulated by NA
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(Robertson, 2014). Several studies have shown that alter-
ations in the cerebral hemispheres associated with
AD/cognitive impairment involve the right hemisphere
more than the left, which supports our findings. For
example, in APOE €4 carriers who have not yet devel-
oped dementia symptoms, greater right-lateralized activ-
ity was observed than in non-e4 carriers, which may be a
compensation for APOE e4-related deficits (Han
et al., 2007). Additionally, in an implicit memory task,
Tyrer et al. (Tyrer et al., 2020)suggested that compensa-
tory mechanisms in the right hemisphere might be
employed to alleviate left-lateralized network deficits
in AD.

This study has several limitations that need to be
addressed. First, the ADNI was a predominantly white,
highly educated, and healthy sample, which may
limit the generalizability of the study results. Second,
the sample size used for FC analysis was relatively
small, especially for the Obj-SCD group. Future studies
will require larger sample sizes to validate our findings.
Third, not all participants in this study had access to CSF
samples because a lumbar puncture is an invasive opera-
tion, which may affect statistical power. Finally, the
cross-sectional design of the current study does not imply
causality, and further longitudinal studies combining
rsfMRI data and AD pathological biomarkers are needed
to delineate the sequence of potentially pathogenic
events.

Overall, the disrupted FC of the CAl and CA2/3/DG
subfields in individuals with Obj-SCD patients may
reflect subtle cognitive impairment and AD-specific path-
ological changes. Also, increased FC of the subiculum
subfield may imply early functional compensation for
subtle cognitive changes. The results of this study com-
plement existing papers showing that Edmonds/Thomas
actuarial Obj-SCD definitions, including neuropsycholog-
ical measures and AVLT process scores, are sensitive
markers for future progression to MCI/AD as well as for
individuals with increased amyloid accumulation, ele-
vated plasma p-tau,g; levels, and increased risk of func-
tional and structural degeneration (Cui et al., 2021;
Thomas et al., 2020; Thomas, Bangen, et al., 2021;
Thomas, Osuna, et al., 2021). Finally, the use of multi-
model functional MRI to assess cerebral functional net-
work alterations or the integrity of white matter micro-
structure in Obj-SCD will be particularly significant in
future studies.
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