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Abstract: Hippocampal connectivity has been widely described but connectivity specificities of hippo-
campal subfields and their changes in early AD are poorly known. The aim of this study was to high-
light hippocampal subfield networks in healthy elderly (HE) and their changes in amnestic patients
with mild cognitive impairment (aMCI). Thirty-six HE and 27 aMCI patients underwent resting-state
functional MRI scans. Specific intrinsic connectivity of bilateral CA1, SUB (subiculum), and CA2/3/4/
DG was identified in HE (using seeds derived from manually delineation on high-resolution scans)
and compared between HE and aMCI. Compared to the other subfields, CA1 was more strongly con-
nected to the amygdala and occipital regions, CA2/3/4/DG to the left anterior cingulate cortex, tem-
poral, and occipital regions, and SUB to the angular, precuneus, putamen, posterior cingulate, and
frontal regions. aMCI patients showed reduced connectivity within the SUB network (with frontal and
posterior cingulate regions). Our study highlighted for the first time three specific and distinct hippo-
campal subfield functional networks in HE, and their alterations in aMCI. These findings are important
to understand AD specificities in both cognitive deficits and lesion topography, given the role of func-
tional connectivity in these processes. Hum Brain Mapp 38:4922-4932, 2017. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

The hippocampus is known to play a key role in cogni-
tive processes, especially episodic memory [Lepage et al.,
1998; Squire et al., 1992; Tulving and Markowitsch 1998;
see Spaniol et al., 2009 for review] and spatial navigation
[Maguire et al., 1998; Burgess et al., 2002; Ekstrom et al.,
2003; see Bird and Burgess 2008 for review]. This structure
is altered in several neurological and psychiatric disorders,
such as Alzheimer’s disease (AD), temporal lobe epilepsy,
schizophrenia, post-traumatic stress disorder, and major
depression (see Geuze et al. [2005] for review).

It is acknowledged that the hippocampus is heteroge-
neous and can be divided in subregions with different
functions, connectivity to other brain regions, and vulnera-
bility to disease [Aggleton, 2012; Maruszak and Thuret,
2014; Small et al., 2011]. Thus, the hippocampus is made
of different cytoarchitectonic subfields which include the
four cornu ammonis fields (CA1-CA4), the dentate gyrus
(DG), and the subiculum. Several histological studies
investigated hippocampal afferent and efferent projections
to the rest of the brain [Aggleton, 2012; Duvernoy, 2005],
showing for example that the subiculum and CAl are the
main sources of the extrinsic projections from the hippo-
campus [Aggleton, 2012]. Actually, most of the hippocam-
pal output arise from the subiculum [Aggleton and
Christiansen, 2015], that is specifically connected to the
anterior and posterior cingulate, retrosplenial cortex and
frontal and temporal regions [Aggleton, 2012; Duvernoy,
2005]. Moreover, hippocampal subfields were described as
differentially affected in AD pathology. Most imaging
studies highlighted a major atrophy of the CA1 subfield in
the early stages of AD (such as mild cognitive impairment
(MCI)), before atrophy becomes more widespread at the
dementia stage, consistent with the pathological literature
(see de Flores et al. [2015a] for review).

Resting-state fMRI (rs-fMRI) is an imaging method used
to detect brain regions showing correlated (synchronized)
blood oxygen level-dependent (BOLD) signal fluctuations
over time [Biswal et al., 1995; Greicius et al., 2003],
highlighting intrinsic connectivity of functional brain net-
works. Using this method, the hippocampus was found as
functionally connected to the posterior cingulate, medial
prefrontal cortex, inferior parietal lobules, and lateral tem-
poral cortices [Allen et al., 2007; Buckner et al., 2008; Grei-
cius et al., 2004; Wang et al., 2006]. This technique has
recently been used to study how brain network connectiv-
ity changes in the course of AD. Most studies highlighted
functional connectivity disruption between the hippocam-
pus and other brain regions such as the posterior cingu-
late, medial prefrontal, inferior parietal, and lateral
temporal cortex in AD and even in MCI patients [see Den-
nis and Thompson 2014; Krajcovicova et al., 2014; Sperling
et al.,, 2010 for reviews]. However, no study to date has
evaluated the specificity of hippocampal subfield intrinsic
connectivity to the rest of the brain and its alteration in
the early stage of AD.

The aim of this study was therefore to highlight specific
hippocampal subfield networks in healthy elderly (HE)
individuals and to evaluate hippocampal subfield connec-
tivity disruption in aMCI patients using structural seeds
built from manual delineations performed on high-
resolution scans. We hypothesized that among the specific
hippocampal subfield networks, the subiculum network
would be the most widespread. Moreover, one can
hypothesize that these networks would be altered in aMCI
patients.

MATERIALS AND METHODS
Participants

All participants in this study were included in the
Imagerie Multimodale de la maladie d’Alzheimer a un
stade Précoce (IMAP) study (Caen, France) and part of
them were included in previous publications from our lab
[Arenaza-Urquijo et al., 2015; La Joie et al., 2013; Perrotin
et al., 2015]. All were right-handed, had at least 7 years of
education and had no history of alcoholism, drug abuse,
head trauma, or psychiatric disorder. The IMAP Study
was approved by a regional ethics committee (Comité de
Protection des Personnes Nord-Ouest III) and is registered
with ClinicalTrials.gov (number NCT01638949). All partici-
pants gave written informed consent to the study prior to
the investigation.

Twenty-seven amnestic MCI (aMCI) patients were
recruited from local memory clinics and selected according
to Petersen’s criteria for MCI [Petersen and Morris, 2005].
Clinical diagnosis was assigned by consensus under the
supervision of a senior neurologist (VdIS) and neuropsy-
chologists. Thirty-six healthy elderly (aged over 60) were
recruited from the community by flyers and advertise-
ments in local newspapers. They performed in the normal
range on all neuropsychological tests from a cognitive bat-
tery assessing multiple domains of cognition (verbal and
visual episodic memory, semantic memory, language
skills, executive functions, visuospatial functions, and
praxis). To avoid including healthy subjects who might be
at a preclinical stage of Alzheimer’s disease [Sperling
et al., 2011], we only included healthy subjects found to be
amyloid-negative based on the neocortical Florbetapir
SUVR using a previously published method [La Joie et al.,
2012; La Joie et al., 2013]. The demographic characteristics
of the samples are summarized in Table I.

MRI Data Acquisition

Each subject underwent an MR scan at the cyceron cen-
ter (Caen, France) using a Philips Achieva (Eindhoven,
The Netherlands) 3T scanner. Subjects were equipped with
earplugs and their head was stabilized with foam pads to
minimize head motion. First, Tl-weighted structural
images were acquired (repetition time (TR) =20 ms; echo
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TABLE I. Demographics of the samples

Healthy elderly aMCI
Number (women/men) 36 (19/17) 27 (12/15)
Age (years; mean * SD) 68.7 + 6.1 742 + 6.4*
Education (years; mean *+ SD) 12.6 2.7 11.1+3.4%
MMSE (mean = SD) 28.8+0.9 26.3 = 1.8%

SD: standard deviation.

aMCI patients were compared for age, education, and MMSE
with healthy elderly using 2-sample t tests and compared for gen-
der with a chi-square test. *P < 0.05.

time (TE) =4.6 ms; flip angle =10° 180 slices; slice thick-
ness =1 mm; no gap; field of view =256 X 256 mm?;

matrix =256 X 256; in-plane resolution=1 X 1 mm?;
acquisition time =9.4 min). Second, non-EPI T2* images
were acquired (2D-T2*-FFE axial; SENSE factor =2;
TR = 3,505 ms; TE =30 ms; flip angle =90°; 70 slices; slice
thickness =2 mm; no gap; Field of View =256 X 256 mm?;
in-plane resolution=2 X 2 mm?; acquisition time = 3.2
min). Then, a high-resolution proton density weighted
sequence was acquired perpendicularly to the long axis of
the hippocampus in an independent group of 50 healthy
participants (TR =3,500 ms; TE=19 ms; flip angle =90
13 slices; slice thickness =2 mm; interslices gap =2 mm;
field of view =120 X 120 mm? in-plane resolution = 0.375
X 0.375 mm?, acquisition time =7.4 min). Finally, resting-
state functional acquisitions were obtained using an inter-
leaved 2D T2* SENSitivity Encoding EPI sequence
designed to reduce geometric distortions using parallel
imaging, shorter echo time, and smaller voxels (2D-T2*-
FFE-EPI axial, SENSitivity Encoding factor =2; TR = 2,382
ms; TE=30 ms; flip angle=80% 42 slices; slice
thickness =2.8 mm; no gap; in-plane resolution=2.8 X
2.8 mm?; 280 volumes). During this acquisition, which was
the last of the MRI scanning session, subjects were asked
to relax, lie still in the scanner, and keep their eyes closed
while not falling asleep. A subsequent debriefing question-
naire was used to ensure that the participants had no diffi-
culty staying awake throughout the duration of the
resting-state fMRI scan and that nothing particular had
disturbed their attention during the scanning.

Imaging Data Handling and Transformation
Labeling of hippocampal subfields

Hippocampal subfields were manually delineated in
native high resolution proton density weighted scans
within an independent group of 50 healthy participants
(mean age: 45.5*17.9; mean education: 13.8 +3.9; 31F/
16M) according to a protocol detailed and used in previ-
ous publications [La Joie et al.,, 2010; see also de Flores
et al.,, 2015b; La Joie et al., 2013; Perrotin et al., 2015].
Briefly, three hippocampal regions were delineated: (i) the
subiculum (SUB); (ii) CA1; and (iii) CA2-CA3-CA4 and

DG pooled together in a unique region. Indeed, the very
limited size of CA2, CA3, and CA4 with CA4 surrounded
by DG makes difficult the accurate and reliable delineation
of each individual subfield [La Joie et al., 2010]. Manual
delineations were all performed by the same rater blind to
the identity of the participants (RL], the same as in La Joie
et al. [2010, 2013]).

Each high-resolution scan, as well as the manually delin-
eated subfields, was coregistered (estimate only, to avoid
interpolations) to each corresponding T1-weighed image
with the SPM5 software (Statistical Parametric Mapping,
Wellcome Trust Centre for Neuroimaging, London, UK)
and the registration was checked visually for accuracy.
Using the VBM5 toolbox, implemented in the SPM5 soft-
ware, T1-MRI were segmented and spatially normalized to
the MNI space. The normalization parameters were then
applied to the coregistred manually delineated subfields.
Lastly, the 50 MNI normalized hippocampal subfield
regions were averaged. The average image of each hippo-
campal subregion was then binarized in order to obtain
one normalized bilateral seed for each of the three delin-
eated regions (e.g. CA1l, CA2/3/4/DG, and SUB). For this
purpose, a threshold of 0.4 was used and any overlapping
voxel was classified in only one subregion, that is, the one
for which the voxel’s value was the highest. The resulting
seeds are illustrated in Figure 1.

Preprocessing of resting-state fMRI data

First, datasets were checked for the lack of artifact due
to head movements (>3 mm translation or 1.5° rotation) or
of abnormal variance distribution through the application
of the TSDiffana routine (http://imaging.mrc-cbu.cam.ac.
uk/imaging/DataDiagnostics). The first 6 volumes were
discarded because of saturation effects. EPI volumes (rs-
fMRI) were then corrected for slice timing and realigned
to the first volume. Data were then spatially normalized
using a technique designed to reduce geometrical distor-
tion effects [Villain et al., 2010b]. First, several coregista-
tions (T2* scan to match the rs-fMRI scan, T2 scan to
match the rT2* scan, and T1 scan to match the rT2 scan)
were performed to optimize the coregistration of the T1
scan to the rs-fMRI scan. Then, the rs-fMRI scan was
warped to match the rT2* volume to reduce geometrical
distortion effects. The Tl scan was segmented using the
VBMS8 “Segment” procedure with the International Con-
sortium for Brain Mapping (ICBM)/Montreal Neurological
Institute (MNI) priors and a normalization of the coregis-
tered T1, rs-fMRI and T2* volumes was performed using
the parameters obtained from the T1 segmentation (final
resolution =2 X 2 X 2 mm?). Last, a 4 mm FWHM smooth
was applied to the rs-fMRI scan together with a bandpass
filter (0.01-0.08 Hz) to the time series (as well as to the six
parameters generated from realignment of head motion) to
remove low- and high-frequency drift components of rest-
ing fMRI data [Arenaza-Urquijo et al., 2013; Mevel et al,,
2013]. Finally, a binary mask was created from the
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Figure I.
Anatomical seeds derived from manual segmentation performed on ultra-high-resolution scans in
an independent group of 50 healthy controls. Blue: CAl; green: SUB; pink: CA2/3/4/DG. Seeds
are illustrated with a 2 X 2 X 2 mm? resolution as applied to the resting-state fMRI data. [Color
figure can be viewed at wileyonlinelibrary.com]

segmented mean of the group grey matter T1 volume in
conjunction with the mean non EPI-T2* volume in the
MNI space. This mask was used in further analyses to
include only gray matter voxels.

The individual mean time-courses were extracted for
each of the three hippocampal seeds (CA1, CA2/3/4/DG,
and SUB), and individual functional connectivity maps
were computed for each seed according to the following
steps: (i) regression of the six parameters generated from
realignment of head motion and the white matter, cerebro-
spinal fluid and global time courses (together with their
derivatives) was performed; and (ii) the positive correla-
tion coefficients between the averaged time course in each
seed region and the time course of each voxel across the
whole grey matter using the Tl-non EPI T2* mask was
computed. A Fisher’s z transform and a 6.3 mm FWHM
smooth were then applied to the resulting individual con-
nectivity maps.

Statistical Analyses
Defining hippocampal subfield networks

The three individual connectivity maps (obtained from
the CA1, CA2/3/4/DG, and SUB seed, respectively) of
each healthy elderly were entered into a flexible factorial
model in SPM8 with age, education, and gender as covari-
ates. We first defined a whole hippocampal network
(defined as the regions connected with any of the three
hippocampal subregions) using a family-wise error (FWE)-
corrected P <0.05 threshold with a cluster extent of
k>1,600 mm®. Then, connectivity maps were compared
between hippocampal subregions within the whole hippo-
campus network. A P (uncorrected) < 0.001 with a cluster
extent of k>256 mm> was used to achieve a corrected

statistical significance of P <0.05, determined by Monte-
Carlo simulation (see program 3dClustSim version
17.0.08).

Group differences in network strength

Three two-sample t tests (one for each seeded hippo-
campal region) were used to assess group differences in
functional connectivity between healthy elderly and aMCI
patients. Age, education, and gender were used as covari-
ates. Each group comparison analysis was masked by the
corresponding network highlighted in healthy elderly. A P
(uncorrected) < 0.001 and a cluster extent >40 mm® for
CA1l and CA2/3/4/DG and >112 mm® for SUB, deter-
mined by Monte-Carlo simulation (see program 3dClust-
Sim version 17.0.08), were used to achieve a statistical
significance of corrected P < 0.05 at the cluster level. Note
that statistics were corrected for multiple comparisons
across voxels (through Monte-Carlo simulation and per-
mutation testing) but not for multiple tests across hippo-
campal subregions (i.e., for the fact that several tests were
run, one for each seeded hippocampal region).

RESULTS

Hippocampal Subfield Networks in Healthy
Elderly

Hippocampal networks highlighted in healthy elderly
are illustrated in Figure 2. The whole hippocampus net-
work encompasses the whole medial temporal lobe, the
posterior cingulate cortex and precuneus, ventro-medial
frontal cortex, temporal poles, middle and superior tempo-
ral neocortex, angular cortex, and part of the lateral occipi-
tal cortex, bilaterally (289,008 mmg). Within this network,

* 4925 o


http://wileyonlinelibrary.com

¢ de Flores et al. ¢

.y{%
Whole hippocampus e" a‘

- NS T

CA1 network

CA1> (CA2/3/4/DG & SUB)

SUB netwo
SUB > (CA1 & CA2)

Figure 2.

Hippocampal subfield networks in healthy elderly. Intrinsic con-
nectivity networks of the whole hippocampus (in red, illustrated
at FWE-corrected P < 0.05; k > 200 voxels; top line), and of the
hippocampal subfields CAI (in blue, second top line), CA2/3/4/
DG (in pink, third top line), and SUB (in green, lower line)

CA1 showed significantly higher connectivity with a por-
tion of the medial temporal lobe (i.e., the entorhinal and
perirhinal cortex), the middle occipital cortex, and the
amygdala bilaterally, relative to CA2/3/4/DG and SUB
(12,288 mm®). In contrast, CA2/3/4/DG showed a higher
connectivity with the left anterior cingulate cortex, left
middle/superior temporal cortex, left middle occipital cor-
tex, and amygdala bilaterally (13,560 mm3). Last, SUB
showed significantly higher connectivity with a portion of
the medial temporal lobe (i.e.,, the entorhinal and the

CA1 network

CAl>

SUB network

SUB>(CA1&

within the whole hippocampus network and illustrated at P
(uncorrected) < 0.001 and a k value to achieve a statistical signif-
icance of corrected P<0.05 at the cluster level. [Color figure
can be viewed at wileyonlinelibrary.com]

parahippocampal cortex), the right putamen, the right
orbitofrontal cortex, and the ventromedial prefrontal cor-
tex, the angular cortex, precuneus, posterior cingulate cor-
tex, and superior frontal cortex bilaterally (33,632 mm?).

Group Differences in Connectivity

Group differences in connectivity between healthy
elderly and aMCI patients are illustrated in Figure 3. No
difference was found within the CA1 and CA2/3/4/DG

HE > MCI

Figure 3.

Group differences in connectivity between healthy elderly and
aMCl patients. HE and aMClI patients were compared using two-
sample t tests within the respective hippocampal subfield net-
works (illustrated in Fig. 2), and regions of significant decrease

in aMCI patients relative to controls were illustrated at P
(uncorrected) < 0.001 and k value to achieve a statistical signifi-
cance of corrected P<0.05 at the cluster level. [Color figure
can be viewed at wileyonlinelibrary.com]
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networks. In aMCI patients, a significant decrease in con-
nectivity was found between SUB and the posterior cingu-
late, right ventromedial prefrontal, and left superior
frontal cortex.

Complementary Analyses
High-resolution rs-fMRI scans

To validate our results for the hippocampal subfield net-
works, especially as they were obtained from rs-fMRI
images with a resolution of 2.8 X 2.8 X 2.8 mm?, we repli-
cated our analyses using images with higher resolution.
For this purpose, we used freely available high-resolution
rs-fMRI scans acquired at 7 T in a group of 22 healthy
individuals (10 women) aged from 21 to 30 (mean: 25.1)
(70 slices with 1.5 mm thickness, 1.5 mm® isotropic voxel
size, TR=3.0 s, TE =17 ms, FA =70°, BW =1,116 Hz/Px,
Partial Fourier 6/8, GRAPPA acceleration with iPAT factor
of 3 (36 reference lines), and 300 repetitions) [Gorgolewski
et al., 2015; http:/ /openscience.cbs.mpg.de/7t_trt]. Specific
hippocampal subfield networks were evaluated using the
method described above (Defining hippocampal subfield
networks). The pattern of the hippocampal subfields were
highly similar to those found in our main analysis from
images acquired in our lab despite slight differences
mainly for the CA2/3/4/DG network (Supporting Infor-
mation, Fig. 1). More specifically, the CA2/3/4/DG net-
work highlighted with high-resolution scans encompassed
more temporal neocortical regions than in the main analy-
sis (i.e., with images with a resolution of 2.8 X 2.8 X
2.8 mm®).

Individual seeds

As the template seeds (described in Labeling of hippo-
campal subfields) might not perfectly reflect the individual
subfield anatomy, we repeated our analyses using individ-
ual hippocampal subfield seeds. Both high-resolution pro-
ton density weighted hippocampal scans and rs-fMRI
scans were available in the same participant for a sub-
group of 27 HC. Thus, in this subgroup, hippocampal sub-
fields were manually segmented for each of the 27
participants on the high-resolution hippocampal proton
density weighted scans, spatially transformed to match the
rs-fMRI scan and used as seeds to generate functional con-
nectivity maps. Connectivity maps (for CA1, CA2/3/4/
DG and SUB) were then compared across subfields as
described above (Defining hippocampal subfield networks)
to highlight the specific subfield networks. Both methods
(individual vs template seeds) showed very similar net-
works although slight differences can be noted (Support-
ing Information, Fig. 2). More precisely, using individual
seeds, the CA2/3/4/DG network encompassed larger
clusters more extended and bilateral especially in
temporo-occipital regions, while the SUB network was less
extended (i.e., the clusters were in the same location but

smaller) than in the main analysis (i.e., using template
seeds). These complementary analyses suggest that the use
of “template” seeds seem to be relatively reliable to high-
light hippocampal subfield networks.

Permutation analyses

We ran additional permutation analyses using the
“randomise” command available in fsl (https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/Randomise). ~Specific hippocampal
subfield networks were evaluated in healthy individuals
using repeated measures ANOVA. Networks were overall
similar to those highlighted with SPM (Supporting Infor-
mation, Fig. 3). Then, within these networks, we compared
healthy individuals and aMCI patients using two-sample
unpaired ¢ tests. Identically to our SPM analyses, only the
SUB network showed reduced connectivity in aMCI
patients (Supporting Information, Fig. 4).

Influence of atrophy

To evaluate whether group differences in connectivity
were influenced by grey matter atrophy in aMCI patients,
we repeated our group comparison analyses on connectiv-
ity maps controlled for age, gender, and education, but
introducing grey matter volume maps as covariates using
the Biological Parametric Mapping (BPM) toolbox [Casa-
nova et al., 2007]. Grey matter (GM) volume maps corre-
sponded to the GM segments issued from the VBMS
procedure implemented in SPMS8 as described in the Meth-
ods section. GM segments were modulated to correct for
nonlinear warping and smoothed at 8 mm FWHM to
result in a smoothness equivalent to that of the resting-
state fMRI images. A P (uncorrected) < 0.001 and a cluster
extent k>40 mm® for CAl and CA2/3/4/DG and
k>112 mm® for SUB was used to achieve a statistical sig-
nificance of corrected P < 0.05, determined by Monte-Carlo
simulation (see program 3dClustSim version 17.0.08). The
results remain essentially unchanged when controlling for
GM volume (Supporting Information, Fig. 5) indicating
that the differences in hippocampal subfield connectivity
between aMCI and controls were not due to atrophy.

Influence of amyloid deposition

Florbetapir scans were available in 25/27 aMCI patients.
To assess whether the presence of amyloid in aMCI influ-
enced our findings, the functional connectivity was
extracted within regions showing a reduced connectivity
to SUB in aMCI patients (Fig. 3) for each of the two
groups (HE and aMCI patients) and was compared using
ANCOVAs with age, gender, education, and SUVR as
covariates. The reduced functional connectivity in aMCI
patients remained significant (P <0.001). Then, we split
the aMCI group in amyloid positive (1 =17; mean age:
74.8 £7.2; mean education: 11.9 = 3.9; 8F/9M) and amyloid
negative (n=38; mean age: 72*4.8;, mean education:
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Regions disconnected to SUB in aMCl patients
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Figure 4.
Influence of amyloid deposition on connectivity. Mean functional
connectivity extracted from regions disconnected to SUB in
aMCl patients (Fig. 3) and compared between HE, amyloid nega-
tive, and amyloid-negative aMCl patients using Mann—Whitney
tests. *P<0.01. [Color figure can be viewed at wileyonlineli-
brary.com]

9.2+1.7; 4F/4M) using a previously published method
[La Joie et al., 2012, 2013]. The functional connectivity pre-
viously extracted from both networks was compared
between the three groups using Mann—-Whitney tests. Non-
parametric tests were used because of the small sample
size. Both amyloid-positive and -negative aMCI patients
showed a decreased connectivity to SUB (P =0.002 for
both groups) compared to HE. No significant differences
were found between amyloid-positive and -negative aMCI
patients (P =0.93) (Fig. 4).

DISCUSSION

In this study, we used anatomical seeds derived from
manual delineations performed on high-resolution MR
scans to highlight the specific intrinsic functional connec-
tivity of CA1, SUB, and CA2/3/4/DG in a sample of 36
HE. We also evaluated their alterations in a sample of 27
aMCI patients.

Hippocampal Subfield Connectivity

When evaluating the regions functionally connected
with any of the three hippocampal subregions (corre-
sponding to the whole hippocampal network), we found a
widespread network of intrinsic connectivity encompass-
ing the entire medial temporal lobe, the posterior cingulate
cortex and precuneus, ventro-medial frontal, temporal,
and angular cortex and part of the lateral occipital cortex,
bilaterally. This result is consistent with previous

neuroimaging studies using the whole hippocampus as a
seed [Allen et al., 2007; Wang et al., 2006]. This network is
highly similar to the default mode network (DMN), a spe-
cific and anatomically defined brain system preferentially
active when individuals are not focused on the external
environment [Buckner et al., 2008; Greicius et al., 2004;
Raichle et al.,, 2001]. The originality of the present work
was to highlight the specificities in the intrinsic connectiv-
ity of the different hippocampal subfields. These analyses
revealed that the SUB network appeared as the most
extended and included regions classically described as
part of the DMN (medial temporal, precuneus/posterior
cingulate, angular gyrus, and medial frontal regions). By
contrast, CA1 and CA2/3/4/DG belong to more
restrained networks that include the hippocampal area,
the middle occipital regions (mainly located in BA19 and
extending to BA37), the amygdala (for both), and the ante-
rior cingulate and the middle/superior temporal cortices
(for CA2/3/4/DG).

To our knowledge, only a couple of studies used the
hippocampal subfields (CA, DG, and SUB bilaterally) as
seeds in intrinsic connectivity analyses [Bai et al., 2011;
Wang et al., 2015] but none of them were designed to
highlight hippocampal subfield network specificities.
Indeed networks were assessed for each subregion but not
compared, so that they were almost the same for the 3 hip-
pocampal regions and corresponded to the network usu-
ally described for the whole hippocampus [see, e.g., Allen
et al., 2007; Wang et al., 2006]. Direct statistical comparison
between networks is warranted to highlight the
specificities.

The specificities of the hippocampal subfield connectiv-
ity evidenced here are overall consistent with the circuitry
of the hippocampus described from histological studies
investigating the anatomical hippocampal afferent and
efferent projections to the rest of the brain [Aggleton, 2012;
Duvernoy, 2005]. More specifically, we found that both
CA2/3/4/DG and CA1 were connected to middle occipi-
tal regions (mainly located in BA19 and extending to
BA37). In the two main hippocampal loops described by
Duvernoy [2005], the polysynaptic intrahippocampal path-
way and the direct intrahippocampal pathway, the dentate
gyrus (included in CA2/3/4/DG), and CA1 are the main
input structures receiving projections from the superior
visual system and the inferior visual system respectively.
Moreover, studies performed in primates showed that
visual association areas and V4 send projections to several
hippocampal regions through the perirhinal and the para-
hippocampal cortex [Aggleton, 2012]. More specifically, it
seems that the visual association areas (and in a lesser
extend V4) mainly send projections to the dentate gyrus
via the perirhinal cortex and the layer II of the entorhinal
cortex, while V4 also reaches CA1l and the subiculum via
the parahippocampal cortex and the layer III of the ento-
rhinal cortex [Aggleton, 2012]. These descriptions suggest
that the visual association areas are particularly connected
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to the dentate gyrus while V4 might also be connected to
other subfields such as CA1l and the subiculum. In the
same line, the networks highlighted in this study corre-
spond to comparisons between the connectivity strength of
the different hippocampal subfield networks. In other
words, the specific networks highlighted from our analy-
ses indicate the brain areas that are more strongly con-
nected to one hippocampal subregion compared to the
others. CA2/3/4/DG was also connected to the anterior
cingulate in this study, which is more surprising as this
region is more classically described as being connected to
the subiculum [Duvernoy, 2005]. On the other hand, SUB
was found to be the most extended functional network in
this study (33,632 mm?® against 12,288 mm® for CA1 and
13,560 mm?> for CA2/3/4/ DG), and included medial fron-
tal and parietal areas and the angular cortex (all part of
the DMN). Histological studies describe the subiculum as
the main output of the polysynaptic intrahippocampal and
the direct intrahippocampal pathways [Duvernoy, 2005].
More precisely, the subiculum sends projections to the
anterior and posterior cingulate, retrosplenial cortex and
frontal and temporal regions [Aggleton, 2012; Duvernoy,
2005]. CA1 and CAS3 also send projections to the rest of
the brain [Aggleton, 2012; Duvernoy, 2005], but most of
the hippocampal output arise from the subiculum [Aggle-
ton and Christiansen, 2015].

These findings shed light on the specificities of hippo-
campal subfield intrinsic connectivity; future works would
help understanding whether the subtle discrepancies with
histological studies reflect methodological limitations and/
or differences between structural and functional
connectivity.

Altered Functional Connectivity Over the
Course of AD

Within the specific networks described above, the intrin-
sic functional connectivity was significantly reduced in
aMCI patients compared to HE between SUB and the pos-
terior cingulate, right ventromedial prefrontal, and left
superior frontal cortex, while no decreased connectivity
was found within the CA1 and CA2/3/4/DG networks.
Previous studies assessing changes in intrinsic connectivity
in AD reported discrepant findings but decreased connec-
tivity within the DMN, and more specifically between the
hippocampus and the posterior cingulate cortex was the
most consistent finding across studies [Binnewijzend et al.,
2012; Cha et al., 2013; Chhatwal et al., 2013; Damoiseaux
et al., 2012; Greicius et al.,, 2004; Jones et al., 2011;
Schwindt et al., 2013; Wu et al., 2011; Zhou et al., 2008].
Additionally, previous seed-based works reported reduced
connectivity between the hippocampus and the medial
prefrontal, anterior cingulate and temporal cortex, and the
cuneus/precuneus in AD [Allen et al., 2007, Wang et al.,
2006] while the hippocampus was described as discon-
nected from the inferior parietal and medial prefrontal

cortex in MCI [Das et al., 2013]. Our findings are thus con-
sistent with previous works, and additionally showed that
these altered hippocampal connectivity arose from the
subiculum. As the subiculum is the main output from the
hippocampus, it is not surprising that the hippocampal
connectivity disruption occurred in the SUB network. This
altered functional connectivity might at least partly reflect
the alteration of the projection fibers, such as the cingulate
bundles [Fellgiebel et al., 2005] and the fornix [Acosta-Cab-
ronero and Nestor, 2014], which is thought to arise from
the atrophy of projecting structures, that is, the hippocam-
pus and more particularly here the subiculum. Indeed,
previous works have shown that hypometabolism in the
posterior cingulate and medial prefrontal cortex in MCI
and AD was due to the disruption of projecting white
matter fibers (e.g. the cingulum and uncinate fasciculus)
itself due to atrophy of input structures (mainly, the hip-
pocampus) [Villain et al., 2008, 2010]. Subiculum atrophy
in AD and even in MCI patients has been reported in sev-
eral studies [see de Flores et al., 2015a for review] includ-
ing in studies on samples overlapping with the present
study [de Flores et al., 2015b; La Joie et al., 2013]. More-
over, subiculum atrophy was found to be associated with
decreased integrity of the fornix in early AD and aMCI
[Wisse et al., 2015]. Although CA1l atrophy is usually
found to be more significant and earlier than the subicu-
lum over the course of AD, the main connectivity disrup-
tion between the hippocampus and the rest of the brain
arose from the subiculum as this substructure is the main
hippocampal output. In contrast, CAl atrophy might lead
to intrahippocampal disruptions; this hypothesis could be
tested in future works.

We did not find any significant increase in hippocampal
subfield intrinsic connectivity in aMCI patients in this
study, while this has been reported in some (but not all)
previous studies [Das et al., 2013; Gardini et al., 2015; Pas-
quini et al., 2015, Wang et al., 2011], especially in MCI
patients. These discrepancies probably reflect the fact that
the increases, if they exist, might be more subtle than con-
nectivity decrease, so that methodological differences (het-
erogeneity in MCI patients, intrinsic connectivity
measurement, and so on) might affect their detection.

We also assessed whether our findings were influenced
by local atrophy, and whether B-amyloid deposition
would affect hippocampal subfield connectivity. We found
that alteration of hippocampal subfield connectivity in
aMCI patients was not merely the reflection of local atro-
phy as the results remained essentially unchanged when
correcting for atrophy. We also showed that this connec-
tivity alteration was not related to amyloid deposition as
the findings remained the same when correcting for amy-
loid deposition, and connectivity disruption was the same
in both the amyloid-positive and the amyloid-negative
aMCI. Several studies showed a link between the presence
of amyloid deposition and reduced connectivity in healthy
individuals [Hedden et al.,, 2009; Mormino et al., 2011;
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Song et al., 2015] and in the course of AD [Celebi et al.,
2016; Koch et al., 2015; Lim et al., 2014]. The lack of rela-
tionships here might reflect methodological differences
and/or the limited sample size when splitting the aMCI
into amyloid positive and amyloid negative. Future works
are needed to assess this specific question, as this was not
the aim of this study.

This study has some limitations. First, the spatial resolu-
tion of resting-state fMRI scans (acquired at 2.8 mm and
then resliced at 2 mm) is not optimal to assess hippocam-
pal subfield [see, e.g., Carr et al., 2010]. Higher resolution
fMRI were used in previous studies investigating hippo-
campal subfield connectivity but they only assessed a very
limited portion of the brain [Duncan et al., 2014; Lacy and
Stark, 2012; Libby et al., 2012]. The goal of this study was
to highlight hippocampal subfield connectivity with the
rest of the brain, and it was not possible to cover the
whole brain with such high-resolution due to time con-
straint. Partialling out the influence of the other subfields
while assessing the connectivity of one subfield, we were
able to highlight subfield-specific networks that were con-
sistent with knowledge from anatomy. However, our find-
ings need replication using evolving technologies allowing
to acquire full-brain high-resolution fMRI images with
comparable signal-to-noise ratio.

Overall, using seed-based correlation analysis, we
highlighted for the first time three specific and distinct
hippocampal subfield functional networks in healthy eld-
ers and their alterations in aMCI patients. As hippocampal
subfields are thought to contribute to different aspects of
memory (see Carr et al. [2010] and de Flores et al. [2015a]
for reviews), and given the growing acknowledgement of
the role of brain intrinsic connectivity in cognitive func-
tions [La Joie et al., 2014; see Jeong et al., 2015 for review],
it would be particularly interesting in future studies to
assess the specific relationships between hippocampal sub-
field connectivity and memory deficits in AD but also
across different hippocampus-related disease.
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