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Characterization of normal age-related changes in resting state brain networks associated with working
memory performance is a major prerequisite for studying neurodegenerative diseases. The aim of this
study was to investigate the relationship between performing a working memory task (under MRI)
and resting-state brain networks in a large cohort of healthy elderly subjects (n=337).

Functional connectivity and interactions between networks were assessed within the default mode
(DMN), salience (SN), and right and left central executive (CEN) networks in two groups of subjects
classed by their performance (low and high).

The low performance group showed lower functional connectivity in both the DMN and SN, and higher
functional connectivity in the right and left CEN compared to the high performance group. Overall the
functional connectivity within the DMN and the CEN were correlated.

The lower functional connectivity within the DMN and SN in the low performance group is suggestive
of altered attentional and memory processes and/or altered motivation. The higher functional connectiv-
ity within the CEN could be related to compensatory mechanisms, without which the subjects would
have even lower performances. The correlation between the DMN and CEN suggests a modulation
between the lower functional connectivity within the DMN and the higher functional connectivity within
the CEN when performance is reduced.

Finally, this study suggests that performance modifications in healthy elderly subjects are associated
with reorganization of functional connectivity within the DMN, SN, and CEN.

© 2016 Elsevier Inc. All rights reserved.
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Abbreviations: CEN, central executive network; DMN, default mode network;
DR, degree of representativity; DU, degree of unicity; P, performance between low
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salience network.
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1. Introduction

Resting state functional magnetic resonance imaging (fMRI)
studies in the field of aging have raised significant interest since
the activation of specific networks engaged under resting condi-
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tions have been associated with increased rates of mild cognitive
impairment (Koch et al, 2010; Rombouts, Barkhof, Goekoop,
Stam, & Scheltens, 2005; Sorg et al., 2007) and Alzheimers (Wang
et al., 2006; Wu et al., 2011). Resting-state networks could also
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underlie a broad range of functions (memory, attention, motor, and
sensory), involved in working memory (Fox & Raichle, 2007; Fox
et al., 2005; Greicius, Krasnow, Reiss, & Menon, 2003; Sala-
Llonch et al., 2012; Uddin & Menon, 2010). Indeed, short-term
memory is impaired in Alzheimer’s disease and at the earliest
stages of the disease (Baddeley & Hitch, 1974; Huntley &
Howard, 2010).

Age-related cognitive deficits have been associated with atro-
phy, amyloid protein deposition, accumulation of white matter
hyperintensities, reduced glucose metabolism and modifications
of the resting state networks (prefrontal cortex, precuneus, parietal
lobule, cingulate cortex) (Benson et al., 1983; Birdsill et al., 2014;
Buckner et al., 2005; Hafkemeijer, van der Grond, & Rombouts,
2012; Minoshima et al., 1997; Serra et al.,, 2011; Solé-Padullés
et al.,, 2009). In addition to exploring the role of resting-state net-
works in dementia and cognitive decline, the relationship between
resting state fMRI and working memory performances merits fur-
ther investigation in non-pathological aging to improve our under-
standing of the neural bases underlying working memory
processes.

Three main brain networks involved in resting-state and work-
ing memory tasks have been identified in the literature: the central
executive network (CEN), the salience network (SN), and the
default mode network (DMN) (Chen et al., 2013; Menon & Uddin,
2010; Smith et al., 2014; Weissman-Fogel, Moayedi, Taylor, Pope,
& Davis, 2010).

The spatial distribution of the CEN is composed of the dorsolat-
eral prefrontal cortices and the posterior parietal cortices (Liao
et al, 2010; Menon & Uddin, 2010; Seeley et al., 2007;
Weissman-Fogel et al., 2010). This network could be involved in
cognitive processing for working memory, judgment, decision-
making, and attention (Asplund, Todd, Snyder, & Marois, 2010;
Corbetta & Shulman, 2002; Curtis & D’Esposito, 2003; Koechlin &
Summerfield, 2007; Miller & Cohen, 2001).

The SN includes the limbic and paralimbic structures especially
the bilateral insula and anterior cingulate (Cabeza & Nyberg, 2000;
Heine et al., 2012; Rytty et al., 2013). These regions are involved in
emotional, sensory, working memory, and attentional processes
(Bunge, Ochsner, Desmond, Glover, & Gabrieli, 2001; Cabeza &
Nyberg, 2000; Critchley, Wiens, Rotshtein, Ohman, & Dolan,
2004; Crottaz-Herbette & Menon, 2006; Johnson et al., 2006;
Seeley et al., 2007; Taylor, Seminowicz, & Davis, 2009).

The last network, the DMN, involves the posterior cingulate
gyrus, the inferior parietal lobules, and the medial prefrontal cor-
tex (Greicius et al., 2003; Uddin, Clare Kelly, Biswal, Castellanos,
& Milham, 2009; Wu et al., 2011). The specific role of the DMN
has yet to be fully elucidated. It seems to be involved in behavioral
planning, self-evaluation, and memory encoding (Damoiseaux
et al.,, 2006; Greicius, Srivastava, Reiss, & Menon, 2004; Koch
et al, 2010; Raichle et al., 2001; Sestieri, Corbetta, Romani, &
Shulman, 2011).

These three networks have been shown to work simultane-
ously, particularly during working memory tasks. Sridharan et al.
have shown that the anterior insula induces an increased activa-
tion in CEN and decreased activation in DMN during resting-state
(Sridharan, Levitin, & Menon, 2008). Furthermore, a negative corre-
lation has been reported between DMN and CEN activations while
a positive correlation has been exhibited between SN and CEN acti-
vations during working memory tasks and even at rest (Bressler &
Menon, 2010; Chen et al., 2013; Di & Biswal, 2013, 2014; Habeck
et al., 2005; Menon & Uddin, 2010; Orliac et al, 2013;
Palaniyappan & Liddle, 2012; Pochon et al., 2002; Seeley et al.,
2007). In other words, when the SN and CEN show an increased
activation, the DMN typically exhibits a decreased activation.
Therefore, the SN could initiate a switch between the CEN and

the DMN. These interactions at rest could be essential to promote
efficient cognitive processing during cognitive tasks.

Resting state fMRI studies have also reported altered functional
connectivity in each of these three networks in cognitively healthy
elderly individuals. These studies showed lower functional connec-
tivity within the DMN associated with decreased performance dur-
ing working memory and executive tasks (Andrews-Hanna et al.,
2007; Duchek et al., 2013). A similar lower functional connectivity
has been reported in the SN (Duchek et al., 2013; Onoda, Ishihara,
& Yamaguchi, 2012). Another study revealed higher functional con-
nectivity within the right CEN associated with lower working
memory performances (Sala-Llonch et al., 2012). The authors sug-
gest that this finding could be ascribed to compensatory processes
involved is case of impaired working memory.

However, these studies involved small numbers of subjects
(n<73) and did not focus on the interaction between these three
networks, which is essential if we are to understand the neural
basis of working memory.

We hypothesized that individuals with low working memory
performance would exhibit lower functional connectivity within
both the DMN and SN and higher functional connectivity within
the CEN compared to individuals with higher performance. With
this in mind, we aimed to investigate the relationship between
working memory task performances and functional connectivity
within the CEN, SN, and DMN, and the interaction between these
networks during resting-state fMRI in a large cohort of healthy
elderly subjects.

2. Methods
2.1. Subjects

The data was derived from the ongoing prospective
Montpellier-Three-City study (The 3C Study Group, 2003) in which
2259 volunteers (recruited from the electoral rolls), aged 65 year-
old and over, underwent standardized neurological examinations
in a dedicated clinical research facility. The clinical examinations
were undertaken at baseline (1999-2001) and 2, 4, 7, 10 and
12 years. At 12-year follow-up, participants who were free of
dementia and had a Mini Mental State Examination MMSE
(Folstein, Folstein, & McHugh, 1975) score over 24 were invited
to undergo an MRI and complementary clinical examination as
part of the CRESCENDO (Cognitive REServe and Clinical ENDOphe-
notype) study (n =380) (Charroud et al., 2015). The clinical exam-
ination was carried out approximately 8 months before the MRI
examination. The diagnosis of dementia was based on a 3-step pro-
cedure. First, trained psychologists administered a battery of neu-
ropsychological tests detailed elsewhere (Akbaraly et al., 2009).
Second, all the participants were examined by a neurologist.
Finally, an independent committee of neurologists reviewed all
potential cases of dementia to obtain a consensual diagnosis
according to the criteria of the Diagnostic and Statistical Manual
of Mental Disorders, fourth edition. Similar procedures were per-
formed at each phase over the 12-years of follow-up for incident
dementia screening. Cases of AD were classified according to the
National Institute of Neurological and Communicative Disorders
and Stroke - Alzheimer’s Disease and Related Disorders Associa-
tion (McKhann et al., 1984) and cases of mixed/vascular dementia
according to the National Institute of Neurological Disorders and
Stroke - Association Internationale pour la Recherche en
I'’Enseignement en Neurosciences criteria (Roman et al., 1993).

The study protocol was approved by the ethics committee of the
University-Hospital of Bicétre, and written informed consent was
obtained from each participant. Characteristics of the 380
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CRESCENDO participants have been compared to the characteris-
tics of dementia-free participants of the Montpellier-Three-City
study who underwent the 12-y follow-up examination but who
were not included in the CRESCENDO study. Recorded clinical data
were: laterality (Edinburgh handedness inventory), Body Mass
Index, educational level, current lifestyle, MMSE and cardiovascu-
lar disease. The 380 volunteers were more likely to be women,
younger, with higher educational achievement and with higher
cognitive performances in the Mini Mental State Examination
(results not shown, available on request).

2.2. MRI data acquisition

At the 12-year follow-up, whole brain MR images were acquired
using a 3-Tesla magnet (Skyra, Siemens, Erlangen, Germany)
equipped with a 32-channel receive-only head coil.

Magnitude and phase images of the magnetic field were
acquired with a gradient echo-echo planar imaging (GE-EPI)
sequence (TR =436 ms, TE1 =4.92 ms, TE2 = 7.38 ms, voxels size:
2.56 x 2.56 x 3 mm, flip angle 60°).

High-resolution anatomical images were acquired using a 3D
magnetization-prepared, rapid acquisition gradient echo (MP-
RAGE) sequence with the following parameters: TR = 1690 ms;
TE=254ms; TI=922ms; Flip angle 9°, voxel size:
1 x 1 x 1 mm; with 176 slices.

Participants underwent two acquisitions of functional imaging:
(1) a fMRI delayed item recognition task and (2) a resting-state gra-
dient echo-echo planar imaging (GE-EPI).

The fMRI delayed item recognition task was exclusively used to
assess performance of the subject as described later.

2.2.1. fMRI delayed item recognition task acquisition

To ensure that the participants had fully understood the
instructions, training sessions were held before the fMRI task.

The fMRI acquisition was done in gradient echo-echo planar
imaging (GE-EPI) with the following imaging parameters:
TR = 2000 ms, TE = 20 ms, 39 axial slices, slice thickness 3 mm, in
plane resolution 2.39 x 2.39 mm, no interslice gap, interleaved
acquisition, flip angle 90°.

The fMRI delayed item recognition task (Charroud et al., 2015;
Habeck et al., 2005) consisted of 3 different phases: stimulation,
retention, and probe phases. The stimulation phase involved the
presentation over 3 s of an array of one, three, or six capital let-
ters, the participants were instructed to remember these letters.
During the retention phase, participants were instructed to focus
their gaze on a blank screen during 7 s and to keep the stimulus
items in mind. During the probe phase, a lowercase letter was
shown in the center of the screen for three seconds. Participants
indicated by pressing a button whether or not the probe matched
a letter in the study array (right index finger button press to indi-
cate ‘yes’ for a positive probe, left index finger button press to
indicate ‘no’ for a negative probe). An inter-trial interval consist-
ing of the presentation of a blank screen for three seconds
marked the beginning of each trial. In addition, 70 blank trials
(presentation of a blank screen for 2 s) were pseudo-randomly
interspersed between trials in each run to reduce the likelihood
of neurophysiologic responses predictive of the beginning of tri-
als. Ten trials were acquired for each set size (1, 3, or 6 letters),
pseudo-randomly sequenced, leading to 30 trials per run. Partic-
ipants underwent three successive runs.

The number of letters within each set defined its level of diffi-
culty (i.e. level 1, level 3, and level 6 according to the length of
the array), level 1 being the lowest level of difficulty of the task
and level 6 being the highest.

2.2.2. Resting-state acquisition

During the resting-state acquisition, subjects were instructed to
keep their eyes closed and not to think of anything in particular.

Gradient echo-echo planar imaging (GE-EPI) sequence acquisi-
tions were done using the following parameters: TR = 2400 ms,
TE = 30 ms, 39 axial slices, slice thickness 3 mm, in plane resolu-
tion 2.39 x 2.39 mm, no interslice gap, interleaved acquisition, flip
angle 90°, 200 volumes, acquisition time 8 min.

2.3. Statistical analyses

2.3.1. Performance assessment using the fMRI delayed item
recognition task

Performances in the fMRI delayed item recognition task
(describe in Section 2.3.1) were examined by assessing the vari-
ability of the “mean correct response time” (i.e. response time
when the answer is correct) between the lowest and highest levels
of difficulty (Habeck et al., 2005; Zarahn, Rakitin, Abela, Flynn, &
Stern, 2006, 2007) as following:

p_ RTis — RTy
= ORIy,

where P is the performance variability between level 6 and level 1.
RT.; and RT¢ refer to the mean correct response time in levels 1
and 6 respectively.

Two groups - “high performance” and “low performance” -
have been defined according to the median value of performance
variability between level 6 and level 1 (P).

2.3.2. Tests

To compare characteristics according to the two groups, we per-
formed the y? test or Fisher’s exact test, when appropriate, for cat-
egorical data. Continuous data were analyzed with Wilcoxon's test.
All p-values were two-sided, and a threshold of 0.05 was consid-
ered statistically significant. All analyses were performed using R
software, version 3.0.2.

2.4. Resting-state data pre-processing

For each participant, the first five volumes were discarded to
allow for equilibration of the magnetic field and the participants’
adaptation to the scanning noise (Greicius et al., 2004; Wang
et al.,, 2006; Wu et al.,, 2011).

We used Statistical Parametric Mapping (SPM8; Wellcome
Department of Imaging Neuroscience, London, UK, http://
www.fil.ion.ucl.ac.uk/spm/software/spm8/) (Ashburner, 2012) as
implemented in Matlab R2012a (The Mathworks Inc.; MA, USA)
for resting-state image preprocessing.

It included corrections of magnetic field distortion, scan acqui-
sition time difference and head motion. Participants with head
movements more than 3 mm in translation mean and/or 3° in rota-
tion mean were excluded. Co-registration to the individual
anatomical image was then performed. The anatomical images
were segmented into gray matter, white matter, and cerebrospinal
fluid using a unified segmentation algorithm as implemented in
the “New segment” function of SPM8. A customized template
was created based on the gray matter segmentations using Diffeo-
morphic Anatomical Registration Through Exponentiated Lie Alge-
bra (DARTEL) (Ashburner, 2007). The anatomical images of each
subject were normalized with the template created using DARTEL,
and then a mean image of all normalized 3DT1 was performed.
Resting-state images were thus spatially normalized to the 3DT1
mean image and spatially smoothed using a Gaussian filter with
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a full width at half maximum of 8 mm to accommodate inter-
individual anatomical variability.

Results are all expressed in the Montreal Neurological Institute
space.

2.5. Functional connectivity MRI processing and analysis

Functional connectivity analysis was then performed in a three-
step process including (i) a spatial independent component analy-
sis using the NetBrainWork software (https://sites.google.com/
site/netbrainwork/, Laboratoire d’'Imagerie Fonctionnelle, Paris,
France) (Perlbarg & Marrelec, 2009; Perlbarg et al., 2008), (ii) a
node selection for each previously mentioned network (salience,
central executive, and default mode networks) using the Statistical
Parametric Mapping software, and (iii) a correlation analysis using
the NetBrainWork software.

2.5.1. Spatial independent component analysis

A spatial independent component analysis was performed for
each subject independently to extract 40 spatially independent
components (Esposito et al.,, 2005; Perlbarg et al., 2008). Then, a
hierarchical clustering algorithm was used to collect independent
components of all subjects into cluster or “classes” based on their
spatial similarity (i.e. spatial correlation between two independent
components). The number of classes was assessed automatically
by optimizing the degree of representativity (DR) and degree of
unicity (DU) (Coynel et al., 2010; Marrelec et al., 2006, 2008). Con-
sidering one patient, the related-dataset should be composed of 40
classes, each class being represented by one component. At the
group level, the DR is the number of distinct datasets contributing
to a class, divided by the total number of datasets. This score con-
trols the representation of each subject with at least one compo-
nent in a class. The DU is the number of datasets contributing to
the class with only one component, divided by the number of dis-
tinct datasets. It controls the contribution of one subject in a class
with only one component. An optimal class was characterized by
scores equal to 1 for DR and DU. Only classes with DR > 0.5 and
DU > 0.75 were retained.

Afterward, fixed effect analyses were performed to compute t-
maps for each remaining class using a threshold of p <0.01 and a
minimum cluster size of 5 voxels (uncorrected for multiple com-
parisons, to keep enough voxels to design the regions of interest)
(Louapre et al., 2014; Marcotte, Perlbarg, Marrelec, Benali, &
Ansaldo, 2013; Marsolais, Perlbarg, Benali, & Joanette, 2014). These
t-maps represent functionally coherent brain networks across the
entire sample.

Each map was compared visually to descriptions of resting-
state networks previously found in healthy subjects in order to
identify the functional networks to which they correspond
(Menon & Uddin, 2010; Onoda et al., 2012; Weissman-Fogel
et al., 2010; Xue et al., 2012). We selected manually the two maps
which best corresponded to the default mode (DR=0.83 and
DU =0.98) and salience network (DR =0.69 and DU =0.75). The
map related to the central executive network (CEN) was not iden-
tified but was divided into a right and left lateralized network
(right CEN and left CEN) as reported previously (Heine et al.,
2012; Sala-Llonch et al., 2012; Xue et al., 2012). Therefore, we
selected the right CEN (DR=0.55 and DU =0.90) and left CEN
(DR =0.55 and DU = 0.95) maps. Finally, these four maps were used
for the functional connectivity analyses based on a node (i.e.
regions of interest) selection.

2.5.2. Node selection

As participants were all healthy individuals and did not signif-
icantly differ with respect to age, it seemed more appropriate to
select nodes on the map of the entire sample. After the extraction

of 40 spatially independent components, the four independent
components which represent the SN, right CEN, left CEN, and
DMN were identified visually and manually for each subject.
The salience network was identified in 326 subjects. The left
CEN was identified in 258 subjects. The right CEN was identified
in 271 subjects. The default mode network was identified in 332
subjects.

A one-sample t-test was performed on the entire sample using
SPMS, to identify the statistically significant nodes of the SN,
right CEN, left CEN, and DMN based on the peak voxels
(Greicius et al., 2007). A cluster-extent threshold was used for a
p-value of <0.0001 and a minimum cluster size of 50 voxels with
a correction for multiple comparisons (family-wise error correc-
tion) (Fig. 1).

The right CEN nodes were located in the right dorsolateral pre-
frontal cortex (MNI coordinates 46, 18, 46) and right inferior pari-
etal cortex (43, —60, 46). The left CEN nodes were located in the left
dorsolateral prefrontal cortex (—42, 13, 45) and left inferior pari-
etal cortex (—42, —64, 46). The SN nodes were located in the right
anterior insula (44, —8, —1) and left anterior insula (—42, -7, —1).
The DMN nodes were located in the posterior cingulate/precuneus
(3, —62, 25), right parietal lobule (48, —68, 29), left parietal lobule
(—-43, —72, 30), and medial prefrontal cortex (-3, 55, —5).

2.5.3. Correlation analysis

In order to assess the functional connectivity within each
network, a spatial component analysis was performed using the
NetBrainWork software in each group. Nodes of each network
were selected manually from MNI coordinates in each group using
a sphere of 50 voxels. Then, a CORrection of Structured noise using
spatial Independent Component Analysis (CORSICA) was applied to
remove components related to cardiorespiratory activity and/or to
head movements (Perlbarg et al., 2007; Rosso et al., 2013).

Functional connectivity indices were based on Pearson’s corre-
lations between the two time-course of blood oxygen level-
dependent signal recorded in the two selected nodes (Biswal,
Yetkin, Haughton, & Hyde, 1995; Coynel et al., 2010; Marrelec
et al., 2006). Finally, in the two groups, we reported global correla-
tion within each network, which corresponds to the mean of corre-
lations between all nodes of network of interest. In the same way,
global correlation between two networks of interest (i.e. interac-
tion) was reported in the entire cohort.

Statistically significant differences between the two groups
were revealed by calculating the evidence e=10 logio (p/
(1 —p)), where p is the posterior probability of an assertion
tested (Coynel et al,, 2010; Jaynes, 2003). For example, we can
test whether global correlation in the first group is lower than
that of the second group. Finally, the evidence, assessed in deci-
bels (dB), represents the ratio of the probability that the assertion
is true to the probability that the assertion is false, in a base 10
logarithmic. Consequently, two values of global correlation are
deemed to be significantly different when |e|>10 dB (i.e. ratio of
10/1), which corresponds to a probability of p.>0.909 that an
assertion is true.

3. Results
3.1. Cohort characteristics

Of the 380 participants who underwent the MRI exam after
12 years of follow-up, 345 subjects performed a resting-state
acquisition (23 subjects were excluded due to incomplete acquisi-
tion and 12 due to head movements) and 337 subjects performed a
fMRI delayed item recognition task (35 subjects were excluded due
to incomplete acquisition and 8 due to head movements). The
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Fig. 1. Mapping of four resting-state networks in the 380 participants: the salience, right and left central executive and default mode networks. Four networks have been
displayed on transverse slices (MNI space ch256 template, MRIcroGL software,): salience network — SN, right central executive network - right CEN, left central executive
network - left CEN and default mode network - DMN. Statistical threshold was used for a p-value p < 0.0001 and a minimum cluster size of 50 voxels with a correction for
multiple comparisons (family-wise error correction). Based on peak voxels, the nodes of interest were selected with a 50 voxels volume and reported with yellow circles. The
right CEN nodes were located in the right dorsolateral prefrontal cortex (46, 18, 46) and right inferior parietal cortex (43, —60, 46). The left CEN nodes were located in the left
dorsolateral prefrontal cortex (—42, 13, 45) and left inferior parietal cortex (—42, —64, 46). The SN nodes were located in the right anterior insula (44, —8, —1) and left anterior
insula (—42, —7, —1). The DMN nodes were located in the posterior cingulate/precuneus (3, —62, 25), right parietal lobule (48, —68, 29), left parietal lobule (—43, —72, 30), and
medial prefrontal cortex (—3, 55, —5). Abbreviations: Salience Network (SN); right Central Executive Network (right CEN); left Central Executive Network (left CEN); Default
Mode Network (DMN); left Anterior Insula (lAl); right Anterior Insula (rAl); right DorsoLateral PreFrontal Cortex (rDLPFC); right Parietal Lobule (rPL); right DorsoLateral
PreFrontal Cortex (IDLPFC); right Parietal Lobule (rPL); Medial PreFrontal Cortex (MPFC); Posterior Cingular Cortex (PCC); right Inferior Parietal Cortex (rIPC); left Inferior
Parietal Cortex (IIPC); Left (L); Right (R).

Cognitively healthy elderly participants
(n=380)

Missing fMRI DIR task acquisition* (n=35)
Head movements (n=8)

Missing resting-state acquisition (n=23)
Head movements (n=12)

Participants with complete
resting-state acquisition
(n=345)

Participants with complete
fMRI DIR task acquisition
(n=337)

Total amount of participants with complete acquisitions
(n=337)

Fig. 2. Flow charts mapping the selection of the 380 participants included in the present analysis. * Participants did not complete the 3 runs of the fMRI Delayed Item
Recognition (DIR) task.

selection of participants included in the present analyses is
detailed in the flow-chart diagram (Fig. 2).

Two groups based on fMRI DIR task performances were consid-
ered according to the performance variability between two levels
of difficulty of the fMRI DIR task.

The high performance group (n=167) was composed of 93
women and 74 men with a mean age of 82.1+3.8 years and a
mean performance variability of 27.2 + 13.3.

The low performance group (n=170) included 98 women and
72 men, with a mean age of 81.6 + 3.6 years and a mean perfor-
mance variability of 66.4 +17.5.

Characteristics of participants according to fMRI DIR task per-
formances are displayed in Table 1. There was no statistically

significant difference between the two groups of performance
according to sex (p =0.07), age (p = 0.2), laterality (p=0.7), level
of education (p = 0.8), current lifestyle (p = 0.1), and cognitive per-
formances assessed by the MMSE (p =0.5) and by the National
Adult Reading Test (NART), (p = 0.6).

3.2. Functional connectivity analysis

3.2.1. Functional connectivity within networks
For each of the two groups of performance, the global correlation
coefficients within the different networks are illustrated in Fig. 3.
Compared to the high performance group, the low performance
group showed a significantly lower correlation coefficient within
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Table 1
Characteristics of the two groups according to the fMRI DIR task performances.
Variables Low “High Global
performance performance p-value
roup group
N=170 N=167
Sex, women, 1 (%) 98 (58) 93 (56) 0.72
Age, mean (SD), years 81.62 (3.56) 82.13 (3.80) 0.22
Laterality, n (%) 0.70
Ambidextrous 5(3) 7(4)
Right-handed 158 (93) 151 (90)
Left-handed 7 (4) 9 (6)
Education level, n (%) 0.83
Low 32 (19) 31 (19)
Medium low 46 (27) 44 (26)
Medium high 32(19) 38 (23)
High 60 (35) 54 (32)
Current lifestyle, n (%) 0.11
Alone 27 (16) 38 (23)
Couple or living with 143 (84) 129 (77)
family members
MMSE, mean (SD) 27.8 (1.6) 27.6 (1.7) 0.56
NART, mean (SD) 22.7 (5.4) 22.2 (6.2) 0.69
Percentage of good response, mean (SD)
Letter 1 0.97 (0.04) 0.97 (0.06) 0.53
Letters 3 0.97 (0.05) 0.95 (0.09) 0.15
Letters 6 0.86 (00.11) 0.86 (0.11) 0.61
Performance variability, 66.4 (17.5) 27.3 (13.3) <0.0001

mean (SD)

The low and high groups were defined according to the median value of the fMRI
DIR task performances (median value: 45.89). This performance (i.e. performance
variability) was assessed as P = (RTs-RTy;)/RT.; where RT; and RTy¢ refer to mean
correct response time in levels 1 and 6 respectively.

Laterality was assessed by the Edinburgh handedness inventory questionnaire.
Education level was classified as low (5 years of schooling or less), medium low (6-
9 years), medium high (10-12 years), and high (more than 12 years). Cognitive
deficit was assessed with the use of a Mini Mental State Examination (MMSE). The
National Adult Reading Test (NART) was used as a marker of intelligence. Accuracy
(Percentage of good response) is reported for each level of difficulty of the fMRI DIR
task.

Data are mean (SD) or number of subjects (%). To compare characteristics between
the two groups, we performed the 2 test or Fisher’s exact test, as appropriate, for
categorical data. Continuous data were analyzed with Wilcoxon'’s test. Significance
levels are given in p-values and considered significant when p < 0.05.

the DMN (low performance group r = 0.45, [SD = 0.01], high perfor-
mance group r=0.48, [SD = 0.01], p. = 0.96). Concerning the SN,
the low performance group showed a significantly lower correlation

coefficient compared to the high performance group (low perfor-
mance group r = 0.15, [SD = 0.01], high performance group r = 0.21,
[SD =0.01], pe = 0.99).

Contrariwise, within the right-CEN, the low performance group
showed a significantly stronger correlation coefficient compared to
the high performance group (low performance group r=0.06,
[SD=0.02], high performance group r=0.02, [SD=0.01],
pPe=0.95). Regarding the left CEN, the low performance group
showed significantly stronger correlation coefficients compared
to the high performance group (low performance group r=0.22,
[SD = 0.02], high performance group r=0.17, [SD = 0.02], p. = 0.97).

3.2.2. Functional connectivity between networks

Interaction between networks was expressed by the correlation
coefficients computed between the four fMRI networks — DMN, SN,
right- and left-CEN for the whole cohort (combining the two work-
ing memory performance groups). Results are reported in Table 2.

The DMN showed an interaction with left (r=0.17; SD = 0.006)
and right CENs (r = 0.14; SD = 0.006). No significant interaction was
found between the SN and the other networks (DMN/SN: r = —0.03
[SD = 0.006], rCEN/SN: r= —0.02 [SD = 0.006], ICEN/SN: r = —0.014,
[SD = 0.006]). The left CEN showed no correlation with the right
CEN (r=0.0003; SD = 0.006).

The interaction between all networks was similar between high
and low performance groups (data not shown).

4. Discussion

The aim of this study was to explore the relationship between
working memory task fMRI performances and functional connec-
tivity within the CEN, SN, and DMN, and the interaction between
these networks during resting-state in a large cohort of healthy
elderly subjects.

We found that both the DMN and SN have lower functional con-
nectivity in the low performance group compared to the high per-
formance group. Regarding the CEN, we recorded higher functional
connectivity in the low performance group compared to the high
performance group.

4.1. Default mode network

Previous works have highlighted DMN participation in self-
evaluation, episodic, and working memory (Gusnard & Raichle,
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Fig. 3. Functional connectivity within the DMN, right CEN, left CEN, and SN according to the fMRI DIR task performance. For the two groups based on performance
assessment, the global correlation coefficients within the different networks are reported. The different networks for the two groups are presented on the x-axis. The y-axis
reports the correlation coefficient value for each network. Using a calculation of the evidence, two correlation coefficients were significantly different when the probability
Pe > 0.909. * indicates that differences have a significance value of p > 0.909. The low performance group exhibited a significantly lower correlation coefficient compared to
the high performance group within the DMN and SN. In the opposite, the low performance group exhibited a significantly higher correlation coefficient within the right and
left CEN's compared to the high group. Abbreviations: Salience Network (SN); right Central Executive Network (right-CEN); left Central Executive Network (left-CEN); Default

Mode Network (DMN).
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Table 2
Interactions between networks in the entire cohort.
Correlation coefficients SD

DMN vs rCEN 0.14 0.006
DMN vs ICEN 0.17 0.006
DMN vs SN -0.03 0.007
rCEN vs ICEN —0.0003 0.006
rCEN vs SN —0.02 0.006
ICEN vs SN -0.014 0.007

Interaction between two networks was expressed with the use of correlation
coefficients (SD) between the four networks. The DMN showed a correlation with
the right and left CENs. The SN showed no correlation with the other networks
especially with the right and left CENs. No correlation was found between the right
and left CENs.

Abbreviations: Salience Network (SN); right Central Executive Network (right CEN);
left Central Executive Network (left CEN); Default Mode Network (DMN).

2001; Raichle et al., 2001; Rombouts et al., 2005; Sestieri et al.,
2011; Shulman et al., 1997). Furthermore, decreased performance
has been associated with reduced functional connectivity in the
DMN during n-back working memory fMRI tasks (Lin, De Pisapia,
& Jovicich, 2011), Stroop task (Duchek et al., 2013), and attentional
fMRI tasks (Sala-Llonch et al., 2012).

Our findings concur with these results and suggest that lower
functional connectivity in the DMN is related to decreased perfor-
mances, compatible with a possible alteration in attentional and
memory processes in the low performance group.

Furthermore, numerous studies have identified an age-related
decreased functional connectivity within DMN areas as frontal
gyrus, cingulate gyrus, precuneus and parietal regions (Bergfield,
2013; Damoiseaux et al., 2006, 2008; Greicius et al., 2003;
Hafkemeijer et al., 2012). These alterations were more severely
decreased in individuals with mild cognitive impairment and Alz-
heimer’s disease (Broyd et al., 2009; Hafkemeijer et al., 2012;
Rombouts et al., 2005; Wu et al., 2011). In our study, compared
to high performance group, the low performance group seems pre-
sent the same decreased functional connectivity within DMN. This
enhances the hypothesis that an association between resting state
DMN connectivity and disease severity.

4.2. Salience network

Studies have suggested that the salience network could be
involved in working memory processes (monitoring, decision-
making, cognitive control) and emotional processes (pain, empa-
thy, social rejection) (Bunge et al., 2001; Cabeza & Nyberg, 2000;
Critchley et al., 2004; Crottaz-Herbette & Menon, 2006; Johnson
et al., 2006; Seeley et al., 2007; Taylor et al., 2009). Two studies
have shown that functional connectivity within the SN was signif-
icantly decreased when performance - not assessed under fMRI -
was lower in intelligence test (Kohs’ block design test scores)
(Onoda et al., 2012) and Stroop task (Duchek et al., 2013). By show-
ing that functional connectivity in the SN was lower in the low per-
formance group compared to the high performance group during a
fMRI DIR task, our findings could support the involvement of the
SN in working memory processes. Other studies have reported that
insular and cingulate cortices are involved in emotional and moti-
vational functions (Gu et al., 2012; Jones, Ward, & Critchley, 2010).
Therefore, given that the SN has been located in these brain areas,
it might be possible that the lower functional connectivity within
the SN in the low performance group might reflect a decrease in
motivation to perform the task (Onoda et al., 2012). This reduced
motivation could be due to sleepiness and tiredness. Since the
resting-state acquisition was performed after the fMRI DIR task,
participants could modify rest activity as a function of their
achievement in the task. Compared to the high performance group,

the low performance group might exert more effort to perform the
task leading to increased sleepiness and fatigue.

4.3. Central executive network

Previous studies have suggested that the CEN plays a critical
role in working memory, judgment, and decision making
(Asplund et al., 2010; Corbetta & Shulman, 2002; Koechlin &
Summerfield, 2007). It has also been reported that an increase in
functional connectivity within the CEN leads to poorer perfor-
mance in elderly (Sala-Llonch et al., 2012) and middle-aged sub-
jects (Goveas et al, 2013). This concurs with the higher
functional connectivity observed in the low performance group
for the fMRI DIR task.

Furthermore, several studies have hypothesized that the brain
might recruit alternative networks or sets of brain areas to com-
pensate for the loss of cognitive efficiency associated with age-
related decline (Ansado et al., 2013; Habeck et al., 2005; Park &
Reuter-Lorenz, 2009; Reuter-Lorenz & Cappell, 2008; Stern,
2009). Two forms of compensation have been reported (Stern,
2009): (i) “compensation to improve performance” in which
elderly subjects use greater recruitment of the alternate network
to improve performance and (ii) “compensation to maintain per-
formance” in which elderly people recruit alternative networks
to perform less well.

Therefore, one possible explanation of the higher functional
connectivity within the right and left CEN in the low performance
group might be that these low performance group participants
used a compensatory mechanism to maintain their performances
even if they performed the task less well than participants in the
high performance group. However, at this stage more investiga-
tions are needed to confirm or refute the involvement of compen-
satory mechanism.

4.4. Interaction

There is mounting evidence to suggest that interactions
between networks are a key element in elucidating fundamental
aspects of human brain function. Although several studies have
examined brain networks, including CEN, SN, and DMN, there has
been very little work into the simultaneous involvement of these
three networks, particularly in the context of working memory
tasks (Bressler & Menon, 2010; Chen et al., 2013; Di & Biswal,
2013, 2014; Menon & Uddin, 2010; Palaniyappan & Liddle, 2012;
Sridharan et al., 2008).

Studies into the interactions between the SN and CEN have
given controversial results. Two recent studies using resting-state
fMRI reported an interaction between the SN and CEN (Goveas
et al., 2013; Sridharan et al., 2008), while another study failed to
find any such interaction (Onoda et al., 2012). The lack of statistical
power due to small cohorts might partly explain the inconsisten-
cies between studies. In the present study, carried out in a larger
study population, we did not find any interaction between the
SN and either the right or left CEN. Another explanation for these
discordant findings might lie in the different methodologies used
to assess connectivity. Indeed, the definition of nodes (i.e. seed)
is different between studies: we have used an independent compo-
nent analysis, whereas other studies used a seed-based voxel wise
connectivity analysis (Goveas et al., 2013; Onoda et al., 2012) or a
granger causality analysis (Sridharan et al., 2008).

We found an interaction between the DMN and both the left
and right CEN. These findings concur with previous studies that
reported similar interactions (Liang et al.,, 2014; Onoda et al,,
2012). Furthermore, some studies have shown that activation
was typically higher within the SN and CEN and lower within the
DMN during fMRI tasks (Bressler & Menon, 2010; Menon &



64 C. Charroud et al. / Neurobiology of Learning and Memory 132 (2016) 57-66

Uddin, 2010; Palaniyappan & Liddle, 2012; Sridharan et al., 2008).
These authors consequently suggested that the SN could initiate
switching between the CEN and DMN. This modulation between
the DMN and CEN is compatible with the trend in functional con-
nectivity reported in our results (higher functional connectivity in
the CEN and lower functional connectivity in the DMN when per-
formance decreased). However, further analysis is needed to assess
whether the lower functional connectivity within the DMN could
be associated to the higher functional connectivity within the CEN.

However, we observed no significant interaction between net-
works in high versus low performance groups. Several hypothesis
could be raised to explain this observation. First, the homogeneous
sample of healthy elderly participants included in our study whom
all had a high level of education and a good cognitive status, could
result in similar performances between groups. Second, changes in
functional connectivity could first appear within the network, in
relation to modification in performances, and at a later stage
between networks. Therefore, dealing with healthy elderly sub-
jects, the present study might not be able to point out modifica-
tions between networks.

Finally, we focused on participants with normal aging, which
could be an indicator of the need to explore with MCI or Alzheimer
disease. Indeed, differences in functional connectivity observed in
the low performance group compared to the high performance
group have the same trends as those observed between mild cog-
nitive impairment and Alzheimer’s subjects compared to normal
subjects. Studies have reported lower functional connectivity in
both the DMN (Greicius et al., 2004; Rombouts et al., 2005; Sorg
et al., 2007; Wu et al., 2011) and the SN (Liu et al., 2012), and
higher in functional connectivity within the CEN (Goveas et al.,
2013; Liu et al., 2012) in patients with mild cognitive impairment
or Alzheimers compared with normal subjects. These studies were
based on a case-control design and included restricted numbers of
subjects. Furthermore, in these studies, performance was not taken
into account due to the incapacity of patients with Alzheimer dis-
ease to undergo the assessment of task performance under fMRI
conditions. Further studies with a longitudinal design are definitely
needed to assess whether this specific functional connectivity
“pattern” might be a good candidate for discriminating elderly
individuals who will maintain their working memory perfor-
mances throughout aging from those who will suffer from patho-
logical cognitive decline.

While the major strength of our study was to report the func-
tional connectivity and interaction of several networks engaged
in resting state and fMRI working memory tasks, in a large group
of elderly community-dwellers, we encountered some limitations.
First, our study population was composed of volunteers from the
Three-City study. They constitute a homogenous white, highly-
educated, healthy elderly population with a high average level of
cognitive and physical functioning, thus limiting the generalization
of our findings. The assessment of functional connectivity of net-
works according to working memory task needs to be reproduced
in other elderly cohorts, notably with different intellectual levels.
Due to a limited acquisition field, a second drawback concerns
our inability to explore the involvement of the cerebellum area
that has been reported to be linked to performance (Onoda et al.,
2012).

4.5. Limitations

Some methodological issues may be raised. First, using NEDICA
method, we were unable to obtain subject-level connectivity or to
consider all voxels within a network individually, rather than as
large nodes. This is one inherent limit of the method and conse-
quently, it is not possible to perform a regression analysis on the
individual behavioral scores using this algorithm. However, we

explored effect of the linearity on the data using other classifica-
tion algorithms, leading to several groups of performance (i.e. 3-
5 groups). The same analysis performed on those groups suggested
a nonlinear effect of performance on connectivity (quadratic trend)
and further work on this model may be needed.

Second, considering performance variability in the working
memory task as the primary dependent variable, we analyzed this
variable in the light of the “cognitive reserve” concept. Stern (2009)
suggests that a subject with higher cognitive reserve will show
more efficient patterns of task-related activations. For example,
the DIR task being effortless for younger subjects, they may be
expected to succeed with weaker activations than older subjects.
This difference in activation could be related to the concept of neu-
ral efficiency, a more efficient network will then show less activa-
tion in order to produce the same (or better) level of performance.
Therefore, we estimated performance variability between two
levels of difficulty of the task to address efficiency. Zarahn et al.
(2007) showed that accuracy was not detectably affected by set
size in young subjects, unlike old subjects. However, they observed
that response time could be a relevant estimation for efficiency.
Therefore, as response time seemed more valuable than accuracy,
we used this variable in these analyses.

5. Conclusion

Our data suggest that, in healthy elderly subjects, functional
connectivity assessed by resting-state and performance in a DIR
task are linked: (i) in a lower way within the DMN and SN due
to alterations in emotional, attentional, and memory processes,
and (ii) in an higher way within the right and left CENs that may
reflect a compensatory mechanism to maintain performance. An
interaction has been identified between the CEN and DMN suggest-
ing a modulation between these two networks.
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