
REGULAR ARTICLE

Resting-state and vocabulary tasks distinctively inform on age-related differences
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ABSTRACT
Most of the current knowledge about age-related differences in brain neurofunctional organisation
stems from neuroimaging studies using either a “resting state” paradigm, or cognitive tasks for
which performance decreases with age. However, it remains to be known if comparable age-
related differences are found when participants engage in cognitive activities for which
performance is maintained with age, such as vocabulary knowledge tasks. A functional
connectivity analysis was performed on 286 adults ranging from 18 to 80 years old, based on
resting state or vocabulary tasks. Increases in connectivity of regions of the language network
were observed during task completion. Conversely, only age-related decreases were observed
during resting-state. While vocabulary accuracy increased with age, no interaction was found
between functional connectivity, age and task accuracy or proxies of cognitive reserve,
suggesting that older individuals typically benefits from semantic knowledge accumulated
throughout one’s life trajectory, without the need for compensatory mechanisms.
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1. Introduction

By 2050, the number of individuals over the age of 60 is
projected to have more than tripled by reference to
2000, (United Nations, 2017). As a consequence, the inci-
dence of cognitive impairments is set to increase sharply.
Cognitive impairments are the most feared health con-
ditions associated with aging amongst younger adults
(Anderson, Day, Beard, Reed, & Wu, 2009; CDC, 2013).
Cognitive health is central to quality of life (WHO |
What is Healthy Ageing?, 2018). Language abilities in par-
ticular allow for the creation or maintenance of inter-per-
sonal relationships, the basis of social participation.

Cognitive abilities in general depend on a large and
dynamic brain architecture that is known to change as
we age (Andrews-Hanna et al., 2007; Damoiseaux et al.,
2008; Marstaller, Williams, Rich, Savage, & Burianová,
2015; Sporns, 2014). It is thus important to go beyond
studies of isolated regions and explore the capacity of
different brain regions to interact together.

Functional connectivity (FC) has proven to be a
reliable tool for capturing statistical dependencies
between the activities of distant regions. FC measures
have repeatedly been shown to be associated with age
(e.g. Cao et al., 2014; Chételat et al., 2013; Damoiseaux
et al., 2008; Li et al., 2012; Perry et al., 2015). The vast

majority of FC studies in aging has relied on a resting
state (RS) paradigm, rather than a task, and has
focused on a small number of functionally meaningful
regions, such as the default mode network (DMN).
Brain areas of the DMN are active at rest or when individ-
uals are engaged in internal thoughts (e.g. autobiogra-
phical memory retrieval, envisioning the future), but
critically deactivate during externally oriented tasks
(Buckner, Andrews-Hanna, & Schacter, 2008). The RS
paradigm has gained popularity and is now considered
a gold standard for the study of brain organisation and
cognitive mechanisms in aging. For some authors, an
RS paradigm would reveal a somewhat “universal” func-
tional architecture (Ito et al., 2017; Krienen, Yeo, &
Buckner, 2014). The structure of the networks observed
at rest is indeed claimed to share up to 80% of the var-
iance with that observed during cognitive tasks (Cole,
Bassett, Power, Braver, & Petersen, 2014) and show sig-
nificant association with structural connectivity
(Hagmann et al., 2008). RS is also thought to overcome
potential confounds associated with task-based para-
digm, such as a lower signal to noise ratio and artificial
co-fluctuations driven by the temporal structure of the
task (Birn, Diamond, Smith, & Bandettini, 2006; Hillen-
brand, Ivry, & Schlerf, 2016; Sadaghiani & Kleinschmidt,
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2013). As such, RS-FC is being advocated by some as a
potential “functional fingerprint” (Iordan & Reuter-
Lorenz, 2016), a trait, that is highly predictive of task-
related activation (Chan, Alhazmi, Park, Savalia, & Wig,
2017) and cognitive behaviour (Damoiseaux et al., 2008).

But a number of authors have raised concerns (Camp-
bell & Schacter, 2017; Davis, Stanley, Moscovitch, &
Cabeza, 2017; Geerligs & Tsvetanov, 2017; Grady, 2016)
about the small number of FC studies that use task-
based designs or report language regions (see Campbell
and Schacter’s review article (2017)), as well as the limit-
ations of an RS paradigm when addressing questions
specific to cognition. For example, the actual cognitive
state of the participant may be difficult to monitor
during an RS acquisition (Davis et al., 2017) and many
note a tendency to fall asleep, which can dramatically
affect functional connectivity patterns (Haimovici, Taglia-
zucchi, Balenzuela, & Laufs, 2017; Wang, Han, Nguyen,
Guo, & Guo, 2017).

Also, semantic networks identified using RS are not
identical to those obtained from task-based FC
(Jackson, Hoffman, Pobric, & Lambon Ralph, 2015). Criti-
cal to the present exploration, age-related differences in
RS connectivity appear to generalise poorly across
different cognitive tasks (Grady, 2016; Mennes, Kelly, Col-
combe, Castellanos, & Milham, 2013; Spreng & Schacter,
2012). Evidence rather points towards domain-specific
strategic processes and differential involvement of func-
tional brain networks in aging (Geerligs, Rubinov, Cam-
CAN, & Henson, 2015; Meunier, Stamatakis, & Tyler,
2014; Samu et al., 2017).

Considering that age does not affect all cognitive abil-
ities at the same level, there exist a strong motivation to
study aging of brain connectivity in other contexts than
RS. Intriguingly, in the language domain, some processes
appear to be remarkably well preserved. For example,
semantic processes, at the heart of knowledge represen-
tation, appear relatively well maintained during the
aging trajectory. A classic conceptualisation of vocabu-
lary knowledge includes a combination of semantic, pho-
nological or orthographic information retrieved either to
understand or to produce words. Different test formats
are available to examine knowledge representation
(e.g. semantic judgment, picture naming, word
definition). Together, these tests provide a way to
examine vocabulary constructs through different access
routes to semantic information (Salthouse, 2014).

The ability to understand the meaning of written or
oral words (e.g. semantic judgment, word association)
is typically spared until 65 years of age (Salthouse,
2014) and beyond (Fabiani, 2012; Schaie & Willis, 2010;
Verhaeghen, 2003; Verhaegen & Poncelet, 2013). Tasks
that tap into lexical production (e.g. picture naming,

fluency, word definition) bring more inconsistencies,
according to the chosen method (see for example
Goulet, Ska, & Kahn, 1994; Shafto, James, Abrams, &
Tyler, 2016). Performance is often similar to that of
younger adults, (Shafto et al., 2016) and sometimes
better (Salthouse, 2014), especially when accuracy
measures, rather than response times, are used (Verhae-
gen & Poncelet, 2013) in a constrained (Schmitter-Edge-
combe, Vesneski, & Jones, 2000) and untimed task
(Wieranga et al., 2008). In effect, both active and
passive vocabulary thus appear to be behaviourally pre-
served when task demand is controlled, at least until 65
years of age (Salthouse, 2014).

The majority of task-based FC investigation of cogni-
tive aging tapped into abilities known to weaken with
age (for a review see Sala-Llonch, Bartrés-Faz, & Junqué,
2015). Evidence thus remains scarce and inconsistent
with respect to the functional brain mechanisms under-
pinning the maintenance of semantic knowledge with
age. Among the few studies that have used word pro-
duction or comprehension tasks, some report an age-
related cerebral dedifferentiation, i.e. a reduction in hemi-
spheric asymmetry (Chan et al., 2017; La et al., 2016) or
increases in connectivity between regions of the
language network (Hoyau et al., 2018). Such patterns are
atypical for younger adults and suggestive of compensa-
tory mechanisms. In addition, the interplay of the DMN
with language and domain-general networks seems
crucial to explain cognitive performance of older adults
(Dong et al., 2012; Meinzer et al., 2012; Muller, Mérillat, &
Jäncke, 2016; Muller & Meyer, 2014).

In addition to the effect of age or performance, FC
could further be modulated by individual factors
acquired through life experiences, such as cognitive
reserve. Cognitive reserve is a hypothetical construct,
hypothesised to promote efficiency, maintenance or
compensation of neural circuitry and consequently con-
tribute to preserved cognition in aging (Stern, 2009).
Cognitive reserve is estimated indirectly, using measures
such as education level, vocabulary skills and intelli-
gence. These variables presumably reflect life experi-
ences, above and beyond that of age, and have been
used in the literature as proxies for cognitive reserve,
either in isolation or in combination. Previous explora-
tions suggest that cognitive reserve is associated with
greater functional connectivity during RS (Bozzali et al.,
2015; Franzmeier, Hartmann, et al., 2017; Marques
et al., 2016) and tasks (Guzzetti & Daini, 2014), and sup-
ports better cognitive performance in the face of aging
(Bozzali et al., 2015; Franzmeier, Buerger, et al., 2017;
Tucker-Drob & Salthouse, 2011). Here again, investi-
gations were conducted either with an RS paradigm or
with cognitive tasks characterised by a progressive
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diminution of performance with age. To our knowledge,
cognitive reserve estimates have never been investi-
gated with FC in relation to age during tasks which
involve maintained abilities, such as vocabulary.

Also, despite the presence of competing points of
view in the literature between RS and task-based para-
digms, no study directly compares age-related differ-
ences in connectivity during vocabulary tasks with
those observed in RS. It remains to be known whether
age-related differences in FC will vary according to the
cognitive context, and inside the same construct across
different vocabulary tasks in particular.

Given that the neurofunctional basis of cognitive
aging have mostly been explored with RS paradigm or
tasks which involve a decrease in performance, a connec-
tome-wide exploration of age effect on FC associated
with different cognitive states will contribute to disen-
tangle the mechanisms underlying the behavioural pres-
ervation of vocabulary knowledge in healthy aging.

The general goal of this study is thus to describe and
compare the age-related differences in FC associated
with RS and vocabulary tasks, with a focus on DMN
and language regions’ connectivity. More specifically,
the first main objective is to assess the association
between age and accuracy for vocabulary tasks as well
as tasks from other cognitive domains. The second objec-
tive is to evaluate the association between age and func-
tional connectivity for each cognitive state as well as the
main association or interaction with variables such as
cognitive reserve estimates or task accuracy. The third
objective is to quantify similarities in age effect
between and within cognitive states. It was first antici-
pated that vocabulary accuracy would generally be
maintained with age, in dissociation with other cognitive
tasks. Second, functional connectivity of the whole con-
nectome is expected to mainly decrease with age, in par-
ticular in respect to the DMN activity, with some
increases in the connectivity of language regions
during task performance. Accuracy measures as well as
cognitive reserve estimates are hypothesised to be
associated with FC for the whole sample, but also to
influence the effect of age on functional connectivity
(e.g. an interaction between the effect of age and cogni-
tive reserve on FC increases) during vocabulary tasks in
particular. Third, the effect of age on FC is expected to
vary according to the induced cognitive state, regardless
of the experimental paradigm, noise or potential con-
found parameters.

2. Methods

To answer our three main objectives, a cohort of 300 par-
ticipants were scanned with fMRI during a RS paradigm

and three vocabulary tasks. We conducted a series of
experiments which have been summarised in Table 1.

2.1. Participants

Data analysed in this paper are a subset of those collected
as part of the Reference Ability Neural Network (RANN)
study (Stern et al., 2014). The overall objective of the
RANN study is to “determine whether spatial fMRI net-
works that are uniquely associated with the performance
of each reference ability can be derived.” (Stern et al.,
2014). Thepresent project focuses on the languagebehav-
ioural and imaging (MRI) domains, with the addition of RS.
Among the 301 participants that were recruited, 286 indi-
viduals qualified after fMRI quality control andbehavioural
screening, with ages ranging from 20 to 80 years (Mean
age = 48.45, SD = 17.13) (see Table 2 for distributions
of sex and education across age continuum). All partici-
pants gave informed consent according to Columbia Uni-
versity Medical Center Ethical Committee (CF-AAAS8207),
USA, between December 2015 and June 2016. Secondary
analysis of the RANN sample for the purposes of this
study was approved by the local ethics committee at the
“CentredeRecherchede l’InstitutUniversitaire deGériatrie
de Montréal”, University of Montréal, Canada. Participants
were native English speakers, right-handed, and free of
medical or psychiatric conditions that could affect
cognition. All individuals underwent extensive screening
questionnaires to exclude participants with MRI contrain-
dications, hearing, visual perception and functional
impairment, with a Mattis Dementia Rating Scale greater
than 135 (Mattis, 1988).

2.2. Tasks

Previous studies have mostly examined vocabulary
knowledge through a single measure. Different formats
of vocabulary tests provide insights into different
access routes to semantic information (Salthouse,
2014). Three tasks were thus selected to reflect word

Table 1. Participants’ demographics and cognitive testing.
Age range (N ) 20–35 (93) 36–59 (106) 60–80 (87)

Mean years of
education
[min-max]

16 [9–24] 16 [11–22] 17 [12–22]

Sex (male/female) 60/33 52/54 40/47
Mean accuracy
(sd) [min-max]

Antonyms 50 (19) [13–93] 53 (20) [13–100] 60 (24) [7–93]
Synonyms 53 (21) [7–86] 59 (22) [20–100] 69 (21) [27–100]
Picture Naming 41 (17) [10–80] 48 (20) [8–90] 58 (16) [21–86]
WAIS-Matrix 42 (10) [9–56] 37 (13) [9–57] 34 (13) [9–100]
WAIS-Digit Symbol 42 (10) [9–56] 37 (13) [9–57] 34 (13) [9–100]
WAIS-Letter Number 68 (16) [30–100] 58 (13) [32–94] 48 (11) [22–78]
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semantic knowledge. Participants completed two word
comprehension tasks (synonyms and antonyms judg-
ment) and one expressive lexical retrieval task (picture
naming). The synonyms and antonyms tasks required
subjects to match a written probe word to its synonym
or antonym, respectively (Salthouse & Kersten, 1993).
The probe word was presented on the screen along
with four written choices for either antonym or
synonym, and participants indicated their choice using
a button press. The task began with a 36-second
fixation cross, had five 42-second task blocks inter-
spersed with 28-second fixation blocks, for a total of 5

blocks of three items each. Each item was presented for
13.5 s with a 500 ms inter-stimulus interval between
items. Accuracy score was defined as the proportion of
synonyms or antonyms correctly identified in the time
constraint. Response times were also computed for the
synonyms and antonyms tasks. The picture naming
task presented 40 coloured bitmap images to the partici-
pants, who had to name these images out loud, adapted
from the picture naming task of the WJ-R Psycho-Edu-
cational battery (Woodcock, Johnson, & Mather, 1989).
The task began with a 36-second fixation-cross and
there was a 28-second fixation time between blocks,

Table 2. Summary of the specific objectives, experiments and findings of the study.
Specific objectives and hypotheses Experiments Main findings

1. Assess the association between age and
accuracy for vocabulary tasks as well as other
cognitive tests.
A positive association is expected between age and
vocabulary accuracy, and a negative association
for other behavioural domains.

Pearson correlation coefficients were computed
with age and task accuracy as continuous
variables.

There was a significant correlation between age and
accuracy across all tasks. Increasing age was
positively associated with accuracy for vocabulary
tasks, whereas the association was negative for
other cognitive domains (Figure 2).

2.a. Explore average connectivity at the sample
level and evaluate associations with task
accuracy or cognitive reserve estimates
during tasks and rest.
Significant associations were expected in the
connectome for all tasks, as well as rest, regardless
of age. In particular, association with cognitive
reserve estimates as well as vocabulary accuracy
were expected in brain connectivity of both
language and default mode network regions.

A connectome-wide association analysis was
computed for each cognitive state. A general
linear model (GLM), controlling for age, tested
the association between each variable and
functional connectivity, for all pairs within the
53 parcels. For the four selected regions of
interest, Cohen’s f2 (Cohen, 1988) was used to
visualise spatial maps of the effect size.

Average patterns of connectivity are coherent with
previously reported DMN and language networks
(Figure 3). Associations between accuracy or
cognitive reserve estimates on brain connectivity
were heterogeneously found, with no consistent
pattern.

2.b. Evaluate the association between age and
functional connectivity for each cognitive
state.
An association in connectivity and age was
expected across all cognitive states. Mostly
decreases in connectivity were previously reported,
but increases may also be observed. Such increase
would in particular be observed during tasks in-
between the selected language regions and with
domain-general regions.

Same as 2a, with different predictive variables and
controlling for sex.

Significant association between age and connectivity
were found throughout the connectome.
Significant decreases as well as increases were
found in particular in all of the four selected parcels
(Figure 4).

2.c. Test the interaction between age and task
accuracy or cognitive reserve estimates on
functional connectivity.
Significant interaction effects were expected. In
particular, an interaction was expected between
age and accuracy, the cognitive reserve index and
education.

Same as 3a, adding the second variable of interest
in the model

Only the interaction between age and years of
education – exclusively during resting-state –
brought substantial and significant connectome-
wide changes.

2.d. Assess the impact of potential confounds in
the choice of regression parameters (sex,
movement, brain atrophy) on the age-FC
associations reported in 2b.
The associations were expected to be robust to the
inclusion of confounding variables.

In further models, the regression analysis was
replicated by cumulatively adding confounding
variables.

The various models showed overall very high
agreement (Figure 8). Only sex was thus included
as a confound variable in our GLM regression
model.

3.a. Quantify similarities in age effect between
cognitive states.
The effect of age on functional connectivity was
expected to be dependent on the cognitive state,
with a higher similarity between word
comprehension and production tasks than between
tasks and rest.

A Pearson’s spatial correlation coefficient was
used to quantify the similarity between age ( f2)
effect maps across the different cognitive states
for each ROI (Figure 5).

Age effect maps had the highest spatial similarity
during antonyms and synonyms tasks. Age effect
maps during picture naming was less similar with
both antonyms/synonyms and rest. Resting state
was most dissimilar (Figure 5).

3.b. Validate the reliability of age effect within
cognitive states.
Age effect on functional connectivity was expected
to be relatively consistent within each cognitive
state, indicating that age-effects are mostly driven
by the cognitive state rather than random noise or
the design of the experimental paradigm.

Analyses were replicated using a split-half
procedure and by extracting only data points
within task blocks instead of the full run.

A strong spatial correlation between age maps was
observed when comparing split-half, intra-blocks
and whole run models within each cognitive state
(Figure 6). In comparison, age effects are much
more variable when comparing one cognitive state
to another.
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for a total of five 40-second blocks. Each picture was pre-
sented for 4.5 s with a 500-ms ISI between items. Accu-
racy (not response time) was computed online, as
defined by the proportion of pictures correctly named
in the time constraint. Fixed criteria (Salthouse, 1998)
were used to define a correct answer, with two excep-
tions. First, credit was given if the correct word was
included in the subject’s response (e.g. “printing press”
for “press”). Second, a slight mispronunciation of the
correct word also received credit (e.g. “cumberbund”
for cummerbund). General cognitive measures were
also collected in the scanner with computerised subtests
adapted from the Wechsler Adult Intelligence Scale
(WAIS-3) (Wechsler, 1997). Focus was given on the accu-
racy score (proportion of correct responses) for the
Matrix, Digit-Symbol and Letter-Number subtests,
measures of fluid reasoning, perceptual speed and
working memory, respectively. The Vocabulary subtests
of the WAIS-3 were also used as a proxy of cognitive
reserve. Incomplete tasks (due to technical issues or
unfinished assessments) were discarded, as well as
extreme values (defined by 1.5 x interquartile range,
SPSS).

2.3. Imaging protocol

All magnetic resonance images were acquired on a 3.0 T
Philips Achieva Magnet. Each session started with a scout
T1-weighted image, to determine patient position and
adjust the 240 mm field of view. In total, there were
two, 2-hour MR imaging sessions to accommodate the
functional acquisitions of the twelve tasks as well as all
other imaging runs. The presentation order of the tasks
did not vary within session, but the order of the two ses-
sions was counterbalanced across subjects. Three func-
tional imaging runs collected vocabulary tasks (6 mins
and 30 s) following a block design. An additional
resting BOLD functional run (7 min) was acquired. All
fMRI acquisitions used an EPI sequence with 41 axial
slices; TE/TR (ms) 20/2000; Flip Angle (deg) 72°; in-
plane resolution (voxels) 112 × 112; slice thickness/gap
(mm) 3/0. In our sample of 286 participants, 128 individ-
uals had their T1 done in a separate session. Seven indi-
viduals had their RS acquired at a different session than
their language tasks. A neuroradiologist reviewed each
subject’s scans for incidental finding, which were con-
veyed to the subject’s primary care physician.

2.4. Image preprocessing

The fMRI data were preprocessed using the pipeline
implemented in the neuroimaging analysis kit (NIAK,

http://niak.simexp-lab.org/pipe_preprocessing.html),
including the following steps.

Registration. The three first volumes of each run were
removed to allow the magnetisation to reach equili-
brium. Individual time series were corrected for inter-
slice difference in acquisition time and rigid body
motion (within and between runs). For each subject,
the median volume of one arbitrary reference run was
co-registered with a T1 individual scan using Minctracc
(Collins, Neelin, Peters, & Evans, 1994), which was itself
nonlinearly transformed to the Montreal Neurological
Institute (MNI) nonlinear template (Fonov et al., 2011)
using the CIVET pipeline (Ad-Dab’bagh et al., 2006). The
rigid-body transform, fMRI-to-T1 transform and T1-to-
stereotaxic transform were all combined, and the func-
tional volumes were resampled in the MNI space at a
3 mm isotropic resolution.

Quality control – registration. Each scan for each run
was individually reviewed to assess if anatomical/func-
tional alignments were adequate. For cases that failed
the quality control, an attempt was made to manually
centre the anatomical and functional images prior to
automated registration (four individuals). If the regis-
tration remained unsatisfactory, the scans were excluded
from further analysis (two picture naming runs).

Quality control – motion. It has been shown that par-
ticipant motion can have large effects on functional con-
nectivity estimates, and motion is more prevalent in
older adults, compared to young adults (Mowinckel,
Espeseth, & Westlye, 2012). To minimise such effects,
regression of the motion parameters as well as a “scrub-
bing” procedure was then applied (Power et al., 2014;
Power, Barnes, Snyder, Schlaggar, & Petersen, 2012).
This approach decreases spurious correlations related
to motion (Yan et al., 2013) and improves network
identifiability (Ciric et al., 2017). Scans in which the dis-
placement was larger than 0.5 mm with respect to the
previous scan were removed, as well as the volume
before and three volumes after. For each task, time
series with less than 60 frames after scrubbing were
excluded from further analysis. These criteria led to the
exclusion of 42 (out of 299) individual fMRI runs available
for the antonyms task, 34 (out of 298) for the synonyms
task, and 24 (out of 287) for the RS. The picture naming
task generated a lot more head movement in compari-
son with the other tasks, because participants were
asked to verbally name the pictures, which led to the
exclusion of 169 functional runs (out of 295).

Noise regression and smoothing. To reduce spurious
correlations arising from various noise sources (Giove,
Gili, Iacovella, Macaluso, & Maraviglia, 2009), the follow-
ing nuisance parameters were regressed out from the
time series at each voxel: slow time drifts (basis of
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discrete cosines with a 0.01 Hz high-pass cut-off),
average signals in conservative masks of the white
matter and the lateral ventricles, as well as the first prin-
cipal components (95% energy) of the six rigid-body
motion parameters and their squares (Lund, Madsen,
Sidaros, Luo, & Nichols, 2006). The fMRI volumes were
finally spatially smoothed with a 6 mm isotropic Gaus-
sian blurring kernel. Global signal regression was not
used in the present study, as it is suspected to lead to
difficulties in reliably interpreting patterns of negative
and positive correlations (Murphy, Birn, Handwerker,
Jones, & Bandettini, 2009; Saad et al., 2012).

2.5. Brain parcellation and selection of regions of
interest

The present functional connectivity analysis follows a
connectome-wide, seed-based approach, using a
whole-brain cluster parcellation derived from the
sample under study. Functional connectivity was first
analysed for all pairs of seeds/parcels, and then four
regions of the language and default mode networks
were selected for further analysis.

2.5.1. Data-driven functional parcellation
Brain parcellation plays a key role in connectivity studies.
It is traditionally defined by classic networks observed at
rest in a sample of young and healthy participants, but
our study specifically aims at comparing cognitive
states throughout the age trajectory. Parcellation
should thus be unbiased towards a specific cognitive
state (task or rest) or age group (younger or older).

Also, the connectivity of language regions is sus-
pected to be unveiled only by task states (Binder,
Desai, Graves, & Conant, 2009; Lohmann et al., 2010;
Tomasi & Volkow, 2012a; Turken & Dronkers, 2011;
Xiang, Fonteijn, Norris, & Hagoort, 2010): RS fMRI ana-
lyses typically aggregate left perisylvian language
regions with an extended network of multimodal
regions, including the left inferior frontal, posterior tem-
poral and inferior parietal cortices. Parcels were thus gen-
erated using an integrative functional parcellation
approach (Geerligs, Renken, Saliasi, Maurits, & Lorist,
2015; Lancichinetti & Fortunato, 2012), pooling data
from all participants, tasks and rest.

A region-growing algorithm was first applied to
reduce each fMRI dataset into a time x space array,
with regions of approximately 1000 mm3 each (Bellec
et al., 2006). A cluster analysis is then applied on the
average time series within each region for all subjects,
to identify parcels that consistently exhibit a similar
response at the individual level and that are stable at
the group level (BASC, Bellec, Rosa-Neto, Lyttelton,

Benali, & Evans, 2010). Reducing the number of seeds
is a straightforward way to mitigate the impact of mul-
tiple comparisons (Bellec et al., 2015). The BASC
method has been shown to generate group functional
parcellations with homogeneity concurrent to state-of-
the-art method (Urchs et al., 2017) and good reproduci-
bility (Garcia-Garcia et al., 2018). As suggested by
Sporns, methods such as the BASC overcome the
“difficulty to choose a single (‘best’) representative par-
tition […] by expressing the optimal partition not as a
single ‘best’ partition but as a meaningful average
across multiple near-optimal partitions” (Sporns &
Betzel, 2016). Such multidimensional parcellations
derived from functional data have recently shown to out-
perform anatomical atlases (Sala-Llonch, Smith, Wool-
rich, & Duff, 2018).

A multiscale stepwise selection (MSTEPS) method
(Bellec, 2013) as well as previous guidelines on statistical
power (Bellec et al., 2015) were used to select the more
accurate summary of the stable cluster solutions, in the
range 10–500. A trade-off between sensitivity and ana-
tomical resolution led us to select 53 clusters as the
lowest number of clusters that clearly captured tra-
ditional (functional as well as structural) word compre-
hension and production regions. While connectivity
changes were computed at the whole connectome
level and were individually checked (i.e. the connectivity
of all 53*53 brain parcels), the present study focuses on
resting-state and vocabulary tasks. Regions of interest
(ROI) were consequently selected a-posteriori among
the 53 parcels, in a hypothesis-driven fashion and
anchored in previous connectivity studies.

2.5.2. Regions of interest selection
With the objective to investigate canonical regions of the
language and default mode functional networks, we
selected parcels that best overlapped with language
and DMN regions reported in previous studies. Four
regions of interest among our 53 parcels were thus
selected a posteriori (Figure 1).

The DMN was seeded in the posterior cingulate cortex
(PCC, mni coordinates [−13 −50 33]). Indeed, both RS
fMRI and PET studies show consistently across research
sites that brain activity is centralised in posterior
regions of the precuneus – PCC, suggesting that it is a
central hub for intrinsic brain activity (Andrews-Hanna
et al., 2007; Greicius, Krasnow, Reiss, & Menon, 2003;
Kong et al., 2018; Tomasi & Volkow, 2010).

While vocabulary knowledge likely engage all of the
brain to some extent, some regions respond more
specifically and strongly when performing word compre-
hension and production tasks: the posterior superior
temporal gyrus (pSTG, including Heschl gyrus (primary
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auditory area) [−40 −24 7] and planum temporal (Wer-
nicke’s region) [−57 −20 1]), the inferior frontal gyrus
(IFG, including Pars opercularis (Broca region) [−48 13
17] and Pars triangularis (Broca’s region) [−47 27 6]),
the posterior middle temporal gyrus (pMTG, including
the middle temporal gyrus [−59 −29 −6] and a portion
of occipito-temporal area [−47 −52 −12]) (Lohmann
et al., 2010; Tomasi & Volkow, 2012b; Xiang, Dediu,
Roberts, Norris, & Hagoort, 2012).

Although this choice is based on human judgment
and visual inspection, one advantage of the clustering
approach (as well as ICA) is that “human judgment is
incorporated at a high perceptional cluster- or
network-level, rather than during the early-stage ROI
selection, as is required in traditional seed-based
approaches.” (Margulies et al., 2010).

2.6. Statistical analysis

Behavioural analysis. Vocabulary and general cognitive
tests’ accuracy were explored in correlation with age.
Pearson’s bivariate correlation coefficients were used to
assess the relationship between age and accuracy
scores. Preliminary descriptive analysis was performed
to ensure no violation of normality and linearity. Partial
correlation was used to explore the relationship while
controlling for sex, and education level (in years of
schooling), known to significantly associate with cogni-
tive performance.

Functional connectivity measures. Analysis were per-
formed at a connectome-wide level: for each task and
each pair of parcel at resolution 53, between-parcels con-
nectivity was measured using the Fisher transform of the
Pearson correlation between the average time series of
the parcels. The intra-parcel connectivity was the Fisher
transform of the average over the correlations between
all voxel time series within a parcel. An individual con-
nectome was thus a 53 × 53 matrix, with intra-parcel con-
nectivity as diagonal elements, and inter-parcel
connectivity off-diagonal.

General Linear Model. A general linear model (GLM)
was used to assess the mean sample effect for the
whole sample and test the association between pheno-
types of interest (e.g. age, education, performance etc.)
and the connectome at the group level, for each pair
of two regions across all 53 brain regions. While GLM
exploration was held at the whole connectome level,
further analysis focused on the four selected ROIs.
Thus, for a given region of interest, the correlation of
its signal with the other 52 regions was calculated for
each cognitive state. The GLM systematically included
an intercept, the age of participants, and sex as co-vari-
ables of no interest. The parameters of the model were
estimated through minimum least-square, and a t-test
with associated p-value was derived under a Gaussian,
independent and identically distributed assumption on
the residuals. A Benjamini-Hochberg false discovery
rate (FDR) was implemented to correct for multiple

Figure 1. Regions of interest after pooling connectivity data from all cognitive states and from all participants, as defined by a con-
sensus and multilevel cluster analysis (BASC-MSTEPS): PCC: posterior cingulate cortex; IFG: inferior frontal gyrus; STG post: posterior
superior temporal gyrus; MTG post: posterior middle temporal gyrus.
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comparisons across all brain connections across all 53
regions (Benjamini & Yekutieli, 2001), with a significance
threshold of 0.05. The validity of the p-values was
recently investigated on both simulations and a
number of real datasets, including “negative control
experiments” consisting of comparison of random
groups with similar demographic characteristics (Bellec
et al., 2015). These evaluations concluded to a tight
control of false positive rate to the nominal value.

Statistical contrasts. GLM analyses were used to detect
effects for each task separately. Main sample effect was
computed preliminarily to obtain an average map of func-
tional connectivity during each cognitive state. The main
contrast of interest for this study was age (in years). All cov-
ariates except the intercept were corrected to a zeromean.
Secondary models tested for associations between con-
nectivity and other individual measures such as task accu-
racy (respectively antonyms, synonyms, picture naming or
the average accuracy score of the three language tasks in
percentage) and a compound index of cognitive reserve.
The cognitive reserve index was defined as the averaged
z-score for the WAIS vocabulary subtest, National Adult
Reading Test -NART- score, years of education. A com-
pound indicator may provide a more precise measure of
reserve than individual measures and limit potential colli-
nearity issues (Jones et al., 2011). Such method was
proven to attaingood convergent anddiscriminant validity
for cognitive reserve by Siedlecki et al., 2009.

Finally, interaction effects with age and connectivity
metrics were also investigated by adding a second vari-
able of interest (task accuracy, cognitive reserve index
or education) in the model.

Measure of effect size. For all GLM, Cohen’s f2 (Cohen,
1988) was used to visualise spatial maps of the effect
size of age on FC, and compare them across tasks. The
variant of Cohen’s f2 used here measured local effect
size, i.e. the additional variance uniquely accounted by
a variable of interest (age), expressed as a proportion
of the variance unexplained by the model as a whole.
This measure is useful for multivariate regression
models including many variables (Selya, Rose, Dierker,
Hedeker, & Mermelstein, 2012).

Quantification of spatial maps similarities across and
within cognitive states. We further investigated whether
the effect of age on connectivity is largely driven by the
cognitive state or rather stable across paradigms, using
an analysis similar to Cole et al. (2014) and Geerligs et al.
(2015). After averaging the connectivity matrices across
participantswithin each cognitive state, a Pearson’s corre-
lation coefficient was used to quantify the similarity
between age effect ( f2) maps – for each ROI – in order
to index the similarity in age-effect on FC across cognitive
states. With the aim to further validate that the previous

findings were robust, the intra-run reproducibility of age
effect maps was additionally investigated. The internal
consistency of the results was first tested by separating
each available individual time series in two halves for
each task, and repeating the GLM statistical analysis inde-
pendently on each half (split-half reliability testing).
Second, the impact of the block experimental design –
alternating periods of task and periods of rest – was
tested: connectivity measures were generated using
only time points collected within each block (IB),
“purely” composed of task state. This step was not per-
formed for the resting-state, which did not follow a
block experimental design. We compared intra-run age
effect maps using Pearson’s correlation coefficients, as
was done for between-state comparisons, both for the
split-half and the within-block replication experiments.

Potential confounds. Sex was always included in our
regression models as a confounding variable. The
regression model initially did not include motion, i.e.
FD, or a measure of brain atrophy, i.e. volume of
cortico-spinal fluid relative to brain volume (RCSF). Both
motion and atrophy are associated with aging, and
may remove meaningful age-related variance. The
impact of these additional confound regressors was
assessed at the whole-connectome level by replicating
the previous age-FC regression analysis with FD only,
RCSF only, or both FD and RCSF. The volume of CSF
was measured using partial volume effects of tissue
types on the anatomical scan, and estimated with the
trimmed minimum covariance determinant method
(Tohka, Zijdenbos, & Evans, 2004).

2.7. Computational environment

All analyses were executed in parallel on the “Guillimin”
supercomputer (www.computecanada.ca), under
CentOS. The datasets were preprocessed using the
Neuro Imaging Analysis Kit (NIAK) niak-boss-0.18.1 con-
tainer powered by singularity (http://singularity.lbl.gov/
docs-docker). The container includes an Ubuntu operat-
ing system, the pipeline system for Octave and Matlab
(PSOM) version 1.2.1 (Bellec et al., 2012), Octave version
3.6.1 (http://gnu.octave.org) and the Minc toolkit
version 0.3.18 (www.bic.mni.mcgill.ca/ServicesSoftware/
ServicesSoftwareMincToolKit).

3. Results

3.1. Behavioural performance analysis

Behavioural accuracy scores were computed for each
experimental task. Cognitive data that was complete
and within interquartile range is presented in Table 2
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for the whole sample, divided into three age groups to
illustrate age trajectory in cognitive scores.

There was a significant correlation between age and
accuracy across all neuropsychological and vocabulary
tasks, ranging from small (r < 0.15) to large (r > 0.35)
(Cohen, 1988). When controlling for sex and education
(partial correlation), the effect of age remained signifi-
cant for all tasks (p < 0.05). Increasing age was positively
associated with performance for all vocabulary tasks
(Antonyms: r = 0.2, n = 258, p = 0.002; Synonyms: r = 0.3,
n = 253, p < 0.001; Picture Naming: r = 0.37, n = 242, p <
0.001),1 while the association was negative for other cog-
nitive domains (Matrix: r =−3, n = 239, p < 0.001; Letter
Number: r =−0.2, n = 244, p = 0.000; Digit Symbol:
r =−0.5, n = 245, p = 0.000) (Figure 2).

3.2. Mean sample effects on the brain functional
connectome

Average functional connectivity was first computed for
the whole sample, while controlling for age, during
tasks and rest (Figure 3). This preliminary step aimed
at better discerning general FC organisation from
age-specific effects. Mean connectivity maps revealed a

consistent brain connectivity pattern across cognitive
states. The IFG, pSTG and pMTG generally showed high
connectivity levels with temporal regions and the pre-
motor and ventrolateral prefrontal cortex. The language
ROI also showed high connectivity with occipital visual
cortices and ventral and posterior parietal areas, respect-
ively involved in visuo-perceptual abilities and cognitive
control (Christophel, Cichy, Hebart, & Haynes, 2015). This
pattern followed ventral and dorsal pathways tradition-
ally described for language processes (Saur et al.,
2008). Regions of the DMN were also highly correlated,
whether during tasks or during rest: the PCC exhibited
a strong connectivity with prefrontal regions as well as
with a large area surrounding the angular gyrus, and to
a lesser extent with temporal regions, in accordance
with previous reports (Greicius et al., 2003).

Main associations at the whole sample level were
further investigated over the connectome for each inde-
pendent variable (accuracy, education, cognitive reserve
index). When considering the whole sample, few signifi-
cant effects were found and those were diversely
expressed. Brain regions in which effects were significant
were rather heterogeneous, but all included to some
extent portions of the DMN. Only during the synonyms

Figure 2. Behavioural regression plots for vocabulary and other cognitive tasks. In the upper row are the three vocabulary tasks (anto-
nyms, synonyms, picture naming). In the bottom row are the three neuropsychological tasks (WAIS Matrix, Digit Symbol, Letter
Number). For each, the graph shows the distribution of performance among the sample as well as the slope of the regression line.
Vocabulary scores exhibit a significant and positive association with age, whereas the association is negative with neuropsychological
scores.
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task was there a significant association in FC with accu-
racy, in a large region including the cingulate cortex,
the primary somatosensory cortex, the angular gyrus
and the pMTG. The cognitive reserve index showed a sig-
nificant main association during all cognitive states
except the synonyms in regions of the posterior cingu-
late cortex, the angular gyrus, the primary motor cortex
as well as the STG and MTG. Education alone was signifi-
cantly associated with RS connectivity of the angular
gyrus, the primary motor cortex, the primary somatosen-
sory cortex, the ventral posterior part of the cingulate
cortex, and the pSTG and not with other cognitive states.

3.3. Effect of age on functional connectivity of the
DMN and language regions of interest

A regression analysis, repeated across all region-to-
region connections (53 × 53), showed mostly age-
related reductions in connectivity across cognitive
states over the connectome. We investigated more

specifically selected ROIs in language and the DMN
regions.

Association with age varied according to the ROI and
effect sizes (FDR corrected < 0.05, over the entire connec-
tome) ranged from small [ f2 < 0.15] to moderate [0.15≥
f2 <0.35] according to Cohen’s guidelines (Cohen, 1988)
(Figure 4). Fairly high similarity across all tasks was
observed in the age effect connectivity maps of the
pSTG and pMTG. By contrast, similarities were lower for
the IFG when compared with other ROI.

The direction of the association was of special interest:
language ROIs exhibited an age-related increase in con-
nectivity with the rest of the connectome, during tasks
only. In contrast, the resting-state in general (across all
ROIs) and the DMN in particular (across all cognitive
states) exhibited only age-related decreases (Figure 4).
Connectome-wide analyses confirmed that no significant
age-related increases were seen outside of the language
ROIs. Specifically, posterior MTG and STG both showed
significant age-related increases in FC with occipital

Figure 3. Average connectivity maps for each region of interest (ROI), during each cognitive state. Each map represents the f 2 size of
average connectivity between the seed region and all other regions in the brain (FDR correction <0.05, over the full connectome). The
left column shows the localisation of the ROI: inferior frontal gyrus (IFG), posterior superior temporal gyrus (STG), posterior middle tem-
poral gyrus (MTG) and posterior cingulate cortex. Each row shows the average connectivity of the designated ROI with the rest of the
brain; and each column represent a different cognitive state, from left to right: antonyms, synonyms, picture naming and resting state.
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regions during language tasks. The IFG also showed an
age-related increase in connectivity with parietal
regions bilaterally, posterior to the central sulcus, in the
angular and supramarginal gyrus and the parieto-occipi-
tal junction, during the antonyms and synonyms tasks.
In contrast with connectivity increases for the language
ROIs, therewas a global age-related decrease inDMNcon-
nectivity (seeded in the PCC) across all cognitive states.

3.4. Interaction between age and other
independent measures on the brain functional
connectome

Interaction effects were explored between the effect of
ageandother individual variables (task accuracy, cognitive
reserve index, years of education) on connectivity. The
only significant interaction was found between age and

years of education, and exclusively during the RS. This
interaction showed significant changes in connectivity in
the form of a local increase in a bilateral fronto-parietal
network (IFG, primary motor and somatosensory cortex,
angular gyrus) as well as portions of the DMN (ventral pos-
terior, dorsal and anterior cingulate cortex, angular gyrus).
This result suggests that education influences the relation-
ship between age and FC. No interaction was found
between accuracy or the compound index of cognitive
reserve and age-FC relationship.

3.5. Age-effects similarities across cognitive states

Previous visualisation of age effect maps (Figure 4) quali-
tatively revealed that the spatial expression of age effects
varies from one cognitive state to another. The similarity
in age effects between all cognitive states was further

Figure 4. Age effect on cortical and cerebellar connectivity for each region of interest (ROI), for each cognitive state. Each map rep-
resents the f 2 size of age effects for the connectivity between the seed region and all other regions in the brain (FDR correction <0.05,
over the full connectome). The left column shows the localisation of the ROI: inferior frontal gyrus (IFG), posterior superior temporal
gyrus (STG), posterior middle temporal gyrus (MTG) and posterior cingulate cortex. Each row shows the changes in connectivity of
the designated ROI with the rest of the connectome; and each column represent a different cognitive state, from left to right: antonyms,
synonyms, picture naming and resting state. Regions of the language network exhibit significant age-related connectivity increases
during vocabulary tasks. Resting state is conversely marked by a general decrease in connectivity as a function of age. Spatial connec-
tivity patterns also vary from one region of the language network to another.
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quantified. A correlation between the spatial maps of age
effect for each ROIs and each possible pair of cognitive
state (whole run) was computed (Figure 5).

Correlation strength varied according to pairs of cog-
nitive states (r = 0.03–0.99; see Figure 6). Antonyms and
synonyms, which are the two most cognitively similar
tasks in this study, also had the highest similarity in
terms of age effects (minimum r = 0.70; maximum r =
0.90). In other words, the effect of age on the connec-
tivity of language and DMN regions was spatially
similar during the completion of both tasks. Age effect
in the antonyms and synonyms tasks were most dissim-
ilar with RS. In comparison, age effect during picture
naming was less similar to the latter tasks (minimum r
= 0.27; maximum r = 0.78). Nonetheless, age effect
during picture naming had even more dissimilarity to
rest (minimum r = 0.10; maximum r = 0.47).

3.6. Robustness of age-effects within each
cognitive state

With the aim to validate that age effects on FCweremostly
driven by the cognitive context rather than random noise
or the design of the experimental paradigm, the intra-run
reliability of age effect maps was assessed. Reproducibility

testingwas done first by replicating analyses after splitting
the data into two halves, and, second, by analysing only
data points within task blocks instead of the whole run.
The previous conclusions (similarity levels in age effect
between cognitive states when considering the whole
runs) generalised to allmodels elaboratedwithin cognitive
state: within each cognitive state, a strong spatial corre-
lation between age effect maps was observed when com-
paring split-half, intra-blocks and whole run models
(Figure 7). The antonyms task, in particular, reached an
almost perfect within-run correlation (r = 0.92, 0.98, 0.97,
0.93) in age effects, for all ROI. These observations were
confirmed visually, with highly similar spatial maps
across models, in particular between split-halves (sup-
plementary figure 2).

3.7. Impact of confound parameters

We systematically assessed at the whole-connectome
level the impact of a number of covariates on age
effects: sex, motion measured by frame displacement
(FD), atrophy measured by relative corticospinal fluid
(RCSF). A spatial Pearson’s correlation was generated
for each ROI, measuring the similarity between age
effect maps derived from different models (age + sex,

Figure 5. Illustration of the method used for comparison across cognitive states (whole run). The similarity in age effects were evaluated by
correlating the statistical spatial maps for each pair of task, and for each ROI. Here is presented as an example the spatial similarity of spatial
maps between each task for the posterior middle temporal gyrus (pMTG). The thickness and colour scale represent the strength of the cor-
relation. For example, the functional connectivity spatial maps of the synonyms and antonyms tasks present high similarity (r = 0.83).
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age + sex + FD, age + sex + RCSF, age + sex + FD + RCSF).
The various models showed overall very high corre-
lations. Only the simultaneous use of three covariates
(age + sex + FD + RCSF) appeared to substantially
impact the results but still showed a moderate associ-
ation with other models (Figure 8). Cumulating all covari-
ates in the model resulted in fewer discoveries: fewer
brain regions were associated with age-related
decreased functional connectivity. Local increases in
connectivity of the language ROI persisted, even if
there were also less numerous associations. We con-
cluded that our findings are robust: additional confounds
entered in the regression model do not modify the
findings.

4. Discussion

The main goals of this study were to describe and
compare age-related differences in functional

connectivity between vocabulary tasks and resting
state. While resting-state has been widely studied, voca-
bulary is an example of a preserved cognitive ability
throughout the age trajectory. Secondary objectives
included assessment of the association between age
and accuracy for vocabulary and other cognitive tasks,
as well as potential interactions with accuracy or cogni-
tive reserve estimates. Results first confirmed that accu-
racy scores for semantic and vocabulary knowledge
constantly improve throughout one’s lifetime in our
sample, in contrast to other cognitive domains. The con-
comitant FC patterns showed widespread age-related
decreases in and between the language and default-
mode networks. These age-related FC decreases were
observed both in RS and vocabulary tasks. Remarkably,
age-related FC increases were found specifically for
core language regions during vocabulary tasks. Yet,
there was no evidence of an interaction between FC,
age and task accuracy or cognitive reserve estimates,

Figure 6. Inter task (whole run) age effect comparison. For each ROI (IFG, STG, MTG, PCC), r correlation matrix of effect sizes connectivity
between cognitive states (antonyms; synonyms; picture naming; resting- state).
Note: the FC maps are not corrected for FDR, to allow for comparison between actual functional connectivity values. There is higher similarity in age effect
between antonyms and synonyms tasks throughout regions of the language network. Age effect on brain connectivity during the resting state is generally
less correlated to vocabulary tasks, although this pattern varies from seed to seed.
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challenging most cognitive models of aging. This study
demonstrates that age-related differences in FC largely
depend on the cognitive state. In other words, results
derived from RS only do not systematically generalise
to other cognitive states.

4.1. The increase of vocabulary accuracy
throughout age trajectory

All vocabulary tasks exhibited a significant increase in
accuracy with age. By contrast, age-related decreases in
accuracy were found with fluid reasoning, perceptual
speed and working memory tasks. These results are in

line with prior reports (Diaz, Rizio, & Zhuang, 2016;
Fabiani, 2012; Kavé, Fridkin, & Ayalon, 2018; Schaie &
Willis, 2010; Verhaeghen, 2003).

While the literature has reported a dissociation in age
effects on reception and production abilities, the present
vocabulary tasks were not designed to dissociate those
aspects. In particular, the choice of constructs, linguistic
properties of stimuli, as well as response modalities
were not adapted to contrast reception and production.
Both vocabulary reception and production tasks revealed
an age-related increase in accuracy. Performance on the
picture naming task may appear surprising, knowing that
older adults typically complain of word finding and tip-

Figure 7. Intra and inter-task age effect comparison. For each ROI (IFG, pSTG, pMTG, PCC), correlation matrix (r correlation coefficient)
between FC effect size maps within and across cognitive states (antonyms, synonyms, picture naming and resting state) for each GLM
model investigated: split half validation (SH1 and SH2), intra-block connectivity (IB), and whole-run (WR).
Note: the FC matrices are not corrected for FDR, to allow for comparison between actual functional connectivity values. Intra-task, there is a strong spatial cor-
relation within each task when comparing split-half, intra-blocks and whole run models.
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of-the-tongue problems in everyday life (Schwartz &
Frazier, 2005; Shafto, Burke, Stamatakis, Tam, & Tyler,
2007). Inconsistent findings were previously reported in
regards with picture naming performance. Those may
in part be explained by methodological choices
(Bowles & Salthouse, 2008; Goulet, Ska, & Kahn, 1994).
The picture naming task was designed here to focus on
vocabulary knowledge and, as such, did not disadvan-
tage older individuals for four reasons. First, accuracy
was used as a measure of performance, rather than
response time, known to reflect general cognitive abil-
ities (Shafto et al., 2016). Second, participants had 4.5 s
to answer, limiting the impact of processing speed.
Third, exceptions to the scoring criteria may have
favoured individuals with slight phonological difficulties,
but cases were rare. Finally, a one-word response was
required, while word finding difficulties typically occur
in the flow of a conversation (Schmitter-Edgecombe et
al., 2000).

The vocabulary tasks used here have been reported to
follow non-linear trajectories in accuracy within a larger
sample (>4000), with an increase until age 65, followed
either by a plateau, for synonyms, or a slight decrease,
for antonyms and picture naming (Salthouse, 2014).
Within the age range of the present study (18–80 y.o.),
a clear and steady increase in accuracy was observed
for all vocabulary tasks. They are thus particularly suitable

to study potential brain mechanisms related to the pres-
ervation of cognition.

4.2. Age-related functional connectivity changes
in regions of the default mode network

A widespread trend was a decrease in FC with age,
observed both in vocabulary tasks and RS. This result
extends – across all cognitive states and most regions –
the decrease within DMN connectivity with age com-
monly described at rest (see Sala-Llonch et al., 2015 for
a review). This connectivity decrease across all cognitive
states suggests a generalised disruption in grey and
white matter integrity (Andrews-Hanna et al., 2007).

Age-related increases were previously reported in
DMN inter-network connectivity, i.e. less segregation of
the DMN with age, during tasks (Chan et al., 2017; Geer-
ligs, Maurits, Renken, & Lorist, 2014). Such increases
appeared in tasks for which cognitive performance is
declining with age and might thus depend on the level
of task demand (Sambataro et al., 2010).

The DMN was initially described by subtracting BOLD
activity levels of task and baseline epochs. Such “task-
negative” approach has since been criticised (see
Callard & Margulies, 2014), as it might conceal
dynamic functional processes (Li, Wang, Yao, Hu, &
Friston, 2012) better characterised using FC analysis.

Figure 8. Systematic comparison of potential confound parameters in the main GLM contrast: age-effect on the connectome. The
matrix shows for two example cognitive states (antonyms and resting state) the correlation (Pearson’s r) between effect sizes (f 2)
of the various models tested: only sex included as a regressor, sex and frame displacement (FD), sex and relative cerebrospinal
fluid (RCSF) or sex, frame displacement and relative cerebrospinal fluid altogether. There is high similarity between spatial maps
obtained with each model, whether during the vocabulary tasks or during the resting-state task.
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The DMN indeed plays an active role in processes such
as internalised thoughts (Spreng & Grady, 2010) and –
of particular interest for this study – semantics (Hum-
phreys, Hoffman, Visser, Binney, & Lambon Ralph,
2015; Seghier, Fagan, & Price, 2010; Wirth et al., 2011).
The DMN and the networks activated by semantic
tasks also partially overlap (Muller & Meyer, 2014;
Seghier et al., 2010). In sum, it might be hypothesised
that vocabulary tasks do not generate large differences
in DMN connectivity (Spreng & Schacter, 2012), either
because they do not highly challenge older individuals’
capacity; or because they activate regions functionally
related with the DMN. Unfortunately, the scarce
number of studies exploring functional networks
outside the DMN limits interpretation. With the aim of
expanding upon the large majority of research that
has focused on the DMN, this study additionally
explores the impact of age on the connectivity of
regions of the language network.

4.3. Age-related functional connectivity changes
in regions of the language network

As observed with the DMN, connectivity between core
language regions (inferior frontal gyrus, posterior
middle and superior temporal gyrus) showed age-
related decreases. This observation contradicts our
initial hypothesis. Previous work indeed reported
increases within the fronto-temporal network (Agarwal,
Stamatakis, Geva, & Warburton, 2016; Meinzer et al.,
2012), which are suspected to reflect top-down mechan-
ism in support to cognitive performance (compensation).
These two studies used fluency tasks and a phonological
rhyming judgment task, respectively, that place more
demand on executive and phonological processes than
the word semantic tasks used here. Other abilities pre-
served with age, such as syntax comprehension, have
not shown differential recruitment of neural networks
in older adults, when task demand is controlled (Shafto
& Tyler, 2014).

The most striking result of this study was that core
language regions increased their connectivity with
regions outside the canonical language system, solely
during the vocabulary tasks. Although effect sizes are
of small amplitude (Figure 4), those increases truly con-
trast with the general decrease seen in the rest of the
connectome and during RS.

First, during vocabulary tasks, temporal regions clas-
sically associated with the retrieval of semantic
conceptual knowledge (Price, 2012) increased their con-
nectivity with posterior (occipital and cerebellar)
regions. The increase in temporo-occipital connectivity
might suggest a higher reliance on networks specialised

for the visual-semantic components of the task a strat-
egy potentially beneficial to older adults. The left
lateral and ventral visual cortex were indeed demon-
strated to serve visual-semantic mechanisms in aging
during visual object recognition (Park et al., 2004) and
skilled reading (Price, 2012). Alternatively, the confound
of perceptual abilities should not be underestimated in
older adults (Monge & Madden, 2016; Price & Devlin,
2003; Salthouse, Hancock, Meinz, & Hambrick, 1996). In
this study, this potential confound was mitigated by
providing fMRI compatible lenses, when needed. Yet
these lenses do not achieve complete visual correction
and might bring additional effort to complete the
task. Challenges in low-level visual perception for
older adults might thus be a straightforward expla-
nation for the temporo-occipital connectivity increase
with age. In turn, the increase in temporo-cerebellar
connectivity is compatible with recent works on func-
tional specialisation of cerebellar territories (Buckner,
Krienen, & Yeo, 2013): the more posterior lobules (VI,
VII,IX) are thought to modulate cognition in general
and language in particular (e.g. semantic judgment,
verbal fluency, covert reading and higher linguistic
levels, see Price, 2012 for a review). Because the cerebel-
lum is still often unreported in fMRI studies, information
remains scarce and further investigation will be required
to better understand its rich interplay with cognition
and aging (Bernard & Seidler, 2014).

Second, the left IFG (Broca region) shows FC
increases with parietal medial and posterior regions
as well as superior posterior occipital regions. A diver-
sity of information is conveyed across these two
systems, including perception, attention, expectation
and regulation. The IFG region was repeatedly
suggested to be a binding point for neural compen-
sation in aging, operating in support of regions
engaged in the task in order to reach better perform-
ance (Cabeza & Dennis, 2012; Park & Reuter-Lorenz,
2009). The fronto-parietal increase in connectivity,
for instance, may be evocative of a higher reliance
on domain general abilities (Campbell & Tyler, 2018).
Directly testing the role of general cognitive abilities
in aging would require a battery of tasks, including
both preserved and declining abilities, as well as
varying cognitive loads. This is an important line for
future work, initiated by the RANN (Stern et al.,
2014) and the Cambridge Centre for Aging and Neuro-
science (Taylor et al., 2015) studies.

The interpretation of increases in connectivity as
compensation, although tempting, needs to be expli-
citly tied to modulations in cognitive task performance
(Steffener et al., 2014), as well as individual life
experiences.
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4.4. The association between performance,
cognitive reserve estimates and brain
connectivity

The compensatory nature of a neural pattern needs to be
supported by a three-way interaction: the higher the
accuracy, the more connectivity would change as a func-
tion of age. Compensatory patterns should also exhibit
recruitment of atypical functional resources. Contrary to
the initial hypothesis, this study reports few associations
between functional connectivity and other individual
variables.

Results did not show the expected interaction
between connectivity and accuracy scores in relation
with aging, as was originally reported during RS
(Andrews-Hanna et al., 2007; Damoiseaux et al., 2008;
Jockwitz et al., 2017; Onoda, Ishihara, & Yamaguchi,
2012). In fact, connectivity studies that used tasks
tapping into preserved language abilities in aging (e.g.
word production or syntax comprehension task) often
similarly failed to find associations between brain func-
tion and performance scores (Agarwal et al., 2016;
Chan et al., 2017; Davis, Zhuang, Wright, & Tyler, 2014;
Diaz, Rizio, & Zhuang, 2016; Hoyau et al., 2018; La et al.,
2016; Marsolais, Perlbarg, Benali, & Joanette, 2014;
Meunier, Stamatakis, & Tyler, 2014; Tyler et al., 2010).
This lack of association suggests that age-related
changes tend to decrease when task complexity is con-
trolled. Because semantic knowledge is generally main-
tained with age, older individuals on average might
not reach their maximum capacity threshold and adapt
the efficiency of their neural system to the task
demand (Bartres-Faz & Arenaza-Urquijo, 2011; Barulli,
Rakitin, Lemaire, & Stern, 2013; Persson et al., 2016;
Steffener & Stern, 2012).

Beyond performance, another goal of this study was
to investigate if cognitive reserve – as assessed
through education level alone or a compound index –
is associated with brain FC. Cognitive reserve is concep-
tualised as the potential to mitigate age-related brain
decline and support cognitive performance (Steffener
et al., 2011; Steffener et al., 2014; Stern, 2009). Existing
evidence relating healthy aging and cognitive reserve
is still scarce in fMRI – even more so in the FC literature –
and, to the best of our knowledge, the link between FC
and cognitive reserve has never been investigated in
the particular context of language abilities. Precise a
priori hypotheses were consequently lacking regarding
the relationship between age, cognitive reserve and FC.
In this study, the main effect of the compound index of
cognitive reserve on FC was detected in most cognitive
states. No interaction was found between the compound
index of cognitive reserve and age-FC relationship.

Conversely, the main effect of education on FC was
only detected in RS, as well as a significant interaction
between age and education on fronto-parietal FC. Edu-
cation level might in fact critically influence the brain’s
ability to use more specialised functional networks
(Marques et al., 2016) and was reported to associate
with increases in bilateral fronto-parietal connectivity
(Arenaza-Urquijo, 2013; Franzmeier, Buerger, et al.,
2017; Perry et al., 2017). The lack of significant age-edu-
cation interaction on FC during vocabulary tasks remains
hard to interpret and warrants further exploration using
tasks drawn from a variety of cognitive contexts.

4.5. Age-effects dependence on the cognitive
state

The last contribution of this study lies in its comparison of
age effects across vocabulary tasks and RS. RS is fre-
quently presented as a fixed backbone that supports cog-
nitive functioning (Ito et al., 2017) and, as such, could be
considered as a stable individual “trait”, generalisable to
any cognitive state. When comparing RS and three voca-
bulary tasks, the effect of age on brain connectivity was
clearly distinguishable in each cognitive context, with a
tendency for more resemblance between similar para-
digms (i.e. tasks relying on amotor response after seman-
tic processing and word selection).

A split-half reliability analysis further demonstrated
that age-effects maps are highly reproducible within
that sample, rather than related to random noise. And
secondly, the similarity of age effect maps between cog-
nitive states cannot be explained by a simple model of
response to the inherent timing of the task paradigm
(within block model), contrary to previous propositions
(Shah, Cramer, Ferguson, Birn, & Anderson, 2016).

In contrast with what is observed during RS, and as
discussed above, vocabulary tasks all exhibit localised
increases in connectivity with age. Thus, even though
average connectivity might be comparable across cogni-
tive states (Cole et al., 2014; Mattar, Cole, Thompson-
Schill, & Bassett, 2015), cognitive states can reveal con-
siderable inter-individual differences (Dixon et al., 2017;
Finn et al., 2017; Geerligs et al., 2015; Mill, Ito, & Cole,
2017). This is in line with the idea that RS, rather than a
stable measure of individual cognitive traits, reflects a
collection of various mental states (Allen et al., 2014;
Dubois, 2016).

4.6. Methodological considerations

There are several general methodological limitations that
should be taken into account when interpreting the
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present results. First, when contrasting cognitive states,
the potential impact of movement cannot be over-
looked. Vocabulary tasks, and in particular the overt
picture naming task, suffered from more volumes sup-
pressions than RS, thus limiting the number of frames
and participants subjected to analysis, and negatively
impacting statistical power. This may explain the lower
number of connections exhibiting significant age
effects, for the picture naming task in particular. Conver-
sely, RS exhibited less movement in comparison with
tasks, leading to a larger number of frames submitted
to analysis, which might have in turn maximised the
number of statistical discoveries. However, a scrubbing
procedure was carefully implemented to reduce
motion artefacts and the effect of including movement
as a covariate in our GLM model was negligible.

The statistical correction applied for multiple compari-
sons in whole-brain FC studies might also limit the
number of positive discoveries for association with cog-
nitive performance. For example, Geerligs in 2015 men-
tions that the correlation obtained between behaviour
and FC graph-measures did not survive FDR correction
and should therefore be interpreted with caution.
While univariate correlation analysis used in the
present study is beneficial to the understanding of
linear relationships between age and functional coupling
between brain regions, other methods such as intra age-
group univariate analysis (Andrews-Hanna et al., 2007;
Jockwitz et al., 2017; Stern, Gazes, Razlighi, Steffener, &
Habeck, 2018), dynamic functional connectivity (Cabral
et al., 2017; Shine et al., 2016) or multivariate methods
(Battaglia et al., 2017; Samu et al., 2017; Schultz & Cole,
2016) have been pointed out as having a strongest
potential to qualify individual heterogeneity. Addition-
ally, future explorations of the cognitive and neural
reserve might further benefit from more precise manipu-
lation of the task paradigm (as described in length in Mill
et al., 2017), using more complex conditions (Stanley,
Dagenbach, Lyday, Burdette, & Laurienti, 2014) or
tapping both maintained and declining abilities to
reach the “efficiency” threshold.

Participant selection was another critical aspect of the
present large-sample study. Out of 300, only 113 partici-
pants remained when including those with complete
data after quality control, across the whole range of neu-
roimaging and behavioural tasks. Considering this large
attrition, all subjects with available data for a given con-
trast were included in statistical test with the aim of max-
imising statistical power (Bhattacharjee, Dhar, &
Subramanian, 2011). High statistical power was particu-
larly important in the initial phase of connectome-wide
exploration of age-related connectivity during vocabu-
lary tasks.

Finally, but importantly, the interpretation of increases
or decreases in connectivity remains an open question in
the literature. Based on a univariate model alone, it is
impossible to deduce the underlying neural action,
because both activation or deactivation are theoretically
possible. For example, this study cannot conclude
whether top-down or bottom-up processes occur
between frontal and posterior regions. Connectivity
decreases are suspected to affect the ability to transfer
information between brain areas, thus hindering cogni-
tive performance (Damoiseaux et al., 2008; Geerligs,
Saliasi, Renken, Maurits, & Lorist, 2014; Onoda et al.,
2012). In this view, only tasks that show performance
decline with age would reveal decreases in connectivity
of task-related regions, as well as decreased coupling
with default mode activity (Samu et al., 2017). Conver-
sely, a decrease in functional connectivity can be inter-
preted dramatically differently, as enhanced efficiency
and proficiency. This was evidenced, for example, in
motor (Doyon et al., 2009) or second language learning
(Ghazi Saidi et al., 2013). The present study does not
allow us to conclude which of these distinctive interpret-
ations is the right one, but since older participants do
achieve a performance level that is comparable to that
of younger adults, the idea of a more efficient functional
network is a very attractive one. In this view, a decrease
in FC between core language regions would reflect more
cost-effective communication (Di & Biswal, 2018), which
would parallel the development of vocabulary knowl-
edge throughout one’s lifetime. In turn, age-related
increases in the connectivity of language regions with
posterior areas could hypothetically reflect less efficient
sensory and attentional processes.

5. Conclusion

This study highlights that distinct information is provided
by task-based and resting-state designs in the explora-
tion of the impact of aging on the brain functional con-
nectivity. Using a seed-based and connectome-wide
approach, results suggest that preserved vocabulary
knowledge do not abide to traditional models of cogni-
tive aging that were developed from other domains, or
to the snapshot offered by RS. The implications are
that neuroscience of aging should not ignore the effect
of the specific cognitive context under study. The
resting state itself is not homogeneous, but rather consti-
tutes another experimental condition, composed of a
mixture of many uncontrolled cognitive states (Gonza-
lez-Castillo et al., 2015; Shah et al., 2016) and as such
should not be considered as independent “trait” (Geer-
ligs & Tsvetanov, 2017). Acquired world knowledge –
through word semantic constructions – stands very
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peculiarly among human cognitive abilities and may
help support the preservation of our role in society,
without regards to age trajectory. Specifically, increases
in connectivity between language regions and posterior
brain areas during vocabulary tasks may hypothetically
reflect an increased ability to take advantage of the
semantic knowledge acquired throughout one’s life,
without the need to rely on compensatory mechanisms.
Cognitive models of aging should thus be expanded in
the future to encompass both losses and gains in cogni-
tive performance, within a perspective geared towards
multifaceted functional mechanisms.

Note

1. Response times were available for the antonyms and
synonyms tasks only. For those two tasks, the relation-
ship with age was not significant (Antonyms: r =−0.08,
n = 258, p = 0.22; Synonyms: r =−0.07, n = 253, p = 0.24).
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