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Although healthy aging is associated with general cognitive decline, there is considerable variability in
the extent to which cognitive functions decline or are preserved. Preserved cognitive function in the
context of age-related neuroanatomical and functional changes, has been attributed to compensatory
mechanisms. However, the existing sparse evidence is largely focused on functions associated with the
frontal cortex, leaving open the question of how wider age-related brain changes relate to compensation.
We evaluated relationships between age-related neural and functional changes in the context of preserved cognitive function by combining measures of structure, function, and cognitive performance
during spoken language comprehension using a paradigm that does not involve an explicit task. We used
a graph theoretical approach to derive cognitive activation-related functional magnetic resonance imaging networks. Correlating network properties with age, neuroanatomical variations, and behavioral
data, we found that decreased gray matter integrity was associated with decreased connectivity within
key language regions but increased overall functional connectivity. However, this network reorganization
was less efﬁcient, suggesting that engagement of a more distributed network in aging might be triggered
by reduced connectivity within specialized networks.
 2013 Elsevier Inc. All rights reserved.
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1. Introduction
Healthy aging is typically associated with deteriorating cognitive
capacities in the context of structural and functional brain changes
(Craik and Salthouse, 2000; Davis et al., 2009; Pfefferbaum et al.,
2000; Raz et al., 2005). However, one of the hallmarks of healthy
aging is its variability, with a range of preservation and losses in
structure, function, and performance across several cognitive domains. The preservation of cognitive function in some individuals
and in some cognitive domains (e.g., language comprehension;
Tyler et al., 2010) more than others (e.g., working memory;
Salthouse, 1991) has led to the hypothesis that preserved function is
underpinned by compensatory mechanisms (Cabeza et al., 2002).
Because a variety of neural changes occur with aging, cognitive
changes in older adults might be mediated by underlying neural
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changes, through processes such as dedifferentiation (Park et al.,
2004) or reduced hemispheric specialization (hemispheric asymmetry reduction in older adults; Cabeza, 2002; Ghisletta and
Lindenberger, 2003). These ﬁndings support the “scaffolding theory of aging and cognition”; which claims that as neural structures
decline over time because of natural aging, other structures from
proximal or distal brain regions are recruited to preserve function.
However, evidence for compensation requires the integration of
structural, functional, and behavioral data, a combination that is
rarely obtained. Moreover, studies of compensation tend to focus
primarily on age-related neural changes in the prefrontal cortex, in
the context of age-related performance changes in cognitive domains that usually decline with age (e.g., memory, executive function). These studies reveal increased bilateral activation (Cabeza,
2002), and increased functional connectivity (Davis et al., 2012;
Yang et al., 2009) in frontal cortex with age when performance is
preserved. This focus on the frontal cortex, although generating
important insights, involves studies that require participants to
carry out an explicit task and thus might confound age-related
changes to a speciﬁc cognitive domain and to those involved in
more general task-related processes. In the present study we aimed
to avoid this potential problem by minimizing the inﬂuence of taskrelated effects by using a paradigm that does not involve an overt
task.
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We investigated a cognitive function that tends to be preserved
across the adult life spandlanguage comprehension (Burke and
Shafto, 2008; Tyler et al., 2010). Language function involves a set
of bilateral neural regions including bilateral inferior frontal gyrus
(IFG), superior (STG) and middle temporal gyri (MTG), angular gyrus, supramarginal gyrus, and inferior parietal lobule (Indefrey and
Cutler, 2004; Price, 2012). Within this extensive system, different
aspects of language processing recruit different subnetworks, with
syntactic processing depending on intact left MTG (LMTG) and left
IFG (LIFG) and connectivity between them (Grifﬁths et al., 2013;
Tyler et al., 2011). In our study we focused on syntactic processing because it has the advantage of being strongly left lateralized in
the young, providing the ideal basis for determining whether agerelated preservation of function necessarily involves increased
bilateral activity and/or connectivity.
Our main research interest was in the relationship between gray
matter changes, the functional network known to be essential for
preserved syntax and the wider language system. Speciﬁcally, we
asked whether preservation of syntax was underpinned by changes
in the neural network with which it is associated (the left frontotemporal network) and its relationship to the wider bilateral language system. In investigating the inﬂuence of aging on
hemispheric reorganization, we tested age-related hypotheses
concerning the mechanisms involved, such as the dedifferentiation
(Park et al., 2004), hemispheric asymmetry reduction in older
adults (HAROLD; Cabeza, 2002), and scaffolding models (Park and
Reuter-Lorenz, 2009).
Most studies of compensatory neural mechanisms in aging use
region-speciﬁc analyses which bias toward describing local but not
age-related global changes; consequently, they largely ignore the
wider neural changes that take place in aging, except insofar as they
are related to frontal function (Davis et al., 2008). Here we
circumvent these limitations in a study that uses graph theoretic
analyses to investigate the relationship between age-related
changes in connectivity at local and more global levels.
Graph theoretic analysis enables the characterization of functional network properties in a unique manner not offered by other
connectivity approaches. Previous attempts to characterize functional networks have mainly been carried out on resting-state
functional magnetic resonance imaging (fMRI) (Ferreira and
Busatto, 2013) using a variety of approaches such as machine
learning (Meier et al., 2012) and seed-based functional connectivity
analyses (Tomasi and Volkow, 2012). Resting-state networks have
also been investigated using graph theory (Buckner et al., 2009;
Bullmore and Sporns, 2009; He and Evans, 2010), but this
approach has only occasionally been used with task fMRI studies
(Bassett et al., 2011; Eguiluz et al., 2005; Ginestet and Simmons,
2011; Shinkareva et al., 2008). This trend is reﬂected in the investigation of age-related functional changes, in which most studies
using graph theoretical approaches have focused on resting-state
(Achard and Bullmore, 2007; Meunier et al., 2009; Wang et al.,
2010) and one study examined task-related fMRI (working memory; Wang et al., 2012).
Graph theoretic analysis allows the detailed characterization of
networks by examining the structural properties of graphs, where a
graph is deﬁned as a set of interactions (‘connections,’ or ‘edges’)
between large numbers of areas or ‘nodes’ (Newman, 2003). Graph
analysis provides the ideal means for studying changes in global
connectivity and within local networks, and establishing relationships between neural changes and cognitive functions. Here we
focus on average snapshots of brain connectivity and differences
between those connectivity patterns when comparing younger
with older adults responding to spoken sentences rather than the
temporal evolution of connectivity in younger and older brains. We
obtained functional networks using the weighted correlations

method (Dodel et al., 2005), which permits quantiﬁcation of
network properties at the single participant level. We used a
functional connectivity index (FCI) to relate network properties
with age, local and global gray matter density (GMD), and behavioral performance acquired outside the scanner.
Current hypotheses regarding age-related functional reorganization in language processing in the context of network analyses
and preserved language processing performance suggest the
following outcomes: (1) according to the dedifferentiation hypothesis (Ghisletta and Lindenberger, 2003), functional connectivity is expected to increase in the overall language system with
aging, leading to less specialized networks for older subjects; (2) in
the HAROLD model (Cabeza, 2002), it is assumed that there is
reduced hemispheric specialization in aging, and thus that there
will be reduced connectivity between left frontotemporal regions
for language processing for the older compared with the younger
group; and (3) the “scaffolding theory of aging and cognition”
model, in which an increase in bilateral functional connectivity for
language processing in the older compared with the young group is
predicted, and is associated with changes in neural structure (Park
and Reuter-Lorenz, 2009). As far as structural reorganization is
concerned, it is well known that GMD decreases with age (Sowell
et al., 2003), and these decreases might be associated with modulation of functional connectivity, in particular between the LIFG and
LMTG (Tyler et al., 2010).
2. Methods
2.1. Participants
Forty-three healthy adult volunteers (25 female), with an age
range of 19 to 75 years (mean, 43.6 years; SD, 20.3 years) gave
written consent to participate in the experiment. At the time of
testing, 15 volunteers were between 18 and 30 years old, 12 volunteers were between 45 and 60 years old and 16 volunteers were
between 60 and 75 years old (see Table 1). The study was approved
by the East of England - Essex (formerly Suffolk) Research Ethics
Committee. All were right-handed native British English speakers
with no history of neurological illness or head injury and were free
of psychiatric illness or psychoactive medication for at least one
year before scanning. No participant had audiometer measurements indicating severe hearing impairment and 42 out of 43
participants scored 28 or higher on the Mini Mental State Examination and 30/36 or higher on the Ravens progressive matrices
(Raven, 1995). One participant (aged 75, the oldest participant in
our sample) scored 27 on the Mini Mental State Examination.
Participant demographic characteristics are shown in Table 1.
2.2. Experimental paradigm
We avoided task-related effects by asking participants to listen to
spoken sentences without carrying out an explicit task (see Tyler
et al., 2011 for a description of the paradigm and stimuli). The sentences, all of which were fully grammatically correct and meaningful, contained a phrase which was either unambiguous (e.g., “The
teacher knew that rehearsing plays is necessary for a good
Table 1
Ages and background behavioral test scores of participants
Age range
(mean, SD), y

n

MMSE mean
score, SD

NART mean
score, SD

Shipley vocabulary
mean score, SD

18e30 (21.01, 1.56)
45e60 (51.69, 4.75)
60e75 (66.88, 4.41)

15
12
16

29.57, 0.65
29.08, 0.90
28.81, 0.83

34.67, 4.39
39.50, 4.10
41.13, 5.43

32.20, 2.98
36.92, 2.50
37.69, 2.30

Key: MMSE, Mini Mental State Examination; NART, National Adult Reading Test.
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performance.”) or locally syntactically ambiguous (e.g., .bullying
teenagers.). The phrases were syntactically ambiguous between
different syntactic roles, but it was always the case that each
phrase had a strong bias (dominant interpretation) toward one
interpretation (“The newspaper reported that bullying teenagers
ARE a problem for the local school.”) and weak bias (subordinate
interpretation) toward the other (“The newspaper reported that
bullying teenagers IS bad for their self-esteem.”). The syntactic
ambiguity can only be resolved when the listener hears the verb
which immediately follows the ambiguous phrase (here ‘IS’ or ‘ARE’)
and which is consistent with one interpretation or the other. Pretest
data collected from an independent group of participants who did
not participate in the fMRI study were used to categorize the
dominant/subordinate nature of ambiguity for each sentence pair.
There were 42 syntactically unambiguous sentences matched in
structure to the ambiguous sentences (e.g., “The teacher knew that
rehearsing plays is necessary for a good performance.”). We also
included 126 ﬁller sentences which varied in syntactic structure.
Stimuli were presented in the scanner via magnetic resonancecompatible headphones, using E-Prime v.2.0 (Psychology Software
Tools, Inc, Pittsburgh, PA, USA). Sentences were presented in an
event-related design in a pseudorandomized order, to maximize
the efﬁciency of the design (Josephs and Henson, 1999), during
three separate sessions. There were equal numbers of items in each
condition in each session, and each session lasted 12e13 minutes.
To improve the detectability of response in fMRI, the interstimulus
interval was jittered according to a geometric distribution with
mean 3250 msec (range, 2000e7000 msec; Burock et al., 1998).
We subsequently evaluated participants’ performance in followup testing outside the scanner. Previous studies have shown similar
patterns of activity when responses are measured during passive
listening and task-related fMRI (Crinion et al., 2003; Scott et al.,
2000; Tyler et al., 2011; Vannest et al., 2009). Speciﬁcally, one
month after scanning we obtained behavioral data from each
participant on the same stimuli as used in the fMRI study, to obtain
a performance measure of language processing ability. Participants
listened to the sentences and pressed a response key to indicate
whether the disambiguating word (IS or ARE in the examples) was
an acceptable or unacceptable condition of the sentence (see Tyler
et al., 2011, for details). Performance in this task measures sensitivity to syntactic information during the processing of a spoken
sentence. The subordinate sentences are frequently deemed to be
unacceptable to young, healthy participants indicating their sensitivity to a local, and temporary, syntactic ambiguity, which is
disambiguated in a way that is inconsistent with the preferred
representation that they have developed up to that point. In
contrast, they consider the dominant and unambiguous sentences
to be acceptable because the disambiguating word is consistent
with the preferred interpretation (Tyler et al., 2011). Syntactic
sensitivity for each participant was assessed as the difference between acceptability judgments for the subordinate and dominant
sentences (Tyler et al., 2011).
2.3. fMRI acquisition
Participants were scanned at the MRC Cognition and Brain Sciences Unit, Cambridge, with a Siemens 3T Tim Trio MRI scanner
(Siemens Medical Solutions, Camberley, UK). Functional images
comprised 32 oblique axial slices angled away from the eyes, each 3
mm thick with an interslice gap of 0.75 mm, in-plane resolution of 3
mm, and ﬁeld of view 192 mm  192 mm. Repetition time (TR) ¼ 2
seconds, echo time (TE) ¼ 30 ms, and ﬂip angle ¼ 78 . We acquired
T1-weighted structural images at 1 mm isotropic resolution in the
sagittal plane, using a magnetization-prepared rapid gradient-echo
sequence with TR ¼ 2250 ms, TI ¼ 900 ms, TE ¼ 2.99 ms, and ﬂip
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angle ¼ 9 . Preprocessing of the fMRI data (using SPM5 software,
Wellcome Institute of Imaging Neuroscience, London, UK)
comprised slice-timing correction, realignment, and spatial
normalization. Movement parameters obtained at the realignment
stage (translations and rotations in x, y, z directions) were included
as nuisance variables in the model to account for residual movement effects. Spatial normalization used uniﬁed normalization,
which combines gray matter segmentation with nonlinear warping
of the image to a template in Montreal Neurological Institute space
(Ashburner and Friston, 2005).
2.4. Language template
Our network analyses involved an extensive network of brain
areas relevant to language processing and used parts of the Automated Anatomical Labeling (AAL) template (Tzourio-Mazoyer et al.,
2002). We constructed a template informed from our own studies
of language function and studies from other groups. Research in the
neurobiology of language function has shown (Dronkers et al.,
2004; Indefrey and Cutler, 2004) that the brain regions involved
include a primarily left lateralized network which comprises left
inferior frontal gyri, left STG and left MTG, left angular gyrus, left
supramarginal gyrus, and left inferior parietal lobule (Indefrey and
Cutler, 2004; Price, 2012). There is evidence that homologous regions in the right hemisphere (RH) are also involved for some
language functions (Bozic et al., 2010; Tyler and Marslen-Wilson,
2008). Additionally, recent studies have shown that age-related
neural changes can have an effect on language function, such that
preserved function is underpinned by functional reorganization
with greater involvement of RH regions with increasing age (Tyler
et al., 2010). These reasons necessitated the inclusion of contralateral homologous regions in our language template. To summarize,
the template involved 16 anatomically identiﬁed areas involved in
language functiondbilateral inferior frontal gyri (triangularis,
opercularis, and orbitalis, labeled IFGtriang, IFGoperc, and ORBinf,
respectively), bilateral inferior, middle, and superior temporal gyri
(labeled ITG, MTG, and STG, respectively), bilateral angular gyri and
bilateral superior aspect of the temporal pole (labeled ANG and
TPOsup, respectively).
To minimize artifactual correlations between neighboring voxels and maximize the number of voxels included in the analysis
(Zalesky et al., 2010) we divided each AAL area into smaller cubical
regions of interest (ROIs). These cubes consisted of 4  4  4 voxels
(each voxel the dimension of 2  2  2 mm3), with an inclusion
criterion of at least 80% of voxels in an AAL region. To exclude ROIs
on the edge of the brain, which may have introduced background
(not brain) signal in the analyses, we applied an additional criterion
which dictated that at least 50% of voxels in each cubical ROI had a
blood oxygen level-dependent signal that was >50 in all of the
volunteers scans (Fornito et al., 2010). The value of 50 is empirical
and we obtained it by plotting histograms of echo-planar imaging
(EPI) intensities for all subjects (see Supplementary Fig. 1). This
process resulted in a network of 166 nodes. All of the analyses reported herein involve data extracted from the language template
(see Fig. 1).
2.5. FCI
To obtain a measure of each participant’s functional connectivity
between each pair of ROIs, time series were extracted using
MarsBaR (available at http://marsbar.sourceforge.net/), movement
parameters were regressed, and resulting signals were ﬁltered
(band-pass: 0.005 Hz, 0.1 Hz) and normalized (z score) for each
session separately. To estimate cognitive activation-dependent
functional connectivity for each sentence, we used the weighted
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Fig. 1. Weighted correlation method. Time series are extracted for each region of interest (ROI) deﬁned in the language network template by weighting correlation contribution
according to the expected temporal course of the task convolved with hemodynamic function. The language network template shows the mask obtained by concatenating
Automated Anatomical Labeling regions involved in language processing (see main text). The different ROIs are displayed on the EPI volumes as cubes of different colors. Correlations between pairs of time series are then computed, by weighting correlation contribution according to the expected temporal course of the task convolved with hemodynamic
function. Gathering FCI values obtained for all pairs of ROIs results in an FCI matrix. The FCI values obtained for each pair of areas are then correlated across participants with an
external factor, for example, age. The signiﬁcant correlations are then sorted according to the signs, and displayed as edges on a network. Abbreviations: EPI, echo-planar imaging;
FCI, functional connectivity index.

correlations method (Dodel et al., 2005). The method involves
computing correlations between time points for two time series
extracted from each pair of ROIs, and weighting the contribution of
each pair of time points to the correlation by the condition-based
regressor (Fig. 1). The weighting of the contributions of the time
series to the correlation by the expected shape of the experimental
task allows one to model networks that are related to a given
experimental condition. As discussed in Dodel et al. (2005), the
weighted correlation method leads to results comparable with
those obtained with psychophysiological interaction (Friston et al.,
1997), except that this method allows the investigation of synchronous interactions between multiple areas.
A measure of functional association was obtained for all ROI
pairs, using the weighted correlation method. We refer to values
obtained as FCI, and obtain an FCI matrix for each participant by
condition. Global FCI refers to the average FCI absolute values across
all values in the matrix (matrix diagonal excluded), and allows us to
quantify variation in FCI at the global level within the entire bilateral language template. Negative correlation values were treated
like positive values, but proved to be very rare in the dataset.
2.6. GMD
Previous studies have shown that correlations between continuous measures of neural tissue integrity (in gray and white matter)
and continuous measures of behavioral performance are remarkably sensitive to brainebehavior relationships (Bright et al., 2008;
Taylor et al., 2009; Tyler et al., 2005). We applied this method to
the current dataset to investigate structureefunction relationships
by correlating FCI (see previous section) and GMD. Normalized T1
structural images were used to compute gray matter segments for
each participant. The gray matter images were used to extract GMD
data for each ROI in the language template. We used unmodulated
images, and preserved local gray matter concentrations. For
completeness we show in Supplementary Fig. 2 that the correlation
between unmodulated and modulated gray matter values is highly
signiﬁcant. Eleven of the 166 ROIs extracted from the AAL template
were outside the structural images in more than 50% of the participants and were not included in the analysis. The calculation
of global GMD involved averaging the GMD extracted for all
ROIs used in the language template and was used as a proxy for

assessing overall structural density of the language system. Pearson
correlation coefﬁcients were computed between GMD in a given
ROI and FCI between this ROI and all other ROIs.
2.7. Network efﬁciency
Network efﬁciency is the measure we used to assess the quality
of information transfer within a graph (Achard and Bullmore, 2007;
Latora and Marchiori, 2001). The deﬁnition of efﬁciency in a binary
(unweighted) graph is based on the length of shortest paths between all pairs of nodes. For a binary graph G with N, the global
efﬁciency Eglob(G) is deﬁned as the sum of the inverse of the shortest
paths between all pairs of nodes in the network:

Eglob ðGÞ ¼

1
NðN  1Þ

X

1
d
i˛G; j˛G; isj ij

with dij the length of the shortest path between node i and node j.
Efﬁciency was initially deﬁned for binary (unweighted) graphs
(Latora and Marchiori, 2001), and later extended to weighted
graphs (Latora and Marchiori, 2003). However, for fully connected
weighted graphs (i.e., when a non-zero value exists for all the pairs
in the graph, as is the case for correlation-based networks), the
results on efﬁciency do not hold (Ginestet et al., 2011). A better
method in that case is to compute efﬁciency by thresholding the
weighted graph W, leading to a binary graph Gd with density d, and
to integrate the values of efﬁciency over the range of densities
(Ginestet et al., 2011):

Z
IEglob ðWÞ ¼

Eglob ðGd Þ
d˛½0;1

This measure is referred to as “integrated global efﬁciency,” and
eliminates subjective choice of a given value of threshold (Ginestet
et al., 2011).
2.8. Statistical analysis
Behavioral results on acceptability judgment were analyzed
using an analysis of variance, with age and syntactic conditions as
factors. We used linear regressions to investigate the inﬂuence of
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age and global GMD on average FCI. Overlap correlation (Meng
et al., 1992; Steiger, 1980) allows the quantiﬁcation of the possible
relationship between correlation of Y and X1 and correlation of Y
and X2, taking into account the fact that X1 and X2 are correlated,
and were used to assess differences between the correlation of FCI
and age and correlation between average FCI and global GMD.
To study FCI matrices at the pairwise level, we adopted the statistical parametric network framework proposed by Ginestet and
Simmons (2011), and extended it to include correlational analyses
with age, behavioral performance of syntactic processing, and GMD.
The statistical signiﬁcance of each element in the correlation matrix
can be assessed by independently testing each correlation coefﬁcient, and then correcting for the total number of pairs in the matrix.
We report false discovery rate (FDR; Hochberg, 1988)-corrected results, for a ¼ 0.05. Most of the signiﬁcant connections at the FDR level
are also signiﬁcant for Bonferroni correction.
3. Results
3.1. Behavioral results
In the post-test we asked volunteers to indicate whether the
disambiguating word in a sentence was an “acceptable” or “unacceptable” condition of the sentence (see Tyler et al., 2011, for details).
An analysis of variance on the acceptability judgments (i.e., rating the
sentences as acceptable or unacceptable) with age and ambiguity
conditions as factors showed a strong main effect of condition
(F(2,122) ¼ 98.59; p < 10e16). Post-hoc Tukey tests resulted in greater
numbers of unacceptable judgments to subordinate compared with
dominant sentences (p < 107), to subordinate compared with unambiguous sentences (p < 107), and no differences between dominant and unambiguous sentences (p ¼ 0.15). There was no main effect
of age (F(1,122) ¼ 1.24; p ¼ 0.27) and no interaction between age and
condition (F(2,122) ¼ 0.16; p ¼ 0.86). Syntactic sensitivity (difference
between rejection of subordinate and dominant sentences) also
showed no effect of age (see Supplementary Fig. 3). These results are
consistent with previous studies showing no overall age-related declines for syntactic processing (Tyler et al., 2010).
3.2. Global effects
3.2.1. Global GMD and age
We ﬁrst correlated age and global GMD (averaged across the
entire language network). Global GMD showed a signiﬁcant negative correlation with age (r ¼ 0.756; t ¼ 7.4; df ¼ 41; p ¼ 4.5 
109), consistent with previous ﬁndings (Sowell et al., 2003).
3.2.2. Differential effects of global GMD and age on global FCI
We then performed a linear regression on global FCI values
(averaged across the entire language network) with the continuous
variables of age and global GMD within the network as factors, to
study their respective contributions to global FCI. Global GMD
showed a signiﬁcant main effect (F(1,124) ¼ 19.6; p ¼ 2  105) but
chronological age was not signiﬁcant (F(1,124) ¼ 2.34; p ¼ 0.13).
There was no signiﬁcant interaction between age and global GMD
(F(1,124) ¼ 3.45; p ¼ 0.07). Global FCI and chronological age (r ¼
0.057; t ¼ 0.64; df ¼ 127; p ¼ 0.52) were not signiﬁcantly correlated.
We found a signiﬁcant negative correlation between global FCI and
global GMD (r ¼ 0.28; t ¼ 0.34; df ¼ 127; p ¼ 0.0011). These
results show that global functional connectivity is not directly
inﬂuenced by chronological age, but increases strongly as global
GMD decreases (Rabbitt et al., 2008).
To further determine the differential contributions of global
GMD and age on global FCI we computed overlap correlations
(Meng et al., 1992) between global FCI and global GMD and also
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between global FCI and age, taking into account the correlation
between global GMD and age. Overlap correlations show the difference in the correlation between a main factor (in our case, global
FCI) and two secondary factors (age and global GMD), considering
that the secondary factors are correlated with each other. The results show a signiﬁcant difference between the correlation of FCI
and age, and the correlation of FCI and global GMD (N ¼ 129; z ¼
2.09; p ¼ 0.036), suggesting again that global GMD is the primary
driver affecting global FCI.
3.2.3. Differential effects of global GMD and age on global efﬁciency
We next computed the integrated global efﬁciency, to assess
how information transfer within the network changes with age
and/or global GMD. We performed a linear regression on the integrated global efﬁciency values with the continuous variables of age
and global GMD as factors, to study their respective contributions to
network efﬁciency. We found a signiﬁcant main effect of global
GMD (F(1,124) ¼ 10.06; p ¼ 0.002), no signiﬁcant main effect of age
(F(1,124) ¼ 0.019; p ¼ 0.89), and no signiﬁcant interaction between
age and global GMD (F(1,124) ¼ 1  105; p ¼ 0.99). Network efﬁciency was signiﬁcantly positively correlated with global GMD (r ¼
0.19; t ¼ 2.15; df ¼ 127; p ¼ 0.03), but did not correlate with age
(r ¼ 0.01; t ¼ 0.13; df ¼ 127; p ¼ 0.89). Network efﬁciency was
also negatively correlated with global FCI (r ¼ 0.30; t ¼ 3.64; df ¼
127; p ¼ 0.0004). Thus, network efﬁciency decreases as global FCI
increases, and has the same dependence pattern as global FCI to
global GMD and age. Thus, as GMD decreases with age, network
organization changes so that there is increased, but less efﬁcient,
functional connectivity.
3.2.4. Inﬂuence of head motion on global variables
Recent studies (Power et al., 2012; Van Dijk et al., 2012) suggest
that head motion might have an inﬂuence on functional connectivity results, in particular when assessing age differences. To
conﬁrm that our results are not the product of residual head motion, we computed the three parameters used by van Dijk et al.
(2012), and examined their inﬂuence on the results. van Dijk et al.
(2012) deﬁned displacement as the mean-squared root of the
translation in the three possible directions (x, y, z). The three
movement parameters are then deﬁned as (1) Mean motion:
average of the displacement over the three sessions; (2) Max motion: maximum value of displacement achieved over the three
sessions; and (3) Number of motions: the number of volumes in
which a displacement is greater than 0.1 mm. Fig. 2 (top row) shows
the correlations between the head movement parameters. As in van
Dijk et al. (2012), the 3 parameters are strongly correlated: Mean
motion versus Max motion (r ¼ 0.72; t ¼ 6.7; df ¼ 41; p ¼ 4.4 
108; left panel), Mean motion versus Number of motions (r ¼ 0.75;
t ¼ 7.39; df ¼ 41; p ¼ 4.6  109; middle panel), and Max motion
versus Number of motions (r ¼ 0.49; t ¼ 3.65; df ¼ 41; p ¼ 7.3 
104; right panel). Because the three movement parameters are
strongly correlated, we selected mean head motion to examine the
inﬂuence of head motion on the global variables previously
computed, as in van Dijk et al. (2012). Fig. 2 (middle row) shows the
correlations between the mean head motion and the global values:
average GMD (left), age (middle), and average FCI (right). There was
no signiﬁcant correlation between head motion and age (r ¼ 0.05;
t ¼ 0.62; df ¼ 41; p ¼ 0.71), or GMD (r ¼ 0.02; t ¼ 0.13; df ¼ 41;
p ¼ 0.89). The inﬂuence is stronger on FCI, but still not signiﬁcant
(r ¼ 0.15; t ¼ 1.81; df ¼ 127; p ¼ 0.07). Head movements thus
have a weak inﬂuence on the data. Considering these ﬁndings, we
recomputed the correlations that we previously computed at the
global level, with mean head motion regressed out (Fig. 2, lower
row). We found that age and average GMD (left) were still strongly
negatively correlated (r ¼ 0.75; t ¼ 7.4; df ¼ 41; p ¼ 4.4  109),
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Fig. 2. Inﬂuence of head motion parameters on global parameter results. (A) Correlations between head motion parameters: mean motion and maximum motion (left), mean
motion and number of motions (middle), and maximum motion and number of motions. (B) Correlations between mean head motion and global parameters: average GMD (left),
age (middle), and average FCI (right). (C) Correlations between global parameters when mean head motion is regressed out: age and average GMD (left), age and average FCI
(middle), and average FCI and average GMD (right). Abbreviations: FCI, functional connectivity index; GMD, gray matter density.

age was not correlated with average FCI (r ¼ 0.06; t ¼ 0.76; df ¼ 127;
p ¼ 0.45), and average FCI was strongly negatively correlated with
average GMD (r ¼ 0.29; t ¼ 3.43; df ¼ 127; p ¼ 8.1  104).
Therefore, our ﬁndings hold when head movement is taken into
account. The difference between our ﬁndings and those of van Dijk
et al. (2012) might arise from that fact that theirs was a resting-state
study whereas we computed network connectivity within a
cognitive activation-related framework.
3.3. Regional effects of ROIs within the language template

percentage of all ROIs in the AAL area of which they are part (e.g.,
percentage of ROIs within the LIFG that signiﬁcantly correlated with
age). We used this percentage as a measure of age-related GMD
decline and found that the areas most sensitive to GMD decreases
were the left IFG triangularis (64%) and bilateral IFG opercularis
(left: 67%; right: 80%). The anterior parts of the temporal lobes
(especially the bilateral superior temporal gyridleft: 57%; right:
47%) also suffered extensive GMD declines with age. In contrast,
GMD was relatively preserved in bilateral MTG areas (left: 30%;
right: 18%).

3.3.1. Regional GMD and age
The results reported in the previous sections showed that global
GMD and age are negatively correlated. Here we carried out a more
detailed analysis of changes within the language system by examining the relationship between age and GMD in each of the 166 ROIs
that comprise the network. In Fig. 3 are the correlations between
GMD and age for each ROI. All the signiﬁcant correlations between
GMD and age (67 of 166 ROIs in total) were negative suggesting that
regional decreases in GMD were associated with increasing age.
In Table 2, the number of ROIs in which there is a signiﬁcant
negative correlation with age are shown. This is also expressed as a

3.3.2. Effect of regional GMD on regional FCI
We next examined the relationship between regional GMD and
regional FCI, by computing correlations between GMD in each ROI,
and FCI between this ROI and all other ROIs in the language
network. In Fig. 4, the results obtained for all ROIs are shown (top
row: signiﬁcant positive correlations; bottom row: signiﬁcant
negative correlations). The overall pattern shows that most of the
signiﬁcant correlations were negative (160 of 168), suggesting that
age-related decreases in GMD are related to increasing regional FCI
and this results in the overall reduction in network efﬁciency. We
observed a diffuse pattern of negative correlations involving most
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Fig. 3. Correlation between gray matter density (GMD) in each region of interest (ROI) and age. Blue indicates ROIs showing a negative correlation between age and GMD at the false
discovery rate-corrected threshold. Yellow ROIs are regions included in the language template that show no signiﬁcant correlation between GMD and age.

of the ROIs. Approximately half of these correlations are between
interhemispheric ROIs (85 of 160), in particular between ROIs in left
IFG opercularis and triangularis, and right ITG. Therefore, several
bihemispheric pairs of ROIs show increases in FCI values with
decreased GMD. Moreover, a few negative correlations between FCI
and GMD are found between ROIs in the left IFG triangularis and
orbalis.
Very few connections show a positive correlation with GMD (8
of 168), seven located mostly between ROIs within the left hemisphere and one between hemispheres, suggesting that reduced
regional gray matter density is associated with decreased FCI in
these areas.
Interestingly, there is a speciﬁc pattern of positive correlations
for LIFG triangularis and LMTG, within and between these areas:
only for ROIs within and between these two areas is reduced GMD
associated with a decrease in FCI. These two areas are typically

Table 2
Number of ROIs showing a signiﬁcant correlation between age and GMD within each
AAL area
AAL area

Number of signiﬁcant ROIs/total
number of ROIs in AAL area

Percentage of
signiﬁcant ROIs

ORBinf.L
ORBinf.R
IFGtriang.L
IFGtriang.R
IFGoperc.L
IFGoperc.R
TPOsup.L
TPOsup.R
ITG.L
ITG.R
MTG.L
MTG.R
STG.L
STG.R
ANG.L
ANG.R

2/7
5/9
9/14
3/9
2/3
4/5
2/6
5/10
4/9
4/10
7/23
4/22
8/14
7/15
0/5
1/5

29
56
64
33
67
80
33
50
44
40
30
18
57
47
0
20

The ﬁrst column shows number of signiﬁcant ROIs/total number of ROIs in the
speciﬁc AAL area, and the second column shows the same ratio, expressed as a
percentage of signiﬁcant ROIs within each AAL area.
Key: AAL, automated anatomical Labeling; ANG.L, left angular gyrus; ANG.R, right
angular gyrus; GMD, gray matter density; IFGoperc.L, opercular part of the left
inferior frontal gyrus; IFGoperc.R, opercular part of the right inferior frontal gyrus;
IFGtriang.L, triangular part of the left inferior frontal gyrus; IFGtriang.R, triangular
part of the right inferior frontal gyrus; ITG.L, left inferior temporal gyrus; ITG.R, right
inferior temporal gyrus; MTG.L, left middle temporal gyrus; MTG.R, right middle
temporal gyrus; ORBinf.L, orbital part of the left inferior frontal gyrus; ORBinf.R,
orbital part of the right inferior frontal gyrus; ROI, region of interest; STG.L, left
superior temporal gyrus; STG.R, right superior temporal gyrus; TPOsup.L, left
superior temporal pole; TPOsup.R, right superior temporal pole.

activated in studies of language comprehension (Caplan, 1999;
Hagoort, 2003; Tyler et al., 2010), and intact functional and
anatomical connectivity between them is associated with intact
performance (Grifﬁths et al., 2013; Papoutsi et al., 2011; Tyler and
Marslen-Wilson, 2008).
Considering the importance of left frontotemporal connectivity
for language function, we assessed relationships between GMD and
FCI within and between ROIs in the LIFG triangularis and LMTG. The
results indicate that these two areas might comprise functional
subdivisions and additionally suggest some functional differentiation in the sensitivity within parts of the LIFG triangularis.
Supplementary Fig. 4 shows patterns of positive and negative correlations for these two AAL areas suggesting that that the standard
AAL areas used in connectivity and aging analyses might not provide sufﬁcient spatial resolution to determine the detailed changes
in patterns of connectivity with age.
3.3.3. Effect of age on regional FCI
Signiﬁcant correlations between FCI for each pair of ROIs and age
are shown in Fig. 5. In the correlations between FCI and age, we
found 25 positive (Fig. 5, all panels, top row) and 32 negative correlations (Fig. 5, bottom row). The numbers of positive and negative
correlations are relatively balanced across the hemispheres, but the
sign of correlation differs across the hemispheres: FCI values tend
be positive (greater with age) in the right hemisphere, and negative
(weaker with age) in the left hemisphere. FCI values within the
right MTG, and between the MTG/STG within and between hemispheres increase with age. In addition, there was increased bilateral
connectivity primarily between the LMTG and the right IFG (RIFG)
and right MTG. We also found that FCI decreased with age within
the IFG triangularis in both hemispheres. Bilateral connections
between ROIs in temporal areas increase with age, whereas connections within left and right IFG triangularis decrease with age.
3.3.4. Differential effects of GMD and age on regional FCI
To quantify the amount of variance in FCI that can be explained by
each factor (chronological age and GMD), we used a general
linear model for each FCI obtained for ROI pairs in the network and
compared these values with the mean sum of squares (MSS)
test (Supplementary Fig. 5). GMD explains most of the variance in the
FCI datasets and the rest of the variance is explained by age. Because
the two MSS distributions are not Gaussian (1-sample KolmogorovSmirnov normality test with similar mean and variance, for age: D ¼
0.57; p < 2.2e-16; and GMD: D ¼ 0.40; p < 2.2e-16) and MSS values
for age and GMD were obtained from the same general linear model,
we used the Wilcoxon paired rank test to assess differences in MSS
for GMD and age. The statistical test resulted in a highly signiﬁcant
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Fig. 4. Correlations between GMD in each region of interest (ROI) and functional connectivity index for each pair involving this ROI. Positive (top row, red for signiﬁcance at the false
discovery rate-corrected threshold) and negative (bottom row, blue for signiﬁcance at the false discovery rate-corrected threshold) correlations between functional connectivity
index and GMD are represented in separate panels. Figures in each panel correspond to signiﬁcant correlations within the left hemisphere (viewed from the left side), between the 2
hemispheres (viewed from the top), and within the right hemisphere (viewed from the right side). On the right section of the ﬁgure there are summary representations of both
networks, in which signiﬁcant correlations are gathered according to Automated Anatomical Labeling (AAL) areas: edges between 2 nodes correspond to the number of signiﬁcant
correlations between ROIs in different AAL areas, and the size of the nodes corresponds to correlations between ROIs in the same AAL area. See Table 2 for abbreviations.

difference between the MSS for the 2 factors (W ¼ 44  106; p <
1016), thus showing that GMD explains more variance in the pairwise FCI datasets than does chronological age.
3.4. Relationship between regional FCI and performance
We next calculated the correlation between FCI values for each
pair of ROIs in the network and syntactic sensitivity, assessed according to the differences in acceptability judgments between
subordinate and dominant ambiguous sentences (see 2. Methods).
In Fig. 6, FCI values are shown to be correlated negatively (in 15
pairs of ROIs) with syntactic sensitivity. No positive correlations
were found. Most of these negative correlations were located
within the right hemisphere (six correlations) and between hemispheres (seven correlations). The two negative correlations found
within the left hemisphere involved the LMTG and the LIFG orbitalis. Thus, increased syntactic sensitivity (assessed according to
behavioral performance) is associated with reduced connectivity
(1) primarily between areas in the LMTG and LIFG orbitalis; (2)
between several regions within the RH; and (3) between the LMTG
and several regions in the RH. These ﬁndings suggest that there is
increased connectivity between regions which are not essential for
syntactic processing, without any decreased connectivity between
the LMTG-LIFG triangularis, regions that are well established as
being necessary for syntactic analysis.
4. Discussion
In this study we explored the relationship between age-related
changes in local GMD and the network properties of the neural
language system. We focused on language comprehension because it
is typically preserved across the adult life span, and on syntax in

particular, because it is known to involve a strongly left-lateralized
neural system. This study provided the opportunity to question
whether and how the network structure underpinning syntax
comprehension reorganizes in the face of widespread gray matter
changes and whether the syntax network changes are related to
functional changes within the wider language system, in the context
of preserved function. To address these issues, we analyzed the
network properties of fMRI data collected in an experiment in which
participants across the adult life span listened to spoken sentences.
We established in subsequent behavioral testing that there were no
age-related changes in performance. The set of analyses we discuss
here reveal the manner in which the network properties of the
neural language system change within the context of preserved
language function. The behavioral results show that aging did not
affect participants’ sensitivity to syntactic structure (Supplementary
Fig. 3), consistent with previous data using different stimuli and
tasks but addressing similar issues (Tyler et al., 2011).
An important aspect of our ﬁndings is that the differences in the
relationship between GMD and functional connectivity cannot be
attributed to age. This was evidenced by the very weak direct effect
of age on functional connectivity. Although in general, GMD decreases with age, there is also considerable interparticipant variability in the amount of gray matter loss. Indeed, age-related
variability in a variety of structural changes is a hallmark of healthy
aging. There are several known inﬂuences on GMD such as physical
(Kramer and Erickson, 2007; Rovio et al., 2010; Thomas et al., 2012)
and intellectual activities (Anderton, 2002), some of which are
known to interact with age in their effects on gray matter. If gray
matter is preserved in older participants because of the effects of
physical and intellectual activities, then FCI might reﬂect this.
Considering the effects of GMD and age on overall functional
connectivity, we found that decreasing local GMD was associated
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Fig. 5. Correlations between age and functional connectivity index for each pair of regions of interest (ROIs). Positive (top row, red for signiﬁcance at the false discovery ratecorrected threshold) and negative (bottom row, blue for signiﬁcance at the false discovery rate-corrected threshold) correlations between functional connectivity index and age
are represented on separate panels. Figures in each panel correspond to signiﬁcant correlations within the left hemisphere (viewed from the left side), between the 2 hemispheres
(viewed from the top), and within the right hemisphere (viewed from the right side). On the right part of the ﬁgure are summary representations of both networks, in which
signiﬁcant correlations are gathered according to Automated Anatomical Labeling (AAL) areas: edges between 2 nodes correspond to the number of signiﬁcant correlations between
ROIs in different AAL areas, and the size of the nodes correspond to correlations between ROIs in the same AAL area. For the positive correlations, which indicate an increase in
connectivity with increasing age, 13 were in the RH for both ROIs in the right hemisphere and 10 for ROIs in different hemispheres (2 for both ROIs in the left hemisphere), whereas
for negative correlations, 15 were between ROIs in the left hemisphere, 6 for ROIs in the right hemisphere, and 11 for ROIs in different hemispheres. See Table 2 for abbreviations.

with changes in network connectivity such that connectivity within
the RH increased and connectivity within the left hemisphere (LH)
was reduced. The primary driver in the changes in functional connectivity was GMD rather than age. At the global level (for the
entire language template), only GMD had an inﬂuence on FCI. Age
and GMD had an effect at the regional FCI level, but even at this
level GMD had a stronger inﬂuence than age (Supplementary
Fig. 5). These ﬁndings support the claim that age-related changes
in neurocognitive functions are caused by structural changes
associated with age rather than by age itself (Park and ReuterLorenz, 2009). Moreover, these neuroanatomical changes had an
effect on overall functional connectivity and network efﬁciency.
Although functional connectivity increased with decreasing GMD,
the efﬁciency of the network decreased.
Recent studies have revealed contradictory ﬁndings on the
relative effect of age and gray matter on activation (Kalpouzos et al.,
2012; Salami et al., 2012). Kalpouzos et al. (2012) showed that, for
an episodic memory task, areas such as the enthorhinal cortex were
activated differentially in young and older adults but the effect of
age was very small when gray matter volumes were regressed out.
In a very similar task, but using singular value decomposition over
the whole brain, Salami et al. (2012) showed an effect of age on
bilateral hippocampus activations, still present when gray matter
volumes were regressed out. Although in our case, the effect of age
and gray matter is discussed and analyzed in the context of FCI,
some comparisons can be made: in the studies by Kalpouzos et al.
(2012) and Salami et al. (2012), the effect of age and gray matter on
activation is studied for a subset of areas showing an age-related
effect. In our study we observed similar ﬁndings in the context of
regional connectivity analyses (i.e., we also obtained some FCI
values showing age-related effects as shown in Fig. 5). However,

when we consider average values over the whole system, the effect
of age diminishes. Second, in activation studies, as stated for
example, in Kalpouzos et al. (2012), some areas might show
underactivation, and others show overactivation with age. When
we examined the effect of age, the numbers of pairs showing positive and negative correlations with FCI were roughly equal,
whereas, when we examined the effect of GMD, the number of
negative correlations with FCI was much higher than the number of
positive correlations. We must stress here that direct comparisons
between the Kalpouzos and Salami studies and our study are
difﬁcult because theirs were activation studies and ours involved
connectivity analyses.
With respect to network changes in frontal and temporal regions involved in syntax comprehension, decreasing GMD was
associated with increasing connectivity within the LMTG and between MTG and STG within and between hemispheres, and with
decreasing connectivity within LIFG regions (Brodmann area 45).
Thus, as GMD decreases, the contribution of the LMTG increases in
the context of decreased connectivity within the LIFG. Because
frontal and parietal areas have been shown to suffer more GMD
decreases with age than temporal areas (Good et al., 2001; Fig. 3
and Table 2), we hypothesize that the reorganization of the neural language system at the functional level might be underpinned
by changes at the structural level, although our analysis cannot
indicate the precise nature of the causal relationship between
structural and functional factors. A more sensitive measure of
network changes was provided by the correlation between GMD in
each ROI and the functional connectivity values involving that ROI.
Decreases in GMD were associated with increases and decreases in
functional connectivity. Decreases in GMD were only associated
with decreases in functional connectivity between and within ROIs
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Fig. 6. Correlation between syntactic sensitivity measure (subordinateedominant rejection rates) and functional connectivity values for each pair of regions of interest (ROIs). Positive
(top row, red for signiﬁcance at the false discovery rate-corrected threshold) and negative (bottom row, blue for signiﬁcance at the false discovery rate-corrected threshold) correlations
with gray matter density are represented on separated panels. Figures in each panel correspond to signiﬁcant correlations within the left hemisphere (viewed from the left side),
between the 2 hemispheres (viewed from the top), and within the right hemisphere (viewed from the right side). On the right part of the ﬁgure are summary representations of both
networks, in which signiﬁcant correlations are gathered according to Automated Anatomical Labeling (AAL) areas: edges between 2 nodes correspond to the number of signiﬁcant
correlations between ROIs in different AAL areas, and the size of the nodes corresponds to correlations between ROIs in the same AAL area. See Table 2 for abbreviations.

in the LIFG (Brodmann area 45) and LMTG (Fig. 3). However,
different ROI subdivisions within the LIFG and the LMTG were
involved in increased connectivity within and across hemispheres,
and this in turn was associated with decreased local GMD.
One of the main interests prompting this research concerned the
relationship between functional connectivity within the syntax
network and its relationship with the wider language network, in
the context of GMD changes with age and preserved syntax. The
graph analyses results showed that decreases in GMD produced an
overall increase in FCI across the whole language template. However, in contrast, the functional system involved in syntax processing (within and between ROIs in the LIFG and LMTG) showed
decreased connectivity as GMD decreased. This ﬁnding, that positive correlations with GMD were only associated with FCI involving
pairs of ROIs with one node in the left IFG triangularis and the
other in left MTG, provides a possible explanation for the origin of
age-related functional network reorganization; namely, that
decreased connectivity within the syntax network might trigger
increased connectivity throughout the wider language system.
Moreover, the fact that we ﬁnd increases in functional connectivity
across the whole network, in the context of reduced functional
connectivity between areas known to be involved in the syntax
network and preserved function, supports the hypothesis that aging is associated with a loss of speciﬁc functional connections in
favor of a more diffuse network, known as the dedifferentiation
hypothesis (de Frias et al., 2007; Grady et al., 1999). Importantly, our
results suggest that dedifferentiation is related most strongly to
structural brain changes rather than to age per se. We have shown,
using a Wilcoxon paired rank test on the MSS values obtained for
each pair of ROIs in the network, that the observed functional
reorganization is primarily associated with local GMD, and only
secondarily with age. Thus, a measure of neuroanatomic variations

appears to be a better predictor than age for studying the origin of
the age-related differences observed in functional networks.
These results are relevant to the issue of compensatory processes
in aging. However, they are not consistent with the HAROLD model
in which increases in contralateral activity are associated with preserved cognition in aging. In our data, we found that RH increases in
FCI were associated with lower acceptability scores to subordinate
sentences, a behavioral pattern which is associated with syntactic
impairment (see Tyler et al., 2011). We observed similar results in a
previous study on language processing which showed age-related
decreases in the integrity of the LIFG accompanied by increased
functional activity in the RIFG (Tyler et al., 2010), but without any
improvement in language function. These data are best accounted
for by a theoretical model of aging that claims that less specialized
activity in the nondominant hemisphere might have adverse effects
for cognition (e.g., Persson et al., 2006).
In the present study, functional connectivity involving the RIFG
increased as part of the changes in connectivity involving the wider
language network, and not as part of the syntax network. Here we
also found only negative correlations between pairwise FCI and
syntactic sensitivity, and these only involved connections between
areas that are not normally associated with syntactic processing:
areas within the RH, between areas in the LIFG and RH, and between the LMTG and areas in the RH. Considering that the functional system supporting syntactic processing primarily involves
connectivity between the LIFG triangularis and LMTG (Grifﬁths
et al., 2013; Tyler et al., 2011), we found: (1) stronger FCI values
between core language areas in the LH and areas located in the
contralateral hemisphere (increased FCI values between the LMTG
and several areas in the RH, and between the LIFG orbitalis and
several areas in the RH); and (2) recruitment of areas located close
to the core language areas (increased FCI values between the LMTG
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and LIFG orbitalis, the latter being contiguous to the LIFG triangularis). Overall, this recruitment of new areas is associated with a
decrease in syntactic sensitivity, suggesting that it does not serve to
preserve cognitive function.
We also found that the increase in FCI is related to a decrease in
efﬁciency; a smaller, more specialized system is more efﬁcient than
a diffuse system. van den Heuvel et al. (2009) suggested that
network efﬁciency in the resting state was associated with intellectual performance. This model is consistent with the reduction of
efﬁciency associated with GMD we observed here, because reduced
gray matter integrity led to the recruitment of new areas. This more
extensive system includes areas that do not perform the same
function but rather support the functionality of the residue of the
core system whose effectiveness has been reduced with gray matter
changes (as is the case for the LIFG triangularis).
In this study we have focused only on age-related changes in
gray matter integrity and how they relate to changes in functional
connectivity. However, although there is indisputable evidence that
white matter tracts also change with age (Abe et al., 2002; Head
et al., 2004; Madden et al., 2004; Salat et al., 2005; Stamatakis
et al., 2011), the role of white matter changes and their relationship to changes in functional connectivity was beyond the scope of
our investigation. Nonetheless, it is notable that graph theoretical
investigations of white matter connectivity in normal young adults
(Hagmann et al., 2008) and older adults (Gong et al., 2009) reveal a
substantial overlap in the interregional covariance between gray
and white matter (Gong et al., 2013), suggesting that the observed
effect in our analysis might also be observed in comparable analyses
on the white matter tracts.
As a methodological note, we have also shown that our ﬁndings
are robust regardless of whether head motion is taken into account.
Head motion has been shown to inﬂuence the results in restingstate connectivity studies but this is not the case in the cognitive
activation fMRI data we present herein (Fig. 2). We have also shown
that the results do not change signiﬁcantly with the type of bandpass ﬁltering used at the preprocessing stage and because there is
no consensus on the type of ﬁltering to use when investigating
complex cognitive networks, we included summary results obtained for different kinds of ﬁltering (Supplementary Figs. 6 and 7).
Finally, we addressed the issue of the contribution of possible
outliers in the overall pattern of ﬁndings by showing that correlations obtained between average FCI, age, and average GMD were
not because of the presence of outliers (Supplementary Fig. 8).
Another methodological note is on our use of unmodulated gray
matter segmented images because there is some debate as to
whether it is preferable to use modulated or unmodulated images.
For completeness we provide data from modulated gray matter
segments in the Supplementary data (see Supplementary Fig. 2).
The correlation between modulated and unmodulated values is
highly signiﬁcant: (1) for all ROIs in all participants: (r ¼ 0.832; t ¼
129; df ¼ 7136; p < 1015); and (2) more importantly, for our
analysis between ROIs for gray matter values averaged over participants (r ¼ 0.909; t ¼ 27.9; df ¼ 164; p < 1015). However,
modulated values are overall lower than unmodulated values
(mean modulated: 0.38; mean unmodulated: 0.50), and a paired t
test over all ROIs in all participants resulted in a signiﬁcant effect
(t ¼ 114; df ¼ 7137; p < 1015). Nevertheless, the highly signiﬁcant
correlation between modulated and unmodulated values suggests
that if we had used modulated values instead in our analyses, the
results would have been similar.
In sum, this research provides a method for analyzing cognitive
activation-related fMRI data within the framework of complex
networks. We have illustrated a method for deﬁning functional
networks at the single-participant level for each experimental
condition, and related their properties to demographic, anatomic,
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and behavioral measurements. We applied this method to syntax
comprehension, a cognitive process shown to be strongly lateralized, to test different hypotheses regarding aging and reorganization of functional networks. We provide suggestions on the origin
of the observed differences in functional connectivity across the
adult life span, because these differences are primarily related to
GMD, and only secondarily to aging.
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