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Several studies have demonstrated age-related regional differences in the magnitude of the BOLD signal
using task-based fMRI. It has been suggested that functional changes reflect either compensatory or de-
differentiation mechanisms, both of which assume response to a specific stimulus. Here, we have tested
whether ageing affects both task-based and resting brain function, and the extent to which functional
changes are mediated by reductions in grey matter (GM) volume.
Two groups, of 22 healthy younger and 22 older volunteers, underwent an imaging protocol involving struc-
tural and functional MRI, both during a memory task and at rest. The two groups had similar socio-
demographical characteristics and cognitive performance. Image analysis revealed both structural and func-
tional differences. Increased BOLD signal in older relative to younger volunteers was mainly observed in the
frontal lobes, both during the task and at rest. Functional changes in the frontal lobes were largely located in
brain regions spared from GM loss, and adding GM covariates to the fMRI analysis did not significantly alter
the group differences. Our results are consistent with the suggestion that, during normal ageing, the brain re-
sponds to neuronal loss by fine-tuning connections between spared neurons. Longitudinal studies will be
necessary to fully test this hypothesis.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Normal ageing is associated with grey matter (GM) volume reduc-
tion, white matter (WM) changes and resting cerebral blood flow
(rCBF) reduction (Raz et al., 1998; Raz et al., 2005; Stoquart-ElSankari
et al., 2007). However, functional MRI (fMRI) task-based studies consis-
tently report increased blood oxygen level dependent (BOLD) signal in
the frontal lobes in older people which has been variously interpreted
as being due to “compensatory” or “de-differentiation” mechanisms
(Rajah and D'Esposito, 2005). The de-differentiation hypothesis argues
that the increased activity in older people reflects a reduction in neural
specificity, whereas the compensation hypothesis suggests that the in-
creased activity in older people reflects additional recruitment of
brain activity to counteract age-related cognitive decline (Park and
Reuter-Lorenz, 2009). Compensation and de-differentiation refer to
sychiatry, Warneford Hospital,
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functional responses to a stimulus, and when tested using an experi-
mental paradigm, the interpretation of results is inevitably limited to
the details of that paradigm. We define functional architecture as the
structure that subserves these functional responses, and we propose
that the integrity of this structure is accessible via resting-state fMRI
(rs-fMRI).

Rs-fMRI measures differences in spontaneous fluctuations in resting
brain function without the use of any specific task paradigm. Interest in
investigating brain functionality using rs-fMRI has considerably in-
creased over the past fewyears (Fox and Raichle, 2007) and its potential
value has been recently demonstrated in clinical studies (Greicius et al.,
2007; Greicius et al., 2004; Sorg et al., 2007). The rs-fMRI approach is
used to study resting state networks (RSNs), which comprise brain re-
gions that share a common time-course of spontaneous fluctuations
and appear to be associated in their activity (Raichle et al., 2001).
RSNs have been consistently observed across subjects (Damoiseaux
et al., 2006) and their presence has also been reported when partici-
pants were asleep (Fukunaga et al., 2008) and in anaesthetized mon-
keys (Vincent et al., 2007). Moreover, we have recently demonstrated
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a close correspondence between RSNs obtained from resting data and
maps derived from summary activation images from >7000 fMRI acti-
vation experiments (Smith et al., 2009). Taken together these results
suggest that RSNs represent functionally-critical neuronal networks
that reflect properties of functional brain organization.

Previous neuroimaging studies investigating age-related function-
al changes at rest have reported reduced brain network connection in
advanced ageing (Andrews-Hanna et al., 2007; Damoiseaux et al.,
2008), defined as a reduction in the correlation coefficient between
brain regions belonging to specific RSNs, such as the default mode
network (DMN)(Raichle et al., 2001) and the dorsal attention system.
Whilst most of the differences in the BOLD signal between older and
younger subjects have been reported in frontal brain regions [see
(Park and Reuter-Lorenz, 2009) for a review], no particular attention
has been given to RSNs that include the frontal lobes.

Here, we used a multi-modal MRI protocol to investigate structural
and functional characteristics, both at rest and during a memory task,
of 22 younger and 22 older healthy subjects. The aims of the current
study were twofold. First, we investigated the nature of the functional
difference between younger and older individuals by including both
task-based and resting fMRI. Second, we tested the extent to which
local differences in brain volume affect and mediate resting and task-
related brain function in younger and older subjects.

2. Methods

2.1. Participant recruitment

Descriptive data for 22 healthy younger subjects aged 20 to 35 years
old and 22 healthy older subjects aged 56 to 74 years old are shown in
Table 1. All subjects were right-handed and were recruited in Oxford-
shire, UK. Exclusion criteria were current or past history of neurological
or psychiatric disorders, memory complaints, head injury, substance
abuse (including alcohol), hypertension and corticosteroid therapy.
Data were collected as part of a larger study investigating the effect of
APOE on the brain (Filippini et al., 2010; Filippini et al., 2009). The ge-
netic profile of each participant was determined by using a cheek
swab sample and, as part of the screening procedure, they were asked
whether they had family history of dementia (either 1st or 2nd degree).
Participants involved in this studywere selected on the basis of the ‘nor-
mal’ APOE distribution (Menzel et al., 1983). Older subjects were high-
functioning community-dwelling individuals with a high educational
level. Three older subjects were hypercholesterolemic and one had dia-
betes. Older subjects underwent a pre-screening cognitive test [Adden-
brooke's Cognitive Examination-revised version (ACE-R) (Mioshi et al.,
2006)] to exclude possible confounds due to cognitive complaints. The
Table 1
Socio-demographic and memory features of the two study groups. Values denote mean
(±Standard Deviation) or numbers of subjects.

Younger
N=22

Older
N=22

p

Socio-demographics
Age, years 27.9 (±4.2) 64.7 (±5.5) b0.001
Education, years 19.1 (±1.7) 18.1 (±2.1) 0.1
Sex (male/female) 10/12 8/14 0.8
APOE ε4-carriers 5 5 1
Family history of dementia 4 6 0.7

Memory test (% of corrected responses)
Global performance 86.4% 84.3% 0.4
Familiar images 98.9% 98.3% 0.6
Novel images 79.3% 77.3% 0.6
Distractors 95.3% 92.4% 0.1

Reaction time (expressed in seconds)
“Familiar” blocks 0.75 (±0.14) 0.73 (±0.11) 0.6
“Novel” blocks 0.99 (±0.29) 0.97 (±0.16) 0.7
score for all subjects was greater than 95, higher than the lower limit
suggested for healthy subjects. Moreover, older subjects were also
screened for brain vascular insults and excluded if they had two or
more hyperintense lesions equal or larger than 10 mm diameter, or
more than eight hyperintense lesions with a diameter from 5 to 9 mm
(Bozzali et al., 2006), on a Fluid Attenuated Inversion Recovery (FLAIR)
image. The study was approved by the local Ethics Committee and in-
formed written consent was obtained from all subjects.
2.2. Neuroimaging protocol

Scanning was performed at the University of Oxford, Centre for Clini-
cal Magnetic Resonance Research (OCMR) using a 3 Tesla Siemens Trio
scanner with a 12 channel head-coil. The neuroimaging protocol com-
prised functional and structural sequences as follows.
2.2.1. Functional MRI (task)
Encodingmemorywas assessed froma single run using a single gradi-

ent echo EPI sequence covering the whole brain (TR=3000ms,
TE=28ms, flip angle=89°, field of view=192mm, voxel dimen-
sion=3mm isotropic, acquisition time=9min 6 s.). The experimental
task was a “Novel vs. Familiar” memory encoding paradigm carried out
using Presentation software and previously described (Filippini et al.,
2010; Filippini et al., 2009). Briefly, a set of colour images of animals
and landscapes (no humans), similar in complexity, brightness and con-
trast and emotionally neutral was presented in a “blocked” design. Prior
to the imaging session, subjects were presented 8 times with 8 images
(“familiar”) and tested to ensure images had been successfully encoded.
During scanning, images were displayed in pseudorandom order in a
blocked design fashionwith 6 blocks each of 8 familiar and novel images.
Familiar images were presented in a different order each time, and novel
(never seen before) images comprised a total of 48 images (image pre-
sentation=3250ms, interstimulus interval=500ms, block dura-
tion=30,000ms). Between each block of images was 15,000 ms of rest,
during which subjects passively viewed a fixation cross (a total of 12
rest blocks). Subjects were asked to respond as to whether each image
contained an animal or not, andwere told to try to remember the images.
Outside the scanner, approximately 50 min after initial presentation,
novel and familiar images as well as distractors were presented on a PC
screen for 4000 ms each (inter-stimulus interval=1000 ms), and sub-
jects had to select between two buttons according to whether the images
had been seen inside the scanner or not.
2.2.2. Functional MRI (rest)
Whole-brain functional imaging was performed using a gradient

echo EPI sequence (TR=2000 ms, TE=28 ms, flip angle=89°, field
of view=224 mm, voxel dimension=3×3×3.5 mm, acquisition
time=6 min 4 s.). For the resting-state scan, subjects were instructed
to lie in dimmed light with their eyes open, think of nothing in partic-
ular, and not to fall asleep.
2.2.3. Structural MRI
3D high-resolution T1-weighted MR images were acquired using a

MPRAGE sequence (TR=2040 ms, TE=4.7 ms, flip angle=8°, field
of view=192 mm, voxel dimension=1 mm isotropic, acquisition
time=12 min). Structural MRI was acquired between the two func-
tional MRI sequences.
2.2.4. FLAIR
Whole-brain T2-weighted imaging was performed using a spin

echo sequence (TR=9000 ms, TE=89 ms, field of view=220 mm,
voxel dimension=1.1×0.9×3 mm, acquisition time=5 min 8 s).
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2.3. Image analysis

Data analysis was carried out using FSL tools (FMRIB Software Li-
brary, www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004).

2.3.1. Functional MRI (task)
fMRI analysis was carried out using FEAT (FMRI Expert Analysis Tool

v. 5.98, http://www.fmrib.ox.ac.uk/fsl/feat5/). Pre-processing consisted
of head motion correction, brain extraction, spatial smoothing using a
Gaussian kernel of FWHM (full width at half maximum) 5 mm, and
high pass temporal filtering equivalent to 130 s. Because age-related ef-
fects that are not task-related have been reported to influence the BOLD
signal (most importantly, differences in coil sensitivity) (Aizenstein
et al., 2004; D'Esposito et al., 2003) each individual fMRI statistical
image, for both task and rest studies, was normalised on a voxel-by-
voxel basis by each individual whole-brain mean after pre-processing.
After running the first level analysis each individual fMRI statistical
image was divided by the individual mean functional image and then
fed into the higher group analysis. Time-series statistical analysis was
carried out with local autocorrelation correction (Woolrich et al.,
2001). A boxcar convolvedwith a gamma hemodynamic response func-
tion (HRF) and its temporal derivative was used tomodel the activation
time-course. The main contrast of interest for the encoding memory
paradigm was “novel vs. familiar”.

FMRI volumes were registered to the individual's structural scan
and standard space images using a non-linear registration tool
(FNIRT). These transformations into standard space were applied to
contrast images and their variances. Higher-level (group level) analy-
sis was carried out using FMRIB's Local Analysis of Mixed Effects
(FLAME) (Woolrich et al., 2004). The cross-subject general linear
model (GLM) included the two groups (younger and older). We test-
ed for group means and differences for each of the contrasts of inter-
est. Z (Gaussianised T/F) statistic images were thresholded using
clusters determined by Z>2.3 and a family-wise-error (FWE) cor-
rected cluster significance threshold of pb0.05 was applied to the
suprathreshold clusters.

2.3.2. Functional MRI at rest (rs-fMRI)
fMRI analysis of resting state data was carried out using MELODIC

(Multivariate Exploratory Linear Optimized Decomposition into Inde-
pendent Components, part of FSL http://www.fmrib.ox.ac.uk/fsl/
melodic/) (Beckmann et al., 2005). Individual pre-statistical proces-
sing consisted of motion correction, brain extraction, spatial smooth-
ing using a Gaussian kernel of FWHM (full width at half maximum)
5 mm, and high pass temporal filtering with a cut-off of 150 s.
(0.007 Hz). FMRI volumes were registered to the individual's struc-
tural scan and standard space images using FMRIB's Nonlinear
Image Registration Tool (FNIRT).

Pre-processed functional data containing 180 time-points for each
subject were temporally concatenated across subjects in order to cre-
ate a single 4D dataset. The number of components was fixed to 25
based on an initial analysis of the population using model order esti-
mation. The subject dependent effect sizes identified in the initial
analysis suggested that only 25 components were significantly non-
zero on average. RSNs of interest covered the entire brain and were
selected using spatial correlation against a set of previously defined
maps (Beckmann et al., 2005).

The between-subject analysis of the resting data was carried out
using a regression technique (‘dual regression’), which allows for
voxel-wise comparisons of resting functional connectivity. This ap-
proach proceeds in three stages: first, the (groupwise) concatenated
multiple FMRI data sets are decomposed using Independent Compo-
nent Analysis (ICA) in order to identify large-scale patterns of func-
tional connectivity in the population of subjects. Second, the dual
regression approach is used to identify, within each subject's FMRI
data set, subject-specific temporal dynamics and spatial maps that
are associated with each group IC map. This involves (A) using the
full set of group-ICA spatial maps in a linearmodel fit (spatial regression)
against the separate FMRI data sets, resulting inmatrices describing tem-
poral dynamics for each component for each subject and (B) using these
subject-specific time-course matrices in a linear model fit (temporal re-
gression) against the associated FMRI data set to estimate subject-
specific spatial maps. Partial correlation coefficients (PCCs) are calculated
from the spatial maps output from the GLM as ameasure of coherence of
a voxel's timecoursewith the RSN. PCCswere converted to z-values using
a Fisher z-transformation. Finally, the different component maps are col-
lected across subjects into single 4D files (one per original ICA map, with
the 4th dimension being subject ID). A voxelwise GLM to assess group
differences was applied to the spatial maps of z-transformed PCCs
using permutation-based non-parametric testing (5000 permutations)
(Nichols and Holmes, 2002) with cluster-based thresholding (clusters
determined by Z>2.3) and a family-wise-error (FWE) corrected cluster
significance threshold of pb0.01 applied to the suprathreshold clusters
to account for multiple (voxel-wise) comparisons across the RSNs
employed in this study. This results in spatial maps characterizing the
between-subject/group differences.

Non-parametric tests were used to safeguard against the possibility
that the between-subjects effects were non-Gaussian, and because such
non-parametric inference has greater robustness against spatial non-
stationarity than commonly used parametric methods (Hayasaka
et al., 2004).

Moreover, because previous studies reported a reduction in func-
tional correlation between the anterior and posterior cingulate compo-
nents of the DMN (Andrews-Hanna et al., 2007; Damoiseaux et al.,
2008), we ran a separate analysis to specifically test this hypothesis.
We used the dual-regression approach in our sample by first increasing
the dimensionality of the group ICA to 100 components to separate the
DMN that was obtained (as a single component) with a 25 component
ICA into the anterior and posterior sub-components, then evaluating
the strength of the correlation between the anterior and posterior cin-
gulate networks for each subject using the subject-specific timecourses
output from the first stage of the dual regression. A two-tailed two-
group t-test of the correlations between the subject-specific time-
courses extracted from the two sub-components of the DMN was
done to assess group differences in functional connectivity between
the two networks.

Acquiring resting fMRI data after a task may potentially introduce
a confound (Barnes et al., 2009), therefore we acquired a 10 minute
sequence (ASL — data corrupted, thus not reported here) in between
the task and rest EPI acquisitions to ensure that a reasonable amount
of time elapsed for the resting-state dynamics to return to baseline.

2.3.3. Structural MRI
Whole brain analysis was carried out using a voxel-based

morphometry-style analysis (FSL-VBM) (Douaud et al., 2007), using
default settings as described at www.fmrib.ox.ac.uk/fsl/fslvbm/. In
brief, brain extraction and tissue-type segmentation were performed
and resulting GM partial volume images were aligned to standard
space using first linear (FLIRT) and then non-linear (FNIRT) registra-
tion tools. The resulting images were averaged, modulated and
smoothed with an isotropic Gaussian kernel of 5 mm FWHM to create
a study-specific template, and the GM images were re-registered to
this, including modulation by the warp field Jacobian. Finally, voxel-
wise GLMwas applied using permutation-based non-parametric test-
ing (5000 permutations), clusters were determined by Z>2.3 and
then a family-wise-error (FWE) corrected cluster significance thresh-
old of pb0.05 was applied to the suprathreshold clusters.

2.3.4. FLAIR
In the older group volumetric analysis of WM hyperintensities in

FLAIR images was performed manually using the Jim 4.0 software
(Xinapse Medical Systems, Thorpe Waterville, UK). All axial slices of

http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl/feat5/
http://www.fmrib.ox.ac.uk/fsl/melodic/
http://www.fmrib.ox.ac.uk/fsl/melodic/
http://www.fmrib.ox.ac.uk/fsl/fslvbm/
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each subject were investigated. After marking all hyperintensities as
region of interests (ROIs), total ROI volume was calculated for each
subject.

2.4. Covariates

Structural images were used as additional covariates on a voxel-
by-voxel basis to interrogate fMRI data. GM images of each subject
were extracted using FMRIB's Automated Segmentation Tool (FAST,
http://www.fmrib.ox.ac.uk/fsl/fast4/), registered to standard space,
smoothed to match the intrinsic smoothness of the fMRI data,
voxel-wise demeaned across all subjects in both groups together
and added as a confound regressor (nuisance) to the GLM design ma-
trix used to analyse fMRI data.

2.5. Statistics

Statistical analyses of non-imaging variables were carried out
using SPSS software (SPSS, Inc., Chicago IL). Independent-Samples
T-tests were used for socio-demographic variables, brain structure
volumes, memory performance, and reaction times. Exact Fisher's
and Yates continuity correction were used for categorical variables
(sex, family history of dementia and APOE prevalence). Threshold
for statistical significance was set to pb0.05.

3. Results

3.1. Participants

Younger and older participants did not differ for sex, years of educa-
tion, memory recognition performance or reaction times (both recorded
during fMRI task-related acquisition) (Table 1). Family history of demen-
tia and the presence of the APOE ε4 allele, both known to influence fMRI
studies (Bassett et al., 2006; Bookheimer et al., 2000; Xu et al., 2008) and
ageingmechanisms (Filippini et al., 2010),were equally distributed in the
Fig. 1. fMRI results for the novel vs. familiar contrast in the encoding memory task. (A) Red
compared with the older group, whereas (B) blue colour defines brain regions where the BO
both pb0.05 corrected for multiple comparisons.
two groups (Table 1) and reflected the proportion expected in the normal
population.

3.2. Memory task FMRI

The encoding task adopted here activated areas associated with
the memory encoding process. BOLD fMRI signal intensity changes
were found in the hippocampus, temporal fusiform cortex, and para-
hippocampal gyrus bilaterally, and in association areas in the frontal,
parietal and occipital lobes, as previously described (Fleisher et al.,
2005; Golby et al., 2005).

Fig. 1 shows group differences for the novel vs. familiar contrast. In
general, increased activation in younger participantswas found in tempo-
ral and posterior brain regions, and in the frontal cortex for older partici-
pants. Specifically, increased BOLD signal change in younger relative to
older participants was observed bilaterally in occipito-temporal regions,
extending into the fusiform cortex and the parahippocampal gyrus
[reporting here and below, maximum z score, cluster size in voxels, and
(peak MNI coordinates in standard space): 3.93, 3761, and (14, −88,
−8)] (Fig. 1A). Increased BOLD signal change in older relative to younger
participants was found in three clusters located in the frontal lobes in-
cluding anterior cingulate and paracingulate regions, inferior, middle
and superior frontal gyri and the frontal pole [5.03, 953, and (12, 60,
22); −4.15, 509, and (−44, 36, −10); −3.85, 1195, and (18, 28, 58)]
(Fig. 1B). No differences in hippocampal activation were observed be-
tween the two groups. Motion parameters were similar between the 2
groups [mean values (SD) in mm, younger: 0.27(0.25) – older:
0.32(0.22), t=−0.81, df=42, p=0.42).

3.3. Resting state FMRI (rs-fMRI)

ICA defined twenty-five components representing group-averaged
networks (RSNs) of brain regions with BOLD fMRI signals that were
temporally correlated (Beckmann et al., 2005).
colour defines brain regions where the BOLD signal change was greater in the younger
LD signal change was greater in the older compared with the younger participants. For

http://www.fmrib.ox.ac.uk/fsl/fast4/
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A total of 5 components were identified as RSNs (covering the en-
tire brain) and were evaluated further, whereas the remaining com-
ponents mainly reflected motion artefacts, BOLD signal drift out and
were therefore discarded. In detail, the 5 RSNs of interest included
the visual cortex (VC), default mode network (DMN), sensorimotor
(SM), auditory (Au) and a prefrontal RSN including brain regions in-
volved in executive functions (EF) (Supplementary figure). EF com-
prised the inferior, middle and superior prefrontal cortices, anterior
and paracingulate gyri and frontal pole (Beckmann et al., 2005; De
Luca et al., 2006). VC included the occipital pole extending laterally
towards the occipito-temporal junction and superior parietal regions
and primary visual areas located in the calcarine sulcus bilaterally as
well as medial extra striate regions (Beckmann et al., 2005; De Luca
et al., 2006). The DMN included prefrontal cortical areas, anterior
and posterior cingulate, lateral parietal and inferior/middle temporal
gyri, cerebellar areas, and thalamic nuclei extending to medial–tem-
poral regions (Beckmann et al., 2005; De Luca et al., 2006; Raichle
et al., 2001). SM included brain regions located in the pre- and post-
central gyri extending to the supplementary motor area (Beckmann
et al., 2005; De Luca et al., 2006). Au included auditory cortices, pla-
num polare and planum temporale and the lateral superior temporal
gyrus (Beckmann et al., 2005; De Luca et al., 2006).

Significantly increased temporal correlation (coherence) within
the EF RSN was observed in older relative to younger subjects in a
cluster of regions including prefrontal brain regions, extending from
the paracingulate gyrus into the inferior, middle and superior frontal
gyri, and smaller clusters located in the cerebellum, occipital lobe and
in the precuneus (Fig. 2). There were no frontal regions in which
younger subjects had increased correlation compared with older par-
ticipants. No significant differences between younger and older sub-
jects were found in the DMN, VC, Au and SM RSNs.

The two-tailed two-group t-test to assess group differences in the
correlations between the subject-specific timecourses extracted from
the two sub-components of the DMN revealed a significant reduction
in the correlation coefficient between the anterior and posterior cin-
gulate regions in the older relative to the younger group [mean
values(SD), younger: 3.1(2.1)–older: 1.3(2.7), t=2.41, df=42,
p=0.02] (Fig. 3). Motion parameters were not different between
the 2 groups [mean values(SD) in mm, younger: 0.19(0.12), older:
0.24(0.09), t=−1.42, df=42, p=0.16)].

3.4. Structural MRI

Fig. 4 shows widespread reduction in grey matter (GM) volume in
older relative to younger participants. Brain regions with group dif-
ferences included the anterior cingulate, precuneus, superior, middle
and inferior frontal gyri, supramarginal gyrus, insular cortex, tempo-
ral, parietal and lateral occipital regions bilaterally. Subcortical re-
gions including the caudate, thalamus and hippocampus also
showed age-related GM reduction. There were no brain regions in
which older subjects had increased GM density volume compared
Fig. 2. Group differences in resting fMRI data are shown. Increased coherence in older rela
paracingulate, inferior, middle and superior frontal gyri and in smaller clusters located in the
with younger participants. As expected, WM hyperintensities in
older subjects were largely periventricular. The group mean volume
was equal to 777.59(±578.56)mm3.

3.5. GM maps as covariates

To determine whether BOLD differences, both at task and at rest,
between the younger and older group were influenced by structural
differences, GM maps were added as covariates (nuisance variables)
in the memory-encoding and in the RSN fMRI analysis models. In
both cases, the BOLD-related group differences (reported above) sur-
vived largely unchanged. Comparison of the results when adding vs.
not adding GM as a covariate revealed an 85% overlap of significant
voxels. In general adding the covariate reduced the spatial extent of
results, but there were negligible differences in the frontal lobes.
Both task and rest BOLD signal (particularly in the frontal lobes) in-
creases in older relative to younger were located in brain regions
where GM was relatively spared (Fig. 5). Specifically, 93% of the vox-
els displaying significant group differences during the task and 90% of
the voxels displaying significant group differences in the EF RSN were
found in GM regions without significant relative GM loss in the older
subjects (Fig. 5). Moreover, 757 voxels (28.5% of the significant voxels
during the task) overlapped in the frontal lobes between significant
clusters of increased task-related and resting fMRI signal in older
compared to younger adults.

4. Discussion

We have demonstrated that increased activation in the frontal
lobes in older relative to younger participants, previously described
using task fMRI, can also be found with rs-fMRI. This phenomenon
may reflect age-related adaptation in the functional architecture of
the brain that is not exclusively caused by a response to an external
stimulus.

4.1. Age-related changes in task-based fMRI data

We were able to replicate previous reports of BOLD signal differ-
ences in task-related brain regions during normal ageing. In particu-
lar, the posterior-to-anterior shift (PASA) emerges as a reliable
feature for functional imaging studies during normal ageing. The
PASA model had been previously reported during a variety of cogni-
tive tasks, including memory-related paradigms, but also those eval-
uating attention and perception cognitive domains (Davis et al.,
2008).

The increased BOLD signal detected in the frontal lobe in older rel-
ative to younger participants was mainly located in the anterior cin-
gulate and superior frontal gyrus, regions known to be involved in
executive control functions (Rushworth et al., 2004), whereas the in-
creased BOLD signal in younger relative to older subjects was located
in occipito-temporal regions, known to be involved in perceptual
tive to younger was found in a cluster of regions including the anterior cingulate and
cerebellum, occipital lobe and precuneus (pb0.01 corrected for multiple comparisons).

image of Fig.�2


Fig. 3. Anterior (red-to-yellow) and posterior (blue-to-light blue) portion of the DMN have been separated using a higher dimensionality (100 components) analysis. Box plot
shows an age-related reduction in the correlation coefficient between the anterior and posterior cingulate regions.

Fig. 4. Brain regions where older participants had a reduction in GM volume compared with younger participants using a whole brain analysis approach (pb0.05 corrected for mul-
tiple comparisons).
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processing (Likova and Tyler, 2008). We did not detect any difference
between younger and older participants in the BOLD signal within
hippocampal regions using an intentional memory-encoding para-
digm. Our results are consistent with previous studies that used a
similar approach (intentional encoding) and that showed no age-
related differences in hippocampal BOLD signal (van der Veen et al.,
2006). Conversely, previous studies using an incidental memory-
encoding paradigm reported BOLD signal reduction in older relative
to younger subjects in hippocampal areas (Gutchess et al., 2005).
These results may suggest that hippocampal-related differences may
be influenced by the specific task demand and/or differences in sub-
jects' characteristics.
4.2. Age-related changes in resting fMRI data

Increased task-related activation in the frontal lobes in ageing has
been widely and consistently reported as the most typical task-
related functional neuroimaging feature in studies investigating nor-
mal ageing mechanisms (Grady, 2002, 2008). Here, we have shown
that patterns of age-related functional brain changes occurring within
frontal regions can be detected not only using a task-based approach,
but also using resting fMRI data. We interpret this as evidence that
age-related differences occurring in these brain regions may reflect
changes in the functional architecture of the brain rather than “com-
pensatory” or “de-differentiation” processes in response to an exter-
nal stimulus.

Previous studies evaluating the effect of ageing on resting state brain
function reported reduction in the temporal correlation between frontal
and posterior regions of the brainwithin specific RSNs, such as the DMN
or the dorsal attention system (Andrews-Hanna et al., 2007;
Damoiseaux et al., 2008). Andrews-Hanna et al., observed a reduction
in the correlation coefficient between distinct brain regions belonging
to the DMN, particularly between the medial prefrontal and the retro-
splenial cortices. Similarly, Damoiseaux et al., reported a reduction of
brain activity in the anterior and posterior components of the DMN in
older compared with younger participants. We specifically tested for a
reduction in the temporal correlation between the anterior and posteri-
or component of the DMN and we replicated previous results (i.e. an
age-related reduction of the correlation between the anterior and pos-
terior component of the DMN). However, no significant difference
was observed when we tested the coherence of the DMN network as
a whole.

A greater understanding of the effects of the normal ageing pro-
cess in the DMN certainly warrants further investigation. In particu-
lar, changes in the DMN have been observed during pathological
ageing (Greicius et al., 2004; Sorg et al., 2007), which suggests that
this network may be particularly useful in detecting individuals at
risk of developing neurodegenerative disorders.
4.3. Effect of structural changes on BOLD signal differences

Age-related GM volume reduction has been widely reported (Raz
et al., 1998; Raz et al., 2005), but to date the potential effect of GM
changes on BOLD signal has not been tested. Here, we demonstrated
that BOLD differences between the two groups, both task-based and
at rest, survived adding GMmaps as covariates. Therefore, the specific
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Fig. 5. Areas of overlap between task-based difference and GM volume reduction (A) and frontal RSN difference and brain morphology reduction (B). Yellow denotes GM volume
difference between the two study groups. Red denotes, task-based or RSN difference between younger and older group not overlapping with GM volume reduction. Green denotes
areas of overlap between group-related task or RSN differences and GM volume changes.
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regions of the frontal lobe that exhibit BOLD signal differences be-
tween the older and younger groups are not confounded by anatom-
ical differences.

We find GM reductions and increased connectivity at rest and in-
creased task-related activation in the frontal lobes of older relative to
younger participants. However, closer inspection reveals that the
areas of significant GM reductions and fMRI increases are largely non-
overlapping, suggesting that those brain regions in the frontal lobes
that are less affected by age-related GM loss become more functionally
active during the task and more coherent at rest. This is in line with the
hypothesis that age-related brain atrophy may lead to adaptive func-
tional brain reorganisation during healthy ageing (Greenwood, 2007).
To formally test this hypothesis (i.e. whether the brain responds to neu-
ronal loss by fine-tuning connections between spared neurons) it
would be necessary to conduct a longitudinal study to assess the rela-
tionship between decreasing GM (structural changes) and increasing
BOLD signal (functional changes) in the frontal lobes for each individu-
al. Indeed, individual variability in the plasticity of the brain's response
to ageing defines those who age most and least successfully.
4.4. Study limitations

Limitations in studying age-related specific brain changes have to be
considered in interpreting our findings. Differences in younger and
older participants may be partially accounted for by cohort effects in
cross-sectional designs. Moreover, it is not possible to exclude the use
of different cognitive strategies during the task between younger and
older subjects. Aine et al., suggested that most of the age-related func-
tional differences observed may reflect the use of different techniques,
such as subvocalizations or inner speech, in order to improve and facil-
itate memory processes (Aine et al., 2006). However, results from rest-
ing data can be more safely interpreted because no specific strategies
are required when subjects are at rest. Furthermore, the BOLD signal
measured by fMRI is dependent on vascular processes (i.e. cerebral
blood flow, cerebral blood volume and vascular compliance) and vascu-
lar alterations in older subjects are known to affect the BOLD response
(Riecker et al., 2003). Further studies specifically investigating age
changes on individual vascular components and how they affect task-
based and resting fMRI data are warranted. Finally, all participants
recruited in this study are highly-educated and are therefore not repre-
sentative of the entire population. It is possible that the brain differ-
ences we observe are particular to higher-functioning individuals.
Future studies should specifically address this point by including sub-
jects with a wider range of educational level.
4.5. Conclusions

We have shown that normal ageing is associated with functional
brain changes both during task and at rest. In particular, the BOLD sig-
nal reduction in occipito-temporal brain regions observed during
task-related fMRI, but not at rest, may reflect age-related stimuli-
based perceptual decline, as previously reported (Park et al., 2004).
Conversely, the increase in the BOLD signal in the frontal lobes in
both conditions and the close similarity in the spatial location be-
tween task-related and RSNs-related differences suggest that the
frontal lobes are particularly susceptible to age-related functional
reorganisation. Thismay be explained by the fact that the frontal cortex
is the most versatile integrative associative cortex and acts as a relay
centre for higher cognitive function. Indeed, the frontal lobes arewidely
connected with other brain regions, are involved in many cognitive
functions (i.e. learning, memory, attention and motivation) and are
therefore the most likely to show adaptive brain mechanisms to coun-
teract normal ageing processes, either neuronally or cognitively (Park
and Reuter-Lorenz, 2009; Tamminga and Buchsbaum, 2004). We find
both GM volume reduction and increased BOLD signal in the frontal
lobes of older relative to younger subjects. The specific areas of change
in GM and BOLD are largely non-overlapping, and indeed adding GM
covariates to the fMRI analysis did not alter the result. Moreover, our
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results lead to the conclusion that age-related adaptive changes in the
frontal lobes of the brain are not merely a response to an external
stimulus.

Supplementary materials related to this article can be found online
at doi:10.1016/j.neuroimage.2011.11.063.
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