
Introduction

The “default-mode” network (DMN) is an ensem-
ble of cortical regions that are deactivated during 
many different types of cognitive tasks (rombouts 
et al., 2005a; raichle and snyder, 2007) and func-
tionally coupled during rest (Greicius et al., 2003). 

Independently of the sensori-motor or cognitive 
status of the subject, the DMN is normally charac-
terized by the functional coupling (functional con-
nectivity) of several brain regions. DMN regions are 
normally located in the posterior cingulate cortex 
(Pcc), medial prefrontal cortex (MPFc), which 
includes the perigenual anterior cingulate cortex 
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(Acc), lateral infero-parietal and infero-temporal 
cortices (Greicius et al., 2003). Hippocampus is also 
reported in some studies (see, e.g. rombouts et al., 
2003; Esposito et al., 2006, 2008) as co-activated to 
the other DMN regions.
The concept of a default-mode function has been 
originally introduced by raichle and snyder (2007) 
in an express attempt to differentiate a “cognitive” 
baseline state from a more “general” baseline state, 
coincident with the “resting” state of the human 
brain (but see also Mazoyer et al., 2001). Although 
this concept is currently still debated (see, e.g., 
Morcom and Fletcher, 2007), there have been suc-
cessful attempts to link the mechanisms underlying 
the spatio-temporal modulation of the DMN regions 
to “implicit” brain processing functionalities and 
neural activity, such as focused attention (Fox et al., 
2005) and task-unrelated thoughts (Fransson, 2006; 
Mason et al., 2007), as opposed to brain activity 
evoked by “explicit” cognitive tasks.
In the last few years, the functional connectivity of 
the two midline DMN regions along the cingulate 
cortex (MPFc and Pcc) has been targeted as one 
cognitively relevant feature of the DMN pattern 
(see, e.g., Hampson et al., 2006; sorg et al., 2007; 
Esposito et al., 2008), and most studies have con-
verged towards a notion that DMN activity and 
connectivity is not just “disengaged” during cogni-
tive tasks, but rather contributes to facilitating or 
monitoring cognitive performances. For instance, 
Hampson et al. (2006) initiated and supported that 
individual differences in the functional coupling 
between these two regions at rest would be able to 
predict differences in cognitive abilities, important 
for working memory task. Esposito et al. (2006) 
have highlighted that the entire spatial distribution 
of the DMN functional connectivity is modulated by 
the amount of working-memory engagement when 
the subject’s cognitive status is changed by alternat-
ing periods of rest with periods of working-memory 
performance.
In functional magnetic resonance imaging (fMrI), 
the functional connectivity is assessed in terms 
of the linear correlations of blood oxygen level 
dependent (BOLD) time course data between two or 
more spatially remote regions. seed-based (Biswal 
et al., 1997, 2005; cordes et al., 2000) or cluster-
ing (Baumgartner et al., 1998; Goutte et al., 1999) 
techniques have been used for this purpose but 

independent component analysis (IcA, Hyvarinen 
et al., 2001) in its “spatial” variant (calhoun et al., 
2001; McKeown et al., 2003) is nowadays the most 
popular method for extracting multiple distributed 
functional connectivity patterns of neural activity 
from whole-brain fMrI time-series without prior 
specification of a temporal profile or spatial layout 
for the BOLD responses or any specific region as 
“seed” for the pattern statistical characterization.
spatial IcA has been shown to reliably extract a sta-
tistical image of the “default-mode” network in sin-
gle subjects and groups, under diverse fMrI experi-
mental settings, ranging from resting-state experi-
ments (Greicius et al., 2004b; van de Ven et al., 
2004; Damoiseaux et al., 2006; Esposito et al., 2008) 
and simple sensory-motor tasks (Greicius et al., 
2004a) up to cognitive tasks (Esposito et al., 2006) 
and free viewing naturalistic scenarios (Bartels 
and Zeki, 2005). More importantly, the individual 
variability of the spatio-temporal properties of the 
IcA-generated DMN patterns has been recently 
used in population studies for exploring possible 
correlations of DMN functional connectivity with 
cognitive decline (Greicius et al., 2004b; rombouts 
et al., 2005a, 2005b; sorg et al., 2007) and normal 
aging (Damoiseaux et al., 2008; Esposito et al., 
2008; sambataro et al., in press).
Hampson et al. (2006) have assessed the functional 
connectivity between Pcc and MPFc in each sub-
ject using both seed-based and direct region-to-
region correlation analyses starting from pre-defined 
regions-of-interest. In this study, separate periods of 
rest and working-memory tasks were compared for 
the strength of functional connectivity and the cor-
relations with the task performances were estimated. 
One limitation of this study was that either one (the 
seed) or all DMN nodes had to be fixed in advance, 
with the consequence that the spatial distribution of 
the DMN functional connectivity could not be freely 
evaluated. On the other hand, we have previously 
demonstrated using IcA that DMN spatial distribu-
tion cannot be thought as invariant, thereby posing 
one operational difficulty of seed-based techniques 
in DMN functional connectivity analysis. In fact, the 
recruitment of the cingulate regions within the DMN 
network can significantly vary depending on the 
“average” cognitive status of the subject, and this 
distribution turns out to be correlated with the cogni-
tive load (greater extension of the anterior and lesser 
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extension of the posterior cingulate cortices) when 
the subject alternates between lower and higher 
working memory loads (Esposito et al., 2006).
One limitation of our previous study (Esposito et al., 
2006) is that only the objective difficulty of the task 
(i.e. 1- and 2-back in a standard n-back working-
memory experiment) was considered as a factor, but 
not a more “implicit” or “subjective” factor, such 
as the individual working-memory performance 
(Pecini et al., 2008).
In the present study, we postulated that if this ana-
lytical information about the individual behavioural 
performances was taken into account, it may become 
possible to directly correlate the DMN network 
spatial distribution with how efficiently the working-
memory function is actually operating. compared to 
our previous study, the present one uses similar IcA 
methodology for extracting the DMN network maps, 
but applies it to a substantially extended sample of 
subjects and aims at correlating the size of the indi-
vidual DMN regions of interests not only with the 
task difficulty but also with the task performance, as 
quantified by the average accuracy in the n-back task.
The n-back experimental paradigm employs a 
sequence of objects presented with delays and 
allows stimulating the executive and maintenance 
functions of the working-memory (Gevins et al., 
1993; callicott et al., 1998; Jansma et al., 2000; 
Owen et al., 2005; ciesielski et al., 2006; Bonino et 
al., 2008), while producing a sustained deactivation 
of the default-mode regions (McKiernan et al., 2003; 
Esposito et al., 2006). Here we explicitly aimed at 
investigating whether a correlation could be found 
out between the average accuracy in the task and 
the DMN functional connectivity distribution. This 
notion may potentially gather fundamental insight 
on the existence of delicate mechanisms of interplay 
between explicit (executive) and implicit (default) 
mechanisms of brain processing.

Methods

Subject and Experimental protocol
19 healthy subjects (5 males, mean age 28 ± 5, 
handedness (Edinburgh Inventory) 0.86 ± 0.18) 
performed the N-Back task as described in earlier 
reports (Bertolino et al., 2004). “N-back” refers to 
how far back in a sequence of stimuli the subject 

has to recall. The stimuli consisted of numbers (1-4) 
shown in random sequence and displayed at the 
points of a diamond-shaped box. There was a non-
memory guided control condition (0-Back) that pre-
sented the same stimuli, but simply required subjects 
to identify the stimulus currently seen. The working 
memory task required recollection of a stimulus 
seen one stimulus (1-Back) or two stimuli (2-Back) 
previously while continuing to encode additionally 
incoming stimuli. Performance data were recorded 
as the number of correct responses (accuracy).
During the functional scans the stimuli were timed 
according to a block-design in which each block 
consisted of 15 scans (30s) of alternated rest and 
0-back conditions for one run and 0-Back and 
N-Back (N = 1 or N = 2) for the other two runs. The 
order of runs was counterbalanced across subjects. 
The present study was approved by the local ethical 
board and all the subjects gave their informed con-
sent in a written form.

MRI image data acquisition, preprocessing 
and visualization
Each subject was scanned using a GE signa 3T 
scanner (Milwaukee, WI). Three time-series of 120 
repeated gradient-echo EPI whole-brain images 
(TE = 30 msec, Tr = 2 seconds, 20 contiguous 
slices, voxel dimensions = 3.75 x 3.75 x 5 mm) 
were acquired as fMrI BOLD data. After functional 
scans, co-registered 2D anatomical slices and 3D 
whole-head T1-weighted isometric (1 mm3) scans 
were acquired for correct 2D-3D registration and 
isotropic image time-series 3D resampling.
Functional image time-series were first corrected 
for the differences in slice acquisition times using a 
“sinc” interpolation technique, then, realigned with 
T1-volumes, warped into the standard anatomical 
space of Talairach and Tournoux (1988) and finally 
resampled to 3 x 3 x 3 mm3 isotropic voxels. The 
Talairach transformation was performed in two 
steps. The first step consisted in rotating the 3-D 
data-set of each subject to be aligned with stere-
otaxic axes (for this step the location of the anterior 
commissure (Ac), the posterior commissure (Pc) 
and two rotation parameters for midsagittal align-
ment were specified manually). In the second step 
the extreme points of the cerebrum were specified. 
These points together with the Ac and Pc coordi-
nates were, then, used to scale the 3-D data-sets into 
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the dimensions of the standard brain of the Talairach 
and Tournoux atlas using a piecewise affine and 
continuous transformation for each of the 12 defined 
subvolumes. The resulting voxel-time were filtered 
in time and space: low-frequency (drift) fluctuations 
were reduced using a high-pass temporal filter (3 
cycles); spatial smoothing was performed using a 
6 mm full-width at half-maximum gaussian kernel. 
For display purposes on the volumetric anatomy, 
individual maps were projected on the average volu-
metric image. Volumes with significant effects after 
thresholding of the group-level random-effects maps 
(z = 3.1, p < 0.001) were also segmented and ren-
dered as surface meshes for three-dimensional views 
of the whole-brain distributed patterns.
All image data preparation and preprocessing 
steps as well as the map volumetric rendering 
were performed in BrainVoyager QX (www.brain-
voyager.com, Brain Innovation, Maastricht, The 
Netherlands).

ICA and DMN functional connectivity 
analysis
We performed individual IcA and self-organizing 
group-level IcA (sog-IcA, Esposito et al., 2005) 
of the pre-processed functional time-series using 
BrainVoyager QX plugins. sog-IcA was performed 
separately for each session.
Prior to the IcA decomposition, the initial dimen-
sions of the functional dataset were reduced to 25 
using Principal component Analysis. Then, an equal 
number of spatially independent components were 
estimated using the fastIcA algorithm. The final 
number of dimensions kept at the PcA stage was 
chosen after an IcA reliability analysis (Himberg et 
al., 2004) performed on each subject data-set using 
the IcAssO Matlab package (www.mathworks.
com). Using this tool we observed that using more 
than 25 dimensions did not produce more reliable 
components in any of the subjects’ data sets. For 
each subject and session, the individual component 
time-courses of activity were parametrically corre-
lated with the stimulus function, consisting of a box-
car waveform with OFF and ON blocks of 15 time-
points repeated 4 times in alternation, convolved 
with the standard double gamma hemodynamic 
response function (Friston et al., 1998).
sog-IcA was used to group independent compo-
nents by “clustering” the individual spatial patterns 

in the subject space. cluster “group” components 
were calculated as random effects maps. component 
clusters of interest were identified according to the 
intrinsic ranking in the hierarchical clustering and 
spatial matching to anatomical templates similar 
to previous related studies (Grecius et al., 2004b; 
Esposito et al., 2006). The spatial template-matching 
procedure consisted in comparing talairach coordi-
nates of the centres-of-mass of each region in the 
group maps to those reported in previous studies. 
Following this approach, we identified the DMN 
components and applied a voxel-level threshold of z 
= 3.1 (p < 0.001, uncorrected) to the group random-
effects map to identify DMN regions.
starting from the DMN group IcA map of each 
session, we selected two volumes of interest (VOI), 
corresponding to the midline (MPFc and Pcc) 
regions. These regions were quantified for all three 
sessions of the n-back experiment in term of the 
percentage of suprathreshold voxels (number of cor-
related voxels in the VOI x 100 / total number of 
correlated voxels in the spatial component). Then, 
we used these VOIs as masks to identify correspond-
ing regions in the DMN of each subject and calcu-
lated similarly the correlated voxels percentages. 
These rates were collected from all subjects and 
sessions and were entered an analysis of covariance 
(ANcOVA) with two factors: one categorical factor 
(represented by the task difficulty with three levels, 
0, 1 or 2, called “N-back”) and one continuous fac-
tor (represented by the individual task performance 
accuracy, “Performance”). The performance accu-
racy was calculated for every subject in the n-back 
sessions by dividing the number of exact responses 
to the normalized overall number of presented stim-
uli (i.e.: ratio of the number of correct responses to 
the number of detectable responses). A linear corre-
lation analysis between the individual rates of active 
voxels and the task performance accuracy was also 
performed for each separate session.

Results

The n-back performances were significantly differ-
ent in the three sessions of the n-back task (mean 
values ± standard deviation: 2-back 77.78 ± 13.37, 
1-back 97.97 ± 2.98 and 0-back 99.21 ± 1.53). We 
excluded two subjects from the analysis because 



 DEFAULT-MODE FUNCTIONAL CONNECTIVITY AND WORKING-MEMORY PERFORMANCES 15

their performances for the 2-back sessions were 
below 50% (i.e. more than 1.5 times below the group 
standard deviation) and their after-session reports 
suggested a reduced cooperation or ability in per-
forming the task.
IcA analyses of n-back time-series produced “default 
mode” components for each subject and n-back ses-
sion. The individual DMN component time-courses 
were parametrically correlated with the stimulus 
function (the estimated absolute linear correlation 
coefficients, mean ± std, were 0.2803 ± 0.1671 for 
the 0-back session, 0.4833 ± 0.2063 for the 1-back 
and 0.6124 ± 0.1763 for the 2-back session).
For each session, the group-level DMN component 
was ranked high with respect to the subject-level 
spatial similarity in all three sessions. Although 
changes in the size of the constituent regions were 
observed (see below), all DMN components from 
the separate n-back sessions presented the same dis-
tributed architecture.

The spatial layout of the group-level IcA DMN 
maps for all three conditions were highly overlap-
ping with the maps obtained in previous studies 
(Esposito et al., 2006) and included the posterior 
cingulate cortex (Pcc), extending dorsally into the 
pre-cuneus along the midline, the inferior parietal 
cortex (IPc), organized in bilateral spots at the 
occipito-parietal junction, and the medial pre-frontal 
cortex (MPFc), that included the perigenual part 
of the anterior cingulate cortex (Acc). In addition, 
two functional clusters were co-activated to this 
network, encompassing bilaterally the hippocampus.
Fig. 1 (a, b, c) shows the 3d rendering of all DMN 
volumes of activity respectively for 0-, 1- and 
2-back task modulation. The overall DMN exten-
sion (as quantified by the total volume of activity at 
the selected threshold) increased with task difficulty 
from 0.104178 liters in the 0-back, to 0.106631 liters 
in the 1-back (+2.355%) and to 0.110303 liters 
(+5.88%). The averaged regional time-courses from 

Fig. 1. - Three-dimensional views and comparison of group-level DM component volumes of activity after threshold 
(z = 3.1, p = 0.001). (a) 0-back (green). (b) 1-back (red). (c) 2-back (blue). (d) Superposition of 0-back (green) 
and 2-back (blue). (e) Relative percent of active voxels in MPFC and PCC volumes with respect to the entire activity 
within the default-mode component.
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the overall group-level DMN (i.e. all regions of 
activity combined) were negatively and parametri-
cally correlated with the stimulus function (-0.1671 
in the 0-back, -0.4303 in the 1-back and -0.5011), 
reflecting the expected load-dependent deactivation 
elicited by the N-back task in the DMN regions (see 
also Esposito et al., 2006).
A variable recruitment of the cingulate regions 
across n-back sessions with greater extension of the 
anterior and lesser extension of the posterior cin-
gulate regions when moving from lower to higher 
working memory loads was observed. Fig. 1d shows 
the superposition of DMN volumes of activity for 
the 0-back (green) and 2-back (blue) and allows 
visualizing anteriorly the relative prevalence of 
MPFc activity during the 2-back task (the blue clus-
ter surface mostly encloses the green cluster surface) 
and posteriorly the relative prevalence of Pcc activ-
ity during the 0-back task (the green cluster surface 
mostly encloses the blue cluster surface). This prev-
alence (and the corresponding modulation from 0- to 
1- and 2-back) is also visible in the bar graph of Fig. 
1e where the percentage ratios of active voxels in 
MPFc and Pcc volumes relative to the entire DMN 
volume of activity in the group-level DMN map are 
descriptively reported for all n-back sessions.
starting from the group-level DMN component 
maps (and specifically from the random effects 
maps thresholded at z = 3.1, p = 0.001), the MPFc 
and Pcc volumes were identified, quantified and 
compared to the homologous regions for the dif-
ferent cognitive loads in each single subject/ses-
sion DMN component. The percentage ratios of 
active voxels inside the MPFc and Pcc to the total 
number of active voxels in the entire individual 
DMN component were calculated for all sessions 
and subjects and correlated with the three levels of 
task difficulty and the individual performances in an 
ANcOVA analysis. Although the group-level DMN 
maps were only used to identify and tag the MPFc 
and Pcc spots in the single-subject DMN maps, we 
explicitly verified that the observed difference in 
the extension of the VOIs in the group-level maps 
across the three sessions did not affect the calculated 
percentage ratios of active voxels.
Fig. 2 reports the outcome of the ANcOVA for the 
two regions of interest, Pcc (Fig. 2a) and MPFc 
(Fig. 2b). In Fig. 2, both the scatter plots of the 
repeated measurements versus the task performances 

are reported for each separate level of task difficulty 
together with the linear trend line and the ANOVA 
tables quantifying the statistical significance of the 
two factors task difficulty (“N-back”) and task per-
formance (“Performance”). Although the observed 
dispersion of the performances across the subjects 
of our sample was high only for the 2-back sessions 
(0- and 1-back performances from all subjects were 
all very close to 100% of accuracy), both factors 
were found to be statistically significant (p < 0.0001 
for the task difficulty and p = 0.0017 for the task 
performance). No significant interaction was found 
between the two factors. considering the 2-back 
sessions only, we found a statistically significant 
positive correlation for the MPFc (r2 = 0.4147, p = 
0.0022) and a statistically significant negative cor-
relation for the Pcc (r2 = 0.2216, p = 0.0362).

Discussion

We have presented IcA results from three different 
sessions of the working memory experiment based 
on the n-back task. The cognitive load varied from 
0-back to 2-back in three different sessions where 
the subjects alternated between periods of rest 
and period of task performance. Our attention was 
focused on the DMN independent component which 
was characterized by a substantially load-invariant 
global layout, with a systematic functional coupling 
between MPFc, Pcc and the other known DMN 
regions, and a parametric load-dependent functional 
deactivation. A parametric increase in the overall 
volume of DMN functional connectivity was also 
observed which can be explained by the fact that 
increasing levels of local deactivation necessarily 
contribute the increased levels of overall distributed 
correlations.
Within these distributed patterns, the two cingulate 
spots were significantly modulated in their volu-
metric extent by the varying cognitive engagement 
implied by the working-memory task. Although 
descriptive and exploratory in its nature, this finding 
was consistent with our previous work (Esposito et 
al., 2006).
As a major advancement with regards to the previ-
ous literature on the modulation of the cingulate 
network by the cognitive load, the relative extents 
of MPFc and Pcc volumes significantly correlate 
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with the average accuracy in the working-memory 
task at the 2-back level of difficulty. In order to pro-
duce such evidence, we took advantage of a rather 
large number of subjects (n = 17) and the resulting 
substantial variability in the individual perform-
ances, thereby making possible to evaluate the linear 
correlation between the spatial distribution of the 
individual DMN components and the corresponding 
individual working-memory performances, as quan-
tified by the average accuracy in the n-back task.
Although the necessary statistical significance in 
the linear correlation tests was achieved only for the 
2-back task, where the difficulty was high enough 
to produce enough variability in the performances, 
we could basically demonstrate that the relative 
involvement of MPFc and Pcc inside the DMN 
network represents not only a reproducible effect of 
the memory requirement but also a correlate of the 
average accuracy in the memory performance.

The dependence of MPFc and Pcc extents with 
task difficulty reflects a spatial re-distribution or 
re-organization of the functional connectivity within 
and between the main DMN regions and can be seen 
as a possible physiological response of the default-
mode system to the increasing cognitive engage-
ment of the subject. More specifically, increasing 
cognitive loads shift the recruitment of cingulate 
cortex neurons to the DMN functional connectivity 
pattern from more posterior (Pcc) to more anterior 
(MPFc) populations, and the more manifest (and 
efficient) this mechanism the better the accuracy 
in the task. Therefore, we can speculate that this 
mechanism is also the physiological response to the 
increasing need of focused attention and task-unre-
lated thought suppression implied by the increasing 
task difficulty.
The correlation of default-mode region activity 
with task performances has been previously inter-

Fig. 2. - Analysis of covariance (ANCOVA) of the individual percentages of relative DMN connectivity in PCC (a) 
and MPFC (b) with the task difficulty and performances as factors. The scatter plots for the comparison of individual 
volumes of relative DMN activity in PCC (a) and MPFC (b) with N-back performances are shown in the upper parts 
of the figure (0-, 1- and 2-back dispersions and correlations are shown in different colors). In each graph, the linear 
trend fit lines are also plotted. The ANOVA tables expressing the statistical significance of the task difficulty (N-Back) 
and task performance (Performances) factors are displayed in the lower parts of the figure.
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preted in relation to either a specific cognitive defi-
cit (Weinberger et al., 1996; callicott et al., 1998; 
Aleman et al., 1999; Bertolino et al., 2004; Gazzaley 
et al., 2005) or to the different general attention sta-
tus of the subjects and the engagement in unrelated 
thought activities interfering with stimulus process-
ing (Fransson, 2006; Golland et al., 2007; Mason 
et al., 2007). Given that our study only included 
healthy volunteer subjects, higher or lower skills in 
carrying out the 2-back task can be related to physi-
ological factors inherent to the mental processing of 
the stimulus. Following this line, the observed vari-
ability of functional connectivity might parallel the 
amount of interference existing between task-unre-
lated and task-related processing (Fransson, 2006): 
higher or lower skills in carrying out the cognitive 
task would thus become linked directly to the ability 
of the subject of fruitfully balancing between inter-
nal processing (i.e. keeping an old item memorized) 
and external processing (i.e. acquiring a new item).
As a secondary finding of this study, the variable 
involvement of the cingulate regions (MPFc and 
Pcc) across the n-back sessions with greater extent 
of the anterior and lesser extension of the posterior 
clusters at increasing cognitive loads fully replicates 
previous study (Esposito et al., 2006), extending 
substantially, with regard to this study, the number 
of subjects for the group-level analysis.
The link existing between the extent of the main 
DMN regions and the performance in a working-
memory task suggests that the Pcc and MPFc 
have a main role in focused attention and working 
memory processes (Fox et al., 2005). In the study 
by Fox et al. (2005), the functional connectivity of 
the task-negative (DMN) regions has been directly 
put in connection with the functional connectivity 
of the task-positive regions during focused atten-
tion and working memory via a 2-network model 
based on two anti-correlated networks. According 
to this model, task-negative (DMN) regions are 
anti-correlated with task-positive regions not only 
during the performance of a cognitive task but also 
during continuous periods of fixation. With respect 
to this point, it is important here to note that the 
2-network model of anti-correlated regions appears 
not to fully explain the variance (and covariance) 
typically measured with whole-brain fMrI time 
series, nor is able to characterize the DMN system in 
all possible experimental scenarios. In fact, a perfect 

and systematic negative correlation between the two 
separate sets of regions would cause IcA keeping 
all regions from the two networks inside the same 
network, rather than separating them in two or more 
spatially independent components. According to the 
IcA model (which is region and task independent), 
the DMN regions appear to be systematically cor-
related (and, thus, functionally connected) with each 
other, while the anti-correlation of these regions 
with other task-positive regions is at least not sys-
tematic during the entire period of observation.
In conclusion, accepting the exploratory flavour of 
the presented results, we suggest that the efficiency 
of the working-memory function might be linked 
to the balanced modulation of the cingulate regions 
within the distributed pattern of functional connec-
tivity characterizing the DMN network, as extracted 
by spatial IcA. Accurate cognitive performances are 
probably facilitated by the spatial re-distribution of 
functional connectivity between a more extended 
deactivation in MPFc and a less extended deactiva-
tion in Pcc regions and this mechanism appears fully 
consistent with the so-far postulated functional role 
of the DMN system consisting in regulating focused 
attention and task-unrelated thought suppression for 
better monitoring of the cognitive performance.
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