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Abstract: Interregional correlations between blood oxygen level dependent (BOLD) magnetic resonance
imaging (fMRI) signals in the resting state have been interpreted as measures of connectivity across the
brain. Here we investigate whether such connectivity in the working memory and default mode networks
is modulated by changes in cognitive load. Functional connectivity was measured in a steady-state verbal
identity N-back task for three different conditions (N ¼ 1, 2, and 3) as well as in the resting state. We
found that as cognitive load increases, the functional connectivity within both the working memory the
default mode network increases. To test whether functional connectivity between the working memory
and the default mode networks changed, we constructed maps of functional connectivity to the working
memory network as a whole and found that increasingly negative correlations emerged in a dorsal region
of the posterior cingulate cortex. These results provide further evidence that low frequency fluctuations
in BOLD signals reflect variations in neural activity and suggests interaction between the default mode
network and other cognitive networks. Hum Brain Mapp 32:1649–1659, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Steady-state correlations in low frequency blood oxygen
level dependent (BOLD) magnetic resonance imaging
(MRI) signals have been interpreted as revealing functional
connectivity between regions within the human brain
[Biswal et al., 1995, 1997; Hampson et al., 2001; Lowe
et al., 2000]. Most studies have examined interregional cor-

relations in the resting state in which no task or stimulus
effects are specifically encoded into the temporal variance
of BOLD signals [Cordes et al., 2001; Lowe et al., 1998;
Prohovnik et al., 1980; Rogers et al., 2007; van de Ven
et al., 2004], though functional connectivity can also be
measured during steady state tasks providing a method
for studying the effects of task load on functional connec-
tivity [Hampson et al., 2001; Newton et al., 2007].

Previous reports have shown that functional connectivity
can be modulated by cognitive load in some networks. For
example, in previous studies of the motor system, we have
shown that measures of functional connectivity scale with
the rate of finger tapping in some regions of the motor net-
work [Newton et al., 2007]. We and others have established
that connectivity measured during performance of steady
state tasks may be greater than at rest [Fox et al., 2005;
Hampson et al., 2004; Hampson et al., 2001, 2006b; Lowe
et al., 2000; Newton et al., 2007]. In the working memory
system specifically, path analysis has shown that effective
connectivity increases under increased cognitive loads

Contract grant sponsor: National Institutes of Health; contract
grant numbers: T32 EB03817, R01 EB00461.

*Correspondence to: Allen T. Newton, Vanderbilt University Insti-
tute of Imaging Science, 1161 21st Avenue South, Medical Center
North, AA-1105, Nashville, TN 37232-2310.
E-mail: allen.t.newton@vanderbilt.edu

Received for publication 8 October 2009; Revised 25 June 2010;
Accepted 28 June 2010

DOI: 10.1002/hbm.21138
Published online 12 November 2010 in Wiley Online Library
(wileyonlinelibrary.com).

VC 2010 Wiley-Liss, Inc.



[Honey et al., 2002]. Correlation analysis of the trial-by-trial
variance in event related working memory responses (as a
different measure of steady state functional connectivity)
has shown decreasing functional connectivity during delay
periods between the hippocampus, the fusiform face area,
and the inferior frontal gyrus [Rissman et al., 2004; Rissman
et al., 2008]. Principal component analysis (PCA) has also
been used to examine working memory systems, showing
different networks with load dependent connectivity for the
encoding and maintenance periods of an event related task
[Woodward et al., 2006]. However, none of these studies
specifically addressed how measurements of functional con-
nectivity are modulated across a range of steady-state work-
ing memory task loads.

Steady state fMRI data have also been used to identify a
network comprised of brain regions that are more active
during resting periods, absent of directed attention
demanding tasks. Some of these regions have become
known as the default mode network [Fox et al., 2005; Grei-
cius et al., 2003; Raichle et al., 2001], and can be identified
in cognitive steady states in most subjects [Arfanakis et al.,
2000; Beckmann et al., 2005; Meyer-Baese et al., 2004; van
de Ven et al., 2004]. It has been recently shown that these
default mode regions are functionally connected not only
in conscious awake states but during light stages of sleep
[Horovitz et al., 2008], and under light anesthesia [Greicius
et al., 2008]. However, the specific role played by these
regions in the resting state remains a topic of debate, as
does their relationship to those networks recruited for spe-
cific cognitive tasks. While changes in functional connec-
tivity within a network have been measured between the
resting state (when the default-mode network may be
most active) and during task performance [Esposito et al.,
2006; Hampson et al., 2004; Hampson et al., 2006b], few
studies have looked closely at changes in functional con-
nectivity between the working memory and default mode
networks. One recent study that looked at this effect
[Fransson, 2006] described a change in correlations
between a recruited cognitive network and the default
mode network, in response to a particular task. However,
it remains unclear whether the connectivity between work-
ing memory regions and those in the default mode net-
work scales over a range of cognitive loads.

In light of this background, the current study focused
on two specific aims. The first aim was to quantify the
degree to which functional connectivity (rather than just
activation level) within the working memory network is
modulated by cognitive load. Second, we aimed to identify
whether the functional connectivity of the default mode
network (either within itself or between it and the working
memory network) changes as a function of cognitive load.
We hypothesized that if BOLD fluctuations reflect mental
processes, then interregional correlations within the work-
ing memory and the default mode networks should vary
with increasing cognitive loads. Further, we postulated
that connectivity between the working memory network
and default mode network should become increasingly

negative if the role of the default mode network operates
as originally proposed. Taken together, these analyses pro-
vide further insight into the underlying factors affecting
typical measurements of functional connectivity using
fMRI, and increase our understanding of the behaviors of
the working memory and default mode networks and
their role in the normal brain.

MATERIALS AND METHODS

Subjects

Ten healthy subjects were recruited for participation in
this study. All were right handed by self report. The sub-
ject pool consisted of eight female and two male volun-
teers, with an age range of 20–36 years (median ¼ 27
years). All subjects provided informed consent in accord-
ance with procedures approved by the Institutional
Review Board at Vanderbilt University, and were compen-
sated for their participation. Two of the ten subjects were
removed from the study for failure to complete all neces-
sary tasks, yielding data from eight subjects which are pre-
sented here.

Imaging and Initial Processing

All subjects were imaged using a Philips Achieva 3T
MR scanner, using an eight channel SENSE coil. Four
functional data sets were acquired in each subject using a
single shot, gradient-echo echo planar imaging (EPI) pulse
sequence (TR ¼ 2 s, TE ¼ 35 ms) with a SENSE accelera-
tion factor of 1.8. The multislice images covered 12.2 cm of
brain and were acquired axially (matrix size: 64 � 64),
using a field of view of 240 mm. Voxels measured 3.75
mm � 3.75 mm � 3.5 mm. All functional data had slice
timing and motion artifacts corrected, were coregistered
within each subject, were normalized to the MNI 152 tem-
plate using the SPM5 software (http://www.fil.ion.ucl.
ac.uk/spm/software/spm5/), and were spatially
smoothed (Gaussian kernel, FWHM ¼ 8 mm). High reso-
lution T1 weighted anatomic images were acquired using
conventional parameters, and were used to aid spatial
normalization.

Cognitive Tasks

Each subject completed four fMRI runs: three N-back
runs, and one resting state run. The resting state run con-
sisted of 100 images of each slice acquired over 200 s, and
subjects were instructed to lie still with their eyes closed.
Each N-back run consisted of a 300-s (150 image volumes)
block-design portion with N-back and 0-back conditions in
alternating 30-s blocks (15 letters, 3 targets per 30-s block),
followed by a 200-s (100 image volumes) steady-state por-
tion of the N-back task only containing 20 targets (Fig.
1A). These N-back runs were performed with a verbal
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identity working memory N-back task (1-back, 2-back, and
3-back tasks in random order). Stimuli were a single letter
presented visually at the beginning of the acquisition of
each image volume, and subjects were asked to respond
with a button press when the current letter was the same
as that N-letters back.

Regions of Interest

Regions of interest (ROIs) were defined based on statisti-
cal parametric mapping of the block-design portions of the
N-back runs, and were classified into three separate
groups: task positive regions, activated by the working
memory task; task negative regions, deactivated by the
working memory task; and control regions, where signal
showed no significant response to the task manipulation.
These definitions were made using the results of fitting a
general linear model to the block-design data of all N-back

tasks at the individual subject level, and entering the
results into a second level random effects analysis across
subjects. Regions of significant activation and deactivation
during working memory performance were identified
from the group-level statistical contrast of average N-back
signal versus 0-back. To identify positively activated clus-
ters, an uncorrected one-tailed voxel-level threshold of P <
0.001 was applied, followed by a cluster size threshold to
achieve correction for multiple comparisons at a false dis-
covery rate (FDR) of 0.001. [Curran-Everett, 2000; Geno-
vese et al., 2002] Positive activations generally coincided
with previously reported working memory regions
[D’Esposito et al., 1995; McCarthy et al., 1994; Owen et al.,
2005]. For negatively activated clusters, FDR was held to
0.005; deactivations generally coincided with the default
mode network [Greicius et al., 2003; Raichle et al., 2001].
The statistical threshold applied to task negative regions
was raised in order to capture weaker deactivation in left
parietal cortex, a commonly identified default mode

Figure 1.

A: Summary of the N-back tasks. Block designed task data were used for activation map calculation

while steady state data were used for functional connectivity analyses. B: Group activity map, show-

ing the main effect of task across loads. C: ROI locations. Chosen regions generally coincide with

those identified by previous working memory and default mode studies. Red, task positive network;

blue, task negative network; yellow, control regions. ROI number key is in Table I.
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region. [Fransson, 2005] ROIs were defined within these
clusters by retaining all significant voxels within 8 mm of
the cluster peak. Control regions were defined in the occi-
pital cortex using maps showing voxels with no significant
positive or negative activation with respect to the task
(voxel-level P > 0.05 uncorrected), retaining all voxels
within 8 mm of the specified coordinates. Table I lists all
eleven ROIs, their locations (MNI coordinates), and abbre-
viations of our nomenclature. Figure 1C illustrates the
location of each ROI.

Activation Analysis

To compare load-related changes in connectivity to
underlying changes in mean activation, a simple analysis
of activation in each of the block-designed N-back tasks
was performed at the individual subject level. For each
subject, the percent signal change [(SN-back � S0-back)/S0-back
� 100] was calculated for each of the N-back conditions
(N ¼ 1, 2, and 3) in each of the defined ROIs (Table I). The
signals used in this calculation were the average of the final
10 s of each condition across all blocks (to allow for settling
of the hemodynamic response after transitions from one
condition to another), and the mean percent signal change
across subjects was plotted verses cognitive load for each
ROI. An ANOVA was used to determine the effect of load
on activation in each ROI.

Functional Connectivity Analysis

Functional connectivity measures were calculated based
on the steady-state data after discarding the first five vol-
umes from each run. All time series had a discrete cosine
basis high-pass filter with period of 100 s applied to
remove very low frequency trends and drifts, and the
effects of residual correlates of motion (remaining in the
data after image realignment and normalization) were
minimized through linear regression of the first-order esti-
mated motion parameters. Cardiac, respiratory, and global

trends were minimized through regression of the average
signal across the entire brain. [Weissenbacher et al., 2009]
A 0.1 Hz Chebyshev Type II low-pass filter was also
applied. The connectivity measure used was the Pearson
correlation coefficient, converted to an approximately nor-
mal random variable via the Fisher Z transformation
[Fisher, 1928; Hampson et al., 2006b] according to Eq. (1),
where r is the Pearson’s correlation and N denotes the
degrees of freedom (estimated as being equal to the num-
ber of acquired images here).

z ¼ a tan hðrÞpN � 3 (1)

Three separate analyses of connectivity were performed.
In the first, a mean time series was calculated for each ROI
at each load, and these representative time courses were
tested for significant effects of load on their pair-wise cor-
relation using a one way ANOVA using the R statistical
package. (http://www.r-project.org/) Each combination of
ROIs (i.e. path) was tested for this overall effect of load.
Load effects for a single path were considered significant
at P < 0.05 (# paths tested ¼ 54), and significant paths had
their individual measurements at each load compared
using paired t-tests.

In the second connectivity analysis, within network
changes of functional connectivity were measured by cal-
culating the average correlation between all combinations
of regions within each network, at each load. This mea-
surement was termed the path independent connectivity
(PIC) as it is a measure of overall connectivity within each
network. The distribution of values across subjects was
tested for effects of load within the working memory,
default mode, and control networks.

In the third connectivity analysis, we focused on maps
of functional connectivity to each of the working memory
ROIs as a method of identifying whether there was tissue
outside of our ROIs that showed load-related changes in
functional connectivity to the working memory network as
a whole. Typical maps of functional connectivity using
each working memory ROI as a separate seed region were

TABLE I. ROI locations

# Location

MNI coordinates

DescriptionX Y Z

1 Right parietal 33 �45 39 Working memory (Task positive)
2 Right Frontal 33 12 63 Working memory (Task positive)
3 Pre-SMA (pSMA) 0 12 60 Working memory (Task positive)
4 Left Frontal �24 3 54 Working memory (Task positive)
5 Right Prefrontal 45 42 24 Working memory (Task positive)
6 Left Prefrontal (LPFC) �45 9 39 Working memory(Task positive)
7 Prefrontal Dorsal �6 63 30 Default mode (Task negative)
8 Left Parietal �48 �72 36 Default mode (Task negative)
9 Posterior Cingulate (PCC) �3 �39 33 Default mode (Task negative)
10 Right occipital cortex (ROCC) 10 �90 2 Visual (control)
11 Left occipital cortex �10 �90 2 Visual (control)
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calculated for each subject at each load. This resulted in
six maps of functional connectivity for each subject and
load (192 maps total). These maps were then input into a
full factorial ANOVA with factors for subject, load, and
seed region. A map of the main effect of load was calcu-
lated, as were four maps of negative correlations at each
load across subjects and seed regions. Conceptually, these
maps identify voxels that are significantly negatively cor-
related to the working memory network as a whole,
accounting for differences between seed regions and sub-
jects. Load effects were considered to be significant at an
FDR corrected P < 0.05 with no minimum cluster size.

RESULTS

In five subjects, performance was assessed during steady
state N-back acquisitions as the percent of targets correctly
identified (1 back: 98 � 2.7%; 2 back: 79 � 11%; 3 back: 52
� 15%), confirming the increase in task difficulty. A map
of activation/deactivation to the blocked task at the group
level can be seen in Figure 1B. Percent signal changes
were measured during the block designed portion of each
N-back task for each ROI, and are plotted in Figure 2.
Load-related increases in activity were observed in all
working memory regions at significant or nearly signifi-
cant levels, with negligible changes occurring when
increasing load from 2 Back to 3 Back conditions.

Six paths (pairs of ROIs) were found to show changes in
functional connectivity related to cognitive load. These
included paths within the working memory network (Left
Frontal - Left Prefrontal, P ¼ 0.007; PreSMA - Right Fron-
tal, P ¼ 0.022; PreSMA - Left Prefrontal, P ¼ 0.025), within
the default mode network (Prefrontal Dorsal - Posterior
Cingulate, p ¼ 0.006), and between the working memory
and the default mode network (Right Parietal - Posterior

Cingulate, P ¼ 0.030). One path showed load effects
between the left frontal working memory (task positive)
region and the left occipital region of interest (P ¼ 0.047).
None of these statistics remain below the 0.05 threshold
when Bonferroni corrections for the number of region
pairs tested are applied. However, the ensuing paired t-
tests confirmed individual differences between some loads
for each path, with the most consistent difference being
between the resting state condition and the 2back condi-
tion (5/6 paths, P < 0.05). This difference represented an
increase for all paths except the one spanning between the
working memory and default mode networks (Right Parie-
tal - Posterior Cingulate), in which case there as a connec-
tivity decrease as load increased.

Analyzing the average within network changes in func-
tional connectivity, Figure 3 shows functional connectivity
within the working memory and within the default mode
networks as a whole increased as a function of load (P ¼
0.063 and P ¼ 0.037, respectively), with no such load effect
within the control network (P ¼ 0.12) or between the
working memory network as a whole and the default
mode network as a whole (P ¼ 0.73).

Collective analysis of the connectivity maps for each of
the defined working memory regions of interest showed a
cluster of voxels with load dependent functional connec-
tivity in the posterior cingulate cortex (FDR, P < 0.05; Fig.
4). Inspection of the negative correlations to the working
memory network shows that this dorsal and anterior
region of the PCC presents increasingly negative correla-
tions to the working memory network as working memory
load increases (see Fig. 5), representing changes in connec-
tivity between the working memory network and part of
the default mode network. Furthermore, this region of the
posterior cingulate is spatially distinct from any region
showing load-related changes in gross activity in response
to the block designed task, shown by Figure 6.

Figure 2.

Percent signal changes were measured during the block designed portion of each N-back task.

ROI numbers (see Table I) and significance of the effect of task (measured via one way ANOVA)

are listed alongside ROI names. Note that only working memory regions had significant or nearly

significant effects of load on activation during the block designed task.
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DISCUSSION

We have presented results from three analyses of steady
state functional connectivity in the working memory and
default mode networks. As prior work demonstrated graded
load effects in the motor network [Newton et al., 2007], this
study suggests that a similar behavior occurs in a cognitive
domain (working memory) across a range of cognitive loads.
Comparing connectivity measured in the resting state to that
measured during steady-state task performance, these data
confirm previously reported increases in steady-state connec-
tivity within the working memory network across a wider
range of conditions. [Hampson et al., 2006a]

Building on the confirmation of dynamic functional con-
nectivity within the working memory network, the second
goal of this work was to determine how connectivity
changes within the default mode network and potentially
between the default mode network and the working mem-
ory network in the context of a continuous working mem-
ory task. When we focus on average connectivity
measured between all pairs of regions belonging to the
same network (the PIC, Fig. 3), functional connectivity
within both the default mode and the working memory
networks increases as a function of load, supporting the
view that functional connectivity dynamically changes
within cognitive networks according to the cognitive

Figure 4.

(Left) Regions of the default mode network visualized in a sagittal

view of group deactivations to the block designed task (FDR P <
0.05, no minimum cluster size). (Right) The results of a full facto-

rial ANOVA performed on maps of functional connectivity to all

of the working memory ROIs (ROI 1–6, Table I). The voxels con-

taining significant negative correlations to the working memory

network are shown for each load, and the arrow calls attention to

a part of the posterior cingulate cortex whose negative correla-

tions become increasingly significant as a load increases, verified in

the F-contrast showing regions significantly affected by load.

Figure 3.

Mean � standard deviation across subjects of the path inde-

pendent connectivity (PIC) measure within networks. The PIC

was calculated as the mean connectivity across all possible pairs

of ROIs within each specified network (i.e. Pos - Pos reflects

the average connectivity of every working memory ROI to every

other working memory ROI. Grey bars link loads that are signif-

icantly different (**P < 0.05) or nearly significantly different (*P

< 0.1) as defined by paired t-tests. Results show increases in

functional connectivity within the working memory and within

the default mode network as load increases, with no significant

changes between the control regions. Pos, task positive; Neg,

task negative; Ctrl, control network.
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demands present. Figure 3 demonstrates increased syn-
chrony within the default mode network as working mem-
ory load increases which is contrary to some previous
reports [Fransson 2006] that suggest that correlations
within the default mode network trend towards zero as
cognitive load increases. However, our data replicate pre-
viously reported findings of negative correlations between
working memory regions and the posterior cingulate cor-
tex (see Fig. 4), a default mode region previously identi-
fied. [Fox et al., 2005; Greicius et al., 2003] Our results in
the posterior cingulate cortex expand on these findings by
suggesting that the relationship between the working
memory and default mode networks is affected not just by

the presence of a task but also by the task load. Functional
connectivity measured under conditions other than rest
may provide new information augmenting that obtained
from passive subjects alone.

Whether or not these changes in functional connectivity
occur linearly, or are subject to a ceiling effect remains
unclear. Figure 2 suggests that working memory regions
experience load-related increases in the mean BOLD signal
that taper off at very high loads (N ¼ 2; N ¼ 3), an effect
that was relatively uniform across working memory
regions. This may be the result of drops in the accuracy of
task performance during the three back task, which could
affect the measurements of steady state functional connec-
tivity at these high loads as well. However, this cannot be
confirmed given these data.

However, our data do suggest that load-related changes
in mean activity do not necessarily predict the presence of
load-related changes in connectivity. Load-related changes
in the mean BOLD signal were not observed among most
default mode regions (see Fig. 2), while load-related
changes in functional connectivity were observed in the
posterior cingulate cortex (see Fig. 4). The results pre-
sented in Figure 6 also speak to this point in that they
show spatially distinct regions of the posterior cingulate
cortex that present load-related changes in activity and
connectivity respectively. Because the current study simply
focused on whether mean connectivity fluctuated as a
function of load, this spatial mismatch between activity
and connectivity load effects could be better supported by
future studies more rigorously comparing block designed
activation and steady state functional connectivity, poten-
tially including measurements of connectivity variability
over time as has been recently suggested. [Chang and
Glover, 2010]

While we have confirmed the presence of load-related
changes in functional connectivity in the working mem-
ory/default mode networks, the logical next step is to
detail the origin of load-related changes in functional con-
nectivity. Presumably, some aspect of the cognitively
demanding task is changing the low frequency variance in
the measured BOLD signals, though what aspect of the
task is responsible for this change remains unclear. Possi-
ble explanations include task performance whose variabili-
ty may increase as a function of load. However, other
factors like attention and oddball effects related to target
identification ought to be considered as well.

One interpretation of the different locations of activity
and connectivity load effects is that there are functional
subdivisions within the large region of deactivation gener-
ally covering the posterior cingulate cortex. Evidence al-
ready exists that there may be at least two areas
encompassed by this deactivation including the posterior
cingulate cortex and restrosplenial cortex, with the latter
lying more posterior and inferior to the other. [Buckner
et al., 2008; Kobayashi and Amaral, 2007] Evidence in
other species suggests that regions of the posterior cingu-
late cortex modulate their activity based on visual input

Figure 5.

Quantification of the effect of load on functional connectivity

between the region highlighted in Figure 4 and the working

memory network. (top) An ROI was defined as the overlap

between those cingulate voxels that are negatively correlated to

the working memory network (across loads, P < 0.05, FDR cor-

rected) and whose connectivity was significantly affected by load

(P < 0.05 uncorrected). (bottom) A standard box plot of the

ROI’s connectivity to the working memory network at each

steady state load. Box lines are at the lower quartile, median,

and upper quartile of the data. Whiskers extend from each end

of the box to the adjacent values in the data. Outliers are data

with values beyond the ends of the whiskers. Note that func-

tional connectivity to the working memory network becomes

increasingly negative within the ROI as load increases.
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[Olson and Musil, 1992], based on the processing of eye
movements [Olson and Musil, 1992; Olson et al., 1996;
Sikes et al., 1988], and based on spatial orientation/mem-
ory and learning [Markowska et al., 1989; Murray et al.,
1989]. Continued subdivision along the cingulate gyrus in
humans may be possible as well, evidenced by studies of
the anterior cingulate cortex. [Margulies et al., 2007] Func-
tional subdivision along the posterior cingulate cortex may
be important to understand in light of the large number of
studies of the default mode network. [Buckner et al., 2008]

The dynamic nature of changes in our measured func-
tional connectivity may have particular relevance for inter-
preting the behavior of the default mode network. The
basic default mode hypothesis distinguishes between those
brain regions that are primarily engaged in the resting
state (default mode), and those that are not. Speculations
on the underlying cognitive differences between the rest-
ing state and other ‘active’ conditions have focused on
classifying thoughts into different types. For example, it
has been posited that task-related (default mode) deactiva-
tions may be related to switching from introspective, self-
oriented thought to attention demanding, goal-oriented
thought [Gusnard et al., 2001; Raichle et al., 2001]. Frans-
son suggests that there may be more than one type of cog-
nition being accomplished by the default mode network,
with example functions being self-representation and self-
referential mental events [Fransson, 2006], or self-reflective
and self-referential thought [Fransson 2005], though these
hypotheses still operate under the assumption that the
default mode network is either active or not depending on
the type of thought. Figure 4 suggests that functional con-

nectivity may not be modulated in a binary fashion (repre-
senting a ‘‘turning on’’ or a ‘‘turning off’’ of the
synchronization within a given network), but instead may
be modulated in a gradual fashion as cognitive load
changes. This may also argue against a simple cessation of
one type of thought in favor of another. It is also possible
that this changing synchrony between brain regions repre-
sents inhibition modulated by a third region of the brain
[Greicius et al., 2003], though the role of BOLD synchrony
in measuring inhibition is beyond the scope of this study.

While our study highlights the variability of functional
connectivity across different cognitive conditions, recent
evidence suggests that connectivity is variable within long
resting state periods as well [Chang and Glover, 2010]. In
that study, it was speculated that this variability over rest-
ing state acquisitions lasting as long as 15 min may result
from unprompted changes in the cognitive state of the
subjects. They go on to show that some regions of the
brain are more variable than others, providing one expla-
nation for the differences in the variability of connectivity
measurements within the networks described in Figure 3
of this study. Our finding that connectivity modulates as a
function of working memory load supports their claim
that variable cognitive conditions could contribute to vari-
able resting state connectivity. However, our finding also
suggests that subtle, uncontrolled changes in cognitive
conditions of subjects can be dominated by controlled
changes in cognitive demand. Also, our findings of
increased synchronization between some regions with
increased loads may reflect a more controlled and, there-
fore less temporally variable brain state as they describe.

Figure 6.

A comparison highlighting the differences between load effects

on activation and load effects on connectivity. Shown are sagittal

views of the results of an ANOVA of activation maps (left) and

working memory functional connectivity maps (right) in all eight

subjects. The position of the cross-hairs highlights the spatial dif-

ferences between the regions of the posterior cingulate cortex

identified as being affected by load even when region boundaries

are liberally defined with a relaxed statistical threshold (shown

above, P < 0.01, uncorrected).
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The practice of using global time course regression as a
standard preprocessing step for correlation analyses (as we
have done here) has recently been debated [Murphy et al.,
2009]. The purpose of global time course regression is to
remove sources of variance that are common to the entire
brain that may decrease our sensitivity to underlying, neu-
ronally driven signals. It was argued that regression of the
global time course may artificially introduce negative cor-
relations instead of revealing true negative correlations
that underlie noise. For this reason, it has been suggested
that extra caution be used when interpreting negative cor-
relations between BOLD signals following global time
course regression, particularly negative correlations involv-
ing signals from the default mode network [Murphy et al.,
2009; Weissenbacher et al., 2009]. More recent studies
report that the negative correlations between the working
memory network and the default mode network have an
underlying biological basis [Fox et al., 2009], and are pres-
ent both before and after model based removal of cardiac
and respiratory noise. [Chang and Glover, 2009] It has also
been asserted that the global time course is truly ‘global’,
and thus not overly sensitive to signals from default mode
regions [Fox et al., 2009], and that a large portion of its
variance can be explained by cardiac and respiratory fluc-
tuations. [Chang and Glover, 2009] This suggests that
methods employing global time course regression may not
inappropriately manipulate the correlations within the
brain, but are at least partially regressing out non-neuro-
nally driven signal variance. Still, the origin of the remain-
ing variance (i.e. unexplained by respiration and cardiac
pulsation) in the global time course remains to be deter-
mined, and may have implications for how these correla-
tions are interpreted in the future. Measurement of load
effects with and without global signal removal in future
studies may provide insight into the efficacy of using
global signal regression as a preprocessing tool.

Our finding that functional connectivity changes as a
function of cognitive demand may also be important for
studies developing methods for connectivity measurement
in traditional fMRI data, as the temporal dynamics of
these connectivity changes remain unclear. Measuring
connectivity during traditional fMRI protocols would be
useful because successful techniques could greatly
increase the amount of candidate data available for con-
nectivity analysis. One method [Fair et al., 2007] uses
short segments of steady-state data from within larger
blocks of a condition acquired during a block designed
experiment. In this case, our results suggest that func-
tional connectivity would not remain constant as a subject
transitions from one condition to another, and some time
must be required to achieve the associated load-related
changes in functional connectivity. If the demand induced
changes in functional connectivity occur slowly compared
to the length of task blocks (i.e. blocks were short relative
to the time required for connectivity changes to occur),
then estimating connectivity over the entire length of
those blocks may produce poor estimates of the true con-

dition dependant functional connectivity. The temporal
dynamics of these changes remain unclear and should be
investigated further.

This study presents several other opportunities for
extension beyond those already mentioned. First, the com-
plicated functional connectivity of the posterior cingulate
cortex, and the potential for functional subdivision along
the cingulate gyrus warrants further investigation. Second,
the relatively low number of subjects used in this study
and the low accuracy of the three back performances
necessitates further work to confirm whether modulation
of functional connectivity tapers off at high cognitive
loads, as our data suggest. Last, there is an opportunity to
expand our investigation of the functional connectivity of
the default mode network beyond just these ‘‘central’’
regions. This expansion may include other regions that are
more peripherally associated with the default mode net-
work or may include regions from other networks
throughout the brain. This could lead to a better under-
standing of the underlying functional role played by the
default mode network.

CONCLUSIONS

In conclusion, we have demonstrated that functional
connectivity within the working memory network is
modulated by working memory load (i.e. task condition),
culminating in increased synchrony between signals from
various working memory regions. Similar results were
shown for functional connectivity within the default mode
network. Furthermore, our results in the posterior cingu-
late cortex suggest that the functional connectivity between
working memory regions and some default mode regions
changes with load as well.
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