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Abstract
Several brain areas show signal decreases during many different cognitive tasks in functional imaging
studies, including the posterior cingulate cortex (PCC) and a medial frontal region incorporating
portions of the medial frontal gyrus and ventral anterior cingulate cortex (MFG/vACC). It has been
suggested that these areas are components in a default mode network that is engaged during rest and
disengaged during cognitive tasks. This study investigated the functional connectivity between the
PCC and MFG/vACC during a working memory task and at rest by examining temporal correlations
in magnetic resonance signal levels between the regions. The two regions were functionally
connected in both conditions. In addition, performance on the working memory task was positively
correlated with the strength of this functional connection not only during the working memory task,
but also at rest. Thus, it appears these regions are components of a network that may facilitate or
monitor cognitive performance, rather than becoming disengaged during cognitive tasks. In addition,
these data raise the possibility that the individual differences in coupling strength between these two
regions at rest predict differences in cognitive abilities important for this working memory task.
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Introduction
Meta-analyses of functional imaging studies involving a wide range of tasks have identified a
set of brain areas that typically have higher signal levels at rest than during cognitive tasks
including the posterior cingulate cortex (PCC) and a medial frontal region including parts of
medial frontal gyrus and ventral anterior cingulate cortex (MFG/vACC) (Shulman et al.,
1997; Mazoyer et al., 2001). It has been suggested that these regions may form a default mode
network that is active at rest and suspended during cognitive tasks (Raichle et al., 2001). This
is a reasonable hypothesis; however, there are other plausible explanations for these
deactivations that have received less attention.
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It is possible that decreased metabolic activity in these regions is associated with increased
engagement of the regions. An inverse relationship between activation (as measured via
functional imaging) and engagement appears to exist in other parts of the brain. For example,
deactivation in the hippocampus (and adjacent regions) has been reported during a transverse
patterning task (TPT) and during virtual navigation of a radial arm maze (RAM) (Astur and
Constable, 2004; Astur et al., 2005). These task are believed to require engagement of the
hippocampus, as the ability to perform TPT or to navigate RAMs is disrupted by hippocampal
damage (Olton et al., 1979; Reed and Squire, 1999) (but see Bussey et al., 1998). Thus, activity
in the hippocampus during these tasks appears to be inversely related to engagement. One
possible mechanism for such an inverse relationship is the coding of information in terms of
neural synchrony rather than rate of neural firing. Along these lines, it is interesting to note
that the theta rhythm (reflecting synchronized neural activity around the 4-7 Hz range) is
associated with memory and cognitive function (Gevins et al., 1997; Tesche and Karhu,
2000) and has been related to decreased metabolism (Uecker et al., 1997).

Thus, in some circumstance, deactivation of a brain area may be related to increased (rather
than decreased) engagement. Fortunately, the degree of functional connectivity between brain
areas can provide us with more direct information regarding their engagement with one another.
This approach is used here to investigate the basis of deactivations in the default mode network.

Strong functional connectivity between nodes in the default mode network has been found at
rest, supporting the theory that they function together during rest (Grecius et al., 2003; Laufs
et al., 2003; De Luca et al., 2006; Fransson, 2005). The default mode theory would also predict
that engagement between these regions should diminish during cognitive tasks, because of
suppression of the circuit during task execution. However, connectivity between these regions
has not been evaluated previously during cognitive tasks. In addition, the relationship between
connectivity within the network and task performance has not been examined, although such
connectivity-behavior analyses can provide unique insight into brain function (Hampson et al.,
2006). For example, if connectivity between regions in the default mode network during a
cognitive task were negatively correlated with task performance, it would suggest that the
circuit interferes with or distracts from cognitive processing.

This study tested the hypotheses that connectivity between the MFG/vACC and PCC differs
during a working memory task and rest, and that connectivity between the two regions is related
to task performance. Our hypotheses [on which our region-of-interest (ROI) analyses are
based] focus on these two regions because they are frequently deactivated during functional
imaging studies (Shulman et al., 1997; Mazoyer et al., 2001) and because their resting
connectivity patterns in healthy adults have been described previously (Grecius et al., 2003).

Interregional connectivity was assessed via two different methods. First, a seed region approach
was used. This approach had the advantage that it provided connectivity maps for visualization,
but the disadvantage that regions were not defined in the same manner, because the seed was
treated in a special way. Therefore, a second analysis that defined the two regions in an identical
manner was also performed (as suggested by an anonymous reviewer of this paper).

Materials and Methods
Subjects

Data from nine healthy subjects (ages 28-45; five women and four men) were analyzed. Data
collection and analyses were approved by the Human Investigations Committee of the Yale
School of Medicine (New Haven, CT).
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Data acquisition
Subjects were scanned in a GE (Waukesha, WI) 1.5T Signa LX scanner. T1-weighted
anatomical data were collected for 16 5 mm axial slices (parallel to a line passing through the
anterior and posterior commissures). Twelve functional imaging scans were then collected in
the same locations, using a T2*-sensitive gradient-recalled, single-shot echoplanar pulse
sequence (repetition time, 1500 ms; echo time, 50 ms; flip angle, 70°; 64 × 64 matrix; 20 × 20
cm field of view). Each scan was 3 min, 12 s long and involved the collection of 128 images
(first four were discarded).

Experimental paradigm
Of the 12 functional scans, two were block design and alternated three times between baseline
and verbal working memory blocks. There was a 1 s introduction to each block followed by
the presentation of 10 stimuli (each presented for 500 ms followed by 2500 ms of a
checkerboard mask) for a total of 31 s per block. In the baseline task, subjects pressed one
button each time the letter A appeared on the screen and another button when other letters
appeared. The remaining 10 scans were steady state scans used for functional connectivity
analyses. Five of these were resting scans. In the other five, subjects performed the three-back
task throughout the scan. Scan types were interleaved in a manner that varied across subjects.

Data analyses
Preprocessing—Data were motion corrected using the SPM99 (Statistical Parametric
Mapping 99) algorithm (http://www.fil.ion.ucl.ac.uk/spm/). A spatial Gaussian filter (two
pixels full-width at half maximum) was applied. Pixels with a median value below one-fifth
of the maximum median pixel value were set to zero. For the data used in correlational analyses,
both a high-pass filter (0.01 Hz) and a low-pass filter (0.2 Hz) were applied. The cutoff for the
low-pass filter was selected to preserve the blood oxygen level-dependent signal while
removing higher-frequency noise.

Activation analyses (block design paradigm)—Images from the two block-design
scans were assigned to task or baseline blocks after adjusting for hemodynamic delay. For each
subject at each pixel, percent signal change across conditions was computed in each of the two
scans separately and averaged across the scans, yielding a map representing that subject's
percent signal change in the block-design scans. These maps were transformed to Talairach
space and the percent signal changes with conditions for each pixel were compared across
subjects (using a two-tailed t test) to a distribution with a mean of zero to yield a composite
map of the significance of activations/deactivations to the block-design task.

For each subject, a t test was also performed at each pixel comparing signal level during task
to signal level during baseline in each scan and averaged across scans to yield a t-map of
activation for that subject. These t-maps were used to functionally define the seed region (MFG/
vACC) to be used in a seed-region based correlation analysis. The MFG/vACC seed region
was defined in each subject to be that subject's eight most deactivated pixels falling within the
MFG [Brodmann's area (BA) 9/10] or the vACC (BA24/32 below z = 26). The total volume
from which these pixels were selected encompasses ~19 cm3 in the Talairach brain.

Functional connectivity maps—The reference time course for a given subject was
computed by averaging the time course across all eight pixels in their functionally defined
MFG/vACC reference region. That reference time course was then correlated with the time
course of every other pixel in the brain within each resting or continuous working memory
scan, after removing the effect of the mean time course of the slice in which the pixel was
located.
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For each of the steady-state scans, the resulting correlations were transformed to a Gaussian
distribution via Fisher's transformation. By fitting the distribution (to full-width at half
maximum) with a Gaussian and adjusting for SD and mean, the data from each map were
transformed to a standard normal distribution (Lowe et al., 1998; Hampson et al., 2002). The
maps from the resting scans of each subject were then averaged (and adjusted for the decrease
in SD associated with that averaging) to yield a map representing the strength of resting state
functional connectivity to the MFG/vACC area in terms of standard normal Gaussian variables
(z values). Similarly, the z-transformed correlation maps were combined across continuous
working memory scans to yield a map representing functional connectivity to the MFG/vACC
during the working memory scans in terms of z values.

Composite functional connectivity maps—The resting functional connectivity map of
each subject was transformed to Talairach space, and a pixel-wise t test was applied to produce
a map of the significance of resting correlation to the MFG/vACC across subjects. Similarly,
a composite map of correlations to the MFG/vACC in the working memory condition was
computed.

Assessing strength of functional connectivity in each subject
Method 1: seed region-based analysis (based on MFG/vACC correlation maps): The
composite activation map was thresholded at p = 0.005 and cluster filtered to remove
activations of <10 pixels. The PCC ROI was defined to include all deactivated pixels in the
PCC (BA23, BA31) and contiguous deactivation extending into the precuneus (BA7). For each
condition, in each subject, strength of the MFG/vACC to PCC correlation was assessed as the
average z-transformed correlation to MFG/vACC across all pixels in the PCC ROI of the
Talairach-transformed correlation map for that subject.

Method 2: direct correlation of average ROI time courses: The MFG/vACC and PCC ROIs
were both defined based on the composite activation map and were propagated back to the
individual subjects' brains (using an inverse Talairach transform). For each scan of each subject,
the average time courses of the two ROIs were correlated and the resulting r values transformed
to a Gaussian distribution (with an expected mean of zero because of slice mean removal) via
Fischer's transform. These Gaussian values were averaged across resting scans to yield an
estimate of resting state functional connectivity, and across working memory scans to yield an
estimate of connectivity in the working memory condition.

Significance of connectivity strength in different conditions—t tests were used to
assess the significance of functional connectivity across subjects in each condition, and the
change in connectivity with condition.

Connectivity- behavior correlations—Working memory performance for each subject
was assessed as the average percent correct across continuous working memory scans. These
numbers were correlated across subjects with the strength of subjects' MFG/vACC to PCC
correlations (as assessed via each of the two methods) in the resting and working memory
conditions separately, and transformed to p values via a standard r-to-z transform (n = 9). The
change in connectivity across conditions was also correlated with working memory
performance.

Results
Activations and deactivations to working memory task

The working memory task activated the dorsolateral prefrontal cortex bilaterally (BA9/46),
left ventrolateral prefrontal cortex (BA44), left premotor cortex (BA6), right frontal pole (BA
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10), bilateral inferior parietal lobule (BA40), a region at the junction of dorsal anterior cingulate
cortex and medial frontal gyrus (BA8/32), right insula, right temporal gyrus (BA21/37), and
a subcortical region at the junction of the left thalamus, caudate, and lenticular nucleus. These
areas are highly consistent with activations reported in other working memory studies that have
used a verbal n-back task (Owen et al., 2005). More importantly, the task deactivated a typical
example of the default mode network, including the MFG/vACC, PCC, and portions of left
BA39/19. The composite activation map is shown in Figure 1.

Connectivity analyses
Because the two methods of assessing functional connectivity strength yielded the same
findings for both the ROI analyses and the connectivity- behavior correlations, only those from
Method 1 are presented.

Similar to the findings reported by Grecius (2003), the region showing the most pronounced
positive correlation to the MFG/vACC during rest, aside from itself, was the posterior cingulate
cortex (Fig. 2a). ROI analysis revealed a significant correlation between the MFG/vACC and
PCC at rest ( p = 0.003).

Bilateral loci of positive correlation to the MFG/vACC were also found in the middle and
superior frontal gyri (BA8/9) and in the inferior parietal cortex (BA39/40). Although these
were not identified in the vACC functional connectivity analysis of the Grecius (2003) study,
they are proximal to loci reported in studies of resting functional connectivity to PCC (Grecius
et al., 2003; Fransson, 2005) and are regions that were identified in the original meta-analyses
of areas that show decreased signal to a variety of tasks (Shulman et al., 1997; Mazoyer et al.,
2001). Thus, the areas of positive connectivity to the MFG/vACC at rest (Fig. 2a) are consistent
with our knowledge of the default mode circuit.

During the working memory task, the posterior cingulate cortex was still apparent in the MFG/
vACC composite correlation map (Fig. 2b), and ROI analysis once again revealed a significant
correlation between the two regions during the working memory task ( p = 0.004). Although
the strength of correlation to the MFG/vACC in the PCC appears diminished in the working
memory condition relative to the resting condition in the composite correlation maps, ROI
analysis did not reveal a significant difference across condition (possibly because of power
limitations).

Other loci showing positive correlations to the MFG/vACC during the working memory task
include left superior frontal gyrus (BA9), left sensorimotor cortex (BA3), cuneus (BA19),
rostral PCC (BA31/24), and two loci in the left middle temporal gyrus (BA39 and BA21).
Many of these areas have been associated with the default mode circuit in previous studies.
More specifically, the left superior frontal gyrus was identified in the first meta-analyses of
regions deactivating to a range of tasks (Shulman et al., 1997), as well as in studies of resting
connectivity to PCC (Grecius et al., 2003; Fransson, 2005). Both loci in the middle temporal
gyrus are proximal to regions that were reported to be functionally connected to the PCC at
rest, and the rostral PCC region has been reported previously to be functionally connected with
vACC at rest (Grecius et al., 2003). Thus, during task, as well as at rest, MFG/vACC is
functionally connected with many areas that have been previously implicated in the default
mode network.

It is interesting to note that several classic working memory areas can been seen as negative
correlations in the maps of connectivity with the MFG/vACC, and particularly in the map of
connectivity during the working memory task (Fig. 2b). These include the bilateral dorsolateral
prefrontal cortex, left ventrolateral prefrontal cortex, and the inferior parietal lobule.
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Connectivity-behavior correlations
The connectivity- behavior analysis revealed that working memory performance was
significantly positively correlated with MFG/vACC to PCC connectivity in the resting
condition ( p = 0.01). Working memory performance was also significantly positively
correlated with MFG/vACC to PCC connectivity in the working memory condition ( p = 0.04).
Working memory performance was not significantly correlated with changes in connectivity
across conditions. Table 1 provides data on individual subjects' functional connectivity and
their performance. It is interesting to note that the pattern of connectivity strength across
subjects (Table 1, columns 1, 2) was highly correlated for the two conditions ( p = 0.002).

Discussion
Physiologic noise

Physiological noise in functional connectivity studies can reduce power or yield artifactual
correlations (Lowe et al., 1998; Raj et al., 2001; Birn et al., 2006; Lund et al., 2006). These
noise sources include cardiac-induced signal changes (Dagli et al., 1999), artifacts arising in
synchrony with the respiratory cycle (Raj et al., 2001), and low-frequency variations in
respiration rate or depth (Birn et al., 2006). The last of these noise sources is particularly
problematic for this study because the spatial location of artifacts related to these respiratory
effects was found to overlap with the default mode network (Birn et al., 2006).

The time courses of physiological fluctuations were not recorded in this study and, thus, could
not be retrospectively removed from the data. However, a recent study reported that regressing
out global signal change provided comparable results to the recording and subsequent removal
of low-frequency respiratory fluctuations (Birn et al., 2006). In this study, a similar approach
was adopted, with the modification that the mean time course of the slice was removed rather
than the global time course. Because it is done on a slice level, this approach is better at reducing
noise caused by transient physiologic fluctuations that occur during part of the volume
collection and that can lead to elevated correlations between slices collected next to one another
in time.

We expect the removal of slice mean to be most successful for respiratory noise, because the
motion and susceptibility effects associated with respiration are relatively broadly spatially
distributed. Cardiac effects are more localized and, thus, less well characterized in the mean
signal; however, examination of the correlation maps does not reveal patterns similar to those
shown (Dagli et al., 1999) to characterize cardiac noise. Therefore, in our opinion, it is unlikely
that our findings are attributable to such confounds. Future studies of functional connectivity,
and particularly those involving the default mode network (as it includes areas where there is
substantial physiologic noise), could address this issue more thoroughly by collecting data on
physiological fluctuations during the scans. A variety of methods to remove noise arising from
monitored physiological sources that are under-sampled in the imaging data have been
described previously (Hu et al., 1995; Glover et al., 2000; Lund et al., 2006).

Implications for default mode theory
A significant correlation was found between the MFG/vACC and PCC in the resting state. This
is consistent with previous studies reporting that these regions are components in a network of
regions that show coherent signal fluctuations at rest (Grecius et al., 2003; Laufs et al., 2003;
De Luca et al., 2006; Fransson, 2005), and supports the possibility that these regions function
together during rest, as suggested in the default mode hypothesis.

A significant correlation was also found between the MFG/vACC and PCC during the working
memory task, suggesting that the network was still engaged during the task. This finding can
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be explained in terms of the default mode hypothesis by assuming that subjects were not
continuously performing the task and, thus, were intermittently activating the default mode
network, and/or by positing that default mode processes can be carried on in parallel with task
performance. People commonly experience mental events that are unrelated to immediate
sensory input. This phenomenon, referred to as stimulus-independent mentation, or SIM
(Singer, 1988), may be an aspect of default mode processing. All subjects in this study were
scoring >75% on a challenging (three-back) working memory task, suggesting that they were
attending well to the task. However, SIM has been found to occur even during cognitive tasks
that require attention, such as a pitch-comparison task with stimuli arriving once per second
(Antrobus et al., 1966). Thus, it is possible subjects in this study were engaging in SIM during
their working memory scans and that connectivity between the MFG/vACC and PCC in the
task condition is related to this task-irrelevant processing.

However, the positive correlation between task performance and MFG/vACC to PCC
connectivity during the working memory scans was surprising in this context. If task-irrelevant
mental processes compete with task processes for cognitive resources, we would expect a
negative relationship between task performance and the degree of engagement of the default
mode circuit. For example, in a previous study, occurrence of SIM was associated with
decreased cognitive performance (Teasdale et al., 1995). Similarly, in this study, a negative
correlation between working memory performance and task-irrelevant mental processing (and
thus MFG/vACC to PCC connectivity) would be expected. On the contrary, a significant
positive correlation between performance and connectivity was found. Thus, it does not appear
that engagement between these two regions detracts from cognitive performance.

Metabolism, interregional connectivity, and performance
Recent studies have reported regional changes in activity that are inversely related to
performance (Otten and Rugg, 2001; Daselaar et al., 2004; Drummond et al., 2005; Gonsalves
et al., 2005; Polli et al., 2005). These studies highlight the importance of examining the role
of deactivations as well as activations when studying brain function. However, studies such as
these that examine the relationship between regional metabolic activity level and performance
cannot address how the engagement of regions within a given network is related to
performance, because it is unknown how deactivations are related to inter-regional interaction.
It is possible that a region may deactivate when the circuit it belongs to is suppressed and the
decreased interaction between component regions results in decreased metabolic demand.
However,it is also theoretically possible that a region's firing rate could drop below baseline
when its neural firing patterns become phase-locked with other regions if that phase-locking
involves a lower firing rate than baseline. In the first case, deactivation would be associated
with decreased engagement between regions, in the latter, it would be associated with increased
engagement between regions. In this study, a complementary approach is used that is designed
to examine specifically how the engagement between regions is related to cognitive
performance. By correlating behavior with inter-regional functional connectivity (rather than
with regional activation measures), the inter-regional engagement is related directly to
performance.

This approach has revealed the surprising finding that working memory performance is
positively related to functional connectivity in the so-called default mode network (as measured
both at rest and during task performance). This suggests that these areas may be part of a
network that facilitates cognitive performance. Given that the resting scans were interleaved
with the working memory scans, it is also possible that the strength of this connection was a
reflection of performance, rather than a predictor of it. Finally, we cannot rule out the possibility
that the correlation is incidental and that the interaction between these regions does not directly
influence or reflect performance (e.g., perhaps some third variable influences both connectivity
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and performance). Regardless of the precise basis of this finding, the positive relationship
between functional connectivity and performance challenges the view that interactions
between component regions of the default mode network detract from cognitive performance.

More generally, correlations between brain connectivity and behavior provide a powerful tool
for investigating individual differences and their relationships to neurocircuitry (Hampson et
al., 2006). For example, in a previous study of effective connectivity between brain areas during
a working memory task, correlations were computed between effective connectivity and both
performance and self-reported strategy measures. These correlations yielded insights into the
brain networks underlying effective (and less effective) working memory strategies (Glabus
et al., 2003). In the current study, a pattern of connectivity across subjects was found that was
similar during rest and task scans, and that was related to performance. The stability of the
pattern across conditions suggests that the strength of this brain connection may be related to
some stable subject trait such as a cognitive skill or a personality dimension, which in turn may
be related to performance. Many studies have examined the relationship between personality
and brain activity, as measured via a variety of functional imaging techniques (Ebmeier et al.,
1994; Fischer et al., 1997; Canli et al., 2001; Gusnard et al., 2003). It would be interesting to
extend this approach by examining the relationship between personality and brain connectivity,
and in particular, to see how connectivity between the MFG/vACC and PCC is related to
personality dimensions.

Clinical implications
Interestingly, a previous study found weaker connectivity in the “default mode” network of
subjects with Alzheimer's disease relative to healthy older subjects (Grecius et al., 2004).
Because episodic memory has been proposed as one of the possible resting state activities that
the default mode circuit engages in, the findings in that study were interpreted in terms of
disrupted episodic memory function in Alzheimer's disease. However, decreased connectivity
within the so-called default mode network of Alzheimer's patients is also consistent with our
findings that connectivity in the circuit is related to performance on demanding cognitive tasks,
as Alzheimer's disease is associated with a general disruption in cognitive function.

More generally, if resting state connectivity between these regions is a marker of particular
cognitive abilities, the strength of this connection could provide diagnostic information across
a range of mental disorders that involve disrupted cognitive function including schizophrenia,
Alzheimer's disease, and mild cognitive impairment. The pattern of connectivity between these
regions, and also the patterns of their connectivity to other parts of the brain, should be
examined and related to clinical conditions.
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Figure 1.
Composite map of activation to block-design working memory task ( p < 0.005, uncorrected).
Positive activations are white and deactivations are black.
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Figure 2.
a, b, Composite maps of correlations to MFG/vACC during resting scans (a) and working
memory scans (b)( p < 0.005, uncorrected). Positive correlations are white and negative
correlations are black.
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