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a b s t r a c t
According to the default-mode interference hypothesis, suboptimal performance in tasks requiring selective
attention occurs when off-task processing (e.g., mind wandering) supported by default-mode regions
interferes with on-task processing (e.g., attention) enabled by task-positive regions. In the present functional
MRI study, we therefore investigated whether suboptimal performance in a selective attention task was
linked to heightened interactions between a key default-mode region (the posterior cingulate cortex; PCC)
and a key task-positive region (the left dorsolateral prefrontal cortex; DLPFC). We also investigated whether
heightened interactions between the PCC and the left DLPFC were linked to enhanced future performance,
consistent with prior data suggesting that such interactions index adaptive changes to the cognitive system. In
line with both of these predictions, increases of current-trial functional connectivity between the PCC and the
left DLPFC were linked to increases of response time in the current trial (i.e., suboptimal performance), but to
decreases of response time in the next trial (i.e., enhanced performance). This double dissociation provides
novel support for the default-mode interference hypothesis. Moreover, it suggests the possibility that, in at
least some cases, default-mode interference indexes processes that optimize future performance.
© 2011 Elsevier Inc. All rights reserved.

Distinct brain regions are thought to support on- and off-task
processing in attentional tasks. Regions in which activity increases
when experimental stimuli are presented are thought to support ontask processing, such as voluntarily directing attention to relevant
stimuli and locations in the environment and selecting an appropriate
response (Posner and Petersen, 1990; Miller, 2000; Corbetta and
Shulman, 2002). These so-called “task-positive” regions include the
dorsolateral prefrontal cortex (DLPFC), the dorsal anterior cingulate
cortex (ACC), the posterior parietal cortex (PPC), and the frontal eye
ﬁelds (FEF). Regions in which activity decreases when experimental
stimuli are presented are thought to support off-task processing
(Raichle et al., 2001), such as self-referential thought (Gusnard et al.,
2001) and mind wandering (Mason et al., 2007; Christoff et al., 2009).
These so-called “task-negative” (or “default-mode”) regions include
the posterior cingulate cortex (PCC), the ventral medial prefrontal
cortex (ventral mPFC), and both lateral and medial regions of the
parietal cortex.
A number of ﬁndings indicate that suboptimal performance in
selective attention tasks is associated with failing to deactivate
default-mode regions. First, in healthy adults, both errors (Polli
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et al., 2005; Eichele et al., 2008) and relatively long response times
(Weissman et al., 2006) are linked to heightened activity in defaultmode regions. Second, a failure to fully deactivate default-mode
regions has also been observed in populations who typically exhibit
impaired performance on selective attention tasks, such as the elderly
(Lustig et al., 2003) and patients with Alzheimer's disease (Sperling
et al., 2009). These ﬁndings are consistent with the default-mode
interference hypothesis: when off-task processing supported by
default-mode regions is not effectively suppressed, it interferes with
performance by disrupting on-task processing enabled by taskpositive regions (Sonuga-Barke and Castellanos, 2007).
One way that such interference could occur is via increased
communication, or functional connectivity, between default-mode and
task-positive regions. Consistent with this possibility, resting-state
activity in task-positive and default-mode regions that is negatively
correlated in healthy adults (Fox et al., 2005) is less negatively
correlated (possibly reﬂecting increased functional connectivity) in
(a) individuals who exhibit symptoms of attention-deﬁcit and
hyperactivity disorder (ADHD) (Castellanos et al., 2008) and
(b) healthy adults who exhibit relatively high response time
variability during the performance of selective attention tasks (Kelly
et al., 2008). However, such ﬁndings do not deﬁnitively link
suboptimal performance to increased functional connectivity between default-mode and task-positive regions. First, the reduced
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negative correlation between default-mode and task-positive regions
in individuals who exhibit symptoms of ADHD was not correlated
with a measure of suboptimal performance. Second, although
heightened RT variability is a measure of suboptimal performance
(Stuss et al., 2003), it may reﬂect periodic improvements in
performance (e.g., decreases of RT) as well as the “periodic declines
in performance” (e.g., increases of RT) that are posited to characterize
default-mode interference (Sonuga-Barke and Castellanos, 2007).
Thus, little evidence directly supports the view that default-mode
interference is mediated by increased communication between
default-mode and task-positive regions.
Adding to this uncertainty, other research suggests that increases
of functional connectivity between default-mode and task-positive
regions may underlie adaptive changes that enhance future performance. First, an increase of activity in the PCC, a key default-mode
region (Buckner et al., 2008), predicts that a person will solve an
upcoming problem through a ﬂash of insight as compared to a more
analytical approach (Kounios et al., 2006; Subramaniam et al., 2009).
Second, when an anticipated reward is not received in a gambling
task, increased ﬁring rates in the PCC predict that a monkey will
choose a potentially more rewarding option in the next trial (Hayden
et al., 2008). These relationships between PCC activity and decisionmaking may be mediated by interactions between the PCC and the
DLPFC, a key task-positive region that is critical for decision-making
(Wallis, 2007) and executive control (Miller and Cohen, 2001).
Consistent with this possibility, the PCC and the DLPFC are sometimes
co-activated during the performance of decision-making tasks
(Heekeren et al., 2004, 2006). Moreover, it has been suggested that
co-activation of the PCC and the DLPFC underlies creativity, problemsolving, and other processes that enhance future performance
(Christoff et al., 2009). To our knowledge, however, no prior study
has shown that increased functional connectivity between the PCC
and the DLPFC is linked to better future performance.
Together, the ﬁndings above suggest a novel hypothesis: interactions between the PCC and the DLPFC are associated with
suboptimal current performance, but with enhanced future performance. In the present functional MRI study, we investigated this
hypothesis by relating trial-by-trial measures of functional connectivity between the PCC and the DLPFC to trial-by-trial measures of
performance. We predicted that, during the performance of a selective
attention task, increases of current-trial functional connectivity
between these regions would be linked to increases of response time
in the current trial (i.e., suboptimal performance), but to decreases of
response time in the next trial (i.e., enhanced performance).
Materials and methods

Fig. 1. Sample trials of the experimental task. In each trial (duration, 1250 ms),
participants identiﬁed a relevant letter (i.e., “X” or “O”; duration, 350 ms) in one
modality (e.g., visual) while ignoring an irrelevant letter (i.e., “X” or “O”; duration,
350 ms) in the other modality (e.g., auditory). The modality to which attention was
directed (visual or auditory) varied across runs. Moreover, within each run, the
auditory and visual letters were congruent in half the trials and incongruent in the
other half. Variable periods of ﬁxation separated trials (range: 3750–7500 ms, in units
of 1250 ms).

1.72° × 2.15° of visual angle; white against a black background;
duration, 350 ms) while ignoring an auditory letter that was spoken
in headphones (“X” or “O”; duration, 350 ms). The auditory letter was
equally likely to be congruent or incongruent with the visual letter.
The auditory selective attention task (three runs) made use of the
same stimuli, but required participants to identify the auditory letter
while ignoring the visual letter. The order of the visual and auditory
selective attention tasks was counterbalanced across participants.
Variable periods of ﬁxation were added after each trial (in units of
the 1250 ms TR, ranging from 3750 ms to 7500 ms). The duration of
these ﬁxation periods was varied using a pseudo-exponential
distribution that favored short inter-trial intervals (Ollinger et al.,
2001). The experiment was divided into six runs of 80 trials each (40
congruent, 40 incongruent). The trials within each run were
presented in a pseudo-random order such that each trial type was
preceded equally often by every trial type in the design.
Half of the participants responded with their right index ﬁnger if
the relevant letter was an X and with their right middle ﬁnger if the
relevant letter was an O; this mapping was reversed in the other half
of participants. Behavioral responses were recorded using an MRcompatible keypad placed below the right hand. Visual stimuli were
generated using Presentation software (Neurobehavioral Systems,
http://www.neurobs.com) and projected onto a translucent screen
that was viewed by the participants through a mirror attached to the
head-coil. Auditory stimuli were presented binaurally via GE MRcompatible, pneumatic sound transmission headphones. The same,
clearly audible, volume level was used for all participants.

Participants
Eye tracking
Sixteen healthy adults participated in the study. All were righthanded and had normal hearing, normal or corrected-to-normal
vision, and no history of neurological or psychiatric disorders. Each
gave informed written consent before the experiment and was paid
$20 per hour. Two participants were excluded due to excessive head
movement (i.e., greater than 3 mm). Data from three participants
were excluded due to unusable eye tracker recordings. Eleven
participants were thus included in our ﬁnal analyses (four men; age
range, 18–23 years; mean age, 21 years). All experimental procedures
were approved by the University of Michigan Biomedical and Health
Sciences Institutional Review Board.
Task and procedure
Participants performed two selective attention tasks in separate
runs (Fig. 1). In each trial of the visual selective attention task (three
runs), they identiﬁed a centrally-presented visual letter (“X” or “O”;

Eye position and pupil size were recorded monocularly at 60 Hz
during scanning by using an MR-compatible infrared video eyetracker (NordicNeuroLab, Bergen, Norway). Before each run, the eye
tracker was calibrated at a central position as well as at eight eccentric
points. Analysis of eye movement data was performed off-line. For
each trial, we analyzed the eye position traces from − 100 to
+400 ms post-stimulus onset. Trials in which subjects broke ﬁxation
were detected by calculating the derivative of the horizontal eyeposition trace, i.e., saccade velocity. Trials in which subjects blinked
were identiﬁed by measuring pupil size. When either saccade velocity
exceeded 30°/s or pupil size equaled zero on a given trial, both this
trial and the one immediately preceding it were excluded from further
analysis (Macaluso et al., 2002). For two of the eleven participants
who were included in the ﬁnal analyses, one run was excluded from
the functional MRI analyses because more than 30% of the trials were
rejected due to eye movements.
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Imaging procedures
Images were collected using a 3-T GE Signa scanner (General
Electric, Milwaukee, WI) equipped with a standard quadrature head
coil. The blood oxygenation level dependent (BOLD) signal was
measured with a reverse spiral imaging sequence (repetition time
[TR] = 1250 ms, echo time [TE] = 30 ms). Twenty-seven contiguous
axial slices (4.50-mm thick, ﬁeld of view, 22 cm; in-plane resolution,
3.44 × 3.44 mm) were acquired per functional image. In each run, we
collected 326 functional images. The ﬁrst six images contained no
trials and were discarded to allow for T1 equilibration effects.
Following functional image acquisition, a 3D spoiled gradient echo
(SPGR), high-resolution, T1-weighted anatomical image was collected
for each subject (TR = 10.5 ms, TE = 3.4 ms, FOV = 24 mm, ﬂip
angle = 25°, slice thickness = 1.5 mm).

3

response (y) was modeled by a general linear model of the following
form:
2

3

y = α0 + α1 ðRT−RTÞ þ α2 ðRT−RTÞ þ α3 ðRT−RTÞ þ α4 ðRT−RTÞ
þ β0 þε:
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We conducted two analyses of the behavioral data. First, the mean
RT and mean error rate for each trial type were calculated separately
in each participant and submitted to two random-effects analyses of
variance (ANOVAs). Second, for each participant, we calculated the
trial-by-trial correlation between current-trial RT and next-trial RT.
Each participant-speciﬁc correlation was then converted to a z-value
using Fisher's r to z transformation [0.5 × ln ((1 + r)/(1 − r))] so that
we could test whether the mean correlation across participants
differed from zero.

In this equation, the coefﬁcient α0 models the average response to
each trial type (independent of RT) and the coefﬁcients α1, α2, α3 and
α4, respectively, model the linear (ﬁrst-order), quadratic (secondorder), cubic (third-order) and quartic (fourth-order) contribution of
RT to the average hemodynamic response for each trial type. β0 is the
y-intercept term (a column of ones), and ε represents the residual
error term after each component has been ﬁtted to the data. Following
Weissman et al. (2006) and Chee et al. (2008), the RT for each trial
was mean-centered by subtracting the mean RT (i.e., RT) for all
correct trials of the corresponding trial type (i.e., congruent or
incongruent) in the same functional run. The parameter estimate for
the linear term was therefore calculated in units of change in
parameter estimate per second of increased RT.
Regressors of no interest reﬂecting head motion were also
included in the model. Moreover, the time series data from each run
was high-pass ﬁltered (1/128 Hz), and serial correlations were
corrected using an autoregressive AR(1) model. Finally, random
effects analyses on the beta values from each participant were used to
account for between-participants variance and to ensure that any
ﬁndings concerning stimulus-evoked activity would generalize to the
population.

Functional MRI data analysis

Functional connectivity analyses

A number of preprocessing steps were performed on the
functional MRI data before trial-related activity was estimated. First,
physiologic ﬂuctuations were corrected using waveforms of respiration and cardiac cycles that were collected while participants
performed the task in the scanner (Hu et al., 1995). Second, using
SPM5 software (Wellcome Department of Cognitive Neurology,
London, UK, http://www.ﬁl.ion.ucl.ac.uk), the functional images
were corrected for slice acquisition delays, spatially realigned to the
ﬁrst image of the ﬁrst run to correct for head movements, normalized
to the Montreal Neurological Institute (MNI) template (normalized
voxel size, 3.45 × 3.45 × 4.5 mm), and spatially smoothed with an
isotropic Gaussian ﬁlter (8-mm full width at half maximum).
Event-related regression analyses (conducted separately in each
participant) were performed using a version of the general linear
model in which the BOLD signal in each trial is modeled with a
standard hemodynamic response function (Josephs et al., 1997). In
each run, correct trials with RTs more than three standard deviations
from the mean of their corresponding trial type (i.e., outliers) were
excluded from behavioral and functional MRI analyses (2.0% of all
trials). Errors (4.6% of trials) were also excluded from the analysis. All
other correct trials were sorted by trial type (congruent, incongruent),
such that separate regressors could be used to model average activity
in congruent and incongruent trials.
We previously established that the amplitude of the stimulusevoked BOLD response varies with trial-by-trial measures of RT in a
predominantly linear fashion, both when a canonical hemodynamic
response shape is assumed (Prado et al., 2011) and when it is not
assumed (Chee et al., 2008). Given that some of our analyses assessed
BOLD-RT relationships, however, it was important to verify that these
relationships were also predominantly linear in the present study.
Moreover, the absence of nonlinear effects would greatly simplify the
process of quantifying BOLD-RT relationships. For these reasons, we
used a polynomial regression approach to investigate whether the
BOLD signal varied with RT in a predominantly linear fashion or
whether it also varied with higher-order components of RT (i.e.,
quadratic, cubic, and quartic). In particular, for each voxel the brain

We tested our hypotheses about functional connectivity using
psychophysiological interaction (PPI) analyses (Friston et al., 1997;
Gitelman et al., 2003). Such analyses assess whether interactions
between brain regions vary with an experimental parameter. More
speciﬁcally, they identify brain regions whose activity varies more or
less strongly with activity in a seed region across the different levels of
a psychological factor (Gitelman et al., 2003). Our analyses determined whether functional connectivity changed as a function of RT,
trial type (congruent, incongruent), or with an interaction between
these factors. To conduct these analyses, we extended the standard
PPI analysis implemented in SPM5 to include multiple psychological
factors and their interactions within the same multiple regression
model (but different PPI analyses were used to investigate how
functional connectivity varied with current-trial RT and next-trial RT
to prevent the number of interaction terms from becoming too large).
PPI analyses in each participant were conducted in the following
manner. To begin, we extracted the ﬁrst eigenvariate time series from a
sphere that was 6 mm in radius and centered on coordinates that were
functionally deﬁned in the present study. The regional time series from
this sphere served as the ﬁrst regressor in a PPI analysis (i.e., the
“physiological” part of the PPI). Next, we entered the mean-centered RT
and congruency value (1 or −1) in each trial, after they had each been
convolved with a standard HRF, as the second and third regressors (the
“psychological” parts of the PPI). Lastly, we entered regressors reﬂecting
interactions between the physiological and psychological factors (i.e.,
the “interaction” parts of the PPI). To compute these interaction
regressors, we ﬁrst deconvolved the BOLD signal in the seed region by
using a Bayesian estimation algorithm (Gitelman et al., 2003). We then
multiplied various combinations of the RT, congruency, and deconvolved seed activity regressors (Gitelman et al., 2003) to produce four
interaction terms: RT x Congruency, Seed x RT, Seed x Congruency, and
Seed x RT x Congruency. These interaction terms were then convolved
with a standard HRF.
Given that our main hypotheses concerned trial-by-trial relationships between functional connectivity and RT, it was important to
establish whether these relationships were predominantly linear or

Behavioral data analysis
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whether functional connectivity also varied with higher-order
components (i.e., quadratic, cubic, and quartic) of RT. Moreover, as
in our analyses of BOLD-RT relationships, we reasoned that the
absence of nonlinear effects would greatly simplify the process of
characterizing how functional connectivity varied with RT. We
therefore performed additional PPI analyses to determine whether
functional connectivity varied with nonlinear components of RT. More
speciﬁcally, for each voxel the brain response (y) was modeled by a
general linear model of the following form:

2
3
y = γ1 SPCC + γ2 RT–RT + γ3 RT–RT + γ4 RT–RT
+ γ5 RT–RT

4


2
+ γ6 SPCC RT–RT + γ7 SPCC RT–RT

+ γ8 SPCC RT–RT

3

+ γ9 SPCC RT–RT

4

+ δ0 + ε:

In this equation, SPCC represents the time course of the BOLD signal
in the seed region (i.e., the “physiological” part of the PPI). Thus, γ1
represents the average functional connectivity with the PCC seed
independent of RT. The coefﬁcients γ2, γ3, γ4 and γ5, respectively,
model the linear (ﬁrst-order), quadratic (second-order), cubic (thirdorder) and quartic (fourth-order) contribution of RT to the average
hemodynamic response for each trial type (i.e., the “psychological”
parts of the PPI). The coefﬁcients γ6, γ7, γ8 and γ9 represent the
“interaction” terms of the PPI (i.e., the interactions between the
physiological and psychological factors). That is, they model the linear
(ﬁrst-order), quadratic (second-order), cubic (third-order) and
quartic (fourth-order) contribution of RT to functional connectivity
with the PCC seed for each trial type (i.e., the “interaction” parts of the
PPI). δ0 is the y-intercept term (a column of ones), and ε represents
the residual error term after each component has been ﬁtted to the
data.
As in our analyses of BOLD-RT relationships above, the RT for each
trial was mean-centered by subtracting the mean RT for all correct
trials of the corresponding trial type (i.e., congruent or incongruent)
within the same functional run. The parameter estimate for the linear
term was therefore calculated in units of change in parameter estimate
per second of increased RT. Random effects analyses on the beta values
from each participant were used to account for between-participants
variance and to ensure that any ﬁndings concerning functional
connectivity would generalize to the population.

Stepwise regression analysis
For activity and functional connectivity separately, we performed a
serial forward stepwise regression analysis to assess the ﬁt of each of
the polynomial regressors to the data. In particular, starting with the
zero-order component, we progressively added higher-order components (i.e., linear, quadratic, cubic, and quartic) to the regression
equation. F-tests were used to determine which, if any, of these
higher-order relationships between (1) activity and RT and (2)
functional connectivity and RT improved the overall ﬁt of the model.

Voxelwise analyses
Whole-brain analyses were conducted with a voxel height
threshold of p b 0.005 and a cluster extent of at least 24 contiguous
voxels. These thresholds reduced the voxelwise probability of false
positives to p b 0.05 over the whole-brain, as determined by a Monte
Carlo simulation (5000 iterations over the whole-brain) using the
‘AlphaSim’ program (http://www.afni.nimh.nih.gov/afni/docpdf/
alphasim.pdf). All coordinates are reported in MNI space.

Region of interest analyses
Region of interest (ROI) analyses were conducted using the SPM
toolbox Marsbar (http://www.marsbar.sourceforge.net/). ROIs included all voxels within a 6 mm radius of each coordinate of interest.
For each participant, we calculated the average activity and functional
connectivity associated with each trial type after averaging the fMRI
signal across all voxels within that ROI. Unless otherwise noted, onetailed p values were reported because most of our hypotheses were
directional. P values less than 0.05 were considered to be signiﬁcant.
Results
Overall behavior
A repeated-measures ANOVA with the factors task (visual,
auditory) and congruency (congruent, incongruent) and mean RT as
the dependent measure revealed two main effects and an interaction.
First, replicating our prior ﬁndings from similar tasks (Weissman
et al., 2004; Moore et al., 2009; Orr and Weissman, 2009), there was a
main effect of congruency, F(1,10) = 4.82, p = 0.013, since mean RT
was longer in incongruent (681 ms) than in congruent trials (652 ms).
Second, and also replicating our prior ﬁndings, there was a main effect
of task, F(1,10) = 11.45, p = 0.007, because mean RT was longer in the
auditory task (697 ms) than in the visual task (624 ms). Third, there
was an interaction between task and congruency, F(1,10) = 7.18,
p = 0.002: the congruency effect was larger in the auditory task
(64 ms; t(10) = 6.97, P = 0.00002) than in the visual task (19 ms;
t (10) = 1.60, p = 0.07).
An analogous repeated-measures ANOVA with the factors task
(visual, auditory) and congruency (congruent, incongruent) and
mean error rate as the dependent measure revealed a main effect of
congruency because error rates were higher in incongruent (5.4%)
than in congruent trials (3.7%), F(1,10) = 8.02, p = 0.018. There was
no main effect of task, F(1,10) = 0.16, p = 0.69, and no interaction
between task and congruency F(1,10) = 0.03, p = 0.86.
Functional MRI
The PCC was deactivated during task performance
We chose a region of the PCC to serve as the seed region in the
main functional connectivity analyses. To identify such a region, we
capitalized on the fact that default-mode regions are deactivated
during task performance. Speciﬁcally, we contrasted all stimuli to
baseline in a voxelwise analysis. In the resulting statistical map, we
then selected the voxel with the most negative t-value, t(10) =
−2.51, p = 0.015, indicating a deactivation, in a mask that included
only the precuneus and the PCC (this mask was created using
Pickatlas http://www.fmri.wfubmc.edu/download.htm). The PCC
seed region was an ROI centered on this voxel (x = −7, y = −41,
z = 40; Fig. 2A).
The left DLPFC was activated during task performance
Our main hypothesis concerned whether functional connectivity
between the PCC and the DLPFC varied with RT. We therefore wished
to identify a ROI in the DLPFC without biasing the outcome of our
functional connectivity analyses. To do so, we deﬁned a ROI in the
DLPFC whose activity (not functional connectivity) varied with RT.
This ROI was centered on the peak activation in bilateral DLPFC in a
voxelwise map depicting regions whose activity increased linearly
with RT. More speciﬁcally, the peak coordinate of this activation was
centered in Brodmann area 9 of the left DLPFC (x = −41, y = 38,
z = 27).
Activity in the DLFPC ROI was as expected for a task-positive
region. First, it rose above baseline during task performance (t(10) =
4.86, p = 0.0003). Second, it was greater in incongruent than in
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Fig. 2. RT-connectivity relationships involving the PCC seed region and the left DLPFC. (A) the seed region of PCC (x = − 7, y = −41, z = 40; 6-mm radius) in the PPI analyses.
(B) both slower current-trial RT and faster next-trial RT were linked to increased current-trial functional connectivity between the PCC and the left DLPFC. The PCC and the left DLPFC
are each overlaid on a slice of the MNI-normalized anatomical brain.

congruent trials (t(10) = 1.88, p = 0.04) (Weissman et al., 2004; Orr
and Weissman, 2009). Third, in line with prior results (Chee et al.,
2008; Prado et al., 2011), polynomial and stepwise regression
analyses (see Materials and methods) did not reveal nonlinear
relationships between activity and current-trial RT or next-trial RT
in this ROIs (all p N 0.05).
A double dissociation for current and future performance involving
functional connectivity between the PCC and the left DLPFC
We hypothesized that trial-by-trial increases of functional connectivity between the PCC and the DLPFC would be associated with
increases of RT in the current trial, but with decreases of RT in the next
trial. To simplify the process of quantifying RT-connectivity relationships, we assumed an absence of nonlinear relationships between
stimulus-evoked functional connectivity and RT. In line with this
assumption, PPI and stepwise regression analyses (see Materials and
Methods) did not reveal the presence of nonlinear relationships (i.e.,
quadratic, cubic, and quartic) involving functional connectivity
between the PCC and the left DLPFC, either in the current trial or in
the next trial (all p N 0.05).
Most important, we observed a double dissociation for current and
future performance involving functional connectivity between the
PCC and the left DLPFC. First, as predicted by the default-mode
interference hypothesis, increases of current-trial functional connectivity between these regions were linearly related to increases of RT in
the current trial, t(10) = 2.18, p = 0.027 (Fig. 2B, left side of plot).
Second, as predicted by the view that interactions between the PCC
and the left DLPFC enhance future performance, increases of currenttrial functional connectivity between these regions were linearly
related to decreases of RT in the next trial, t(10) = 2.39, p = 0.019
(Fig. 2B, right side of plot). Third, and indicating the presence of a
double dissociation, increases of current-trial functional connectivity
between the PCC and the left DLPFC were related to linear increases of
RT more strongly in the current trial than in the next trial, t(10) =
3.53, p = 0.003. In sum, consistent with predictions our ﬁndings
revealed a double dissociation for current and future performance
involving functional connectivity between the PCC and the left DLPFC.

a contrast of all stimuli versus baseline) served as the seed region in
our functional connectivity analyses.
These analyses veriﬁed that the RT-connectivity effects we
observed were speciﬁc to the PCC seed region. First, one-tailed ttests revealed that increases of current-trial functional connectivity
between the primary motor cortex seed and the left DLPFC were not
associated with increases of RT in the current trial (t(10) = − 0.82,
p = 0.784) or with decreases of RT in the next trial (t(10) = 0.18,
p = 0.43). Second, indicating the absence of a double dissociation the
RT-connectivity relationships above did not differ from one another
(t (10) = − 0.25, p = 0.597). Third, the double dissociation observed
when the PCC served as the seed region was signiﬁcantly larger than
the (lack of a) double dissociation observed when the left primary
motor cortex served as the seed region (t(10) = 1.93, p = 0.03). Thus,
as expected, we did not observe a double dissociation for current and
future performance involving functional connectivity between the left
primary motor cortex and the left DLPFC.
Three additional ﬁndings ruled out the possibility that the
opposing RT-connectivity relationships involving the PCC and the
left DLPFC were simply driven by a negative correlation between
current-trial RT and next-trial RT. First, if all RT-connectivity relationships in our task were driven by a negative relationship between
current-trial RT and next-trial RT, then we should have seen exactly
the same RT-connectivity relationships between the left primary
motor cortex and the left DLPFC above as we did between the PCC and
the left DLPFC. As described above, however, this result was not
obtained. Second, random effects analyses revealed a small positive
(not negative) correlation between current-trial RT and next-trial RT
(average r = 0.10; t(10) = 3.38, p b 0.007). Third, an across-participants
correlation revealed no signiﬁcant relationship between the strength
of this positive correlation and the degree to which increases of
current-trial functional connectivity between the PCC and the left
DLPFC were linked to decreases of RT in the next trial (r = −0.18,
p = 0.58). In sum, the opposing RT-connectivity relationships (current
trial versus next trial) involving the PCC and the left DLPFC were
not driven by a negative correlation between current-trial RT and nexttrial RT.
Discussion

Control analyses
The RT-connectivity effects above are consistent with our
hypothesis. However, it is important to show that similar effects do
not occur regardless of the seed region that is chosen for the
functional connectivity analysis. Thus, we performed control analyses
in which a region of the left primary motor cortex (x = −47, y = −14,
z = 54; BA 4; centered on the peak primary motor cortex activation in

In the present study, we investigated a novel hypothesis:
heightened interactions between the PCC and the DLPFC are linked
to suboptimal current performance, but to enhanced future performance. Consistent with this view, increases of current-trial functional
connectivity between these regions were associated with increases of
current-trial RT, but with decreases of next-trial RT. As described
below, these ﬁndings provide novel support for the default-mode
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interference hypothesis (Sonuga-Barke and Castellanos, 2007; Castellanos
et al., 2008; Kelly et al., 2008). They also extend recent work based on
activity (not functional connectivity) analyses, which suggests that
heightened interactions between default-mode and task-positive regions
might serve to enhance future performance (Heekeren et al., 2004, 2006;
Kounios et al., 2006; Hayden et al., 2008; Christoff et al., 2009;
Subramaniam et al., 2009).
The default-mode interference hypothesis
According to the default-mode interference hypothesis, suboptimal performance in selective attention tasks occurs when off-task
processing supported by default-mode regions interferes with on-task
processing enabled by task-positive regions (Sonuga-Barke and
Castellanos, 2007). We reasoned that one way that such interference
could occur is via increased communication between default-mode
and task-positive regions. Consistent with this view, we found that
increases of RT in the current trial were linked to increases of currenttrial functional connectivity between a key default-mode region (the
PCC) and a key task-positive region (the left DLPFC). This result
provides novel support for the default-mode interference hypothesis.
This result also answers an important question concerning whether
default-mode interference is all-or-none or graded in nature (SonugaBarke and Castellanos, 2007). In an all-or-none scenario, default-mode
regions disrupt processing in task-positive regions only when interactions between these regions reach a critical threshold. In a graded
scenario, default-mode regions disrupt processing in task-positive
regions more continuously, such that the level of disruption scales
with the level of interaction. The present ﬁndings support the graded
scenario by indicating the presence of linear RT-connectivity relationships between the PCC and the left DLPFC. Thus, in addition to theorizing
about discrete on- and off-task states (Smallwood et al., 2008; Christoff
et al., 2009), it may be fruitful to conceptualize default-mode
interference along a continuum. Notably, this conceptualization is
consistent with prior ﬁndings indicating that activity in default-mode
regions is suppressed to varying (rather than constant) degrees during
task performance (McKierman et al., 2003; Weissman et al., 2006).
How might heightened interactions between the PCC and the left
DLPFC interfere with current performance? The left DLPFC has been
implicated in a variety of resource-limited functions including those
related to working memory (Miller and Cohen, 2001) and executive
control (MacDonald et al., 2000). In theory, disrupting any of these
functions could interfere with current performance. For example,
utilizing working memory resources to maintain the contents of mind
wandering episodes could decrease the resources that are available to
maintain task goals, thereby leading to an increase of RT. Alternatively, RT slowing might vary with how actively the DLPFC is engaged
in suppressing activity in the PCC, thereby leaving it with fewer
resources to maintain task goals. Future studies will be needed to
investigate these and other possible accounts. Whatever the outcome,
the present ﬁndings provide novel support for the default-mode
interference hypothesis.
Heightened interactions between the PCC and the left DLPFC predict
enhanced future performance
The present ﬁndings are also consistent with recent work
suggesting that heightened interactions between the PCC and the
left DLPFC might be linked to enhanced future performance.
Speciﬁcally, increases of current-trial functional connectivity between
the PCC and the left DLPFC were linked to decreases of next-trial RT. At
present, we can only speculate as to the nature of this effect. First, it
may index an adaptive inﬂuence of the PCC on decision-making
circuitry in the DLPFC, which aids future performance. This view ﬁts
with data indicating that increases of PCC activity predict upcoming
ﬂashes of insight (Kounios et al., 2006; Subramaniam et al., 2009) and

changes in response strategy following reward-based feedback
(Hayden et al., 2008). Second, it may index processes that retrieve
task instructions (e.g., stimulus–response mappings) from memory
when current performance declines, thereby aiding future performance. This possibility is in line with data indicating a role for the PCC
in episodic memory retrieval (Andreasen et al., 1995; Duzel et al.,
1999). Third, it may index processes that support mind wandering.
This view ﬁts with the suggestion that, although mind wandering
undermines current performance (Christoff et al., 2009), it may serve
to “organize what could not be organized during stimulus presentation, solve problems that require computation over long periods of
time, and create effective plans governing behavior in the future”
(Binder et al., 1999). Given these various possible explanations,
additional studies will be needed to determine exactly how
communication between the PCC and the left DLPFC enhances future
performance. Regardless of the outcome, the effects we have observed
indicate that interactions between these regions are linked to
enhanced future performance.
A double dissociation for current and future performance involving
functional connectivity between the PCC and the left DLPFC
To our knowledge, the present ﬁndings provide the ﬁrst evidence
of a double dissociation for current and future performance involving
functional connectivity between a key default-mode region (the PCC)
and a key task-positive region (the left DLPFC). As such, they serve to
integrate two literatures that have proceeded somewhat independently: one that associates default-mode regions with suboptimal
current performance (Castellanos et al., 2008; Kelly et al., 2008) and a
second that suggests these regions may function to enhance future
performance (Christoff et al., 2009; Kounios et al., 2006; Subramaniam
et al., 2009). Moreover, the double dissociation that we observed may
serve to constrain theories about how interactions between defaultmode and task-positive regions inﬂuence goal-directed behavior.
For example, it suggests that participants make adaptive changes to
the cognitive system during off-task processing that draw resources
away from current performance, but optimize future performance.
Of importance, a double dissociation for current and future
performance was not observed when our functional connectivity
analyses employed the left primary motor cortex as the seed region.
Thus, the dissociation that we observed was not a general
phenomenon involving all brain regions that contributed to
performance.
Clinical relevance
It has been proposed that suboptimal performance in individuals
with ADHD reﬂects heightened levels of default-mode interference.
However, previous studies have provided relatively indirect evidence
to support this view. For example, relative to controls, individuals
with ADHD exhibit reductions in the degree to which resting-state
activity in default-mode and task-positive regions is negatively
correlated (Castellanos et al., 2008). In contrast, the present ﬁndings
directly link RT slowing, an objective measure of suboptimal
performance, to heightened functional connectivity between a key
default-mode region and a key task-positive region. Future studies
might therefore investigate whether this effect is especially pronounced in individuals with ADHD.
Conclusions
The present ﬁndings make several important contributions to the
literature. First, they provide novel support for the default-mode
interference hypothesis. Second, they suggest that default-mode
interference is continuous (rather than discrete) in nature. Third,
they show that heightened interactions between a key default-mode
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region and a key task-positive region are linked to enhanced future
performance. Fourth, they indicate a novel double dissociation for current and future performance that is based solely on RT-connectivity
relationships between these regions. Future studies may shed
additional light on the RT-connectivity relationships we have
observed by investigating the cognitive processes they reﬂect and
whether they are altered in clinical syndromes that are characterized
by attentional impairments (e.g., ADHD).
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