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Abstract
The resting brain exhibits coherent patterns of spontaneous low-frequency BOLD fluctuations. These
so-called resting-state functional connectivity (RSFC) networks are posited to reflect intrinsic
representations of functional systems commonly implicated in cognitive function. Yet, the direct
relationship between RSFC and the BOLD response induced by task performance remains unclear.
Here we examine the relationship between a region’s pattern of RSFC across participants, and that
same region’s level of BOLD activation during an Eriksen Flanker task. To achieve this goal we
employed a voxel-matched regression method, which assessed whether the magnitude of task-
induced activity at each brain voxel could be predicted by measures of RSFC strength for the same
voxel, across 26 healthy adults. We examined relationships between task-induced activation and
RSFC strength for 6 different seed regions (Fox et al., 2005), as well as the “default mode” and “task-
positive” resting-state networks in their entirety. Our results indicate that, for a number of brain
regions, inter-individual differences in task-induced BOLD activity were predicted by one of two
resting-state properties: 1) the region’s positive connectivity strength with the task-positive network,
or 2) its negative connectivity with the default mode network. Strikingly, most of the regions
exhibiting a significant relationship between their RSFC properties and task-induced BOLD activity
were located in transition zones between the default mode and task-positive networks. These results
suggest that a common mechanism governs many brain regions’ neural activity during rest and its
neural activity during task performance.
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Introduction
Central to adaptive brain function is the ability to recruit appropriate brain regions for the task
at hand. Task-based neuroimaging research has led to substantial advances in our
understanding of the regions involved in the performance of a given task. Nevertheless, the
extent to which functional systems related to task performance are predefined remains poorly
understood. Resting-state functional connectivity (RSFC) studies suggest that the functional
systems observed during task performance are intrinsically represented in the brain by coherent
low-frequency (< 0.1 Hz) fluctuations in the BOLD signal within distinct functional networks
(Biswal et al., 1995; Damoiseaux et al., 2006; Fox and Raichle, 2007; Fox et al., 2005; Greicius
et al., 2003; Kiviniemi et al., 2009; Margulies et al., 2007; Vincent et al., 2007). Numerous
studies have drawn attention to similarities between patterns of task-based activation and
functional networks detected during rest (Greicius and Menon, 2004; Smith et al., 2009;
Thomason et al., 2008; Toro et al., 2008). However, no study has directly linked resting state
phenomena and task-related BOLD activity in the same group, and little is known about the
relevance of intrinsic RSFC for task-related neural activity.

Here we examine the extent to which inter-individual differences in a region’s task-induced
BOLD response can be predicted by inter-individual differences in that region’s RSFC
characteristics. To tackle this issue we took advantage of the availability of a dataset that
included both resting state and Eriksen Flanker Task scans in the same set of 26 participants
(Kelly et al., 2008). The Eriksen Flanker Task is commonly used to probe attention and has
well-characterized activation patterns (Brown, 2009; Bunge et al., 2002; Ochsner et al.,
2009). As such, we aimed to identify one or more well-characterized, easily reproducible, and
highly reliable functional networks that are thought to overlap with patterns of activation or
deactivation during performance of attentional paradigms such as the flanker task.
Accordingly, we selected two of the most commonly studied large-scale networks in the resting
state literature, namely the “task positive” and “default mode” networks (Fox et al., 2005).
Specifically, across 26 participants, we relate the magnitude of each voxel’s BOLD responses
evoked during Eriksen Flanker Task performance to the same voxel’s RSFC with the default
mode and task-positive networks as previously defined by Fox et al. (2005). Regions within
the default mode or “task-negative” network typically show a negative BOLD response (or
deactivation) during goal-directed tasks and include areas such as ventromedial prefrontal,
posterior cingulate, lateral parietal, medial temporal cortex and precuneus (Dosenbach et al.,
2007; Fox et al., 2005; Toro et al., 2008). In contrast, the task-positive network comprises
regions that are typically activated during performance of stimulus- and goal-directed cognitive
tasks. Areas in this network include the frontal eye fields, mid-cingulate cortex, intraparietal
sulcus and inferior parietal cortex (Dosenbach et al., 2007; Fox et al., 2005; Toro et al.,
2008). Given the implication of the default mode and task-positive networks in both cognitive
performance and the resting-state, these networks provide an ideal starting ground to explore
the potential of resting-state fMRI measures for explaining BOLD activity induced by task
performance.

Since default mode regions typically deactivate during task performance, we predicted that
greater RSFC strength with default mode network regions would be associated with lower task-
induced BOLD response magnitudes. In contrast, task-positive regions are typically activated
during task performance, warranting the prediction that greater RSFC strength with task-
positive network regions would be associated with higher task-induced BOLD response
magnitudes. To test our predictions, we used a variant of the general linear model approach
typically employed for analyses in functional neuroimaging. In the standard approach, effects
of interest across all voxels in the brain are detected using the same model for each voxel. In
contrast, we employed a unique linear regression model for each voxel, an approach we refer
to as voxel-matched regression. Specifically, for each participant, we first calculated RSFC
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between each voxel and each of the six seed regions previously used to define the default mode
and task-positive networks (Fox et al., 2005). Next, for the same participants, we calculated
each voxel’s BOLD response during performance of the Eriksen Flanker task. Finally, using
a unique linear regression model for each voxel, we assessed the relationship between a voxel’s
RSFC strength for each of the six seed regions, and the magnitude of that same voxel’s task-
induced BOLD response across participants. While the present work is exploratory in nature,
it is worth noting that areas characterized by greater variability in RSFC strength across
participants have a greater likelihood of exhibiting meaningful variation (with respect to RSFC/
task relationships), compared to areas that are relatively invariant across participants. In this
regard, we draw attention to the boundary areas (i.e., edges) of the RSFC networks. They are
sharply defined for any given participant (Cohen et al., 2008), but the specific locations of the
boundaries are most likely to vary across participants.

Beyond the individual component regions of the default mode and task-positive networks, we
assessed the relationship between a voxel’s task-induced BOLD response and its connectivity
with each of the two networks in their entirety. This allowed for a more general, integrated
assessment of the relationship between task-induced activity and the two resting-state networks
in their entirety, as compared to assessing that relationship at the level of singular parts (small
seed ROIs) of these networks. We predicted that the patterns of RSFC/task-induced activity
relationships would be similar those observed for the individual seed regions within the
networks. Finally, to assure that our findings were not related to methodological factors of the
seed-based approach for measuring RSFC or driven by the a priori selection of seed ROIs, we
performed Independent Component Analysis (ICA) to identify RSFC with a default mode
component and similarly used this RSFC measure to predict the BOLD activity induced by the
Eriksen Flanker task.

Methods
Participants and Experimental Paradigm

The present work used a dataset previously published by our laboratory (Kelly et al., 2008).
Twenty-six right-handed adults (age: 28.1 ± 8.5 years) participated in this event-related fMRI
study. Participants provided signed informed consent in accordance with the institutional
review boards of NYU and the NYU School of Medicine, and were financially compensated
for their participation. Two 5-minute functional scans were administered while participants
completed a slow event-related Eriksen Flanker Task (inter-trial interval (ITI) varied between
8 s and 14 s; mean ITI = 12 s). On each trial of this task, participants used one of two buttons
on a response pad to indicate the direction of a central arrow in an array of 5 arrows. In congruent
trials the flanking arrows pointed in the same direction as the central arrow (e.g., > > > > >),
while in more demanding incongruent trials the flanking arrows pointed in the opposite
direction (e.g., > > < > >). Each run contained 12 congruent and 12 incongruent trials, presented
in a pseudorandom order. In addition, participants completed a brief (6.5 min) resting-state
scan during which participants were asked to relax while keeping their eyes open. The resting-
state scan was always acquired before the Flanker task scans.

Data Acquisition
Functional imaging data were acquired using a research-dedicated Siemens Allegra 3.0 T
scanner, with a standard Siemens head coil, located at the NYU Center for Brain Imaging.
During each of the two Flanker Task blocks we obtained 146 contiguous echo planar imaging
(EPI) whole-brain functional volumes (TR = 2000 ms; TE = 30 ms; flip angle = 80°, 40 slices,
matrix = 64 × 64; FOV = 192 mm; acquisition voxel size = 3 × 3 × 4 mm). Stimuli were back-
projected onto a screen at the head of the scanner bore and were viewed by participants via an
angled mirror that was affixed to the MRI head coil. The resting-state scan comprised 197
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contiguous EPI whole-brain functional volumes (TR = 2000 ms; TE = 25 ms; flip angle = 90°,
39 slices, matrix = 64 × 64; FOV = 192 mm; acquisition voxel size = 3 × 3 × 3 mm). Finally,
a high-resolution T1- weighted anatomical image was acquired using a magnetization prepared
gradient echo sequence (MPRAGE, TR = 2500 ms; TE = 3.93 ms; TI = 900 ms; flip angle =
8°; 176 slices, FOV = 256 mm).

Image Preprocessing
Both Flanker Task scans and the resting-state scan were preprocessed as follows. AFNI (Cox,
1996) was used to perform the initial preprocessing steps of slice timing correction for
interleaved acquisition (using Fourier-space time-series phase-shifting), motion correction (by
aligning each volume to the mean image using Fourier interpolation) and despiking (detection
and reduction of extreme time series outliers). All other data processing was carried out using
FSL (www.fmrib.ox.ac.uk). Further image preprocessing comprised spatial smoothing using
a Gaussian kernel of FWHM 6mm and mean-based intensity normalization of all volumes by
the same factor. The data were then temporally filtered using both a high-pass (Gaussian-
weighted least-squares straight line fitting, with sigma = 100.0s) and low-pass filter (Gaussian
low-pass temporal filtering: HWHM 2.8s).

Registration of each participant’s high-resolution anatomical image to a common stereotaxic
space (the Montreal Neurological Institute 152-brain template (MNI152); 2mm3 resolution)
was accomplished using a two-step process (Andersson et al., 2007). First, a 12 degrees of
freedom linear affine was carried out using FLIRT (Jenkinson et al., 2002; Jenkinson and
Smith, 2001). Subsequently, the registration was further refined using FNIRT nonlinear
registration (Andersson et al., 2007). The resulting transformation was then applied to each
participant’s functional dataset.

Movement Parameters
Movement in each of the cardinal directions (X, Y and Z) and rotational movement around 3
axes (pitch, yaw and roll) were calculated for each participant. Data were also visually inspected
for movement-related artifacts.

Nuisance Signal Regression
In order to control for the effects of physiological processes such as fluctuations related to
motion, and cardiac and respiratory cycles, we removed signal associated with several nuisance
covariates from the preprocessed images (Kelly et al., 2009b). For both the Flanker Task scans
and the resting-state scan we removed signal associated with white matter, cerebrospinal fluid,
and six motion parameters. In the resting-state scan analyses we also removed signal associated
with a global time series, generated by averaging across all voxels in the brain. The 4-D residual
time-series obtained after removing the nuisance covariates were used for the subsequent
subject-level analyses.

Flanker Task
Individual Task Analysis—We performed a multiple regression analysis in which we
regressed each participant’s 4-D Flanker Task residuals volume on four task regressors coding
for correct congruent trials, correct incongruent trials, errors across all trials, as well as a block
regressor (which coded for task block). This analysis produced participant-level maps of all
voxels exhibiting task-related activation and deactivation in the congruent (Congruent >
Baseline) or incongruent trials (Incongruent > Baseline), as well as those voxels exhibiting
differential activity for congruent and incongruent trials (Incongruent > Congruent). Finally,
we also calculated overall task-related activation and deactivation across congruent and
incongruent trials (i.e., Congruent + Incongruent > Baseline).
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Group-level Task Analysis—Group-level analyses were carried out using a repeated-
measures mixed-effects model as implemented in FSL FLAME. Multiple comparisons were
corrected at the cluster level using Gaussian random field theory (min Z > 2.3; cluster
significance: p < 0.05, corrected). This group-level analysis produced thresholded Z-statistic
maps of activations and deactivations associated with the congruent or incongruent trials of
the Flanker Task, or the combination of both trial types. Direct voxel-wise condition
comparisons produced thresholded Z-statistic maps of those voxels that showed significant
trial-related differences in activation (i.e., congruent vs. incongruent trials).

Resting-State Functional Connectivity
Seed Description—We created six 5mm radius seed ROIs (containing 81 voxels) centered
around the coordinates used by Fox and colleagues (2005) to describe a task-positive and a
task-negative network. The regions used for defining the task-positive network were located
in the intraparietal sulcus (IPS; -25, -57, 46), the middle temporal region (MT+, -45, -69, -2),
and the right frontal eye field (FEF) region of the precentral sulcus (25, -13, 50). The task-
negative seed ROIs were located in left lateral parietal cortex (LP, -45, -67, 36), medial
prefrontal cortex (MPF, -1, 47, -4), and posterior cingulate/precuneus (PCC, -5, -49, 40).

Individual Seed-based RSFC Analysis—First, in order to ensure that RSFC estimates
resulting from regression analyses represent partial correlations, a voxel-wise normalization
was performed on each participant’s 4-D residuals volume by dividing each voxel’s time-series
by its standard deviation (Kelly et al., 2009b). Second, we spatially normalized each
participant’s residuals volume by applying the previously computed transformation to MNI152
standard space. We then extracted the time-series for each seed from these data. Time-series
were averaged across all voxels in each seed ROI. Using the extracted time-series we performed
a multiple regression analysis for each participant and each ROI including the participant’s
residuals volume as input data. This analysis was implemented in FSL FLAME and produced
participant-level correlation maps of all voxels that were positively or negatively correlated
with the seed time-series. Finally, these participant-level correlation maps were converted to
Z-value maps using Fisher’s r-to-z transformation.

Group-level Seed-based RSFC Analysis—For each seed ROI, group-level RSFC
analyses were carried out using a mixed-effects model as implemented in FSL FLAME.
Multiple comparisons were corrected at the cluster level using Gaussian random field theory
(min Z > 2.3; cluster significance: p < 0.05, corrected). These group-level analyses produced
thresholded Z-statistic maps (i.e., “networks”) of positive and negative RSFC for each seed
ROI.

RSFC with the Default Mode and Task-Positive Networks—Based on the group-level
connectivity maps for each of the six seed ROIs, we created two maps representing the default
mode and task-positive resting-state networks using a similar approach to Fox and colleagues
(Fox et al., 2005). Specifically, to create the task-positive map, we averaged the positive Z-
statistic maps for the three task-positive seeds and the negative Z-statistic maps for the three
default mode seeds. The converse was done to obtain the default mode map. After averaging,
we thresholded the averaged maps so that they included only voxels that were significantly
correlated with at least five of the six seed regions. To assess the relationship between a voxel’s
task-induced BOLD response and its connectivity with larger functional networks instead of
confined seed regions (see Individual and Group-Level Seed-Based RSFC Analysis), we
repeated the individual and group-level seed based analyses using these task-positive and
default mode maps as seeds. Thus, instead of using 5mm spherical ROIs we extracted the mean
time-series for the entire network map and repeated the individual and group-level multiple
regression analyses. This resulted in individual and group-level Z-statistic maps that indicated
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for each voxel in the brain the correlation of its BOLD time-series with either the mean default
mode or task-positive network map time-series.

ICA-based RSFC Analysis—To confirm our results and their independence from the
specific analytical approach (i.e., seed-based) used for calculating RSFC, we performed a
follow-up analysis in which we applied ICA, a data-driven approach, to identify the default
mode network (Damoiseaux et al.; Kiviniemi et al., 2003; Smith et al., 2009). First, we spatially
transformed all participants’ preprocessed resting-state scans into MNI152 standard space.
Considering the capability of ICA to automatically separate physiological noise from signals
of interest, we did not remove the nuisance signals from the preprocessed resting-state scans.
Subsequently we employed ICA as implemented in the MELODIC toolbox in FSL to perform
a temporally concatenated group ICA on all resting-state data. We constrained the number of
independent components to 25 (Beckmann et al., 2005). After ICA decomposition we visually
inspected all components and selected the component representing the default mode network
(see Figure 5). Finally, using the dual regression approach (Filippini et al., 2009) we back-
reconstructed each individual’s default mode resting-state network map. As indicated, this
ICA-based analysis was added to the current study to confirm the validity of our findings across
different approaches for calculating RSFC strength. Here we focused on a single default mode
ICA component. Future work will need to explore other components in order to fully assess
the extent of the current approach.

Predicting BOLD Activity During the Flanker Task based on Resting State Functional
Connectivity

To predict each voxel’s BOLD response during the Flanker task based on that voxel’s RSFC
strength, we conducted a voxel-matched linear regression analysis for each voxel in the brain
(see Figure 1 for a schematic). Specifically, we entered each voxel’s RSFC strength with each
seed or network map as a predictor in the regression model separately for each of the six seed
ROIs, the task-positive, the default mode and the ICA default mode networks. Subsequently,
the parameter estimates for the Flanker task of that same voxel were entered as dependent
variables. This resulted in a unique linear regression model for each voxel in which RSFC
predicted BOLD activity induced by the Flanker task (see Figure 1). Separate analyses were
conducted for the Congruent + Incongruent > Baseline, Congruent > Baseline, Incongruent >
Baseline, and Incongruent > Congruent parameter estimates. In practice, we first concatenated
the participant-level RSFC maps for all 26 participants into a 26-volume 4-D image (1 volume/
participant). Separately we concatenated the participant-level Flanker task parameter estimates
of all participants into a similar 26-volume 4-D image. Next we assessed for each voxel in the
brain whether there was a significant linear relationship between RSFC and task-induced
activity across participants. This analysis produced, at each voxel, a regression coefficient
corresponding to the correlation across the 26 participants between RSFC and task-induced
activity at that voxel. These values were converted to Z-statistics and the resultant whole-brain
Z-statistic maps were corrected for multiple comparisons at the cluster level using Gaussian
random field theory (Z > 2.3; cluster significance: p < 0.05, corrected). Each thresholded map
contained clusters of voxels that exhibited a significant linear relationship between their BOLD
response measured during a given condition of the Flanker task and their RSFC strength with
a given seed region or network.

Sorting of Significant Regions
For each of the regions that showed a significant relationship between RSFC and task-induced
activity, we calculated the percentage of voxels that overlapped with either the task-positive
or default mode resting-state networks. This was done using the group-level thresholded Z-
statistic maps. In a final step, we quantified membership with the task-positive resting-state
network specifically by computing a ratio indicating for each region the percentage of voxels
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that were part of the task-positive network, relative to the total number of voxels in that region
that were part of either of the two resting-state networks (ratio = [overlap with task-positive
network / (overlap with task-positive network + overlap with default mode network)]). For
each of the regions that showed a significant relationship between RSFC and task-induced
activity, we also calculated the percentage of voxels that overlapped with either significant
task-induced activation or deactivation separately, as indicated by the group-level Z-statistic
maps.

Results
RSFC Strength Predicts Task-induced Activity

At each voxel in the brain, regression analyses assessed the relationship between task-induced
BOLD responses and RSFC with each of the six seed ROIs (see Supplementary Figure 4 for
results with a seed ROI located in ACC). For each seed, RSFC significantly predicted overall
task-induced brain activity (Congruent + Incongruent > Baseline) in a number of brain regions
(see Figure 2). The direction of the relationship, i.e., positive or negative, depended on the
specific network membership of each seed. Specifically, consistent with our hypotheses, RSFC
with the three task-positive seeds was directly related to task-induced activity. Greater
positive connectivity with the seed region was associated with higher neural activity during
task performance. Among these regions were middle temporal gyrus, lateral occipital cortex,
dorsal and ventral anterior cingulate cortex, posterior cingulate cortex, precentral sulcus,
frontal eye fields, superior, middle and inferior frontal gyrus, frontal pole, and insula. In
contrast, regression analyses with the three default mode seed ROIs identified many of the
same regions, though showing the opposite relationship. In particular, greater negative
connectivity with the seed region predicted higher neural activity during task performance.

Beyond the level of the individual seed ROIs, regression analyses using RSFC with the task-
positive network map similarly identified a number of brain regions where greater positive
connectivity with the task-positive network map was associated with higher neural activity
during task performance (see Figures 3 and 4). The location of these regions was consistent
with the location of the regions found for the separate default mode seed ROI analyses.
Kendall’s W indexing spatial concordance between the resulting statistical (Z-score) maps for
the task-positive and the default mode analyses was 0.70 indicating high concordance. Of the
significant voxels obtained for the default mode analysis, 30% were also significant for the
task-positive analyses. The percentage of overlapping voxels increased to 53% when the
converse analysis was conducted (task-positive voxels that were also significant for default
mode analyses), indicating that overall fewer voxels were uniquely significant for the task-
positive seed ROI analyses. Analogous to the results for the individual default mode seed ROIs,
greater negative connectivity with the default mode network map in its entirety was associated
with higher neural activity during task performance (see Figures 3 and 4).

Across all analyses, only a few regions did not conform to the directionality of the relationships
between RSFC and task-induced activity generally observed for the regions associated with
that particular seed or network. These regions were primarily located within areas involved in
the ventral processing stream – bilateral occipital poles, right intra-calcarine sulcus, left
thalamus and right putamen.

Confirmation of Results Using ICA-derived Default Mode Network
To verify that our results were not specific to the seed-based functional connectivity analyses
we employed, we repeated the voxel-matched regression analyses using RSFC obtained
through dual-regression with the default mode ICA component. Similar to the results obtained
using the seed-based approach, the regression analyses using the ICA-derived default mode
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component identified a number of regions showing an inverse relationship between RSFC and
overall task-induced activity (Congruent + Incongruent > Baseline) (see Figures 4 and 5). In
these regions a greater negative association with the default mode component was associated
with higher overall task-induced activity. Although the directionality of the relationship
between RSFC and task-induced activity was the same for the ICA-derived and the seed-based
default mode network, limited overlap existed in the location of the clusters showing a
significant relationship (see Supplementary Figure 5; only 11% of the significant voxels found
for the ICA-derived network were also significant for the seed-based default mode network;
Kendall’s W between the resulting statistical (Z-score) maps for seed-based and ICA-derived
default mode network analyses was 0.53 [moderate concordance]).

Characterization of Significant Regions: Transition Zones
Across our analyses, regions exhibiting a significant relationship between RSFC strength and
overall task-induced activity (Congruent + Incongruent > Baseline) were predominantly
located within the task-positive resting-state network or in transition zones located between
the default mode and task-positive networks (see Figures 2, 3 and 5). We observed that these
transition zones are regions that were not consistently connected with either the default mode
or task-positive resting-state networks. Instead, they reflect variability in network boundaries
across participants. In those regions, task-induced neural activity was positively correlated
across participants with the region’s membership in the task-positive network. Participants
showing greater expansion of the task-positive network into a given transition zone also showed
higher task-induced neural activity in that region (see Figure 6). Finally, most regions that
exhibited a significant task/RSFC relationship overlapped at least to some extent with areas of
significant task-induced activation (see Figures 2, 3, and 5). Similar to the transition zones for
the RSFC networks, most of these regions were located near the boundaries of the task-induced
activation and deactivation maps. Only a few regions overlapped with significant task-induced
deactivation.

Verification of Results for Specific Trial Types and Congruency Effect
To verify that a specific trial type did not drive our results, we repeated our analyses using
RSFC to predict task activity induced by the congruent or incongruent trials of the flanker task
(Congruent > Baseline or Incongruent > Baseline). These analyses revealed mostly identical
regions and relationships as the analyses using overall task-induced activity (Congruent +
Incongruent > Baseline), confirming that our results were not trial-type specific (see
Supplementary Figure 1). Specifically, between 37% and 57% of the voxels that were
significant for the Congruent > Baseline analyses were also significant for the Incongruent >
Baseline analyses. Lower percentages were found when comparing Incongruent > Baseline to
Congruent > Baseline, indicating that more uniquely significant voxels were found for the
Incongruent > Baseline analyses. Kendall’s W values ranged between 0.70 and 0.76 (high
concordance). In addition, between 67% and 86% of the voxels that were significant for the
Congruent > Baseline or Incongruent > Baseline analyses were also significant for the
Congruent + Incongruent > Baseline analysis. The spatial concordance between the statistical
(Z-score) maps obtained for each of the individual trial types (Congruent or Incongruent >
Baseline) and the analyses using overall task-induced activity (Congruent + Incongruent >
Baseline) was very high, with Kendall’s W values between .88 and .92 (maximum=1.0).

Finally, we examined the extent to which RSFC could predict inter-individual differences in
the brain’s response to incongruent trials when directly compared to congruent trials rather
than to baseline. Regression analyses using RSFC to predict task-induced activity associated
with the congruency effect (Incongruent > Congruent) identified a smaller number of
significant regions, showing minimal overlap with the regions found for overall task-induced
activity (see Figure 7). Across the seed-based, seed-based networks, and ICA-derived network
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analyses the highest percentage of overlapping voxels between the sparse results obtained for
Incongruent > Congruent and Congruent + Incongruent > Baseline was only 10%. Despite this
low degree of overlap, the results resembled those for overall task-induced activity, with a
number of regions located between the default mode and task-positive network or between
overall or trial specific task activation and deactivation regions. In contrast to the results for
overall task-induced activity, however, several regions were located within areas of significant
task-induced activation or deactivation. These regions included ventromedial prefrontal cortex,
precuneus, right insula, right inferior-frontal junction and right lateral occipital cortex for
analyses examining the relationship with RSFC based on the default mode network map seed.
For analyses with the task-positive network map, the same right-lateralized regions were found
along with a region in left superior frontal junction.

Notwithstanding differences in the specific location of significant regions detected using the
congruency effect (i.e., Incongruent > Congruent) as opposed to overall task-induced activity,
we confirmed that greater positive connectivity with the task-positive seeds or task-positive
network map predicted higher task-induced neural activity. Similarly greater negative
association with the default mode seeds or the corresponding network map again predicted
higher task-induced neural activity (see Figure 4). These relationships were mainly driven by
an increase in task-induced activity during incongruent trials in participants who showed
greater RSFC of the particular significant region to the task-positive network (see
Supplementary Figure 2). Conversely, participants showing greater negative association of a
region with the default mode network exhibited greater task-induced decreases in neural
activity during incongruent trials. In both cases, task-induced activity during congruent trials
remained mostly stable across participants (see Supplementary Figure 2).

Accounting for Inter-individual Differences in Structure
Considering the functional transition zones and their associated variability across participants,
an obvious question is the extent to which they merely reflect underlying structural variability.
We explored this question by repeating our voxel-matched analyses while accounting for
voxel-based morphometry measures of gray matter density (Ashburner and Friston, 2000). At
each voxel we used gray matter densities obtained from the segmentation of each participant’s
structural scan using FSL FAST. In other words, the model at each voxel now included both
RSFC and gray matter density as predictors and task-induced activity as the dependent variable.
Accounting for gray matter density did not change results appreciably, indicating that structural
variability is not driving the RSFC/task-induced activity relationships observed in the present
study (see Supplementary Figure 3).

Behavioral Results
Results for the behavioral parameters obtained during the Flanker task are described in full
elsewhere (Kelly et al., 2008). No significant relationships were found between the current
results and any of the behavioral parameters (i.e., mean reaction time, coefficient of variation).

Discussion
In the present work we examined inter-individual differences in the magnitude of a region’s
task-induced activity in relation to inter-individual differences in the same region’s resting-
state functional connectivity (RSFC) properties. For a number of regions, higher task-induced
increases in neural activity during a standard selective attention task were significantly related
to stronger positive connectivity with the task-positive network. Higher task-induced increases
in neural activity were also related to greater negative connectivity with the default mode
network. In other words, the more strongly connected a region is with the task-positive network
or the more segregated a region is from the default mode network, the higher its task-induced
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activity. Using ICA, we confirmed that our findings regarding the default mode network did
not depend upon a seed-based approach for calculating a voxel’s RSFC strength. The particular
task contrast used (Congruent + Incongruent > Baseline, Incongruent > Congruent) determined
the specific regions where inter-individual differences in task-induced activity could be
explained by that region’s RSFC properties. Both contrasts revealed several transition zones
between the default mode and task-positive networks. In these transition zones inter-individual
differences in task-induced activity were related to inter-individual differences in the relative
dominance of one network or the other.

At least for the regions identified in the present work, a common mechanism appears to govern
both inter-individual differences in task-induced activity as well as inter-individual differences
in RSFC strength. The presence of significant relationships between a region’s RSFC
properties and task activation across participants suggests that at least some part of the inter-
individual variability in the BOLD response induced by a particular task is intrinsically
represented in the brain. Moreover, we can use fMRI during rest to quantify inter-individual
differences in these intrinsic representations. The stability of inter-individual differences in the
spatial extent of RSFC networks, even over a 5-11 month period (Shehzad et al., 2009), further
supports the hypothesis that part of the BOLD response is intrinsically represented in the brain.
These results complement prior findings that accounting for intrinsic low frequency
fluctuations dramatically enhances the signal-to-noise ratio of task-based analyses (Fox et al.,
2006) and that such intrinsic fluctuations are related to behavioral variability within (Fox et
al., 2007) and across participants (Kelly et al., 2008).

Of course, while standard task-based fMRI analyses highlight the relatively invariant aspects
of the BOLD response to a stimulus or behavioral response by detecting neural activations that
are consistent across participants, the BOLD signal is notoriously variable. This variability
likely depends on multiple factors including highly specific stimulus characteristics, participant
emotional or attentional state (Kay et al., 2008; Schultz and Lennert, 2009; Urry et al., 2009),
or current physiological state (e.g., menstrual cycle for females, caffeine, hunger) (Amin et al.,
2006; Haase et al., 2009; Protopopescu et al., 2005; Siep et al., 2009 hunger). Similarly, the
dynamic aspects of RSFC have begun to be observed (Chang and Glover, 2009). Modulations
in RSFC were found after learning (Albert et al., 2009; Lewis et al., 2009; Xiong et al.,
2009), in relation to specific task demands (Barnes et al., 2009; Fransson, 2006; Hampson et
al., 2006; Hasson et al., 2009; Kelly et al., 2008), or conscious and emotional states (Greicius
et al., 2008; Harrison et al., 2008; Horovitz et al., 2008).

Our most surprising observation was the identification of transition zones that appear to index
inter-individual variability in network extent across task and rest. Participants with greater task-
positive network dominance in a particular region during rest showed greater task-induced
neural activations in that region, while participants with default mode network dominance in
that region during rest did not show such activations. This result resonates with the recent
finding of sharp transitions in functional connectivity patterns across regions (Cohen et al.,
2008). Cohen et al. (2008) also noted the concordance of the transition regions and borders of
activations observed in functional activation studies. Consistent with Cohen et al.’s observation
linking the boundaries of task-based activations and functional regions defined using RSFC,
our analyses suggest that inter-individual differences in the spatial extent of task-induced
activations are governed by the same mechanisms that undergird RSFC networks (Steyn-Ross
et al., 2009). This finding further supports the potential utility of resting-state approaches to
study the developing (< 18 year old) and aging (> 65 year old) brain, which are both
characterized by greater spatial extent of activation and RSFC (Andrews-Hanna et al.; Durston
et al., 2006; Emery et al., 2008; Fair et al., 2008; Fair et al., 2007; Kelly et al., 2009a). These
observations may also provide candidate biomarkers for clinical populations in which
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pathological processes appear to impact the spatial extent of task-induced activations (e.g.,
autism, ADHD) (Durston et al., 2003; Mostofsky et al., 2006).

We considered the possibility that inter-individual differences in gyral structure and/or
inaccuracies introduced by registration of each individual’s structural scan to the MNI152
template might have contributed to our results (Cohen et al., 2008). Such concern is especially
notable given our highlighting the presence of transition zones, which may be most sensitive
to differences in structure and/or registration errors. However, taking into account inter-
individual differences in gray matter density at each voxel did not impact our results
appreciably, underlining the robustness of our results. Still, given that our understanding of
structure/function relationships in resting-state fMRI is only just emerging, this issue merits
further examination (Greicius et al., 2009; Hagmann et al., 2008; Honey et al., 2009; Skudlarski
et al., 2008; van den Heuvel et al., 2009).

Additional concerns may arise regarding the specificity of our results to the default mode and
task-positive network seed ROIs. We selected these networks because of their widespread
reproducibility and the high degree of overlap between their component regions and those
previously found to be activated or deactivated during performance of attentionally demanding
tasks (Greicius and Menon, 2004; Smith et al., 2009; Thomason et al., 2008; Toro et al.,
2008). The ability to identify the default mode network through multiple methods made it an
especially appealing first choice. Future work investigating the relationship between RSFC
based on regions specifically activated by the task being examined is warranted.

The value of attending to transition zones between functional networks was supported by a
recent observation of lower informant ratings of autistic traits in participants for whom a mid-
insula transition zone was dominated by the RSFC properties of the ventral anterior insula (Di
Martino et al., 2009). In the present data, we did not find significant associations between either
RSFC or task-induced activity and behavioral measures of task performance (mean response
time or coefficient of variation) in the regions that showed a significant relationship between
RSFC and task-induced activity. By contrast, in these same data, Kelly et al. (2008) observed
significant relationships between the coefficient of variation and the strength of the anti-
correlation between the default mode and task positive networks. Future work including denser
response sets (i.e., more than 48 trials) will be needed to address the potential behavioral
significance of inter-individual differences in the neural properties of transition zones between
functional systems.

Beyond the transition zones detected in relation to overall task-induced activity (Congruent +
Incongruent > Baseline), we found that the BOLD response associated with the congruency
effect (Incongruent > Congruent) was also predicted by RSFC. Unlike the distributed pattern
of overall task-induced activity, which encompassed large portions of occipital, parietal, insular
and sensorimotor cortices, areas exhibiting significantly greater activation for incongruent
relative to congruent trials were restricted to the intraparietal sulcus and temporo-occipital
cortex bilaterally, as well as right inferior frontal cortex (see Supplementary Figure 6). In
contrast to the areas exhibiting a relationship between RSFC and overall task-induced activity,
several regions that showed a relationship between RSFC and the congruency effect were
located within the resting-state networks, rather than in transition zones between networks.
Similarly, these regions did not show consistent activation across participants for the
Incongruent > Congruent task contrast, but were part of the overall pattern of task-induced
activity (i.e., Congruent + Incongruent > Baseline; see Figure 7). Interestingly, the magnitude
of the congruency effect within these regions appeared to depend primarily on RSFC
membership. Greater positive connectivity with the task-positive network predicted a larger
difference between activation for incongruent relative to congruent trials. This relationship was
mainly driven by differences during the incongruent trials (see Supplementary Figure 2),
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suggesting that intrinsic BOLD activity may have greater significance for task-induced
activation when processing requirements are higher (as they are for incongruent trials), than
when they are lower. Since this study only included a slow event-related version of the Flanker
task, future work will have to assess whether our results generalize to other task paradigms.

Finally, we note that our results for the FEF seed differed somewhat from those for the two
other task-positive seeds, IPS and MT+ (see Figure 2). Specifically half of the clusters obtained
for FEF showed the opposite relationship to what we hypothesized for task-positive network
seeds. In these clusters greater negative connectivity was associated with higher neural activity.
This discrepancy might be related to differences in the resting-state connectivity maps obtained
for the FEF seed compared to those obtained with the other task-positive seeds. For instance,
the FEF-based task-positive network misses the temporal-occipital positive connectivity
observed for IPS and MT+. On the other hand there is greater connectivity with the medial
wall for the FEF seed (seen on the top part of the flat surface maps in Figure 2). As such it is
possible that FEF might represent a locus of interaction between the default mode and task-
positive resting-state networks.

Summary
Increased interest in resting-state fMRI has focused attention on the intrinsic properties of the
brain. Here we were able to link functional connectivity measures obtained during rest to fMRI
measures obtained during task performance. Using voxel-matched regression analyses, we
showed that across participants a region’s intrinsic activity as measured during rest predicted
that same region’s activity induced by a Flanker task. Building on two well-characterized RSFC
networks, this work represents an initial effort in coupling resting-state measures to task-
induced brain activity. Further research is needed to fully assess the potential of resting-state
fMRI to complement task-based imaging research and to provide an alternative functional
imaging approach for clinical and developmental applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Path schematic for analyses
After preprocessing and appropriate participant level analyses, the task-induced parameter
estimates and specific RSFC strengths were, for each voxel, combined in a unique, voxel-
matched regression model. Across participants, RSFC was used to predict the task-induced
BOLD-response.

Mennes et al. Page 16

Neuroimage. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. RSFC with each of the six seeds significantly predicted overall task-induced activity
For each of the three default mode seed ROIs (left column), greater negative connectivity with
the seed predicted higher overall task-induced activity (Congruent + Incongruent > Baseline).
For each of the three task-positive seed ROIs (right column), greater positive connectivity with
the seed also predicted higher overall task-induced activity. Clusters showing a significant
relationship between RSFC and overall task-induced activity are shown in yellow. White dots
represent the location of the seed ROIs. Blue underlay shows the default mode network based
on each particular seed ROI’s RSFC. The red underlay shows the task-positive network based
on each particular seed ROI’s RSFC. In the inset graphs each line represents the linear
relationship across participants between RSFC (X axis) and overall task-induced activity (Y
axis) for each significant cluster. Only a few clusters, mostly for the FEF seed, showed a
relationship between RSFC and overall task-induced activity opposite to the direction expected
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for the specific seed. MPF: medial prefrontal cortex; FEF: frontal eye field, PCC: posterior
cingulate cortex; IPS: intra parietal sulcus; MT+: middle temporal region. All statistical maps
were corrected for multiple comparisons using Gaussian random field theory (Z > 2.3; p <
0.05, corrected). All surface maps were drawn on the PALS B-12 atlas (Van Essen, 2005)
available in CARET. Transformation from MNI152 standard space to 711-2C CARET space
was established using the FLIRT transformation included in CARET. Supplementary Figure
4 shows similar results using another seed located in the motor-related part of anterior cingulate
cortex, ACC S1, as described by Margulies et al. (2007).

Mennes et al. Page 18

Neuroimage. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. RSFC with the default mode or task-positive network maps significantly predicted overall
task-induced activity
Figures in the top row illustrate the regions (yellow) showing a significant relationship between
their RSFC with the default mode (left) or task-positive (right) resting state network maps and
their overall task-induced activity (Congruent + Incongruent > Baseline). These regions are
overlaid on the default mode (blue) and task-positive (red) resting-state networks. Bottom-row
figures show the same significant regions (yellow) overlaid on overall task-induced activations
(red) and deactivations (blue). Compared to the network maps derived for each individual seed
ROI (see Figure 2), the current RSFC maps were obtained by calculating functional
connectivity with a conjunction default mode or task-positive network map. A voxel was
included in the conjunction map if it belonged to either the default mode or task-positive
network for at least 5 of the 6 seed ROIs. Next, each conjunction map was used as a seed in a
new functional connectivity analysis. DMN: default mode network; TPN: task positive
network; Deact: task-related deactivations; Act: task-related activations. Statistical maps were
corrected for multiple comparisons using Gaussian random field theory (Z > 2.3; p < 0.05,
corrected).
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Figure 4. Regression lines representing the relationship between RSFC for the default mode, task-
positive or ICA-based default mode network, and task-induced activity
Each line represents the linear relationship between RSFC (X axis) with the default mode
network map (left), task-positive network map (middle), or ICA-based default mode network
(right) and task-induced activity (Y axis) for each of the yellow regions shown in Figures 3
and 5. Top: graphs showing the relationship between RSFC and overall task-induced activity
(Congruent + Incongruent > Baseline); Bottom: graphs showing the relationship between
RSFC and task-induced activity associated with the congruency effect (Incongruent >
Congruent).
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Figure 5. RSFC for the default mode ICA component significantly predicted overall task- induced
activity
Regions (yellow) showing a significant relationship between RSFC for the ICA-based default
mode component and overall task-induced activity (Congruent + Incongruent > Baseline) are
overlaid on the default mode ICA component (blue). The bottom figure shows the same
significant regions overlaid on overall task-induced activations (red) and deactivations (blue).
Statistical maps were corrected for multiple comparisons using Gaussian random field theory
(Z > 2.3; p < 0.05, corrected).
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Figure 6. Network-membership predicted overall task-induced activity in transition zones between
the default mode and task-positive resting-state networks
Regions (yellow) showing a significant relationship between RSFC with the default mode
network map and overall task-induced activity (Congruent + Incongruent > Baseline) were
often located within transition zones between the default mode (blue) and task-positive (red)
resting state networks. The top graph illustrates the relationship between RSFC (X axis) and
overall task-induced activity (Y axis) across participants (black dots) for the dorsolateral
prefrontal region highlighted on the surface map. For this same region, the bottom graph on
the right illustrates the relationship across participants between the relative percentage of
voxels that belonged to the task-positive network (relative % = [% TPN / (% TPN + % DMN)])
(X axis) and overall task-induced activity (Y axis). Statistical maps were corrected for multiple
comparisons using Gaussian random field theory (Z > 2.3; p < 0.05, corrected).
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Figure 7. RSFC significantly predicted BOLD activity associated with the congruency effect
The top half of the figure illustrates regions (yellow) showing a significant relationship between
RSFC with the default mode network map and task-induced activity associated with the
congruency effect (Incongruent > Congruent). On the “RSFC” surface maps on the left, regions
showing a significant RSFC/task-induced activity relationship (yellow) are overlaid on the
default mode (blue) and task-positive (red) resting-state networks. The “TASK” surface maps
show the same yellow regions overlaid on overall task-induced activations (red) or
deactivations (blue) (Congruent + Incongruent > Baseline). The surface maps on the right
illustrate regions showing a significant relationship between RSFC based on the default mode
network map seed and overall task-induced activity (blue) in comparison to regions showing
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a significant relationship between RSFC with the default mode network map and task activity
induced by the congruency effect (red). Overlapping regions are shown in yellow; only 4% of
the voxels obtained for the congruency effect analysis (Incongruent > Congruent) were also
found in the overall task-induced analysis (Congruent + Incongruent > Baseline). For each
region that showed a significant relationship between RSFC with the default mode network
map and task-induced activity related to the congruency effect (yellow regions in surface maps
on the left), the bar graph indicates the relative percentage of voxels in that region that
overlapped with overall task-induced activation (red) or deactivation (blue) (relative % = [%
activation / (% activation + % deactivation)]). The bottom half of the figure identically
illustrates the results for the analyses using RSFC with the task-positive network map. For the
task-positive network map analyses only 7% of the voxels obtained for the congruency effect
(Incongruent > Congruent) were also found in the overall task-induced analysis (Congruent +
Incongruent > Baseline). Statistical maps were corrected for multiple comparisons using
Gaussian random field theory (Z > 2.3; p < 0.05, corrected).
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