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Humans spend much of their time engaged in stimulus-independent thoughts, colloquially known as
“daydreaming” or “mind-wandering.” A fundamental question concerns how awake, spontaneous brain activity
represents the ongoing cognition of daydreaming versus unconscious processes characterized as “intrinsic.” Since
daydreaming involves brief cognitive events that spontaneously fluctuate, we tested the hypothesis that the dy-
namics of brain network functional connectivity (FC) are linked with daydreaming. We determined the general
tendency to daydream in healthy adults based on a daydreaming frequency scale (DDF). Subjects then
underwent both resting state functional magnetic resonance imaging (rs-fMRI) and fMRI during sensory stimu-
lation with intermittent thought probes to determine the occurrences of mind-wandering events. Brain regions
within the defaultmode network (DMN), purported to be involved in daydreaming,were assessed for 1) static FC
across the entire fMRI scans, and 2) dynamic FC based on FC variability (FCV) across 30 s progressively sliding
windows of 2 s increments within each scan. We found that during both resting and sensory stimulation states,
individual differences in DDF were negatively correlated with static FC between the posterior cingulate cortex
and a ventral DMN subsystem involved in future-oriented thought. Dynamic FC analysis revealed that DDF
was positively correlated with FCV within the same DMN subsystem in the resting state but not during stimula-
tion. However, dynamic but not static FC, in this subsystem,was positively correlatedwith an individual's degree
of self-reportedmind-wandering during sensory stimulation. These findings identify temporal aspects of sponta-
neous DMN activity that reflect conscious and unconscious processes.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Humans spend nearly half their time engaged in cognitions that
represent stimulus-independent thoughts, colloquially known as
“daydreaming” or “mind-wandering” (Killingsworth and Gilbert,
2010). A set of brain regions that could reflect daydreaming is the
default mode network (DMN), which has ongoing activity during
task-free and stimulus-free states that is suppressed during externally-
oriented tasks (Raichle and Snyder, 2007). Evidence from functional
MRI (fMRI) coupled with thought probes suggests that the DMN is
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activated during mind-wandering (Christoff et al., 2009; Kucyi et al.,
2013). One DMN subsystem anchored in the dorsomedial prefrontal
cortex is thought to subserve self-referential thoughts about the
present. Another subsystem anchored in the medial temporal lobe has
been associated with memory-based construction of future scenarios.
The posterior cingulate and anterior medial prefrontal cortices may
function as a DMN “core” because they co-activate and are functionally
connected with both subsystems (Andrews-Hanna et al., 2010b).

The study of brain activity in an awake, task-free (“resting”) state, in
which daydreaming is a predominant activity, has recently emerged as
an approach to understanding functional networks (Buckner et al.,
2013). Brain areas with correlated oscillations, typically based on time
series over 5–10 minute resting state fMRI (rs-fMRI) scans, are said to
have functional connectivity (FC). This approach has revealed that the
spatial organization of networks during rs-fMRI is surprisingly similar
to that during unconscious states (e.g. sleep, anesthesia) (Horovitz
et al., 2008; Vincent et al., 2007). However, network FC strength
may vary for different cognitive states (Shirer et al., 2012) and con-
sciousness levels (Vanhaudenhuyse et al., 2010). Therefore, in the
awake resting state, how FC patterns reflect ongoing daydreaming,
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Fig. 1. Overview of the study's design and analyses. Subjects were assessed with a ques-
tionnaire for their general tendency to daydream (daydream frequency, DDF). They then
underwent one run of resting state fMRI and four runs of fMRI coupledwith sensory stim-
ulation and thought probes. The runs with stimulation were classified based on frequency
ofmind-wandering reports. Regions of the defaultmode network (DMN) core and subsys-
temswere defined. For eachDMN core–subsystempair, static functional connectivity (FC)
and dynamic FC (based on FC variability (FCV)) was calculated within each run. A single-
subject example is shown for fluctuations in the time series, and sliding window correla-
tion series, for the posterior cingulate cortex (PCC) and medial temporal lobe (MTL)
subsystem. The FC and FCV values were correlated with scores on the daydreaming
frequency questionnaire and with intra-individual variability in run-to-run mind-
wandering frequency during scanning.
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versus neurophysiological operations that are independent of con-
sciousness, remains unknown.

Conventional FC analysis, which assumes static connectivity over
several minutes, may not capture dynamic thoughts spontaneously
jumping from topic to topic. Recent studies demonstrated that FC fluc-
tuates across shorter time-windows (e.g. 30–60 s) during rs-fMRI,
with regions that are correlated with one another during some periods
being uncorrelated and/or anticorrelated during other periods (Allen
et al., 2014; Chang and Glover, 2010; Handwerker et al., 2012). Such
dynamic FC fluctuations occur in anesthetized animals (Hutchison
et al., 2013b; Majeed et al., 2011) and therefore cannot be explained
purely by mind-wandering. However, fluctuating FC of specific
networks might reflect daydreaming.

Here we propose that dynamic FC based on FC variability (FCV)
between the DMN core and subsystems, across time-windows on
the order of seconds, reflects mind-wandering. We previously demon-
strated that individual tendencies to mind-wander away from painful
stimulation are unrelated to the tendency to daydream (Kucyi et al.,
2013). We showed that spontaneous FCV between the periaqueductal
gray andmedial prefrontal cortexwas significantly correlatedwith indi-
vidual differences in the tendency to mind-wander away from pain, but
did not investigate the brain dynamics of general tendencies to day-
dream or fluctuations in mind-wandering states within individuals.
The current study builds on and differs from our previous work as
follows: First, we linked DMN FC and FCV with inter-individual differ-
ences in general tendencies to daydream. Then, we used thought probes
during fMRI with painful stimulation to link the same metrics with
intra-individual fluctuations in degree of mind-wandering (Fig. 1). Our
unique paradigm enabled us to dissociate the components of spontane-
ous brain dynamics that relate to the general tendency to daydream
across individuals versus the fluctuating state of daydreaming within
an individual. We hypothesized that static DMN FC reflects largely un-
conscious brain operations related to the general tendency to daydream
regardless of cognitive state, whereas dynamic DMN FCV reflects mind-
wandering events.

Materials and methods

Participants

Fifty-one right-handed healthy volunteers (26 females, 25 males;
mean age ± SD= 25.02 ± 2.68) participated in the study, as reported
in a separate analysis (Kucyi et al., 2013). All of these subjects were in-
cluded in resting state analyses,whereas only fiftywere included in task
fMRI analyses because one subject did not complete the task fMRI.
Exclusion criteria included any history of neurological, psychiatric, or
chronic illness, regular pain in the last six months, and medication use
(besides birth control). Informed written consent was obtained for
procedures approved by the University Health Network REB.

Assessment of daydreaming

We used two approaches to assess daydreaming. First, subjects
completed the daydreaming frequency scale (DDF) of the Imaginal
Processes Inventory (Singer and Antrobus, 1972) prior to MRI scanning
on a different day. This provided a single overall measure for each
subject of their propensity to daydream and allowed us to evaluate
individual differences in brain connectivity related to individual pro-
pensity to daydream. DDF scores were normally distributed (p = 0.78,
1-sample Kolmogorov–Smirnov). Second, we used a thought probe
method to determinewhen subjects weremind-wandering throughout
an fMRI scan that included sensory stimulation (see below). This
allowed us to evaluate connectivity dynamics related to intra-
individual fluctuations in their state of mind-wandering (Fig. 1). To
test whether the general tendency to daydream was dissociated from
mind-wandering state during sensory stimulation, we calculated
Pearson's correlation coefficient for DDF versus mean frequency of
mind-wandering reports across the scans involving thought probes
(two-tailed).
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Scanning procedures

Scans were conducted with a 3-Tesla GE MRI system fitted with an
eight-channel phased-array head coil. A T1-weighted anatomical
scan was first collected with the following acquisition parameters:
matrix = 256 × 256; 104 axial slices; 0.78 × 0.78 × 1.5 mm3 voxels;
flip angle = 20°; TE = 3 ms; TR = 7.8 ms; TI = 300 ms. Next, we col-
lected a rs-fMRI scan in which subjects were instructed to “close your
eyes; do not try to think about anything in particular; do not fall asleep.”
This T2*-weighted echo-planar scan consisted of 277 volumes collected
over a 9min 14 s duration:matrix=64×64; 36 axial slices per volume;
3.125 × 3.125 × 4 mm3 voxels; interleaved slice acquisition; no
gap; flip angle = 90°; TE = 30 ms; TR = 2000 ms. We then acquired
4 T2*-weighted echo-planar task fMRI scans, each consisting of 266
volumes over 8 min 52 s (other parameters same as for the rs-fMRI
scan) that included intermittent thought probes to sample atten-
tional state. Subjects wore MRI-compatible goggles to view
displays presented with EPrime v1.1 (Psychology Software Tools,
PA, USA).

The task fMRI runs included external stimuli (pain) and experience
sampling procedures (Christoff et al., 2009; Stawarczyk et al., 2011b)
to probe attention toward versus away from the stimuli, as reported
previously (for details, see (Kucyi et al., 2013)). Briefly, stimuli consisted
of 50 Hz median nerve transcutaneous electrical nerve stimulation
(TENS) (Empi Inc., MN, USA). For each subject, prior to scanning, we
determined the current to be used during scanning that produced
pain intensity rated as 4–5 on a scale from 0 (no pain) to 10 (most in-
tense pain imaginable). This current level was adjusted between fMRI
runs to maintain a pain level of 4–5. The subject was instructed to
avoid actively attending either toward or away from pain, to avoid
structured thinking such as counting or singing, and to look at a central
fixation cross during pain stimulation and rest periods. Each run
consisted of a 30 s rest period followed by 10 28 s task trials followed
by a 22 s rest period. Each trial consisted of 20 s of painful TENS followed
by an attentional state thought probe (TP) during which the subject
pressed a button to indicate one of four options shown on a screen as
follows: “At the end of this last trial, to what degree were your
thoughts/feelings about pain or something else?” “Only pain”,
“Mostly pain”, “Mostly something else”, or “Only something else.”
After all runs, the subject was asked to indicate the degree to
which trials where they indicated “something else” was due to ex-
ternal sensory distractions (e.g. scanner noise/discomfort), task-
related interferences (e.g. thinking about upcoming thought
probe), or mind-wandering (thoughts/feelings completely unrelated
to the present sensory environment) (Stawarczyk et al., 2011a,
2011b). Ratings were given for external sensory distractions, task-
related interferences and mind-wandering on a Likert scale (1 =
never; 7 = always). Subjects were also encouraged to give examples
of thoughts/feelings unrelated to the present sensory environment
that occurred during scanning.

Data preprocessing

Preprocessing and analyses were carried out with tools in FSL v5.0
(Jenkinson et al., 2012), AFNI (Cox, 1996), MATLAB v7.12.0 (Mathworks
Inc., Natick, MA, USA), fMRISTAT (Worsley et al., 2002), and SPSS
(Armonk, NY, USA: IBM Corp), and were in line with our previous
work (Kucyi et al., 2012, 2013, 2014). The first 4 and first 5 volumes
were deleted for resting state and task scans, respectively. For all
scans, motion correction (MCFLIRT) as well as linear registration
(FLIRT) to T1 image (6 DOF) and standard MNI152 (12 DOF) space
were performed. The transformation matrices obtained from these
registrations were used in subsequent analyses (see below). To remove
physiological and scanner-related noise, aCompCor (Behzadi et al.,
2007) was applied. Partial volume maps of white matter (WM) and
cerebrospinal fluid (CSF), obtained with FSL's FAST segmentation of T1
images, were registered to fMRI space. These images were then
thresholded to retain 198 cm3 and 20 cm3 of voxels with the highest
probability of beingWMand CSF, respectively (Chai et al., 2012). Princi-
pal component analysis was applied in fMRISTATwithin runs: 1) within
the eroded WM volume; and 2) within the eroded CSF volume. The 5
highest varianceWM components, 5 highest variance CSF components,
and 6 motion parameters obtained with MCFLIRT were then regressed
out of the data. Spatial smoothing (6 mm FWHM kernel) and band-
pass temporal filter (0.01–0.1 Hz) were then applied. This temporal
filter range is typical for resting state fMRI studies, although some
studies have shown that functional connectivity at frequencies higher
than 0.1 Hz may contain information relevant to cognitive processes
(Norman-Haignere et al., 2012; Shirer et al., 2012). We therefore
performed a supplementary analysis in which we applied a high-pass
temporal filter (0.01 Hz) but no low-pass filter.

For task runs only, a general linear model (GLM) analysis was per-
formed using FSL's FEAT to regress stimulus-/task-related activation
out of the data and minimize contributions of externally-driven pain-
or thought probe-related activations to FC and FCV estimates (described
below). The GLM included two regressors that were convolved with a
gamma hemodynamic response function: 1) 20 s pain stimulation
periods, and 2) 8 s rating periods. The GLM residuals were used in all
analyses of task data. While these residuals may have contained some
stimulus-/task-evoked activity not explained by the GLM, our regres-
sion procedures ensured that variability in the BOLD signal across trials
could not be explained by differences in mean activations evoked by
pain or attentional state ratings.

Regions of interest

Regions-of-interest (ROIs) included the DMN core [posterior
cingulate cortex (PCC), anterior medial prefrontal cortex (amPFC)]
and subsystems [medial temporal lobe (MTL) and dorsomedial prefron-
tal cortex (dmPFC)]. For the DMN core regions, spherical ROIs (10 mm
diameter) were created in MNI152 standard space surrounding
coordinates reported by Andrews-Hanna et al. (2010b) for the PCC
(xyz = −8, −56, 26) and amPFC (xyz = −6, 52, −2). The two DMN
subsystem ROIs were obtained in MNI152 standard space from a data-
driven 17-network whole-brain atlas defined based on a clustering
approach applied to rs-fMRI and FC in 1000 healthy individuals (Yeo
et al., 2011) (Fig. 2) (http://freesurfer.net/fswiki/CorticalParcellation_
Yeo2011). The subsystems were selected as networks within the atlas
that most closely matched the definitions provided by Andrews-
Hanna et al. (2010b). TheMTL subsystem bilaterally includes the poste-
rior inferior parietal lobule (pIPL; BA 39), retrosplenial cortex (Rsp; BA
29/39/19), parahippocampal cortex (PHC; BA 20/36/19), and parts of
the hippocampal formation (HF; BA 20/36). The dmPFC subsystem
bilaterally included the dmPFC (BA 9/32), angular gyrus (AG; BA 39),
lateral temporal cortex (BA 21/22) and temporal pole (BA 21).

To confirm and determine the generalizability of our results to other
proposed DMN definition schemes, we performed additional analyses
(described below) using DMN subsystems from a published rs-fMRI
network atlas that was derived from an independent component analy-
sis of data from healthy individuals (Shirer et al., 2012) (http://findlab.
stanford.edu/functional_ROIs.html). This atlas includes a “ventral
DMN”which partially resembles theMTL subsystem (i.e., includes bilat-
eral pIPL, Rsp, and PHC, and additionally bilateral precuneus, bilateral
middle/superior frontal gyrus, and right cerebellar lobe IX) and a spa-
tially distinct “dorsal DMN” that does not resemble either subsystem
(includes dmPFC, HF, amPFC, PCC, thalamus, and posterior AG). Since
this atlas includes sensory networks thatwe did not expect to be related
to daydreaming, we also used two of these networks (sensorimotor,
primary visual) to test the specificity of our findings. The sensorimotor
network includes bilaterally the precentral gyrus, postcentral gyrus,
ventral thalamus and lobules V and VI of the cerebellum. The primary
visual network includes bilaterally the intracalcarine cortex.

http://freesurfer.net/fswiki/CorticalParcellation_Yeo2011
http://freesurfer.net/fswiki/CorticalParcellation_Yeo2011
http://findlab.stanford.edu/functional_ROIs.html
http://findlab.stanford.edu/functional_ROIs.html
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Resting state fMRI analysis

We followed our previously reported procedures for seed-based FC
analysis (Kucyi et al., 2012, 2014) to map whole-brain FC of the DMN
core regions (PCC, amPFC). The PCC and amPFC seed regions were
converted to individual fMRI space using the transformation matrix
obtained with FLIRT, and the mean time series across all voxels within
each seed were extracted from the preprocessed data. First-level GLMs
were then performed in FEAT with FILM prewhitening and the seed
time series (done separately for PCC and amPFC) entered as a regressor.
The whole-brain positive connectivity maps obtained from this GLM
(contrast of parameter estimate images) were then entered into a
group-level mixed effects (FLAME 1) analysis in standard MNI152
space (FWE-corrected Z N 2.3; cluster-based p b 0.05).

We next tested whether FC/FCV between DMN core regions and
DMN subsystems were associated with individual differences in DDF.
For FC analysis, Fisher-transformed correlations of the PCC and amPFC
time series with all other brain voxelswere calculated. For the FCV anal-
ysis, scans were split into 30 s sliding time-windows, with the onset of
each window progressively shifted by 2 s (1 TR) from that of the previ-
ous window, resulting in a total of 258 windows. Fisher-transformed
correlations were calculated between seed region time series and all
other brain voxels within each window. An FCV map was then created
by calculating the standard deviation of these correlation values across
all windows within each voxel. The FC and FCVmaps were transformed
to standard MNI152 space using the previously computed transforma-
tion matrix. The mean value across all voxels within standard space
DMN subsystems of interest was then extracted from each seed FC
and FCV map (excluding voxels that overlapped with the seed itself).

We performed four multiple linear regressions (one for each DMN
seed–subsystem pair) with DDF entered as dependent variable and
both FC and FCV as independent variables. For each seed–subsystem
pair, there was no significant correlation between FC and FCV (PCC–
MTL: r = −0.19, p = 0.18; PCC–dmPFC: r = 0.093, p = 0.52;
amPFC–MTL: r = 0.066, p = 0.65; amPFC–dmPFC: r = −0.11, p =
0.45), so the FC and FCVmetricsmay be considered as independent con-
tributors to DDF. A seed–subsystem pair was considered as significantly
related to DDF if themultiple regression model including its FC and FCV
had a p b 0.01 (i.e., results are Bonferonni-corrected for 4 comparisons).
For significant seed–subsystem pairs, Pearson's correlation was
calculated to delineate the relationship of DDF with FC and FCV. Partial
correlations were also performed to determine the unique links of FC
versus FCV with DDF. We tested the effect of calculating FCV using 30,
40, 50, and 60 s sliding windows on the correlation with DDF as done
previously (Kucyi et al., 2013) (main results are reported for 30 s
windows). Effects of motion on FC values can persist despite the perfor-
mance of preprocessing steps similar to those used here (Power et al.,
2012; Van Dijk et al., 2012), so here we used partial correlation to test
whether mean motion, calculated as mean absolute displacement of
each brain volume compared to the previously acquired volume (Van
Dijk et al., 2012), affected any identified significant relationships
between DDF and FC/FCV. To determine the specificity of our
results, we also correlated DDF with PCC-sensorimotor network and
PCC-primary visual network FC and FCV (significance set at p b 0.05,
two-tailed).

Task fMRI analysis

To ensure that our analysis reasonably captured brain dynamics
underlying intra-individual fluctuations in mind-wandering (rather
than external sensory distractions or task-related interferences), only
subjects who reported a minimum rating of 4 for mind-wandering on
the post-scan questionnaire (n = 33) were selected for task fMRI
analysis. For 30 of these subjects, 4 runs were included in the analysis,
and for the remaining 3 of subjects, only 3 runs were included due to
scan acquisition errors (missing trial responses, or missing brain slices).
Additional analyses of 17 subjects who reported mind-wandering rat-
ings below 4 were performed to test specificity of results to mind-
wandering as opposed to external sensory distractions or task-related
interferences (see below). Therefore a total of 50 subjectswere included
in the task fMRI analyses. Calculations of FC and FCV proceeded as in the
resting state analysis for preprocessed data in each task run individually
(using 30 s slidingwindows to calculate FCV). Each runwas classified in
terms of degree of ongoingmind-wandering by calculating the percent-
age of total trials in the run in which a subject reported either “mostly
something else” or “only something else.”

We tested whether the links identified in rs-fMRI between DDF and
DMN FC/FCV could be reproduced when using independent data from
task fMRI to calculate FC/FCV. For the 33 subjects included in the task
fMRI analysis, we tested the directed hypothesis that the mean of
PCC–MTL subsystem FC values across all task fMRI runs negatively
correlates with DDF (as identified in rs-fMRI analysis, described
below), with significance set at p b 0.05 (one-tailed).We also correlated
the mean of the PCC–MTL subsystem FCV values across task fMRI runs
with DDF, with significance set at p b 0.05 (two-tailed). These analyses
were repeated using PCC–ventral DMN FC/FCV.

To perform a group analysis that assesses the link between relative
fluctuations in DMN FCV and degree ofmind-wanderingwithin individ-
uals, we normalized all values for each variable within a subject by
subtracting the mean across all runs out of values in individual runs.
As the rs-fMRI analysis revealed a positive correlation between individ-
ual differences in PCC–MTL subsystem FCV and DDF, we tested the
directed hypothesis that a positive correlation between PCC and MTL
subsystem FCV reflects the degree of ongoing mind-wandering.
Pearson's correlation was calculated between normalized FCV and
mind-wandering scores, using all runs in all subjects. Degrees-of-
freedom were adjusted conservatively to reflect the number of con-
straints introduced by multiple subjects (129 runs — 33 subjects = 96
DOF), and significance was set at p b 0.05 (one-tailed). The analysis
was repeated for the ventral DMN and using static FC. Furthermore, to
explorewhether our results were specific to theMTL subsystem/ventral
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DMN, we conducted static FC and dynamic FCV analyses for the dmPFC
subsystem of the DMN, sensorimotor network, and primary visual
network (correlations reported with two-tailed p values).

To test the specificity of identified links between brain activity
and mind-wandering, we repeated analyses in 17 subjects who
reported mind-wandering ratings of less than 4. We expected that
if brain–behavior correlations identified in subjects with mind-
wandering ratings of 4 or higher were reflective of mind-wandering
rather than other factors, these correlationswould be reduced inmagni-
tude in the low mind-wandering subgroup. As in the analysis of high
mind-wandering subjects, degrees-of-freedom for the reported p values
were adjusted (67 runs — 17 subjects = 50 DOF).

Results

Daydreaming behavior

Individuals included in the rs-fMRI (n = 51) varied in their DDF
scores (mean ± SD = 34.3 ± 10.5; range: 14–56). For individuals
included in the task fMRI (sensory stimulation coupled with thought
probes) analysis (n = 33), the proportion of trials with mind-
wandering reports across all 129 runs was 55.1% + 27.4% (mean ±
SD). Within individuals, proportions of mind-wandering reports varied
from run to run (group average formean%change acrosswithin-subject
runs: 19.6± 10.2%), indicating that individualsfluctuated in their states
of mind-wandering across scanning runs. For subjects included in task
fMRI analysis, there was no significant correlation between DDF
and mean frequency of mind-wandering reports across task fMRI
scans (r = −0.12, p = 0.49). This confirms that our paradigm of fMRI
coupledwith painful stimulation dissociated general individual tenden-
cies to daydream from state-related daydreaming, consistent with our
previous analysis (Kucyi et al., 2013).

Resting state: connectivity between the DMN core and subsystems

We first sought to confirm that during rs-fMRI in our sample, DMN
core regions (PCC, amPFC) were functionally connected with the
dmPFC and MTL DMN subsystems, as previously defined (Yeo et al.,
2011). Group-level whole-brain static FC analysis revealed that both
these DMN core regions were functionally connected bilaterally with
the major nodes of both MTL and dmPFC subsystems (Fig. 2), including
the pIPL, retrosplenial cortex, parahippocampal cortex, HF, dmPFC,
angular gyrus, lateral temporal cortex, and temporal pole.

Resting state: static FC and dynamic DMN FC relate to daydreaming
frequency

We next tested whether static FC and dynamic FC between DMN
core regions and DMN subsystems were associated with individual dif-
ferences in DDF. We have defined static FC as the correlation between
activities from distinct brain regions over an entire time series in a
given fMRI scan,whereas dynamic FC (FCV)was defined as the standard
deviation of FC across 30 s progressively sliding windows of 2 s incre-
ments within a scan (Fig. 1) (Kucyi et al., 2013). To assess the link
between DDF and DMN FC/FCV, we performed four multiple linear
regressions (one for each seed–subsystem pair) with DDF entered as
dependent variable and both FC and FCV as independent variables.
This regression approach was motivated by the fact that for each
seed–subsystem pair, there was no significant correlation between FC
and FCV (see Materials and methods), so both could independently be
associatedwithDDF.Multiple regression revealed that individual differ-
ences in DDF were significantly related to the combined variance of FC
and FCV for the PCC–MTL subsystem pair (R2 = 0.18, p = 0.008) at
the Bonferonni-corrected level. In contrast, there was no significant
association of DDF with the combined variance of FC and FCV for the
PCC–dmPFC subsystem (R2= 0.049, p= 0.30), amPFC–MTL subsystem
(R2 = 0.011, p= 0.76), or amPFC–dmPFC subsystem (R2 = 0.013, p=
0.73) pairs (Table 1).

Most strikingwas a clear relationship between individual tendencies
to daydream, as reflected by DDF scores, and connectivity of the PCC–
MTL subsystem of the DMN (Fig. 3). Specifically, DDF scores were
negatively correlated with PCC–MTL subsystem static FC (r = −0.36,
p= 0.01) and positively correlated with dynamic PCC–MTL subsystem
FCV (r = 0.30, p = .035). These correlations remained unchanged
when controlling for mean head motion (FC: r = −0.36, p = 0.01;
FCV: r = 0.30, p = 0.034). When controlling for PCC–MTL subsystem
FCV, the partial correlation between DDF and FC remained significant
(r = −0.32, p = 0.023). When controlling for PCC–MTL subsystem
FC, the partial correlation between DDF and FCV was slightly reduced
(r = 0.25, p = 0.08).

To confirm and determine the generalizability of our results to other
proposed DMN definition schemes, we performed additional analyses
using DMN subsystems and other networks from a rs-fMRI network
atlas that includes the dorsal DMN and ventral DMN as well as sensory
networks including the sensorimotor network and primary visual net-
work (seeMaterials andmethods) (Shirer et al., 2012). The PCC–ventral
DMN FC/FCV was significantly related to DDF (R2 = 0.26, p= 0.001) at
the Bonferonni-corrected level (Table 1) whereas the other core–
subsystem pairs did not show significant correlations with DDF: PCC–
dorsal DMN (R2 = 0.12, p = 0.052), amPFC–ventral DMN (R2 =
0.012, p =0.75), and amPFC–dorsal DMN (R2 = 0.017, p = 0.66).
Therewere negative, and positive correlations of DDFwith PCC–ventral
DMN FC (r=−0.39, p= 0.005; controlling for mean headmotion: r=
−0.36, p= 0.009) and FCV (r= 0.35, p= 0.013; controlling for mean
headmotion: r= 0.38, p= 0.006), respectively (Fig. 4).When control-
ling for PCC–ventral DMN FCV, the correlation between DDF and FC
remained significant (r = −0.36, p = 0.01). When controlling
for PCC–ventral DMN FC, the correlation between DDF and FCV
remained significant (r = 0.40, p = 0.004). The correlations of DDF
with static FC were not significant for the PCC–sensorimotor network
(r = −0.19, p = 0.19) or for the PCC–primary visual network (r =
−0.11, p = 0.45). Furthermore, DDF was not significantly correlated
with dynamic FCV for PCC–primary visual network (r=0.25, p= 0.08),
although a significant correlation was found for PCC–sensorimotor
network (r= 0.30, p= 0.03) (Fig. S1).

It is not well established how FC dynamics revealed with rs-fMRI
sliding-window analyses are affected by window duration used to cal-
culate FCV.We therefore testedwhether the relationshipswe identified
between PCC–MTL subsystem and PCC–ventral DMN dynamic FCVwith
DDF were dependent on the duration of the sliding window. We found
that positive correlations with DDF remained significant for PCC–MTL
and PCC–ventral DMN FCV using a 40 s (instead of 30 s) slidingwindow
(with and without controlling for FC; Table 2). However, when the slid-
ing windowwas increased to 50–60 s durations, there was a deteriora-
tion of the effects we found using the shorter 30 and 40 s windows
(Table 2).Whenwe applied a high-pass but no low-pass temporal filter
during preprocessing, the relationships of DDF with static FC remained
significant for the PCC–MTL subsystem (r = −0.35, p = 0.01) and
PCC–ventral DMN (r = −0.36, p = 0.009), but the relationships of
DDF with dynamic FCV were no longer significant for the PCC–MTL
subsystem (r = 0.04, p = 0.76) or for the PCC–ventral DMN (r =
0.02, p= 0.88). This suggests that fluctuations in FC that were relevant
to DDF were mainly restricted to frequencies in the 0.01–0.1 Hz range.

DMN FCV tracks ongoing mind-wandering

Wenext usedmind-wandering thought probes during fMRI to test 2
hypotheses: 1) dynamic DMN FCV, but not static FC, correlates with on-
going mind-wandering within individuals, and 2) the link between
DMN FC (but not FCV) with DDF identified in the rs-fMRI analysis is
reproducible during task fMRI coupled with painful stimulation. We
classified the fMRI runs of sensory stimulation coupled with thought



Table 1
Resting state fMRI multiple linear regression results (n = 51) for daydreaming frequency (DDF) entered as dependent variable, and functional connectivity (FC) and FC variability (FCV)
entered as independent variables for each default mode network core and subsystem pair tested separately. Pearson's correlation coefficient (r) values are also shown for DDF versus FC
and FCV individually.

DMN core–subsystem pair R2 (relationship of FC and FCV with DDF) p r value: FC vs DDF r value: FCV vs DDF

PCC–MTL 0.18 0.008⁎ −0.36 0.30
PCC–dmPFC 0.049 0.30 −0.11 0.18
amPFC–MTL 0.011 0.76 −0.03 −0.10
amPFC–dmPFC 0.013 0.73 −0.16 0.01
PCC–ventral DMN 0.26 0.001⁎ −0.35 0.39
PCC–dorsal DMN 0.12 0.052 −0.27 0.15
amPFC–ventral DMN 0.012 0.75 −0.10 0.04
amPFC–dorsal DMN 0.017 0.66 −0.11 0.07

⁎ p b 0.01.
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probes based on the frequency of within-run mind-wandering reports.
Additionally, we calculated DMN core–subsystem FC and FCV for each
run and demeaned FC, FCV, and mind-wandering frequency scores
within subjects to eliminate variance related to inter-individual differ-
ences (Materials and methods). The most striking finding was that the
degree of ongoing mind-wandering within a run, as measured during
scanningwith thought probes, was correlated with dynamic connectiv-
ity (i.e., FCV) of the PCC–MTL subsystem (r= 0.25, p= 0.0063) (Fig. 5)
as well as with PCC–ventral DMN FCV (r= 0.26, p= 0.0052) in the 33
subjects with high mind-wandering ratings (Fig. 6). However, there
were no significant correlations between the degree of ongoing mind-
wandering and static connectivity (i.e., FC) of the PCC–MTL subsystem
FC (r = −0.0034, p = 0.49) or PCC–ventral DMN FC (r = 0.15, p =
0.076) (Fig. 5). In the 17 subjects with low mind-wandering ratings
(see Materials and methods), the correlations were reduced in magni-
tude for ongoing thoughts unrelated to the sensory stimulus being
delivered versus the FCV of the PCC–MTL subsystem (r = 0.16, p =
0.13) and versus the FCV of the PCC-ventral DMN (r = 0.18, p =
0.10) (Fig. S2). This suggests that FCV–behavior relationships
were largely driven bymind-wandering rather than external sensory
distractions or task-related interferences.

Therewere significant negative correlations betweenDDF andmean
PCC–MTL subsystem FC across task fMRI runs (r = −0.32, p = 0.035)
and mean PCC–ventral DMN FC across task fMRI runs (r = −0.34,
p = 0.028) (Fig. 5). Therefore, the links between DDF and FC
remained regardless of the subject's cognitive state (resting versus
painful stimulation). However, there were no significant correlations
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between DDF and mean PCC–MTL subsystem FCV across task fMRI
runs (r = −0.21, p = 0.24) (Fig. 5) or mean PCC–ventral DMN FCV
across task fMRI runs (r = −0.18, p = 0.32) (Fig. 6).

We also tested whether FC and FCV of the PCC with other networks
correlated with the degree of ongoing mind-wandering. Correlations
were as follows: dmPFC subsystem of the DMN (FC: r = −0.19, p =
0.065; FCV: r = 0.21, p = 0.035), sensorimotor network (FC: r =
0.15, p= 0.16; FCV: r= 0.22, p= 0.03), and primary visual network
(FC: r = 0.056, p = 0.59; FCV: r = 0.19, p = 0.066).

Discussion

Wehave demonstrated that dynamic DMN connectivity fluctuations
track spontaneous mind-wandering in awake humans, suggesting that
resting state brain activity fluctuations are not completely independent
of consciousness. We found that individual differences in daydreaming
in daily life were associated with both static and dynamic aspects of
DMN functional connectivity in a task-free, stimuli-independent state.
Importantly, we dissociated the general tendency to daydream (DDF,
likely a personality trait) from ongoing daydreaming (representing a
current cognitive state) and revealed that intra-individual fluctuations
in mind-wandering were associated with dynamic, but not static as-
pects of DMN functional configurations. These findings were specific
to connectivity between the PCC and DMN subsystems involved in
future-oriented thought that include theMTL, Rsp and pIPL. Important-
ly, our study demonstrates that dynamic FCV, based on timewindows in
the order of seconds, can uncover information about spontaneous
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cognition not captured by themore conventional approach of analyzing
static FC over several minutes. This may arise from the dynamic nature
of “stream of consciousness” thoughts and feelings that fluctuate from
second to second.

Since the introduction of rs-fMRI (Biswal et al., 1995), static FC anal-
ysis has predominated as the standard approach to understanding func-
tional brain connectivity. In recent years, however, dynamic FC analysis
has gained popularity despite unresolved issues regardingmethodology
and interpretation (Hutchison et al., 2013a). Sliding time-window FC
fluctuations may arise in part from stochastic noise (Handwerker
Table 2
Effect of sliding window duration used to calculate resting state FCV on the correlation of dayd

Correlation between DD

30 s windows

r p

PCC–MTL subsystem Without controlling for FC 0.30 0.035
Controlling for FC 0.25 0.08

PCC–ventral DMN Without controlling for FC 0.35 0.013
Controlling for FC 0.40 0.004
et al., 2012). However, computational models (Deco and Corbetta,
2011) and empirical data from simultaneous EEG-fMRI (Chang et al.,
2013; Tagliazucchi et al., 2012) as well as fMRI coupled with local field
potential recordings (Thompson et al., 2013) strongly suggest a neural
basis of dynamic FC. While the behavioral relevance of dynamic FC is
currently poorly characterized, here we show that both inter-individual
variability and intra-individual variability in behavior are linked with
spontaneous FC fluctuations.

Notably, previous studies have shown that inter-individual differ-
ences in spontaneous cognition during rs-fMRI, as reported immediate-
ly after scanning, are associated with variability in static DMN FC
(Andrews-Hanna et al., 2010a; Doucet et al., 2012). However, it is possi-
ble that individuals with a greater general tendency to daydream were
mind-wandering more frequently during these scans (Mason et al.,
2007), and that these FC differences reflect unconscious, intrinsic
brain organization, perhaps related to personality or previous experi-
ences rather than the ongoing cognition. Our study differs from this pre-
vious work in that we assessed variable states of mind-wandering
within individuals, and we analyzed dynamic in addition to static FC.
Our combined analyses of rs-fMRI and fMRI coupled with thought
probes suggest that static PCC–MTL subsystem/ventral DMN FCmay re-
flect intrinsic individual differences in functional brain organization in-
dependent of cognitive state. Therefore, the relationship between FC
and DDF remains regardless of the contents of the ongoing cognition.
On the other hand, dynamic FCV between the same regions may reflect
ongoing daydreaming. If this is the case, the correlation between DDF
and FCV at rest, but not during sensory stimulation, may be explained
by high DDF individuals mind-wandering the most intensely and/or
frequently during the resting state. This is supported by the fact that
the degree of ongoing mind-wandering, but not DDF, correlated with
FCV during sensory stimulation. As our sensory stimulation paradigm
dissociated the trait of DDF from the state of mind-wandering, our
findings provide a unique window into the relationship between
spontaneous brain dynamics and cognition. However, further studies
of mind-wandering away from other sensory events besides pain
would be needed to determine whether our results are specific to
mind-wandering away from pain or not.

Our finding of a negative correlation between DDF and static DMN
FC may seem counterintuitive if the DMN is thought of as a network
whose integrated function supports mind-wandering. Andrews-Hanna
et al. (2010a) reported a positive correlation between static FC within
the DMN's MTL subsystem and the percentage of time that participants
spent thinking about the past and future during a resting state scan,
seemingly in contrast to our results. We are unaware of any previous
studies linking DDF with resting state DMN FC. However, some studies
may be in line with our results. Doucet et al. (2012) found lower
within-DMN FC in individuals with greater visual mental imagery and
inner language thoughts during resting state scans. Gordon et al.
(2014) reported a negative correlation between within-DMN FC and
trait-level inattention, a measure of inability to focus on a task at hand
that may be related to DDF. Furthermore, if a general tendency to day-
dream is comparable to a state of sleepiness/dreaming as has been
suggested (Fox et al., 2013), studies of sleep support our findings as
they have shown that within-DMN FC decreases in the transition from
reaming frequency (DDF) with PCC–MTL subsystem and PCC–ventral DMN FCV (n = 51).

F and FCV

40 s windows 50 s windows 60 s windows

r p r p r p

0.30 0.031 0.13 0.35 0.18 0.21
0.30 0.036 0.17 0.23 0.23 0.11
0.39 0.005 0.21 0.13 0.30 0.031
0.44 0.002 0.27 0.057 0.40 0.004
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wakefulness to sleep (Chowet al., 2013; Samann et al., 2011), sleepdep-
rivation reduceswithin-DMNFC (Bosch et al., 2013), and daytime sleep-
iness is negatively correlated with within-DMN FC (Ward et al., 2013).

Across individuals and populations, mind-wandering is known to be
predominantly future-focused and is thought to function in routine au-
tobiographical planning (Baird et al., 2011; Stawarczyk et al., 2011a).
Activation of the MTL subsystem of the DMN has been linked with
future-oriented thought based on memory (Andrews-Hanna et al.,
2010b), and FC within the MTL subsystem has been associated with
individual differences in frequency of past/future-oriented thoughts
during rs-fMRI (Andrews-Hanna et al., 2010a). Furthermore, direct
electrophysiological recordings in humans undergoing brain surgery
have revealed increased theta band phase locking between the Rsp
and MTL during autobiographical retrieval (Foster et al., 2013). Our
findings extend upon this work, implicating connectivity of the MTL
subsystem to daydreaming. We also found PCC FC and FCV with the
ventral DMN, which includes not only the MTL subsystem regions but
also other non-DMN regions (e.g. precuneus and prefrontal regions
that were not found to be functionally connected with either PCC or
amPFC in our group-level analysis), to be even more strongly related
with DDF and ongoing mind-wandering than PCC–MTL subsystem in-
teractions. Furthermore, PCC FCVwith sensory networks (sensorimotor
and primary visual networks) was found to positively correlate with
DDF and with ongoing mind-wandering. This raises the intriguing
possibility that the PCC, as a major hub within the brain as a whole
(Hagmann et al., 2008), dynamically coordinates the interactions
between DMN subsystems and other networks to maintain or suppress
attention to stimulus-independent thoughts versus the external
environment. A recent magnetoencephalography study of dynamic FC
demonstrated that the PCC, compared to other brain regions, functions
most frequently in cross-network interactions and engages with nodes
of non-DMN networks when those nodes disengage from their corre-
sponding networks (de Pasquale et al., 2012). Future work is needed
to uncover the potential relevance of these ms-scale inter-network
interactions to spontaneous cognition.

Interpretation of the positive direction of the correlations that we
identified between dynamic FCV and daydreaming may be informed
by considering studies linking regional brain variability with behavioral
performance (Garrett et al., 2011, 2013; Misic et al., 2010).
Posteromedial cortical regions, including the PCC, show the greatest
increase in brain variability during development (Misic et al., 2010),
possibly reflective of increased capacity for higher order cognitive pro-
cesses that are engaged during daydreaming. Regions within the DMN
show decreasing variability in activity during performance of tasks
with greater difficulty (Garrett et al., 2013) when mind-wandering
would be expected to be minimized. This may be analogous to a state
of stable DMN FC, which our data indicate is associated with lower
ongoing mind-wandering.

Our fMRI study did not afford us the temporal resolution to investi-
gate dynamic FC underlying single spontaneous cognitive events.
Instead, we calculated FCV across 30 s sliding time-windows within
scans and linked this with an overall state of mind-wandering indexed
bymultiple thought probes. This approach wasmotivated by our previ-
ous finding of a link between FCV and individual differences in pain-
related cognition (Kucyi et al., 2013), which suggested that FCV is a
behaviorally-relevant metric as confirmed and extended upon here.
Our paradigm of sensory stimulation coupled with thought probes
was not suitable for examining transient changes in FCV during mind-
wandering events, as stimuli were only 20 s in duration and we could
not determine precisely when attention shifted from a stimulus to a
stimulus-independent cognition. Future studies with thought probes
during a task-/stimulus-free state may enable further insights into the
neural network dynamics of spontaneous cognition.

While there is no ideal slidingwindowduration for dynamic FC anal-
ysis, previous studies havemostly used 30–60 swindows because these
durations are short enough to capture interesting transient events but
long enough to avoid issues such as poor sampling for correlation anal-
ysis and decreased fMRI signal-to-noise when using few data points to
analyze FC (Hutchison et al., 2013a). We present our main FCV results
with 30 s slidingwindows to capture the dynamics of spontaneous cog-
nition, andwere motivated by the finding that only 30 s of whole-brain
FC patterns are sufficient to identify subject-driven cognitive stateswith
significant accuracy (Shirer et al., 2012). The correlations between DMN
FCV and DDF tended to decrease in magnitude when using 50–60 s
window durations, suggesting that variability across longer windows
does not adequately capture the dynamics of spontaneous cognition.
Our findings of no significant correlations between FC and FCV for the
region–network pairs that we analyzed, coupled with dissociated
relationships with behavior for FC versus FCV, suggest that FCV analysis
is sensitive to different aspects of brain network activity than FC.

In conclusion, our results demonstrate that that dynamic DMN
connectivity fluctuations track ongoing daydreaming and highlight the
relevance of rich temporal information in fMRI network connectivity
data to behavior. While dynamic FC during rs-fMRI in part reflects
endogenous, intrinsic brain function unrelated to current cognition,
variable functional configurations within at least some brain networks
do reflect ongoing conscious processes. The involvement of spontane-
ous cognition in dynamic FC fluctuations should thus be considered
when interpreting the results of all studies of brain activity during
states that involve mind-wandering — a ubiquitous, defining human
experience.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.06.044.
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