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A B S T R A C T

Understanding the neural processes that support different patterns of ongoing thought is an important goal of
contemporary cognitive neuroscience. Early accounts assumed the default mode network (DMN) was especially
important for conscious attention to task-irrelevant/personally relevant materials. However, simple task-negative
accounts of the DMN are incompatible with more recent evidence that neural patterns within the system can be
related to ongoing processing during active task states. To better characterise the contribution of the DMN to
ongoing thought, we conducted a cross-sectional analysis of the relationship between the structural organisation
of the brain, as indexed by cortical thickness, and patterns of experience, identified using experience sampling in
the cognitive laboratory. In a sample of 181 healthy individuals (mean age 20 years, 117 females) we identified an
association between cortical thickness in the anterior parahippocampus and patterns of task focused thought, as
well as an adjacent posterior region in which cortical thickness was associated with experiences with higher levels
of subjective detail. Both regions fell within regions of medial temporal lobe associated with the DMN, yet varied
in their functional connectivity: the time series of signals in the ‘on-task’ region were more correlated with
systems important for external task-relevant processing (as determined by meta-analysis) including the dorsal and
ventral attention, and fronto-parietal networks. In contrast, connectivity within the region linked to subjective
‘detail’ was more correlated with the medial core of the DMN (posterior cingulate and the medial pre-frontal
cortex) and regions of primary visual cortex. These results provide cross-sectional evidence that confirms a
role of the DMN in how detailed experiences are and so provide further evidence that the role of this system in
experience is not simply task-irrelevant. Our results also highlight processes within the medial temporal lobe, and
their interactions with other regions of cortex, as important in determining multiple aspects of how human
cognition unfolds.
1. Introduction

Humans spend almost one third of their lives engaged in patterns of
thought focused on information other than the events taking place in the
here and now (Killingsworth and Gilbert, 2010). Patterns of
self-generated thought have psychological relevance since they are
associated with a complex pattern of costs and benefits in daily life
(Mooneyham and Schooler, 2013). Across individuals they are correlated
with beneficial functions, such as intelligence (Turnbull et al., 2019),
delaying gratification (Smallwood et al., 2013), and creativity (Agnoli
o).
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et al., 2018; Baird et al., 2012; Fox and Beaty, 2018). They are also linked
to more detrimental states such as rumination and unhappiness (Poerio
et al., 2013; Ruby et al., 2013) and absentminded errors (Kane and
McVay, 2012; McVay and Kane, 2009). As psychology is coming to terms
with the different types of experience that constitute states such as
mind-wandering (Seli et al., 2018), it becomes increasingly important to
generate clear mechanistic accounts regarding how these distinct states
emerge. Such attempts are often hampered due to methodological chal-
lenges encountered when trying to study patterns of cognition that are
not driven by external input (Smallwood, 2013).
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It is argued that measures of neural function can play an important
role in bridging this gap, because they hold the potential to elucidate the
underlying mechanisms that describe how different patterns of ongoing
thought unfold (Christoff et al., 2016). Building on studies that examine
ongoing thoughts from the perspective of individual differences, our
study examined the association between cortical thickness, as measured
by Magnetic Resonance Imaging (MRI), and patterns of ongoing thoughts
recorded in the laboratory. Cortical thickness is a relatively stable
neuroanatomical feature that is significantly influenced by genetic fac-
tors (Panizzon et al., 2009; Winkler et al., 2010) and closely associated
with traits and neuropsychiatric disorders (e.g. Hardan et al., 2006;
Rauch et al., 2005; Schilling et al., 2013). We hoped that by examining
the correlation between whole brain cortical thickness and the patterns
of experience that individuals report in the lab, we would be able to
refine our understanding of the neural mechanisms that guide different
aspects of ongoing thought.

1.1. Prior neurocognitive studies of ongoing experience

Within the field of cognitive neuroscience it was initially assumed
that processing self-generated task-unrelated information during ongoing
thought reflects the functioning of the so called ‘default mode network’
(DMN) - a constellation of regions encompassing the posterior and
anterior medial cingulate, as well as lateral regions in the parietal and
frontal cortex. This assumption was based on the tendency for the DMN
to deactivate when participants engage in demanding external tasks
(Raichle et al., 2001) as well as observations that activity in this system
can be higher when (i) individuals report being off-task (Allen et al.,
2013; Christoff et al., 2009; Stawarczyk et al., 2011) and (ii) during tasks
that mimic the content of periods of task-irrelevant cognition, such as
self-reference (e.g. Kelley et al., 2002; Macrae et al., 2004) and other
forms of social cognition (e.g. Schilbach et al., 2008; Spreng and Grady,
2010).

However, recent work has highlighted the contribution of the DMN to
cognition as broader than previously assumed. First, studies have sug-
gested that the DMN may play a role in task relevant processing. For
example, the DMN increases activity when participants perform simple
tasks that depend on information from working memory (Konishi et al.,
2015; Murphy et al., 2018a, 2018b; Vatansever et al., 2018). It also
shows functional coupling to task-positive regions in a manner that
matches the demands of the external task (Krieger-Redwood et al., 2016;
Vatansever et al., 2015). Other studies have shown that the DMN in-
creases activity when individuals switch between different cognitive
tasks, suggesting a role in generation and/or maintenance of task sets
(Crittenden et al., 2016; Smith et al., 2018). Finally, studies in the
domain of memory processing have shown that the DMN is implicated in
the levels of detail in both episodic (Bonnici et al., 2016; Richter et al.,
2016) and semantic memories (Davey et al., 2015). Together these
studies suggest the DMN may play an important role in task relevant
processing, and conceptions of this network function as task-negative are
unlikely to be correct.

Second, by recording neural activities while participants describe
their ongoing thoughts, recent online experience sampling studies chal-
lenge accounts of the DMN as primarily contributing to off-task states.
For example, a study from our laboratory found neural activity within the
DMNwas linked, via representational similarity analysis, to the degree of
detail in patterns of ongoing thought when participants were actively
engaged in a working memory task (Sormaz et al., 2018). Similarly,
Kucyi and colleagues (Kucyi et al., 2016) demonstrated that activity
within regions of the DMN increases when behaviour is stable across time
(see also Esterman et al., 2012). These lines of work indicate that the
DMN has an important role in patterns of ongoing thought, another
strand of evidence demonstrating its function is broader than a simple
role in task-irrelevant content.

Third, not only has recent work suggested that the DMN may
contribute to elements of experience other than the off-task state, there is
2

also evidence that neural systems with a more well-defined role in task
performance may be critical for maintaining focus on an external task.
For example, a meta-analysis highlighted structures outside of the DMN,
including the hippocampus, and dorsolateral prefrontal cortex, as
important in studies exploring mind-wandering (Fox and Christoff,
2015). More recently, Wang et al. (2018a) used canonical correlation
analysis to demonstrate that patterns of ongoing thought at rest corre-
sponding to worrying current concerns were associated with reduced
communication within neural systems important for external tasks (such
as the dorsal and ventral attention network). This pattern was linked to
poor performance on tasks of aptitude, suggesting links with problems in
control anticipated by executive-failure accounts of off-task thinking
(Kane and McVay, 2012; McVay and Kane, 2009). Together these data
are consistent with the hypothesis that regions which play a general role
in external task performance (e.g. the multiple demand network, Duncan
(2010)) are likely to play an important role in patterns of ongoing
thought by focusing attention on the task being performed.

1.2. Current study

Converging evidence from multiple domains, therefore, has brought
into question the precise role the DMN plays in patterns of ongoing
cognition. The current study was a cross-sectional investigation with the
aim of understanding how different patterns of ongoing thought are
linked to the structural organisation of the brain. Our study builds on our
prior work that interrogated the neural correlates associated with indi-
vidual variation in specific patterns of thought across large cohorts of
individuals. In one of our prior studies (Smallwood et al., 2016), we used
functional connectivity in a set of 80 participants to highlight that the
DMNwas important for many aspects of experience. Importantly, greater
levels of detail was linked to functional connectivity between the para-
hippocampal gyrus and the posterior core of the DMN, while off-task
thinking was linked to patterns of connectivity between lateral tempo-
ral cortex and the same region of posterior medial cortex. Further anal-
ysis of the same set of participants demonstrated that patterns of
self-generated episodic content, but not off-task content, was linked to
the white matter structure of the fornix and the connectivity of this re-
gion into the DMN core (Karapanagiotidis et al., 2017). Importantly,
population level studies have shown the fornix is a critical white matter
bundle that helps integrate neural signals from the hippocampus into the
DMN core (Kernbach et al., 2018). In a second set of studies, using a
larger cohort (n¼ 150), we used canonical correlation to show that
spontaneous off-task thoughts can be distinguished from thoughts linked
to vivid emotional experiences based on variance in the patterns of
connectivity within the DMN core across individuals (Wang et al.,
2018b). In the same cohort, examination of the whole brain functional
connectivity of large scale networks also helped us identifying that pat-
terns of on-task thinking were linked to the connectivity of the dorsal and
ventral attention networks, rather than the DMN (Turnbull et al., 2019) –
a finding that was consistent with investigation of patterns of thought at
rest in a large open access data set described earlier (Wang et al., 2018a).

Building on these studies, our current study aimed to understand how
individual differences in patterns of ongoing thought are related to
cortical structure. In a smaller prior investigation (n¼ 40) we found
cortical thickness within medial prefrontal regions of the DMN, as well as
regions of anterior cingulate cortex in the ventral attention network were
linked to greater off-task thought as measured in the laboratory (Bern-
hardt et al., 2014). This prior study only measured one dimension of
experience (off-task thought) and it found that cortical thickness in the
anterior cingulate and medial prefrontal regions were linked to off-task
thought in situations when task demands were reduced. In the current
study, we returned to this question regarding cortical structure and
patterns of ongoing thought with a better optimised design. First, we had
a much larger sample size (n¼ 181) which we hoped would ensure that
we have sufficient power to identify true effects without the risk of a Type
I error. Second, our current study included measures of a greater variety
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of aspects of experience (see Table 1 for the experience sampling items
that were used in this study). This facet of our design is important
because it allows participants to describe more features of their ongoing
experiences than is possible with single item measure of ongoing
thought. In particular, our current study included items that described
both task relatedness of experience, and features linked to subjective
details (vividness and detail) so as to allow the chance to contrast views
of the DMN as important for off-task states with an emerging view that it
contributes to levels of subjective detail in experience. Third, we
measured experiences in the laboratory across several days rather than in
a single session. This ensured that we have reasonably stable measures of
ongoing thoughts that is, as far as possible, not influenced by short-term
variations in cognition.
1.3. Specific analytic goals

Our first analysis related patterns of individual variation in ongoing
thought to whole brain descriptions of cortical thickness, allowing us to
determine how variations in cortical grey matter in different brain re-
gions link to different aspects of experience. Having determined these
regions, we hoped to place these findings in a functional context using
resting state data that was available for the majority of these participants.
These resting state data were previously analysed with respect to patterns
of ongoing thought by Turnbull et al. (2019) who used the functional
connectivity of four canonical networks (dorsal and ventral attention,
fronto-parietal and DMN) to measure dynamical changes in ongoing
experience within a laboratory setting. In the current study, we analysed
the resting state data to explore the functional architecture of cortical
regions identified as related to different aspects of experience. We had
two aims: (1) To determine if the patterns of functional connectivity
associated with each region support potentially unique roles in ongoing
thoughts and (2) To identify if the functional connectivity of these re-
gions were also differentiated by variations in patterns of experience.
Altogether we hoped this multi-modal neuroimaging approach would
provide information on the role that different brain structures, and in
particular those in the DMN, plays in ongoing cognition.

2. Material and methods

2.1. Participants

A group of 181 adults participated in the current study, all were
healthy, right-handed, native English speakers, with normal or corrected-
to-normal vision and no history of psychiatric or neurological illness.
Table 1
Multidimensional experience sampling questions.

Dimensions Questions 1 4

Task My thoughts were focused on the task
I was performing.

Not at all Completely

Future My thoughts involved future events. Not at all Completely
Past My thoughts involved past events. Not at all Completely
Self My thoughts involved myself. Not at all Completely
Person My thoughts involved other people. Not at all Completely
Emotion The content of my thoughts was: Negative Positive
Images My thoughts were in the form of

images.
Not at all Completely

Words My thoughts were in the form of
words.

Not at all Completely

Vivid My thoughts were vivid as if I was
there.

Not at all Completely

Detailed My thoughts were detailed and
specific.

Not at all Completely

Habit This thought has recurrent themes
similar to those I have had before.

Not at all Completely

Evolving My thoughts tended to evolve in a
series of steps.

Not at all Completely

Deliberate My thoughts were: Spontaneous Deliberate

3

This cohort was acquired from the undergraduate and postgraduate
student bodies at the University of York. For cortical thickness analysis,
all 181 participants (female¼ 117), with average age of 20.2 years
(range¼ 18–31, SD¼ 2.30) were analysed. These included 150 partici-
pants studied by Wang et al. (2018c) and Turnbull et al. (2019). For
resting state functional connectivity analysis, the final sample was 165
participants (female¼ 105), with average age of 20.17 (range¼ 18–31,
SD¼ 2.36). Eight participants were excluded due to missing or prob-
lematic imaging data, another nine were excluded because of excessive
motion (see 2.5.2. Resting state fMRI Data – under Data preprocessing).
As described in the introduction, aspects of the resting state data and
their associations to patterns of ongoing thought have been previously
published in various papers (Turnbull et al., 2019; Wang et al., 2018c).

All participants were volunteers who provided their written informed
consent approved by the Department of Psychology and York Neuro-
imaging Centre, University of York ethics committees before
commencement of any task and were debriefed after completion of the
study. They were either paid or given course credit for their participation.

2.2. Procedures

Participants first arrived at the York Neuroimaging Centre to have
their MRI images acquired in the scanner. There were no written in-
structions for the entire scanning protocol and participants were verbally
instructed to look at the fixation cross and try not to sleep. Participants
then took part in a comprehensive set of behavioural assessments that
captured different aspects of cognition, including the experiential
assessment task (see 2.3. Experiential assessment task) and other exper-
imental tasks which were not analysed in the current study. These tasks
were completed over two to three sessions on different days, with the
order of sessions counterbalanced across participants. The tasks
measuring ongoing experience always took place at the start of these
laboratory sessions.

2.3. Experiential assessment task

The paradigm for measuring ongoing cognition was same as our
recent studies (e.g. Sormaz et al., 2018; Turnbull et al., 2019), which was
a variant of our earlier works (e.g. Karapanagiotidis et al., 2017; Small-
wood et al., 2016). It manipulated memory load by using alternating
blocks of 0-back (low-load) and 1-back (high-load) conditions, with the
initial block being counter-balanced across individuals. The paradigm
consisted of non-target trials, presented in runs of 2–8 with a mean of 5,
followed by either a target trial or a multidimensional experience sam-
pling (MDES) probe (see Fig. 1). A black fixation cross (mean presenta-
tion duration¼ 1530ms, 130ms jitter) was presented in between trials.
Participants were only required to make a behavioural response in target
trials or MDES probes, but not in non-target trials.

Non-target trials were identical across conditions, consisting of black
shapes (circles, squares or triangles) separated by a line, the colour of
which signified whether the condition was 0-back or 1-back (mean
presentation duration¼ 1050ms, 200ms jitter). For target trials, par-
ticipants were required to make a behavioural response by pressing a
button, using a slightly different decision-making strategy depending on
the condition. In the 0-back condition, there were a pair of black shapes
presented on either side of a coloured line (indicating the condition) at
the centre of the screen, with a probe shape displayed on top of the line.
Participants had to press a button to indicate whether the probe shape
matched the shape on the left or right hand side of the screen. In the 1-
back condition, most of the presentation was the same except that
instead of a pair of black shapes, there were two question marks pre-
sented on either side of the coloured line (also with the probe shape
displayed on top of the line). Participants had to make similar responses
as in the 0-back condition, but the decisions were based on whether the
probe shapematched the shape on the left or right hand side of the screen
on the previous (non-target) trial. Hence, only in the 1-back condition



Fig. 1. Experimental paradigm for measuring ongoing thought in the laboratory. Participants performed a simple visual decision making task in which they alternated
between performing blocks when (i) the information required to make the discrimination was presented on screen (0-back, top) and (ii) the same decision was made
based on information from the prior trial (1-back, bottom). Non-target trials were identical across both task conditions, with black shapes (circles, squares or triangles)
presented on either side of the screen and separated by a line (blue¼ 0-back; red¼ 1-back). Participants were only required to respond during target trials, by pressing
a button to indicate whether the probe shape displayed on top of the centre line matched with the shape on the left or right hand side of the current (0-back) or
previous (1-back) screen. Probes for assessing patterns of ongoing thought content, shown by the “Thoughts ?” prompt, appeared in 20% of the response trials in both
task conditions to collect the multidimensional experience sampling (MDES) measures.
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participants were required to maintain visuo-spatial information in
working memory for each (non-target) trial in order to respond appro-
priately to the target trials. To provide a stable estimate of the partici-
pant’s experience, several sessions of each task were performed on
multiple days (range 2–3), with each session lasted around 25min. The
short session length was chosen to minimise time-on-task effect that has
been shown to emerge as testing sessions extend beyond approximately
25min (McVay and Kane, 2009). These effects were also expected to be
limited in our task due to the low overall working memory load (Helton
and Russell, 2011).

Finally, MDES was used to measure the contents of on-going thought
during the 0/1-back task. On each occasion when participants were asked
about their thoughts, they answered the 13 questions presented in
Table 1. Participants always rated their level of task focus first and then
described their thoughts at the moment before the probe on a further 12
dimensions. MDES probes occurred on a quasi-random basis to minimise
the likelihood that participants could anticipate the occurrence of a
probe. As explained above, at the end of each non-target trials run,
participants were either probed with a target or, on 20% of the response
trials, a MDES probe occurred.

2.4. MRI data acquisition

All MRI data was acquired in a 3T GE HDx Excite MRI scanner using an
eight-channel phased array head coil at the York Neuroimaging Centre,
York. Theprotocol startedwith a structural scanbased ona T1-weighted3D
fast spoiled gradient echo (TR¼ 7.8 s, TE¼minimum full, flip angle¼ 20�,
matrix size¼ 256� 256, 176 slices, voxel size¼ 1.13� 1.13� 1mm3). It
was followed by a 9-min resting state fMRI scan using single-shot 2D
gradient-echo-planar imaging (TR¼ 3 s, TE¼minimum full, flip
angle¼ 90�, matrix size¼ 64� 64, 60 slices, voxel size¼ 3� 3� 3mm3,
180 vol). Participants were requested to focus on a fixation cross in the
middle of the screen throughout the resting state scanning.
4

2.5. Data preprocessing

2.5.1. Cortical thickness measurement
Cortical thickness was derived from the T1-weighted images using

models generated by FreeSurfer (5.3.0; https://surfer.nmr.mgh.harvar
d.edu/), a tool widely validated on its accuracy of the thickness mea-
sures (Fischl, 2012) with histological analysis (Rosas et al., 2002),
existing published thickness measures (Fischl and Dale, 2000; Von
Economo, 1929) and manual measurements (Kuperberg et al., 2003).
The processing pipeline (for details, please refer to Dale et al., 1999;
Fischl et al., 1999) involved preprocessing steps of intensity normaliza-
tion, removal of non-brain tissues, tissue classification, and surface
extraction. This was followed by alignment of the extracted surfaces with
curvature of an average spherical representation, fsaverage5, to improve
the correspondence of locations across subjects. Finally, the cortical
surface for each individual subject was visually inspected and manually
corrected, if necessary, before cortical thickness was calculated, based on
the closest distance between the grey/white boundary and pial surface at
each vertex across the entire cortex. For whole-brain analysis, a
surface-based smoothing with a 20mm full-width-at-half-maximum
(FWHM) Gaussian kernel was applied to reduce measurement noise
without forgoing the capacity for anatomical localization (Lerch and
Evans, 2005). This is a commonly used metric for both cortical and
subcortical regions (Bernhardt et al., 2009, 2010, 2014; Valk et al.,
2017).

2.5.2. Resting state fMRI data
Preprocessing steps for the MRI data were carried out using the SPM

software package (Version 12.0) (http://www.fil.ion.ucl.ac.uk/spm/)
based on the MATLAB platform (Version 16. a) (https://uk.mathw
orks.com/products/matlab.html). After removing the first three func-
tional volumes to account for the magnetisation equilibrium, the
remaining data was corrected for motion using six degrees of freedom (x,
y, z translations and rotations), and adjusted for differences in slice-time.

https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/
http://www.fil.ion.ucl.ac.uk/spm/
https://uk.mathworks.com/products/matlab.html
https://uk.mathworks.com/products/matlab.html
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Subsequently, the high-resolution structural image was co-registered to
themean functional image via rigid-body transformation, segmented into
grey/white matter and cerebrospinal fluid probability maps, and were
spatially normalized to the Montreal Neurological Institute (MNI) space
alongside with all functional volumes using the segmented images and a
priori templates. This indirect procedure utilizes the unified segmenta-
tion–normalization framework, which combines tissue segmentation,
bias correction, and spatial normalization in a single unified model
(Ashburner and Friston, 2005). Finally, all the functional images were
smoothed using an 8mm FWHM Gaussian kernel.

We have also applied the MRI data denoising procedure to remove
potential confounds of motion and other artefacts, before performing the
seed-based functional connectivity analyses (see Functional Connectivity
Analysis in the Data Analysis Section below); and both of these steps were
carried out using the Conn functional connectivity toolbox (Version 17. f)
(https://www.nitrc.org/projects/conn) (Whitfield-Gabrieli and
Nieto-Castanon, 2012). The denoising procedure was done by employing
an extensive motion-correction procedure and denoising step, compara-
ble to those reported in the literature (Ciric et al., 2017); and then
entering the six realignment parameters and their second-order de-
rivatives, a linear detrending term and the CompCor method that
removed five principle components of the signal from white matter and
cerebrospinal fluid (Behzadi et al., 2007) into the general linear model
(GLM) (Friston et al., 1996) as covariates of no interest. At the same time,
volumes with excessive motion were also identified and scrubbed based
on the conservative settings of motion greater than 0.5 mm and global
signal changes larger than z¼ 3, resulting in further exclusion for anal-
ysis of nine participants who had more than 15% of their data affected by
motion (Power et al., 2014). Finally, a band-pass filter between 0.009Hz
and 0.08 Hz was employed in order to focus on low frequency fluctua-
tions (Fox et al., 2005). As a result of the application of these procedures,
the participants included for analysis had an average of 173.54 (range
from 155 to 180) valid scans and an average denoising residual degrees
of freedom of 60.28 (range from 52.4 to 63). Lastly, although recent
reports suggest the ability of global signal regression to account for head
motion (Power et al., 2017), it is also known to introduce spurious
anti-correlations, and hence was not included in our processing steps
(Saad et al., 2012).

2.6. Data analysis

2.6.1. MDES analysis
We employed principal components analysis (PCA) to these data to

identify the unique patterns of variance associated with how the partic-
ipants responded to these items. A complete description of the results of
the analyses performed on these data are presented in Sormaz et al.
(2018) and we summarised the results in Supplementary Table 1. In brief,
we identified four reliable principal components that could be charac-
terised as (i) ‘Detail’ - describing patterns of thought with the highest
loadings on Detailed and Evolving, (ii) ‘Off-Task’ with low loadings on
Task and Deliberate and higher loadings on Self, Future, Past and Person,
(iii) ‘Modality’ with high loadings on images and low loadings on Words
and (iv) ‘Emotion’ with strong loadings on Positive affect. Of these
components identified, those during the harder 1-back condition,
thoughts were more detailed, less off-task and more in the form of words
than those in the easier 0-back condition. In addition, patterns of all
components except ‘Emotion’ were consistent in weightings with a
similar decomposition of a different data set in which a sample of the
same individuals performed the same task while neural function was
recorded using fMRI (Sormaz et al., 2018). Based on these four principal
components obtained from the two conditions, eight scores were derived,
namely four average scores across the two conditions and four difference
scores across the two conditions (0-back less 1-back). We then calculated
the corresponding z-scores and replaced outlying values (>2.5) by the
mean (percentage of outliners< 3.23%) before applying these values for
further analysis.
5

2.6.2. Cortical thickness analysis
Cortical thickness data were analysed using the SurfStat toolbox [htt

p://www.math.mcgill.ca/keith/surfstat/] (Worsley et al., 2009). We
entered all eight parameters associated with on-going thought contents
(i.e., both average and difference scores calculated from 0/1 back task for
each of the four principal components derived from MDES) into a single
GLM in order to assess the effect of each of these parameters on cortical
thickness at each vertex across the whole brain. Previous studies have
established that both age (Fjell et al., 2009; Tamnes et al., 2009) and
gender (Luders et al., 2006) have an effect on cortical thickness; conse-
quently, these variables were also entered into the GLM model as cova-
riates of no interest. Results were controlled for multiple comparisons
using random field theory for non-isotropic images (Worsley et al.,
1999), limiting the chance of reporting a family-wise error (FWE) at
p< .05.

Finally, coordinates of the vertexes in each result cluster from cortical
thickness analysis were extracted in MNI305 space and then transformed
to NIfTI file in MNI152 space using 3dUndump command provided in
AFNI (Analysis of Functional NeuroImages) (Cox, 1996). These clusters
were subsequently used as the regions of interest (ROIs) for analysis of
intrinsic connectivity measured using fMRI at rest.

2.6.3. Functional connectivity analysis
We used the resting state data to embed any region identified through

the cortical thickness analyses in a functional context and to understand
whether the connectivity of these regions varied with individual differ-
ences in patterns of ongoing thought. Separate seed-based functional
connectivity analyses were conducted based on the binarised seed ROIs
that were highlighted through the cortical thickness analyses. Individual
connectivity maps for each participant were obtained by extracting the
average BOLD signal within the time series of the ROI and then corre-
lating these with the time courses from each individual voxel in the rest
of the brain. These correlation results were then transformed to Fisher’s
Z-scores to produce the standardized functional connectivity, with posi-
tive and negative values indicating above and below average level of
correlations respectively. Furthermore, to understand whether the
functional connectivity of a given region varied with a particular type of
experience, we entered the participants’ PCA scores as explanatory var-
iable into the model. Group-level inferences on positive and negative
connectivity of the chosen seed ROIs were made based on one-sample t-
tests. All reported clusters were corrected for multiple comparisons using
a cluster threshold of Z> 3.1 (FWE corrected p< .05, uncorrected voxel-
level p< .001). We also adjusted for Bonferroni correction of multiple
comparison for the tests where separate models were examined for the
same connectivity map (i.e., FWE threshold was set to p< .025 when two
models were applied on the same connectivity map). The result brain
networks were visualized using Connectome Workbench (v1.3.2). [htt
ps://www.humanconnectome.org/software/connectome-workbench].
In an attempt to rule out the possibility of excluding the effect of motion
on spontaneous thoughts, we correlated the motion parameters with PCA
scores for Detail and Off-Task thoughts and confirmed they had no sig-
nificant correlations with both maximum (Detail: r¼ 0.006, p¼ .942; Off-
task: r¼ 0.045, p¼ .572) and mean (Detail: r¼ 0.127, p¼ .103; Off-task:
r¼ 0.073, p¼ .350) degree of motion.

2.6.4. Meta-analysis with NeuroSynth
Automated meta-analyses were conducted using NeuroSynth decoder

(http://neurosynth.org/decode; Yarkoni et al., 2011) to make quantita-
tive inferences on the results identified from the seed-based functional
connectivity analyses. Unthresholded connectivity maps or ROI masks
obtained from the functional connectivity analysis were submitted to
NeuroSynth, which then computed the spatial correlations between each
of these maps and every other meta-analytic map (n¼ 11,406) for each
term/concept stored in the database (e.g., autobiographic, memory, task,
emotional regulation). The top 15 meta-analytic words, excluding
neuroanatomical terms, exhibiting the highest positive correlation with

https://www.nitrc.org/projects/conn
http://www.math.mcgill.ca/keith/surfstat/
http://www.math.mcgill.ca/keith/surfstat/
https://www.humanconnectome.org/software/connectome-workbench
https://www.humanconnectome.org/software/connectome-workbench
http://neurosynth.org/decode
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each connectivity map submitted were extracted and presented as
wordclouds. Size of the font reflects the strength of the relationship, and
its colour indicates the direction of the relationship (warm col-
ours¼ positive and cooler colours¼ negative). This analysis allows us to
quantify the reverse inferences that would be drawn from these func-
tional maps by the larger neuroimaging community.

3. Results

3.1. Cortical thickness

Our first analysis was a group level regression in which spatial maps
describing the whole brain cortical thickness for each individual were the
dependent variables, and the eight measures that described individual
participant’s average and difference scores obtained during the two
conditions in the 0/1-back task for each of the four MDES PCA compo-
nents were included as explanatory variables (See Methods). This anal-
ysis revealed two clusters within the medial temporal lobe that were
linked to individual variations in whether ongoing thoughts tended to be
related to the task and how detailed they were, and another two clusters
were linked to modality of their thoughts and how much the modality of
thoughts change depending on the task demand. The clusters are pre-
sented in Fig. 2 and Fig. 8 respectively (See section 3.2.2. Modality of
experience, for more descriptions of the second part of these findings).
Cortical thickness in a more posterior region was linked to greater levels
of detail, while the more anterior region was related to greater on-task
focus (i.e. negatively correlated with off-task content). It can be seen in
the left hand panel in Fig. 2 that both regions fall within a region of the
medial temporal lobe that is allied to the DMN as defined by Yeo et al.
(2011). No significant whole brain patterns were reliably associated with
task differences in either detail or on-task thought. We performed a
post-hoc analysis to interrogate if the inclusion of all the PCA scores in a
single model could have obscured particular brain-experience that would
have otherwise been observed if each component was included in a
separate model. It was confirmed that this was not the case, as we
repeated the cortical thickness analysis using separate models for each of
the Detail and On-task component and almost identical results were
revealed (see Supplementary Fig. 1).
Fig. 2. Adjacent regions of the parahippocampus that show distinct relationships to two typ
comparison, the default mode network is displayed in black on the left hand brain. Th
the font highlighting the strength of the relationship, and the colour indicating
ours¼ negative). The scatterplots show the relationship of cortical thickness and lev
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3.2. Functional connectivity

3.2.1. Detail and on-task experience
Our first analysis highlighted adjacent regions within the medial

temporal lobe that show correlations between cortical thickness and
different aspects of experience across individuals. Next, we used seed-
based functional connectivity applied to resting state data in order to
embed these regions within a functional context (see 2.6.3. Functional
connectivity analysis under Data analysis). In particular, given the spatial
proximity of both clusters identified by our analysis, we hoped to address
whether the two regions differed in their connectivity in either quanti-
tative manner (i.e. patterns of functional connectivity that do not vary in
the spatial distribution but in their intensity) as well as in a qualitative
manner (i.e. patterns of connectivity with different spatial distribution).

To identify ‘quantitative’ differences in the pattern of connectivity
between the two regions of the parahippocampus, we first generated
maps describing the spatial distribution of both increased and decreased
functional connectivity for each seed for each participant (See Supple-
mentary Fig. 2), and then created two spatial conjunctions, one for
positive correlations (regions with above average connectivity with both
seeds) and the other for negative correlations (regions with below
average connectivity with both seeds), to identify common regions
within these maps. The combined results of these two analyses are pre-
sented in the left hand panel of Fig. 3 where it can be seen that both seeds
showed increased connectivity to regions of the default mode and visual
network, and decreased connectivity to regions that broadly corre-
sponded to the ventral attention network. Meta analytic decoding of
these regions highlighted terms linked to autobiographical memory for
regions with positive connectivity, and pain and inhibition for regions
with relatively lower connectivity to both seed regions. Furthermore, we
examined whether there were quantitative differences in the connectiv-
ity between the seed maps within these common regions by extracting
parameter estimates that describe their associations with each region of
the parahippocampus and comparing these using a paired t-test. Signif-
icant seed differences were observed for both regions showing positive (t
(164)¼ 11.59, p< .001) and negative connectivity (t (164)¼�4.41,
p< .001). These data are plotted as bar graphs in Fig. 3, where it can be
seen that the posterior region of the parahippocampus was more
es of ongoing experience (task-relatedness¼blue, and detail¼red). For the purpose of
e word clouds highlight the loading on the principal components with the size of
the direction of the relationship (warm colours¼ positive and cooler col-

el of detail/off-task in thoughts for individual participants.



Fig. 3. Brain regions showing common connectivity with anterior and posterior parahippocampal gyrus. (Left): Regions in orange-yellow show above average connectivity
with both the posterior and anterior regions of the parahippocampus. Regions in blue-lightblue show areas with lower than average connectivity to both para-
hippocampal seeds. All images thresholded at Z¼ 3.1, p< .05 (corrected for familywise error). (Right): The bar graphs represent the standardized mean connectivity of
each seed for regions showing common connectivity (red¼ posterior, blue¼ anterior). The pie charts highlight the percentage of voxels within each connectivity map
fall within each of the seven large scale networks identified by Yeo et al. (2011). The colour scheme used in the pie chart shows the correspondence to Yeo Seven
network parcellation and is also presented in the Network Key. The word clouds highlight the items most associated with the respective patterns of connectivity based
on a NeuroSynth meta-analysis. Items with a larger font size indicated stronger association. All anatomical terms have been removed.
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positively coupled with regions showing positive connectivity with both
seeds, while the anterior region was less negatively correlated with re-
gions that were generally less negatively coupled with both regions (see
Supplementary Fig. 3 for a cluster by cluster breakdown of the data and
Supplementary Table 2 for the full list of clusters).

The analysis presented in Fig. 3 demonstrates that regions showing
common connectivity with both regions of the parahippocampus iden-
tified through our cortical thickness analysis show quantitative differ-
ences in the strength of their connectivity. Our next analysis examined
whether there are also regions of cortex that exhibit qualitative differ-
ences in their relationships to the parahippocampal seeds. To address this
possibility we generated a mask that contained all of the regions of cortex
that exhibited either common positive and negative correlations with
both seeds (i.e. the spatial maps in Fig. 3). Next for each participant we
calculated the differential connectivity between posterior and anterior
parahippocampus and the rest of the cortex. Finally, we performed a
group level analysis on these maps using the common positive and
negative regions as an exclusive mask. We focused on the four largest
positive and negative clusters in the cortex (see Supplementary Table 3
for the full set of the clusters). Fig. 4 shows the results of this analysis
which identified a distributed network of regions showing differential
connectivity with both seeds. Figs. 5 and 6 shows the specific connec-
tivity with each region on a cluster by cluster basis.

Notably, the regions identified as more correlated with the posterior
seed tended to show greater above average connectivity (see Fig. 5). The
largest cluster that is within the visual network (Yeo 1), and two of the
other clusters are in the DMN (Yeo 7). In contrast, regions more closely
aligned to the anterior region tended to show lower than average con-
nectivity with the posterior region but not with the anterior region (see
Fig. 6). One exception to this was a large cluster that included both the
right dorsolateral prefrontal cortex (Yeo 6) and the limbic area (Yeo 5)
which showed above average connectivity with the anterior but not the
posterior parahippocampus seed.

Together our analyses suggest the two regions of the para-
hippocampus that are linked to different forms of experience were also
distinguished by their functional connectivity in both quantitative and
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qualitative terms. Relative to the anterior region of parahippocampus,
the posterior region was more positively correlated with regions that had
above average correlation with both regions (core regions of the DMN
and visual system). Posterior parahippocampus also had reduced con-
nectivity with regions of the ventral attention network that exhibited
weaker correlations with both seeds. Furthermore, there were regions
identified with more ‘qualitative’ differences in their patterns of func-
tional connectivity. For example, a cluster encompassing the right dorso-
lateral prefrontal cortex was identified with above average connectivity
with the anterior but not posterior parahippocampus. Similarly, regions
of both dorso medial prefrontal cortex, within the DMN, and a region of
temporo-occipital cortex, within the visual network, had above average
correlation with the posterior while connectivity was close to baseline
levels for the anterior parahippocampus.

So far our findings indicate that cortical thickness at different regions
in the medial temporal lobe may reflect variations in both the level of
detail in experience, as well as their level of task focus. These different
regions of parahippocampus form differential connections with other
regions in the cortex which may explain why they relate to different
aspects of experience. Our final analysis examines whether differences in
the connectivity of these two parahippocampal regions also varies with
individual differences in the relative aspects of experience. To explore
this possibility, we performed a group level regression in which spatial
maps describing the difference in connectivity between the posterior and
anterior regions was the dependent variable. The average PCA scores for
detail and off-task for each person were entered as explanatory variables
(see 2.6.3. Functional connectivity analysis under Data analysis).

This analysis revealed two regions within the right lateral parietal and
frontal cortex with stronger connectivity with anterior than posterior
regions for individuals who were more ‘on-task’. These regions both fell
within areas of cortex that had above average connectivity with both
regions of the parahippocampus. We also found a region of left ventral
lateral prefrontal cortex with a reverse pattern, it was more correlated
with posterior than anterior for individuals who were ‘on-task’. This
region fell within a region that had below average connectivity with both
regions of the parahippocampus. These regions are presented in Fig. 7.



Fig. 5. Individual clusters showing stronger coupling to the posterior seed (after excluding areas with common connectivity). (Left): Individual clusters showing stronger
coupling to the posterior seed are highlighted in different colours. All images thresholded at Z¼ 3.1, p< .05 (corrected for familywise error). (Middle-Left): The pie
charts highlight the percentage of voxels within each connectivity map fall within each of the seven large scale networks identified by Yeo et al. (2011). The colour
scheme used in the pie chart shows the correspondence to Yeo Seven network parcellation and is also presented in the Network Key. (Middle-Right): The word clouds
highlight the items most associated with the respective patterns of connectivity based on a NeuroSynth meta-analysis. Items with a larger font size indicated stronger
association. All anatomical terms have been removed. (Right): The bar graphs represent the standardized mean connectivity of these clusters at 99.9% confidence
interval (background colour of the bar graphs indicates the same coloured cluster it corresponded) in the two seed maps (red¼ posterior, blue¼ anterior).

Fig. 4. Brain regions showing differential connectivity (after excluding areas with common connectivity) with anterior and posterior parahippocampal gyrus. (Left): Regions in
red show stronger coupling to the posterior seed while regions in blue are more strongly coupled to the anterior seed region, excluding regions in the conjunctions map
shown in black and white. All images thresholded at Z¼ 3.1, p< .05 (corrected for familywise error). (Right): The pie charts highlight the percentage of voxels within
each connectivity map fall within each of the seven large scale networks identified by Yeo et al. (2011). The colour scheme used in the pie chart shows the corre-
spondence to Yeo Seven network parcellation and is also presented in the Network Key.
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No significant results were observed for variation in detailed thought.
To provide further insight into interpreting these patterns of modu-

lated functional connectivity, we calculated their spatial relationship
with respect to canonical large scale networks. Regions in both the
8

parietal and frontal lobe spanned across both regions of the DMN (69%)
and fronto-parietal network (13%) (Fig. 7), while the ventral lateral
cortex fell within both the ventral attention network (53%) and the DMN
(42%).



Fig. 6. Individual larger clusters showing stronger coupling to the anterior seed (after excluding areas with common connectivity). (Left): Individual clusters showing stronger
coupling to the posterior seed are highlighted in different colours. All images thresholded at Z¼ 3.1, p< .05 (corrected for familywise error). (Middle-Left): The pie
charts highlight the percentage of voxels within each connectivity map fall within each of the seven large scale networks identified by Yeo et al. (2011). The colour
scheme used in the pie chart illustrates the correspondence to Yeo Seven network parcellation and is also presented in the Network Key. (Middle-Right): The word
clouds highlight the items most associated with the respective patterns of connectivity based on a NeuroSynth meta-analysis. Items with a larger font size indicated
stronger association. All anatomical terms have been removed. (Right): The bar graphs represent the standardized mean connectivity of these clusters at 99.9%
confidence interval (colour scheme used for the background of the bar graphs corresponds to the colour scheme of the clusters shown in the brain on the left) in the
two seed maps (red¼ posterior, blue¼ anterior).

Fig. 7. Clusters with differential connectivity between the two parahippocampus seeds being modulated by the patterns of off-task thought. Differential connectivity
between the two parahippocampus seeds are shown to be modulated by patterns of off-task thoughts. The pattern of correlation for each seed are shown in the
corresponding scattered plots. All images thresholded at Z¼ 3.1, p< .05 (corrected for familywise error). The pie charts highlight the percentage of voxels within each
connectivity map fall within each of the seven large scale networks identified by Yeo et al. (2011). The colour scheme used in the pie chart shows the correspondence
to Yeo Seven network parcellation and is also presented in the Network Key. The word clouds highlight the items most associated with the respective patterns of
connectivity based on a NeuroSynth meta-analysis. Items with a larger font size indicated stronger association. All anatomical terms have been removed.
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Taken together, these findings suggest that individual variation in
task focus may emerge from a trade-off in the connectivity of the regions
of medial temporal lobe identified through our cortical thickness
9

analysis. In particular, individuals who maintain better task focus tend to
show (a) relatively stronger connectivity between anterior regions of the
medial temporal lobe with regions of cortex that show connectivity that
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is common to both seeds and that falls within regions of the default mode
and fronto-parietal networks and (b) relatively stronger connectivity
between posterior medial temporal regions and regions of lateral pre-
frontal cortex that shows patterns of reduced connectivity with both
anterior and posterior seeds.

3.2.2. Modality of experience
As discussed above, our initial cortical thickness analysis also

revealed two additional results associated with the component describing
the modality of ongoing thoughts. Cortical thickness in a region of dorsal
precuneus was associated with experiences characterised as words, while
a region of ventral motor cortex in the right hemisphere was associated
with whether individuals varied the modality of their experiences with
respect to the task in hand. These results are presented in Fig. 8. Both
regions showed a pattern of strong connectivity with visual and senso-
rimotor regions (Yeo 1 and 2) and strong anti correlation with the DMN
(see Supplementary Fig. 4). These spatial maps are similar to the prin-
ciple gradient identified by Margulies et al. (2016). These results were
not the focus of our analysis and we consider their possible significance
for our understanding of how neural processes are able to support
different modalities of ongoing thought in the Discussion.

4. Discussion

Using multiple imaging methods in a large cohort of individuals, our
study identified adjacent regions within the medial temporal lobe that
are linked to different patterns of experience, both of which fall within
the DMN. The most direct evidence of a role for this large scale system in
ongoing cognition comes from the posterior region of the para-
hippocampus, which we found predicted reports of detailed cognition, a
type of thinking that is elevated in the more demanding condition of the
task in which we assessed ongoing experience (Sormaz et al., 2018;
Turnbull et al., 2019). This region had relatively strong connections into
the core of the DMN, as well as with regions visual cortex. These data add
to a growing body of evidence that regions within the DMN may
contribute to the level of subjective detail in experience. In our prior
online experience sampling studies using the same task paradigm, we
Fig. 8. Regions of cortex where cortical thickness is associated with the modality of
their associated functional connectivity maps (top). The word cloud highlights the
strength of the relationship, and the colour indicating the direction of the relationsh
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found neural signals within the DMN were associated with online pat-
terns of detailed task-relevant cognition (Sormaz et al., 2018). In addi-
tion, Makovac and colleagues (Makovac et al., 2017) found that reports
of detail in ongoing thoughts were linked to decoupling between regions
of the DMN and the amygdala in both patients with anxiety and controls.
Gorgolewski et al. (2014) found that at rest, higher low frequency fluc-
tuations within a right parietal cluster extending into the angular gyrus
aspect of the DMN was associated with patterns of ongoing thought with
more specific details. There are other studies that provide support for our
finding that the medial temporal lobe may be important in determining
levels of subjective detail. For example, in a sample of well-trained
meditators, activity within regions of the hippocampus was linked to
descriptions of experience as evolving (Ellamil et al., 2016), a pattern
which may be relevant to our study given that the ‘Detail’ component
from our analysis is also characterised by descriptions of experience as
evolving. In addition, patients with lesions in the hippocampus reported
comparable levels of off-task thought, but these experiences were
generally lacking rich episodic details (McCormick et al., 2018). Simi-
larly, structural abnormalities in the posterior cingulate that emerge in
dementia contribute to deficits in the level of detail in memories (Irish
et al., 2014) and problems in generating vivid scenes in imagination
(Irish et al., 2015). Finally, a role for the DMN in the level of detail in
ongoing cognition is consistent with studies showing similar contribu-
tions in tasks that measure episodic (Bonnici et al., 2016; Richter et al.,
2016) and semantic memory (Davey et al., 2015). Together this emerging
evidence is inconsistent with a role of the DMN in primarily off-task
states, and instead, supports the hypothesis that this system, perhaps in
combination with regions of the medial temporal lobe, may help deter-
mine the level of subjective detail in ongoing experience.

We also found that individuals who were more on-task had greater
cortical thickness in an adjacent anterior region of the parahippocampus.
This region has relatively higher levels of connectivity with task-positive
systems, in particular, the ventral attention network, and regions of the
right dorso-lateral prefrontal cortex that fall within the fronto-parietal
system. Importantly, decoding the most likely functional associations of
this region tended to reveal task-positive terms, providing evidence of a
consistent conceptual mapping from patterns of self-report of being on-
ongoing experience and how it changes with task demands (bottom), as well as
loading on the principal components with the size of the font highlighting the
ip (warm colours¼ positive and cooler colours¼ negative).
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task in the laboratory to the results of a formal meta-analysis of neuro-
imaging data. It is important to note, however, that the relationship be-
tween off-task states and so-called task-positive systems is likely to be
complicated. For example, certain studies have found that task-positive
systems such as the ventral attention network may help inhibit off-task
thought. Hasenkamp et al. (2012) found that in a sample of meditators,
activity within the ventral attention network increased when individuals
redirected their attention away from off-task information and back to-
wards the task in hand. In contrast, other studies have suggested that
task-positive systems can be important in off-task states. For example,
Christoff et al. (2009) identified regions of the ventral attention as
important during periods when attention was off-task, while Mason and
colleagues (Mason et al., 2007) found that activity within the insula
during well practiced tasks, was correlated with trait levels of day-
dreaming. Finally, Bernhardt et al. (2014) identified that regions of
anterior cingulate cortex were thicker for individuals who reported more
off-task thoughts in non-demanding situations. It is possible that such
heterogeneous evidence reflects the possibility that certain domain
general control systems provide support for cognition regardless of
whether it is related to a goal in the environment or a personal goal in
imagination (Christoff et al., 2016; Smallwood, 2013). Consistent with
this view, a prior analysis of the resting state data included in this paper
by Turnbull et al. (2019) demonstrated connectivity between the ventral
attention network and a region of motor cortex was associated with
greater level of off-task thought in the 0-back condition, and greater level
of on-task thought during the 1-back condition. We have recently
demonstrated that a region of the ventral attention network, in dorso
lateral prefrontal cortex, plays a similar role in prioritising both on task
and off task thoughts in a context specific manner (Turnbull et al., 2019).

In this context, it may be important that we have found individual
variations in off-task thought was linked to differences in the relative
strength of coupling between the two parahippocampus regions with
other regions of the cortex. Individuals with more task focus tended to
show patterns of heightened intrinsic functional connectivity between
the anterior medial temporal lobe region and right hemisphere regions at
the intersection between the default mode and frontal parietal networks.
In addition, they had stronger connectivity between the posterior regions
of the parahippocampus complex and a region of ventrolateral prefrontal
cortex at the intersection within the default mode and ventral attention
network in the left hemisphere. One of our prior studies found that
connectivity between both right dorsal parietal cortex and right inferior
frontal sulcus was linked to patterns of deliberate off-task thought
(Golchert et al., 2017) and studies have shown that deliberate aspects of
off-task thoughts tend to be reduced when task demands increased (Seli
et al., 2016). In our study, PCA indicated an association between on-task
states with more deliberate experiences. Our study, therefore, leads to a
novel hypothesis - that trade-offs in communication between the anterior
and posterior parahippocampus with different cortical regions could be
important in distinguishing situations when cognition is focused on in-
formation pertinent to an external task or information self-generated
based on internal representations.

Collectively, therefore, our findings place constraints on how the
DMN, and in particular the medial temporal lobe, contribute to ongoing
thoughts. For example, the current data cannot be readily be accounted
for by the assumption that the DMN is simply task-negative in nature,
since arguably the most straightforward conclusion from our study is that
this system is linked to patterns of detailed task focus. Moreover, our
study suggests that simple mappings between the medial temporal lobe
and specific aspects of experience may be unrealistic since we found
adjacent regions of medial temporal lobe with a strong association with
patterns of task-focused experience. Instead, our data suggest the medial
temporal lobe is important for multiple aspects of ongoing thought and
this complex role is reflected by the web of connections it forms with
other cortical regions. Extrapolating from our data, the wide ranging
connections the medial temporal lobe forms with the cortex may not only
allow it to support how cortical representations are reinstated during
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imagination (Horner et al., 2016), or, drive the dynamics of spontaneous
thoughts (Christoff et al., 2016) - we hypothesise that how the medial
temporal lobe interacts with task-positive cortical regions may also in-
fluence whether ongoing thought is tethered to processes relevant to
external goals or to self-generated patterns of experience.

A broader role of the medial temporal lobe in ongoing thoughts is
consistent with contemporary accounts of this structure’s neurocognitive
function. The complex pattern of connectivity we have found to be asso-
ciatedwith adjacent regions of the medial temporal lobe is consistent with
component process accounts of the hippocampus which argue that the
importance of this brain system emerges from its role in the flexible
organisation of neural processing across the cortex (e.g. Moscovitch et al.,
2016). More generally, our study suggests aspects of these connectivity
patterns may reflect different functional modes. Computational accounts
assume the ability for the medial temporal lobe to function in contrasting
ways (such as playing a role in both encoding and retrieval) may emerge
from the organising influence of temporal features of the theta rhythm
(e.g. Hasselmo and Stern, 2014). Together, these mechanistic accounts of
the medial temporal lobe provide a framework that not only can account
for our findings, but also suggest a role for these systems that extends
beyond memory retrieval to include acts of conceptual generalization
(Constantinescu et al., 2016), real and imagined navigation (Horner et al.,
2016) and simulations of the future (Buckner and Carroll, 2007; Schacter
et al., 2007). Moreover, recent studies have shown that the so-called grid
cells within the hippocampus, which are thought to be important for
spatial navigation, are also sensitive to reward processing (Boccara et al.,
2019; Butler et al., 2019). These results suggest that medial temporal lobe
function extends beyond spatial processing. It is possible that part of this
broad functional role may emerge because of a gradient along the long
axis of the medial temporal lobe that differentially supports interactions
with regions at the front and back of the cortex, with anterior regions
linked with more abstract functions than those towards the back (de Wael
et al., 2018). Aspects of this topographical gradient may be partly re-
flected in our results, in particular, the role of the anterior aspect of the
medial temporal lobe may be important in maintaining processes relevant
to specific tasks. It is also notable that many features of our analyses map
closely onto the PMAT account of hippocampal – cortical functional in-
teractions (Libby et al., 2012; Ritchey et al., 2015). This framework pro-
poses that the parahippocampus has a closer functional alignment with
DMN structures than do more anterior regions of the medial temporal
lobe. Our study supports this view since we found that the more posterior
region identified through our analysis of cortical thickness was more
correlated with regions of the DMN than was the more anterior region. It
is an interesting possibility for future work to consider how the PMAT
framework can help establish the underlying neural processes that
contribute to different patterns of ongoing thought.

Although our study provides further evidence that functions of the
DMN play an important role in aspects of ongoing thought that extends
beyond a simple task-negative account, it also leaves many important
questions unanswered. For example, our analysis identified brain regions
that are allied to unimodal cortex were linked to the modality of patterns
of ongoing thought (i.e. whether it took the form of images or words).
These data emphasise the contribution of more specialised region of the
cortex to the form of representations that dominate experiences and so are
broadly consistent with contemporary accounts of cognition. For example,
the hub and spoke account of semantic processing (Patterson et al., 2007;
Ralph et al., 2017) emphasises the role of modality specific cortex
important for seeing, hearing and acting, in elements of semantic mean-
ing. Similar accounts are offered for aspects of how the hippocampus re-
trieves episodic memories (Moscovitch et al., 2016). Our data may,
therefore, illustrate the role that unimodal cortex plays in contributing to
the form of experience, possibly through a process of step-wise integration
from unimodal to transmodal regions within the DMN (Margulies et al.,
2016) and that is perturbed in autism (Hong et al., 2019). However, our
current study used a visual working memory paradigm that is suboptimal
for distinguishing different modalities of experience. To do this more
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precisely, it would be important to sample ongoing thoughts in tasks that
depend on different modalities (e.g. auditory and visual). Consequently,
the modality aspect of our findings should be treated with caution until
studies have examined these features of ongoing thought using experi-
mental paradigms that are more suited to this question. More generally,
the analyses performed in this study were based on evaluating processes
important in ongoing thought (a state) through the lens of individual
differences in both experiences and neural functions (a trait). An indi-
vidual difference approach provides a powerful way to examine the pro-
cesses underlying cognition in general, for example by offering the chance
to test neurocognitive hypotheses with relatively large sample sizes
(Yarkoni et al., 2011). However, it must be borne in mind that there are
certain limitations to the conclusions drawn from this method. For
example, there are likely to be important aspects of ongoing thoughts that
can only be addressed through the simultaneous measurement of neural
functions with measures of experience. In this regard it is important to
note that associations between DMN processing and patterns of detailed
thought were observed in our prior online experience sampling study
(Sormaz et al., 2018). This provides confidence in the generalizability of
this aspect of our findings. In the future, it will be important to use online
experience sampling in conjunction with the tools of neuroimaging to
understand how individuals maintain patterns of task-relevant thought
across different situations, as this could allow insight into the possible
roles of the anterior region of parahippocampus. It is also important to
note that we currently have no a priori understanding of the dimensions
that underpin patterns of ongoing experience. In the current work, similar
to several of our prior studies (Engert et al., 2014; Karapanagiotidis et al.,
2017; Konishi et al., 2017; Medea et al., 2018; Ruby et al., 2013; Small-
wood et al., 2016; Sormaz et al., 2018; Turnbull et al., 2019), we focused
on latent dimensions that emerge when experience is measured using a
wide range of questions. This approach has been successfully validated
through associations with metrics from both brain, behaviour and phys-
iology, however, it is possible that by focusing on latent variables, our
dimensional approach may obscure relationships that can be determined
with a more targeted analysis. Furthermore, it seems likely that important
dimensional properties of experience may be overlooked in our study
because the set of questions we used may have missed important aspects
of experience. Accordingly, the most important inference that should be
derived from our study is that accounts of the DMN which focus on
contribution to patterns of off-task autobiographical information rather
than a role in subjective detail, are insufficient for describing the role this
system plays in human cognition. Finally, as our study shows links be-
tween cortical thickness and patterns of ongoing thought, it raises the
possibility that variables such as smoking, alcohol use or medication that
can contribute to changes in brain structure (e.g. Durazzo et al., 2011;
Kühn et al., 2010; Nesvåg et al., 2008) may also influence experience.
Studies have found that both alcohol and smoking influence momentary
changes in experience (Sayette et al., 2009, 2010) and future work could
investigate the possibility that these variables are reflected in the structure
of experience at longer time frames.

Acknowledgements

This project was supported by European Research Council Consoli-
dator awarded to JS (WANDERINGMINDS – 646927).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuroimage.2019.116045.

References

Agnoli, S., Vanucci, M., Pelagatti, C., Corazza, G.E., 2018. Exploring the link between
mind wandering, mindfulness, and creativity: a multidimensional approach. Creativ.
Res. J. 30, 41–53.
12
Allen, M., Smallwood, J., Christensen, J., Gramm, D., Rasmussen, B., Gaden Jensen, C.,
Roepstorff, A., Lutz, A., 2013. The balanced mind: the variability of task-unrelated
thoughts predicts error-monitoring. Front. Hum. Neurosci. 7, e00743.

Ashburner, J., Friston, K.J., 2005. Unified segmentation. Neuroimage 26, 839–851.
Baird, B., Smallwood, J., Mrazek, M.D., Kam, J.W., Franklin, M.S., Schooler, J.W., 2012.

Inspired by distraction: mind wandering facilitates creative incubation. Psychol. Sci.
23, 1117–1122.

Behzadi, Y., Restom, K., Liau, J., Liu, T.T., 2007. A component based noise correction
method (CompCor) for BOLD and perfusion based fMRI. Neuroimage 37, 90–101.

Bernhardt, B.C., Bernasconi, N., Concha, L., Bernasconi, A.J.N., 2010. Cortical thickness
analysis in temporal lobe epilepsy: reproducibility and relation to outcome. Neurol.
Now. 74, 1776–1784.

Bernhardt, B.C., Smallwood, J., Tusche, A., Ruby, F.J., Engen, H.G., Steinbeis, N.,
Singer, T., 2014. Medial prefrontal and anterior cingulate cortical thickness predicts
shared individual differences in self-generated thought and temporal discounting.
Neuroimage 90, 290–297.

Bernhardt, B.C., Worsley, K., Kim, H., Evans, A., Bernasconi, A., Bernasconi, N.J.N., 2009.
Longitudinal and cross-sectional analysis of atrophy in pharmacoresistant temporal
lobe epilepsy. Neurol. Now. 72, 1747–1754.

Boccara, C.N., Nardin, M., Stella, F., O’Neill, J., Csicsvari, J., 2019. The entorhinal
cognitive map is attracted to goals. Science 363, 1443.

Bonnici, H.M., Richter, F.R., Yazar, Y., Simons, J.S., 2016. Multimodal feature integration
in the angular gyrus during episodic and semantic retrieval. J. Neurosci. 36,
5462–5471.

Buckner, R.L., Carroll, D.C., 2007. Self-projection and the brain. Trends Cogn. Sci. 11,
49–57.

Butler, W.N., Hardcastle, K., Giocomo, L.M., 2019. Remembered reward locations
restructure entorhinal spatial maps. Science 363, 1447.

Christoff, K., Gordon, A.M., Smallwood, J., Smith, R., Schooler, J.W., 2009. Experience
sampling during fMRI reveals default network and executive system contributions to
mind wandering. Proc. Natl. Acad. Sci. 106, 8719–8724.

Christoff, K., Irving, Z.C., Fox, K.C., Spreng, R.N., Andrews-Hanna, J.R., 2016. Mind-
wandering as spontaneous thought: a dynamic framework. Nat. Rev. Neurosci. 17,
718.

Ciric, R., Wolf, D.H., Power, J.D., Roalf, D.R., Baum, G.L., Ruparel, K., Shinohara, R.T.,
Elliott, M.A., Eickhoff, S.B., Davatzikos, C., Gur, R.C., Gur, R.E., Bassett, D.S.,
Satterthwaite, T.D., 2017. Benchmarking of participant-level confound regression
strategies for the control of motion artifact in studies of functional connectivity.
Neuroimage 154, 174–187.

Constantinescu, A.O., O’Reilly, J.X., Behrens, T.E., 2016. Organizing conceptual
knowledge in humans with a gridlike code. Science 352, 1464–1468.

Cox, R.W., 1996. AFNI: software for analysis and visualization of functional magnetic
resonance neuroimages. Comput. Biomed. Res. 29, 162–173.

Crittenden, B.M., Mitchell, D.J., Duncan, J., 2016. Task encoding across the multiple
demand cortex is consistent with a frontoparietal and cingulo-opercular dual
networks distinction. J. Neurosci. 36, 6147–6155.

Dale, A.M., Fischl, B., Sereno, M.I., 1999. Cortical surface-based analysis: I. Segmentation
and surface reconstruction. Neuroimage 9, 179–194.

Davey, J., Cornelissen, P.L., Thompson, H.E., Sonkusare, S., Hallam, G., Smallwood, J.,
Jefferies, E., 2015. Automatic and controlled semantic retrieval: TMS reveals distinct
contributions of posterior middle temporal gyrus and angular gyrus. J. Neurosci. 35,
15230–15239.

de Wael, R.V., Larivi�ere, S., Caldairou, B., Hong, S.-J., Margulies, D.S., Jefferies, E.,
Bernasconi, A., Smallwood, J., Bernasconi, N., Bernhardt, B.C., 2018. Anatomical and
microstructural determinants of hippocampal subfield functional connectome
embedding. Proc. Natl. Acad. Sci. 115, 10154–10159.

Duncan, J., 2010. The multiple-demand (MD) system of the primate brain: mental
programs for intelligent behaviour. Trends Cogn. Sci. 14, 172–179.

Durazzo, T.C., Tosun, D., Buckley, S., Gazdzinski, S., Mon, A., Fryer, S.L., Meyerhoff, D.J.,
2011. Cortical thickness, surface area, and volume of the brain reward system in
alcohol dependence: relationships to relapse and extended abstinence. Alcohol Clin.
Exp. Res. 35, 1187–1200.

Ellamil, M., Fox, K.C.R., Dixon, M.L., Pritchard, S., Todd, R.M., Thompson, E.,
Christoff, K., 2016. Dynamics of neural recruitment surrounding the spontaneous
arising of thoughts in experienced mindfulness practitioners. Neuroimage 136,
186–196.

Engert, V., Smallwood, J., Singer, T., 2014. Mind your thoughts: Associations between
self-generated thoughts and stress-induced and baseline levels of cortisol and alpha-
amylase. Biol. Psychol. 103, 283–291.

Esterman, M., Noonan, S.K., Rosenberg, M., DeGutis, J., 2012. In the zone or zoning out?
Tracking behavioral and neural fluctuations during sustained attention. Cerebr.
Cortex 23, 2712–2723.

Fischl, B., 2012. FreeSurfer. Neuroimage 62, 774–781.
Fischl, B., Dale, A.M., 2000. Measuring the thickness of the human cerebral cortex from

magnetic resonance images. Proc. Natl. Acad. Sci. 97, 11050–11055.
Fischl, B., Sereno, M.I., Dale, A.M., 1999. Cortical surface-based analysis: II: inflation,

flattening, and a surface-based coordinate system. Neuroimage 9, 195–207.
Fjell, A.M., Walhovd, K.B., Fennema-Notestine, C., McEvoy, L.K., Hagler, D.J.,

Holland, D., Brewer, J.B., Dale, A.M., 2009. One-year brain atrophy evident in
healthy aging. J. Neurosci. 29, 15223–15231.

Fox, K., Beaty, R.E., 2018. Mind-wandering as Creative Thinking: Neural, Psychological,
and Theoretical Considerations. MindRxiv. Oct. 18.

Fox, K.C., Christoff, K., 2015. Transcranial direct current stimulation to lateral prefrontal
cortex could increase meta-awareness of mind wandering. Proc. Natl. Acad. Sci. 112,
e2414.

https://doi.org/10.1016/j.neuroimage.2019.116045
https://doi.org/10.1016/j.neuroimage.2019.116045
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref1
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref1
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref1
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref1
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref2
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref2
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref2
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref3
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref3
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref4
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref4
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref4
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref4
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref5
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref5
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref5
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref6
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref6
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref6
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref6
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref7
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref7
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref7
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref7
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref7
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref8
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref8
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref8
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref8
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref9
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref9
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref10
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref10
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref10
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref10
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref11
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref11
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref11
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref12
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref12
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref13
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref13
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref13
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref13
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref14
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref14
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref14
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref15
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref15
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref15
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref15
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref15
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref15
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref16
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref16
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref16
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref17
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref17
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref17
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref18
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref18
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref18
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref18
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref19
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref19
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref19
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref20
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref20
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref20
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref20
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref20
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref21
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref21
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref21
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref21
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref21
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref21
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref22
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref22
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref22
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref23
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref23
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref23
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref23
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref23
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref24
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref24
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref24
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref24
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref24
http://refhub.elsevier.com/S1053-8119(19)30626-3/optNZKNAmPLR5
http://refhub.elsevier.com/S1053-8119(19)30626-3/optNZKNAmPLR5
http://refhub.elsevier.com/S1053-8119(19)30626-3/optNZKNAmPLR5
http://refhub.elsevier.com/S1053-8119(19)30626-3/optNZKNAmPLR5
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref25
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref25
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref25
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref25
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref26
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref26
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref27
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref27
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref27
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref28
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref28
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref28
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref29
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref29
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref29
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref29
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref30
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref30
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref31
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref31
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref31


N.S.P. Ho et al. NeuroImage 202 (2019) 116045
Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Van Essen, D.C., Raichle, M.E., 2005.
The human brain is intrinsically organized into dynamic, anticorrelated functional
networks. Proc. Natl. Acad. Sci. Unit. States Am. 102, 9673–9678.

Friston, K.J., Williams, S., Howard, R., Frackowiak, R.S., Turner, R., 1996. Movement-
related effects in fMRI time-series. Magn. Reson. Med. 35, 346–355.

Golchert, J., Smallwood, J., Jefferies, E., Seli, P., Huntenburg, J.M., Liem, F.,
Lauckner, M.E., Oligschl€ager, S., Bernhardt, B.C., Villringer, A., 2017. Individual
variation in intentionality in the mind-wandering state is reflected in the integration
of the default-mode, fronto-parietal, and limbic networks. Neuroimage 146,
226–235.

Gorgolewski, K.J., Lurie, D., Urchs, S., Kipping, J.A., Craddock, R.C., Milham, M.P., et al.,
2014. A correspondence between individual differences in the brain’s intrinsic
functional architecture and the content and form of self-generated thoughts. PLoS
One 9 (5), e97176.

Hardan, A.Y., Muddasani, S., Vemulapalli, M., Keshavan, M.S., Minshew, N.J., 2006. An
MRI study of increased cortical thickness in autism. Am. J. Psychiatry 163,
1290–1292.

Hasenkamp, W., Wilson-Mendenhall, C.D., Duncan, E., Barsalou, L.W., 2012. Mind
wandering and attention during focused meditation: a fine-grained temporal analysis
of fluctuating cognitive states. Neuroimage 59, 750–760.

Hasselmo, M.E., Stern, C.E., 2014. Theta rhythm and the encoding and retrieval of space
and time. Neuroimage 85, 656–666.

Helton, W.S., Russell, P.N., 2011. Working memory load and the vigilance decrement.
Exp. Brain Res. 212, 429–437.

Hong, S.-J., Vos de Wael, R., Bethlehem, R.A.I., Lariviere, S., Paquola, C., Valk, S.L.,
Milham, M.P., Di Martino, A., Margulies, D.S., Smallwood, J., Bernhardt, B.C., 2019.
Atypical functional connectome hierarchy in autism. Nat. Commun. 10, 1022.

Horner, A.J., Bisby, J.A., Zotow, E., Bush, D., Burgess, N., 2016. Grid-like processing of
imagined navigation. Curr. Biol. 26, 842–847.

Irish, M., Halena, S., Kamminga, J., Tu, S., Hornberger, M., Hodges, J.R., 2015. Scene
construction impairments in Alzheimer’s disease – a unique role for the posterior
cingulate cortex. Cortex 73, 10–23.

Irish, M., Hornberger, M., El Wahsh, S., Lam, B.Y.K., Lah, S., Miller, L., Hsieh, S.,
Hodges, J.R., Piguet, O., 2014. Grey and white matter correlates of recent and remote
autobiographical memory retrieval–insights from the dementias. PLoS One 9
e113081-e113081.

Kane, M.J., McVay, J.C., 2012. What mind wandering reveals about executive-control
abilities and failures. Curr. Dir. Psychol. Sci. 21, 348–354.

Karapanagiotidis, T., Bernhardt, B.C., Jefferies, E., Smallwood, J., 2017. Tracking
thoughts: exploring the neural architecture of mental time travel during mind-
wandering. Neuroimage 147, 272–281.

Kelley, W.M., Macrae, C.N., Wyland, C.L., Caglar, S., Inati, S., Heatherton, T.F., 2002.
Finding the self? An event-related fMRI study. J. Cogn. Neurosci. 14, 785–794.

Kernbach, J.M., Yeo, B.T., Smallwood, J., Margulies, D.S., de Schotten, M.T., Walter, H.,
Sabuncu, M.R., Holmes, A.J., Gramfort, A., Varoquaux, G., 2018. Subspecialization
within default mode nodes characterized in 10,000 UK Biobank participants. Proc.
Natl. Acad. Sci. 115, 12295–12300.

Killingsworth, M.A., Gilbert, D.T., 2010. A wandering mind is an unhappy mind. Science
330, 932, 932.

Konishi, M., Brown, K., Battaglini, L., Smallwood, J., 2017. When attention wanders:
Pupillometric signatures of fluctuations in external attention. Cognit 168, 16–26.

Konishi, M., McLaren, D.G., Engen, H., Smallwood, J., 2015. Shaped by the past: the
default mode network supports cognition that is independent of immediate
perceptual input. PLoS One 10, e0132209.

Krieger-Redwood, K., Jefferies, E., Karapanagiotidis, T., Seymour, R., Nunes, A.,
Ang, J.W.A., Majernikova, V., Mollo, G., Smallwood, J., 2016. Down but not out in
posterior cingulate cortex: deactivation yet functional coupling with prefrontal cortex
during demanding semantic cognition. Neuroimage 141, 366–377.

Kucyi, A., Esterman, M., Riley, C.S., Valera, E.M., 2016. Spontaneous default network
activity reflects behavioral variability independent of mind-wandering. Proc. Natl.
Acad. Sci. 113, 13899–13904.

Kühn, S., Schubert, F., Gallinat, J., 2010. Reduced thickness of medial orbitofrontal cortex
in smokers. Biol. Psychiatry 68, 1061–1065.

Kuperberg, G.R., Broome, M.R., McGuire, P.K., David, A.S., Eddy, M., Ozawa, F., Goff, D.,
West, W.C., Williams, S.C., van der Kouwe, A.J., 2003. Regionally localized thinning
of the cerebral cortex in schizophrenia. Arch. Gen. Psychiatr. 60, 878–888.

Lerch, J.P., Evans, A.C., 2005. Cortical thickness analysis examined through power
analysis and a population simulation. Neuroimage 24, 163–173.

Libby, L.A., Ekstrom, A.D., Ragland, J.D., Ranganath, C., 2012. Differential connectivity
of perirhinal and parahippocampal cortices within human hippocampal subregions
revealed by high-resolution functional imaging. J. Neurosci. 32, 6550–6560.

Luders, E., Narr, K.L., Thompson, P.M., Rex, D.E., Woods, R.P., DeLuca, H., Jancke, L.,
Toga, A.W., 2006. Gender effects on cortical thickness and the influence of scaling.
Hum. Brain Mapp. 27, 314–324.

Macrae, C.N., Moran, J.M., Heatherton, T.F., Banfield, J.F., Kelley, W.M., 2004. Medial
prefrontal activity predicts memory for self. Cerebr. Cortex 14, 647–654.

Makovac, E., Smallwood, J., Watson, D.R., Meeten, F., Critchley, H.D., Ottaviani, C.,
2017. The verbal nature of worry in generalized anxiety: insights from the brain.
NeuroImage. Clin. 17, 882–892.

Margulies, D.S., Ghosh, S.S., Goulas, A., Falkiewicz, M., Huntenburg, J.M., Langs, G.,
Bezgin, G., Eickhoff, S.B., Castellanos, F.X., Petrides, M., 2016. Situating the default-
mode network along a principal gradient of macroscale cortical organization. Proc.
Natl. Acad. Sci. 113, 12574–12579.

Mason, M.F., Norton, M.I., Van Horn, J.D., Wegner, D.M., Grafton, S.T., Macrae, C.N.,
2007. Wandering minds: the default network and stimulus-independent thought.
Science 315, 393–395.
13
McCormick, C., Rosenthal, C.R., Miller, T.D., Maguire, E.A., 2018. Mind-wandering in
people with hippocampal damage. J. Neurosci. 38, 2745–2754.

McVay, J.C., Kane, M.J., 2009. Conducting the train of thought: working memory
capacity, goal neglect, and mind wandering in an executive-control task. J. Exp.
Psychol. Learn. Mem. Cogn. 35, 196.

Medea, B., Karapanagiotidis, T., Konishi, M., Ottaviani, C., Margulies, D., Bernasconi, A.,
Bernasconi, N., Bernhardt, B.C., Jefferies, E., Smallwood, J., 2018. How do we decide
what to do? Resting-state connectivity patterns and components of self-generated
thought linked to the development of more concrete personal goals. Exp. Brain Res.
236, 2469–2481.

Mooneyham, B.W., Schooler, J.W., 2013. The costs and benefits of mind-wandering: a
review. Can. J. Exp. Psychol. 67, 11.

Moscovitch, M., Cabeza, R., Winocur, G., Nadel, L., 2016. Episodic memory and beyond:
the hippocampus and neocortex in transformation. Annu. Rev. Psychol. 67, 105–134.

Murphy, C., Jefferies, E., Rueschemeyer, S.-A., Sormaz, M., Wang, H.-t., Margulies, D.S.,
Smallwood, J., 2018a. Distant from input: evidence of regions within the default
mode network supporting perceptually-decoupled and conceptually-guided
cognition. Neuroimage 171, 393–401.

Murphy, C., Rueschemeyer, S.-A., Smallwood, J., Jefferies, E., 2018b. Imagining sounds
and images: decoding the contribution of unimodal and transmodal brain regions to
semantic retrieval in the absence of meaningful input. J. Cogn. Neurosci. 1–19.

Nesvåg, R., Lawyer, G., Varn€as, K., Fjell, A.M., Walhovd, K.B., Frigessi, A., J€onsson, E.G.,
Agartz, I., 2008. Regional thinning of the cerebral cortex in schizophrenia: effects of
diagnosis, age and antipsychotic medication. Schizophr. Res. 98, 16–28.

Panizzon, M.S., Fennema-Notestine, C., Eyler, L.T., Jernigan, T.L., Prom-Wormley, E.,
Neale, M., Jacobson, K., Lyons, M.J., Grant, M.D., Franz, C.E., 2009. Distinct genetic
influences on cortical surface area and cortical thickness. Cerebr. Cortex 19,
2728–2735.

Patterson, K., Nestor, P.J., Rogers, T.T., 2007. Where do you know what you know? The
representation of semantic knowledge in the human brain. Nat. Rev. Neurosci. 8,
976.

Poerio, G.L., Totterdell, P., Miles, E., 2013. Mind-wandering and negative mood: does one
thing really lead to another? Conscious. Cognitiva 22, 1412–1421.

Power, J.D., Mitra, A., Laumann, T.O., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2014.
Methods to detect, characterize, and remove motion artifact in resting state fMRI.
Neuroimage 84, 320–341.

Power, J.D., Plitt, M., Laumann, T.O., Martin, A., 2017. Sources and implications of
whole-brain fMRI signals in humans. Neuroimage 146, 609–625.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L.,
2001. A default mode of brain function. Proc. Natl. Acad. Sci. 98, 676–682.

Ralph, M.A.L., Jefferies, E., Patterson, K., Rogers, T.T., 2017. The neural and
computational bases of semantic cognition. Nat. Rev. Neurosci. 18, 42.

Rauch, S.L., Milad, M.R., Orr, S.P., Quinn, B.T., Fischl, B., Pitman, R.K., 2005.
Orbitofrontal thickness, retention of fear extinction, and extraversion. Neuroreport
16, 1909–1912.

Richter, F.R., Cooper, R.A., Bays, P.M., Simons, J.S., 2016. Distinct neural mechanisms
underlie the success, precision, and vividness of episodic memory. Elife 5, e18260.

Ritchey, M., Libby, L.A., Ranganath, C., 2015. Cortico-hippocampal systems involved in
memory and cognition: the PMAT framework. Prog. Brain Res. 45–64. Elsevier.

Rosas, H., Liu, A., Hersch, S., Glessner, M., Ferrante, R., Salat, D., van Der Kouwe, A.,
Jenkins, B., Dale, A., Fischl, B., 2002. Regional and progressive thinning of the
cortical ribbon in Huntington’s disease. Neurol. Now. 58, 695–701.

Ruby, F.J., Smallwood, J., Engen, H., Singer, T., 2013. How self-generated thought shapes
mood—the relation between mind-wandering and mood depends on the socio-
temporal content of thoughts. PLoS One 8, e77554.

Saad, Z.S., Gotts, S.J., Murphy, K., Chen, G., Jo, H.J., Martin, A., Cox, R.W., 2012. Trouble
at rest: how correlation patterns and group differences become distorted after global
signal regression. Brain Connect. 2, 25–32.

Sayette, M.A., Reichle, E.D., Schooler, J.W., 2009. Lost in the sauce: the effects of alcohol
on mind wandering. Psychol. Sci. 20, 747–752.

Sayette, M.A., Schooler, J.W., Reichle, E.D., 2010. Out for a smoke: the impact of cigarette
craving on zoning out during reading. Psychol. Sci. 21, 26–30.

Schacter, D.L., Addis, D.R., Buckner, R.L., 2007. Remembering the past to imagine the
future: the prospective brain. Nat. Rev. Neurosci. 8, 657.

Schilbach, L., Eickhoff, S.B., Rotarska-Jagiela, A., Fink, G.R., Vogeley, K., 2008. Minds at
rest? Social cognition as the default mode of cognizing and its putative relationship to
the “default system” of the brain. Conscious. Cognit. 17, 457–467.

Schilling, C., Kühn, S., Paus, T., Romanowski, A., Banaschewski, T., Barbot, A., Barker, G.,
Brühl, R., Büchel, C., Conrod, P., 2013. Cortical thickness of superior frontal cortex
predicts impulsiveness and perceptual reasoning in adolescence. Mol. Psychiatry 18,
624.

Seli, P., Kane, M.J., Smallwood, J., Schacter, D.L., Maillet, D., Schooler, J.W., Smilek, D.,
2018. Mind-wandering as a natural kind: a family-resemblances view. Trends Cogn.
Sci. 22, 479–490.

Seli, P., Risko, E.F., Smilek, D., 2016. On the necessity of distinguishing between
unintentional and intentional mind wandering. Psychol. Sci. 27, 685–691.

Smallwood, J., 2013. Distinguishing how from why the mind wanders: a
process–occurrence framework for self-generated mental activity. Psychol. Bull. 139,
519.

Smallwood, J., Karapanagiotidis, T., Ruby, F., Medea, B., de Caso, I., Konishi, M.,
Wang, H.-T., Hallam, G., Margulies, D.S., Jefferies, E., 2016. Representing
representation: integration between the temporal lobe and the posterior cingulate
influences the content and form of spontaneous thought. PLoS One 11, e0152272.

Smallwood, J., Ruby, F.J., Singer, T., 2013. Letting go of the present: mind-wandering is
associated with reduced delay discounting. Conscious. Cognit. 22, 1–7.

http://refhub.elsevier.com/S1053-8119(19)30626-3/sref32
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref32
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref32
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref32
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref33
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref33
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref33
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref34
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref34
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref34
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref34
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref34
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref34
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref34
http://refhub.elsevier.com/S1053-8119(19)30626-3/optBG5o7LIiaU
http://refhub.elsevier.com/S1053-8119(19)30626-3/optBG5o7LIiaU
http://refhub.elsevier.com/S1053-8119(19)30626-3/optBG5o7LIiaU
http://refhub.elsevier.com/S1053-8119(19)30626-3/optBG5o7LIiaU
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref36
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref36
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref36
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref36
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref37
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref37
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref37
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref37
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref38
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref38
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref38
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref39
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref39
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref39
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref40
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref40
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref40
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref41
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref41
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref41
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref42
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref42
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref42
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref42
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref42
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref43
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref43
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref43
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref43
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref44
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref44
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref44
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref45
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref45
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref45
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref45
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref46
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref46
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref46
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref47
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref47
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref47
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref47
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref47
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref48
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref48
http://refhub.elsevier.com/S1053-8119(19)30626-3/optI1GSNAMQHV
http://refhub.elsevier.com/S1053-8119(19)30626-3/optI1GSNAMQHV
http://refhub.elsevier.com/S1053-8119(19)30626-3/optI1GSNAMQHV
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref49
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref49
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref49
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref50
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref50
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref50
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref50
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref50
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref51
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref51
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref51
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref51
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref52
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref52
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref52
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref53
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref53
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref53
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref53
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref54
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref54
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref54
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref55
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref55
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref55
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref55
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref56
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref56
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref56
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref56
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref57
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref57
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref57
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref58
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref58
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref58
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref58
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref59
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref59
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref59
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref59
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref59
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref60
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref60
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref60
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref60
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref61
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref61
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref61
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref62
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref62
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref62
http://refhub.elsevier.com/S1053-8119(19)30626-3/optbJpbcFcLAT
http://refhub.elsevier.com/S1053-8119(19)30626-3/optbJpbcFcLAT
http://refhub.elsevier.com/S1053-8119(19)30626-3/optbJpbcFcLAT
http://refhub.elsevier.com/S1053-8119(19)30626-3/optbJpbcFcLAT
http://refhub.elsevier.com/S1053-8119(19)30626-3/optbJpbcFcLAT
http://refhub.elsevier.com/S1053-8119(19)30626-3/optbJpbcFcLAT
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref63
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref63
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref64
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref64
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref64
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref65
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref65
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref65
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref65
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref65
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref66
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref66
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref66
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref66
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref67
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref67
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref67
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref67
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref67
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref67
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref68
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref68
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref68
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref68
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref68
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref69
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref69
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref69
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref70
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref70
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref70
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref71
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref71
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref71
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref71
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref72
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref72
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref72
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref73
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref73
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref73
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref74
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref74
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref75
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref75
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref75
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref75
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref76
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref76
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref77
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref77
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref77
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref78
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref78
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref78
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref78
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref79
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref79
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref79
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref79
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref80
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref80
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref80
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref80
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref81
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref81
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref81
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref82
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref82
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref82
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref83
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref83
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref84
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref84
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref84
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref84
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref85
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref85
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref85
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref85
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref86
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref86
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref86
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref86
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref87
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref87
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref87
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref88
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref88
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref88
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref88
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref89
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref89
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref89
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref89
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref90
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref90
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref90


N.S.P. Ho et al. NeuroImage 202 (2019) 116045
Smith, V., Mitchell, D.J., Duncan, J., 2018. Role of the default mode network in cognitive
transitions. Cerebr. Cortex 28, 3685–3696.

Sormaz, M., Murphy, C., Wang, H.-t., Hymers, M., Karapanagiotidis, T., Poerio, G.,
Margulies, D.S., Jefferies, E., Smallwood, J., 2018. Default mode network can support
the level of detail in experience during active task states. Proc. Natl. Acad. Sci. 115,
9318–9323.

Spreng, R.N., Grady, C.L., 2010. Patterns of brain activity supporting autobiographical
memory, prospection, and theory of mind, and their relationship to the default mode
network. J. Cogn. Neurosci. 22, 1112–1123.

Stawarczyk, D., Majerus, S., Maquet, P., D’Argembeau, A., 2011. Neural correlates of
ongoing conscious experience: both task-unrelatedness and stimulus-independence
are related to default network activity. PLoS One 6, e16997.

Tamnes, C.K., Østby, Y., Fjell, A.M., Westlye, L.T., Due-Tønnessen, P., Walhovd, K.B.,
2009. Brain maturation in adolescence and young adulthood: regional age-related
changes in cortical thickness and white matter volume and microstructure. Cerebr.
Cortex 20, 534–548.

Turnbull, A., Wang, H.-T., Murphy, C., Ho, N., Wang, X., Sormaz, M., Karapanagiotidis, T.,
Leech, R., Bernhardt, B., Margulies, D., Vatansever, D., Jefferies, E., Smallwood, J.,
2019. Left dorsolateral prefrontal cortex supports context-dependent prioritisation of
off-task thought. Nat. Commun. In press.

Turnbull, A., Wang, H.-T., Schooler, J.W., Jefferies, E., Margulies, D.S., Smallwood, J.,
2019. The ebb and flow of attention: between-subject variation in intrinsic
connectivity and cognition associated with the dynamics of ongoing experience.
Neuroimage 185, 286–299.

Valk, S.L., Bernhardt, B.C., Trautwein, F.-M., B€ockler, A., Kanske, P., Guizard, N.,
Collins, D.L., Singer, T.J.S.A., 2017. Structural plasticity of the social brain:
differential change after socio-affective and cognitive mental training. Sci. Adv. 3,
e1700489.

Vatansever, D., Manktelow, A., Sahakian, B.J., Menon, D.K., Stamatakis, E.A., 2018.
Default mode network engagement beyond self-referential internal mentation. Brain
Connect. 8, 245–253.
14
Vatansever, D., Menon, D.K., Manktelow, A.E., Sahakian, B.J., Stamatakis, E.A., 2015.
Default mode network connectivity during task execution. Neuroimage 122, 96–104.

Von Economo, C., 1929. The Cytoarchitectonics of the Human Cerebral Cortex. H. Milford
Oxford University Press.

Wang, H.-T., Bzdok, D., Margulies, D., Craddock, C., Milham, M., Jefferies, E.,
Smallwood, J., 2018a. Patterns of thought: population variation in the associations
between large-scale network organisation and self-reported experiences at rest.
Neuroimage 176, 518–527.

Wang, H.-T., Poerio, G., Murphy, C., Bzdok, D., Jefferies, E., Smallwood, J., 2018b.
Dimensions of experience: exploring the heterogeneity of the wandering mind.
Psychol. Sci. 29, 56–71.

Wang, X., Bernhardt, B.C., Karapanagiotidis, T., De Caso, I., Alam, T.R.d.J.G., Cotter, Z.,
Smallwood, J., Jefferies, E., 2018c. The structural basis of semantic control: evidence
from individual differences in cortical thickness. Neuroimage 181, 480–489.

Whitfield-Gabrieli, S., Nieto-Castanon, A., 2012. Conn: a functional connectivity toolbox
for correlated and anticorrelated brain networks. Brain Connect. 2, 125–141.

Winkler, A.M., Kochunov, P., Blangero, J., Almasy, L., Zilles, K., Fox, P.T., Duggirala, R.,
Glahn, D.C., 2010. Cortical thickness or grey matter volume? The importance of
selecting the phenotype for imaging genetics studies. Neuroimage 53, 1135–1146.

Worsley, K.,J., Andermann, M., Koulis, T., MacDonald, D., Evans, A., 1999. Detecting
changes in nonisotropic images. Hum. Brain Mapp. 8, 98–101.

Worsley, K.J., Taylor, J., Carbonell, F., Chung, M., Duerden, E., Bernhardt, B.,
Lyttelton, O., Boucher, M., Evans, A., 2009. A Matlab toolbox for the statistical
analysis of univariate and multivariate surface and volumetric data using linear
mixed effects models and random field theory. In: NeuroImage Organisation for
Human Brain Mapping 2009 Annual Meeting, p. S102.

Yarkoni, T., Poldrack, R.A., Nichols, T.E., Van Essen, D.C., Wager, T.D., 2011. Large-scale
automated synthesis of human functional neuroimaging data. Nat. Methods 8, 665.

Yeo, B., Krienen, F., Sepulcre, J., Sabuncu, M., Lashkari, D., Hollinshead, M., Roffman, J.,
Smoller, J., Z€ollei, L., Polimeni, J., 2011. The organization of the human cerebral cortex
estimated by intrinsic functional connectivity. J. Neurophysiol. 106, 1125–1165.

http://refhub.elsevier.com/S1053-8119(19)30626-3/sref91
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref91
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref91
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref92
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref92
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref92
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref92
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref92
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref93
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref93
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref93
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref93
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref94
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref94
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref94
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref95
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref95
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref95
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref95
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref95
http://refhub.elsevier.com/S1053-8119(19)30626-3/optDZRdoi3LfR
http://refhub.elsevier.com/S1053-8119(19)30626-3/optDZRdoi3LfR
http://refhub.elsevier.com/S1053-8119(19)30626-3/optDZRdoi3LfR
http://refhub.elsevier.com/S1053-8119(19)30626-3/optDZRdoi3LfR
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref96
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref96
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref96
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref96
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref96
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref97
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref97
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref97
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref97
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref97
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref98
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref98
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref98
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref98
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref99
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref99
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref99
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref100
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref100
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref101
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref101
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref101
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref101
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref101
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref102
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref102
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref102
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref102
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref103
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref103
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref103
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref103
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref104
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref104
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref104
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref105
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref105
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref105
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref105
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref106
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref106
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref106
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref107
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref107
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref107
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref107
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref107
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref108
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref108
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref109
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref109
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref109
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref109
http://refhub.elsevier.com/S1053-8119(19)30626-3/sref109

	Individual variation in patterns of task focused, and detailed, thought are uniquely associated within the architecture of  ...
	1. Introduction
	1.1. Prior neurocognitive studies of ongoing experience
	1.2. Current study
	1.3. Specific analytic goals

	2. Material and methods
	2.1. Participants
	2.2. Procedures
	2.3. Experiential assessment task
	2.4. MRI data acquisition
	2.5. Data preprocessing
	2.5.1. Cortical thickness measurement
	2.5.2. Resting state fMRI data

	2.6. Data analysis
	2.6.1. MDES analysis
	2.6.2. Cortical thickness analysis
	2.6.3. Functional connectivity analysis
	2.6.4. Meta-analysis with NeuroSynth


	3. Results
	3.1. Cortical thickness
	3.2. Functional connectivity
	3.2.1. Detail and on-task experience
	3.2.2. Modality of experience


	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References


