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a  b  s  t  r  a  c  t

The  tendency  to ruminate,  experienced  by  both  healthy  individuals  and  depressed  patients,  can  be quan-
tified  by  the  Ruminative  Response  Scale  (RRS).  We  hypothesized  that brain  activity  associated  with
rumination  tendency  might  not  only  occur  at rest  but  also  persist  to some  degree  during  a  cognitive
task.  We  correlated  RRS  with  whole-brain  fMRI  data  of  20  healthy  subjects  during  rest  and  during a  face
categorization  task  with  different  levels  of cognitive  demands  (easy  or difficult  conditions).  Our  results
reveal  that  the  more  subjects  tend  to ruminate,  the more  they activate  the  left  entorhinal  region,  both
at  rest  and  during  the  easy  task  condition,  under  low  attentional  demands.  Conversely,  lower  tendency
umination
esting state
RS

to  ruminate  correlates  with  greater  activation  of visual  cortex  during  rest  and  activation  of insula  during
the  easy  task  condition.  These  results  indicate  a particular  neural  marker  of  the  tendency  to ruminate,
corresponding  to  increased  spontaneous  activity  in memory-related  areas,  presumably  reflecting  more
internally  driven  trains  of  thoughts  even  during  a  concomitant  task. Conversely,  people who  are  not  prone
to  ruminate  show  more  externally  driven  activity.

©  2014  Published  by  Elsevier  B.V.
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. Introduction

A trait feature of different psychiatric disorders is negative
epetitive thinking (Moberly & Watkins, 2008), and in particular
umination. According to the most frequent definition of this phe-
omenon, “ruminations are repetitive and passive thinking about
ymptoms of depression and the possible causes and consequences
f these symptoms” (Nolen-Hoeksema, 1991). Although rumina-
ion in general can be conceptualized as a form of thinking found
n different pathologies and present in everybody to some degree
Nolen-Hoeksema & Watkins, 2011; Wells, 2004), it is most often
Please cite this article in press as: Piguet, C., et al. Neural substrates of
(2014), http://dx.doi.org/10.1016/j.biopsycho.2014.09.005

elated to depressive mood (Nolen-Hoeksema, 2000) and has con-
istently been linked to negative affect (Thomsen, 2006). In this
erspective, depressive rumination is seen as a particular response
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54
style that, instead of being oriented to problem solving, tends to
enhance internal focus, pessimism, and perseverative cognitions,
which may  in turn exacerbate low mood (Moberly & Watkins, 2008;
Nolen-Hoeksema, 1991; Nolen-Hoeksema, Wisco, & Lyubomirsky,
2008; Spasojevic & Alloy, 2001). Thus, accumulating evidence
points toward rumination being an important vulnerability factor
in the development of depression (McLaughlin & Nolen-Hoeksema,
2011; Wiersma et al., 2011) and constituting a maladaptive mental
habit (Watkins & Nolen-Hoeksema, 2014). The tendency to rumi-
nate is commonly measured by the Ruminative Response Scale
(RRS) (Davis & Nolen-Hoeksema, 2000; Nolen-Hoeksema et al.,
2008; Ray et al., 2005; Spasojevic & Alloy, 2001; Thomas et al., 2011;
Whitmer & Banich, 2007).

Depression is also associated with different kinds of cogni-
tive dysfunctions (for a review, see Gotlib & Joormann, 2010). A
few specific deficits have been linked with ruminations, particu-
larly cognitive inflexibility and difficulties in disengaging attention
 rumination tendency in non-depressed individuals. Biol. Psychol.

from irrelevant information (Joormann & D’Avanzato, 2010; Koster,
De Lissnyder, Derakshan, & De Raedt, 2011; Whitmer & Banich,
2007). This might be even stronger for negative material (Lissnyder,
Koster, Derakshan, & De Raedt, 2010; Koster, De Lissnyder, & De
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aedt, 2013). However, the link between rumination and allo-
ation of attention is still unclear, because the direction of the
ausality is difficult to demonstrate. On the one hand, a general
mpairment in cognitive resources or control could explain the dif-
culties of subjects to allocate their attention and thoughts away

rom intrusive material (Koster et al., 2011; Levens, Muhtadie, &
otlib, 2009). On the other hand, the dominance of ruminations

n the content of attention could explain the difficulties in allocat-
ng or shifting cognitive resources to other thoughts (Philippot &
rutoux, 2008). Furthermore, a state of rumination might poten-
ially result from deficient cognitive control normally allowing the
nhibition of irrelevant thoughts and/or from increased generation
f intrusive material through spontaneous associations and elab-
rative emotional processing (Mandell, Siegle, Shutt, Feldmiller, &
hase, 2014; Piguet et al., 2010). Hence, the functional relationships
f rumination tendency with attention control remain to be better
nderstood (for a recent review, see Whitmer & Gotlib, 2013).

The neural substrates of rumination remain largely unresolved.
ecent studies point to an involvement of heightened emotional
eactivity, but also weaker cognitive control. An early study (Ray
t al., 2005) examined how brain activation during cognitive reap-
raisal of emotional pictures varied with trait rumination tendency,
nd found that the latter correlated with higher amygdala response
hen increasing negative affect and lower medial prefrontal activ-

ty when decreasing negative affect. Another study (Johnson,
olen-Hoeksema, Mitchell, & Levin, 2009) reported that higher trait

umination in depressed individuals correlated with greater diffi-
ulties in deactivating the posterior cingulate cortex (PCC), a region
ssociated with self-focused processes, when engaged in an exter-
al (non-self-referential) task. They also reported lower activation
f anterior cingulate cortex (ACC). Cooney, Joormann, Eugene,
ennis, and Gotlib (2010), using a rumination induction task, found

hat depressed patients showed increased activation in amygdala,
ostral anterior cingulate cortex/medial prefrontal cortex (PFC),
orsolateral PFC, and parahippocampal cortex, during rumination
elative to an abstract distraction task. Another study, using the
ecall of autobiographical negative memories and subsequent focus
n elicited emotions as a proxy for rumination, found that the latter
orrelated with activity in subgenual ACC and medial PFC (Kross,
avidson, Weber, & Ochsner, 2009). More recently, Freton et al.

2013) showed that lower brooding scores measured by the RRS
emphasizing the maladaptive component of self-reflection) corre-
ated with increased activation of the posterior midline structures
uring analytical compared to experiential self-focus, which may
ccount for impaired cognitive control on self-focus in high brood-
rs. Finally, in depressed patients, using a factor structure derived
rom multiple questionnaires and a paradigm alternating cognitive
nd emotional tasks in depressed patients, Mandell et al. (2014)
howed that trait rumination correlated not only with amygdala
ut also hippocampus activity. Other regions in PCC, MPFC, dlPFC,
nd anterior insula also exhibited differential patterns as a func-
ion of ruminations traits. Taken together, these studies suggest
hat self-referential and memory-related activity, in addition to
motional factors, may  be associated with the presence and con-
ent of ruminative thinking, but they do not elucidate a possible
ole for attentional control abilities in promoting the appearance
r persistence of rumination activity.

A few other recent fMRI studies investigated the link between
epressive rumination and brain activity in the so-called default
ode network (DMN), which is typically associated with self-

eflective processes and observed in resting state conditions, but
eactivated during attention demanding tasks. Hyperconnectiv-
Please cite this article in press as: Piguet, C., et al. Neural substrates of
(2014), http://dx.doi.org/10.1016/j.biopsycho.2014.09.005

ty between components of the DMN  in posterior cingulate cortex
PCC) and subgenual ACC was found at rest for patients with Major
epressive Disorder (MDD), correlating with RRS scores, and more

pecifically the brooding subscore (Berman, Peltier, et al., 2011).
 PRESS
ology xxx (2014) xxx–xxx

Another study comparing DMN  and task-positive networks in MDD
showed that ruminations were associated with increased DMN
dominance at rest (Hamilton et al., 2011). Finally, by computing
whole-brain correlation between RRS and resting state activity,
Kühn, Vanderhasselt, De Raedt, and Gallinat (2012) found a neg-
ative relation with right inferior frontal gyrus, right ACC, and
subgenual ACC (sgACC). They also found increased functional con-
nectivity of the left striatum with left IFG in healthy individuals
experiencing more unwanted thoughts (Kühn, Vanderhasselt, De
Raedt, & Gallinat, 2013). This is consistent with higher rumination
scores (as assessed by the RRS) being associated at rest with lower
connectivity between sgACC and the middle and inferior frontal
gyri in adolescents with a first-episode depression (Connolly et al.,
2013). Again, increased activity and/or connectivity within areas
of the DMN  involved in emotional and self-referential processing
might contribute to ruminations tendency, in addition to decreased
activity in cognitive control regions. Altogether, this literature
points to a link between rumination and cortical midline struc-
ture (Nejad, Fossati, & Lemogne, 2013), with an imbalance between
the recruitment of externally directed attention/executive con-
trol networks (in fronto-parietal cortices) and internally directed
self-referential/memory networks (in midline and limbic brain sys-
tems), particularly during rest (Marchetti, Koster, Sonuga-Barke,
& De Raedt, 2012). However the relationships between attention
state, cognitive control abilities and activity in other brain struc-
tures remain unclear in the context of rumination.

To clarify the neural substrates of rumination tendencies in the
absence of depressive illness, the current study used fMRI in the
same group of healthy participants, both during a demanding cog-
nitive task with different degrees of attentional load, and during a
resting state condition with no external demands. First, we  specif-
ically tested the hypothesis that lower attentional shifting abilities
in high ruminators may  release ruminative processes and thus lead
to higher activation of self-related regions during lower cognitive
load. Second, we hypothesized that a direct comparison between
the resting and cognitive states, hence two separate datasets from
the same population, should allow us to determine whether the
neural activation pattern associated with rumination tendency
seen at rest would resemble the pattern seen in the low demanding
condition of the cognitive task. Specifically, we expected not only
that brain areas reflecting attention control should show reduced
engagement in people with higher rumination tendencies, but also
that this should in turn promote a release of activity in brain areas
involved in the generation of ruminative thoughts.

2. Methods

2.1. Participants

Twenty healthy subjects (10 women  and 10 men) participated in this study,
recruited through local advertisement, and filled informed consent. Participants
reported having no neurologic or psychiatric medical history and taking no medica-
tion. Mean age was 24.9 (std 5.457, ranging from 18 to 37). The Ethical Committee
for  Psychiatry and Rehabilitation of the University Hospital of Geneva approved this
study.

2.2. Questionnaires

Participants filled the 22-items of the Ruminative Response Scale (RRS) (Nolen-
Hoeksema & Morrow, 1991) on the day of the MRI  session. This questionnaire
assesses the tendency of individuals to ruminate when they feel depressed. This trait
measure has been widely used in clinical studies (e.g. Vanderhasselt & De Raedt,
2012) as well as neuroimaging studies (see Section 1). Participants also filled the
Beck Depression Inventory-II (BDI, Beck, Steer, & Brown, 1996) and the Beck Anxiety
Inventory (BAI, Beck, Epstein, Brown, & Steer, 1988).
 rumination tendency in non-depressed individuals. Biol. Psychol.

2.3. Behavioral task

As an active cognitive condition, we  used a task switching paradigm (Piguet
et  al., 2013) with emotional faces. On each trial, participants first saw a cue for
150  ms,  either the word “emotion” or “color” or “gender”, instructing them to judge
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he upcoming face pictures along this particular dimension. The cue stayed on the
creen while three faces appeared (arranged in a triangle) that were either male
r female, sad or happy, and colored in red or green. Participants had to decide (as
apidly as possible) which among the three faces was  different of the two  others
ccording to the preceding instruction cue. They answered with a button box with

 direct stimulus-mapping rule: button 1 for left face, button 2 for middle face,
nd button 3 for right face. The cue and face stimuli stayed on the screen until the
nswer. There were 24 different faces taken from the Karolinska Directed Emotion
ace database (Lundqvist, Flykt, & Ohman, 1998). Participants did 4 sessions of 216
rials each (see Piguet et al., 2013 for additional details on the task design).

As  in other task switching paradigms (De Lissnyder, Koster, Derakshan, & De
aedt, 2010; Mayr & Keele, 2000), each trial was defined in terms of its position in
he task sequence. Conditions with a higher cognitive load were those where the
articipant has to switch from one task to another (e.g., Color–Gender–Emotion,
r  Gender–Emotion–Gender), compared to situations involving the same task
e.g., Emotion–Emotion–Emotion). Sequences where participants have to switch
wice consecutively are considered to require overcoming an additional inhibi-
ion component when returning to the same task (Color–Gender–Color), relative
o  two  successive switch without returning (Color–Gender–Emotion). Altogether,
hese different sequences and task conditions yielded 12 experimental con-
itions (RepetitionEmotion, RepetitionGender, RepetitionColor, SwitchEmotion,
witchGender, SwitchColor, DoubleswitchEmotion, DoubleswitchGender, Dou-
leswitchColor, InhibitionEmotion, InhibitionGender, InhibitionColor); but for the
urpose of our study, we  mainly focused on the contrast between the easy con-
ition (Repetition) and the more difficult conditions requiring switching (Switch,
oubleswitch, Inhibition), Color, Gender and Emotion tasks pooled together. This

esulted in slightly more switch trials than repetition trials (respectively, 384 repe-
itions trials and 480 switch trials for each participant).

For  the resting state condition, participants were simply asked to stay relaxed for
0 min, closing their eyes without falling asleep, and letting their thoughts wander.
he screen was  turned off. Immediately after the scanning session, visual scales were
roposed to the participant to rate their level of sleepiness and anxiety.

.4. fMRI data acquisition

Data were acquired with a 3 T magnetic resonance (MR) scanner (TIM Trio,
iemens) using a gradient echo-planar (EPI) sequence [35 transverse slices with
0%  gap, voxel size: 3 mm × 3 mm × 3.6 mm,  repetition time (TR): 2040 ms,  echo
ime (TE): 30 ms, flip angle (FA): 80◦ , field of view (FOV): 192 mm]. For the cognitive
ask, between 193 and 318 scans (mean of 260) were acquired for each run of the
ask, depending on how fast the participant answered. Three runs were acquired
or each subject. The resting state session comprised 500 scans [EPI, matrix size
4  × 64 × 21, voxel size 3.75 × 3.75 × 5.25, TR 1100 ms,  slice thickness 4.2 with 1.05
ap]. A structural MR scan was  also acquired at the end of the fMRI session [T1-
eighted 3D MP-RAGE sequence, TR: 1900 ms,  TE: 2.32 ms, TI: 900 ms, FA: 9◦ , FOV:

30 mm,  matrix size 256 × 256 × 192, voxel size: .898 mm × .898 mm  × .9 mm]. All
cquisitions were obtained on the same day. Stimuli were displayed using an LCD
rojector (CP-SX1350, Hitachi, Japan) on a screen positioned at the rear of the scan-
er,  which the participants could comfortably see through a mirror mounted on the
tandard 12-channel head coil.

.5. Data analysis

fMRI data were analyzed using SPM5 (http://www.fil.ion.ucl.ac.uk) imple-
ented in Matlab R2007b (Mathworks). All functional scans were realigned using

terative rigid body transformations that minimize the residual sum of square
etween the first and subsequent images. They were normalized to the MNI EPI
emplate (2D spline, voxel size: 2 mm × 2 mm × 2 mm)  and spatially smoothed with

 Gaussian kernel with full-width at half maximum (FWHM) of 8 mm.  A high-
esolution structural image was co-registered with the mean image of the EPI series
nd normalized.

Data from the cognitive task were processed using a two-step analysis, taking
nto account the intraindividual and interindividual variance, as described else-

here (Friston et al., 1994). Statistical analyses were carried out using the GLM
or  event-related design as implemented in SPM5. The onsets of conditions of inter-
st  were convolved with the canonical hemodynamic response function (HRF) and
sed as a regressor in the individual design matrix (first level). The individual sta-
istical images from each condition were used in a second-level ANOVA analysis
o  create the contrasts of interest, i.e. Repetition (easy) versus Switching (difficult)
onditions.

The resting state data was treated with the same pre-processing steps, except for
 mm × 3 mm × 3 mm normalization. They were subsequently analyzed with inde-
endent component analysis (ICA) using the GIFT toolbox (Calhoun, Adali, Pearlson,

 Pekar, 2001; Schöpf, Windischberger, Kasess, Lanzenberger, & Moser, 2010). This
ata-driven method allows the creation of distinct maps of brain regions that show
Please cite this article in press as: Piguet, C., et al. Neural substrates of
(2014), http://dx.doi.org/10.1016/j.biopsycho.2014.09.005

he  same temporal pattern of activity. The group maps were then inspected to select
etwork of interest for subsequent analyses.

Finally, contrasts from the second level analysis of the cognitive task and maps
rom the ICA analysis of resting state were correlated independently in SPM, using

 multiple linear regression model with the scores of each individual from the RRS,
 PRESS
ology xxx (2014) xxx–xxx 3

BDI, and BAI. Although some of these measures were correlated (BDI, BAI) or tended
to  correlate (RRS, BDI), we chose to use a multiple regression in order to estimate cor-
relations with the most complete model and thus account for all sources of variance.
The  correlations with ICA components were selectively searched within significant
regions of the ICA map by using an inclusive mask (thresholded at p = .05). Correla-
tion  results are reported at a statistical threshold of p < .001 uncorrected at the voxel
peak.

Note that here we did not intend to compare switching performance between
emotional and non-emotional tasks in our cognitive tasks, as this has been reported
elsewhere (see Piguet et al., 2013) and this factor did not constitute an emotion
induction procedure relevant to RRS (which is an individual trait dimension). Instead
we  primarily focused on (1) the tendency to ruminate in relation to attention load,
and  (2) the comparison of rumination activity at rest with the different attention
load condition.

3. Results

3.1. Population

Our participants had a mean RRS score of 40.5 (min 24, max
65, std 9.03). There are no norms for the general population, but
a clinical study with different patient categories reported a mean
score of 65 (std 11) for currently depressed patients, 47.7 (std 14.5)
for remitted patients, and 36.5 (std 8.2) for never depressed par-
ticipants (Watkins & Baracaia, 2002). The mean score on the Beck
Depression Inventory was  4.75 (min 0, max  19, std 4.72). Rumi-
nation and depression scores were not correlated (r (20) = .278,
p = .117). The mean score on the Beck Anxiety Inventory was 4.2
(min 0, max  15, std 3.98).

3.2. Behavioral results

In the cognitive task, reaction times (RT) in the easy condition
(repetition) were compared with those in the three difficult condi-
tions (switching trials) pooled together. The mean RT for repetition
trials was  1127 ms  (std = 31.9) and 1189 ms  (std = 42.1) for switch
trials. These two  conditions were significantly different (paired t-
test, t = 4.066, p = .001), confirming the existence of a switching cost
(Meiran, 2010). This difference was also found when comparing
each switch condition individually with repetition (all p < .005).
Reaction times and switch cost did not correlate with RRS, but
accuracy across all trials showed a negative correlation with RRS
(r (20) = −.54, p = .011).

3.3. fMRI results

The ICA analysis of resting state fMRI data identified 36 distinct
maps. Out of these, we selected two representative maps known to
be associated with cognitive networks comparable with the task-
related effects, i.e. an attentional network map  involving large,
bilateral and symmetric activations in the intraparietal cortex (IPS),
and a visual network map  involving large, bilateral, and symmetric
activations in occipito-temporal cortex.

By entering the RRS score in a linear regression analysis of each
map in SPM, we  observed a significant positive correlation for the
visual network map  between resting activity in the entorhinal cor-
tex and the score of rumination (Fig. 1A). Conversely, we observed a
negative correlation for the attention network map between rumi-
nation scores and activity in the left middle occipital gyrus (see
Table 1 and Fig. 2A). This suggests that the more the subjects tend
to ruminate, the more they activate memory-related areas, but the
less they recruit extrastriate visual areas during the resting session.

Two  other ICA maps overlapped with the classical DMN
(Buckner, 2012), but with a predominance of medial prefrontal
 rumination tendency in non-depressed individuals. Biol. Psychol.

activations in one component and of medial parietal activations
in the other. The first frontal-dominant DMN  map showed a
negative correlation of RRS with ACC and PCC (both p < .001 uncor-
rected), whereas the second map  also showed a selective negative
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Fig. 1. Positive correlation with Ruminative Response Scale (RRS). (A) Correlation between high RRS and entorhinal cortex in the visual map  of the resting state; (B) correlation
between high RRS and entorhinal cortex in the easy condition of the cognitive task.

Fig. 2. Negative correlation with Ruminative Response Scale (RRS). (A) Correlation between low RRS and visual cortex; (B) correlation between low RRS and insula in the
easy  condition of cognitive task.

Table 1
Correlations between Ruminative Response Scale (RRS) and anatomical regions; (p < .001 unc. except *p < .005).

MNI  coordinates x y z Voxels Z score

Resting state, visual map, RRS positive
Left entorhinal cortex −16 −20 −28 11 3.81
Resting state, attentional map, RRS negative
Left medial occipital gyrus (visual) −24 −96 0 10 3.99

Cognitive task, easy vs. difficult conditions, RRS positive
Left entorhinal cortex −15 −18 −24 3 4.08
Cognitive task, easy vs. difficult conditions, RRS negative
Right insula 42 18 −6 10 3.8

dx.doi.org/10.1016/j.biopsycho.2014.09.005
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& Alloy, 2009). This fits well with a recent model of interoceptive
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ig. 3. Correlation between Ruminative Response Scale (RRS) and parameter esti-
ates of entorhinal cortex in easy condition.

orrelation in PCC (but slightly weaker, at p = .005 uncorrected) and
o effect in ACC.

For the cognitive task, our whole-brain analysis focused on
he main conditions of interest and correlations with RRS (more
etailed results concerning all conditions are reported elsewhere;
ee Piguet et al., 2013). We  first computed the main effect of con-
ition by contrasting easy versus difficult trials. As expected, the
ifficult condition (contrast Switch > Repetition) produced signifi-
ant increases in regions associated with attentional shifting and
onitoring, including bilateral superior parietal lobule (SPL) and

CC, replicating previous work with similar tasks (Chiu & Yantis,
009; Kim, Cilles, Johnson, & Gold, 2012; Philipp, Weidner, Koch,

 Fink, 2012; Piguet et al., 2013). These activations are consis-
ent with the predicted increase in attentional demands on switch
rials and a recruitment of brain areas typically associated with
ognitive control and flexibility. Conversely, the easy condition
contrast Repetition > Switch) produced significant activations in
he left caudate nucleus, the right inferior frontal gyrus, the left
uperior frontal gyrus, and the right dorsomedial PFC. This network
s compatible with brain areas engaged in learning and maintain-
ng stimulus–response associations (Boettiger & D’Esposito, 2005;
rass & von Cramon, 2004), and suggests that subjects recruited
ore “procedural” and automatized sensorimotor processes in this

ondition.
More importantly, we then performed a whole-brain regression

nalysis with rumination scores from each individual, using the
ontrast “easy > difficult”, which should highlight patterns of brain
ctivity under low attentional demand, more similar to the res-
ing state. Results showed a significant positive correlation between
RS and a medial temporal lobe region strikingly similar to that
bserved in the previous analysis of resting state: i.e. the left
ntorhinal cortex (see Fig. 1B and Table 1). Fig. 3 plots the parameter
stimates of activity in this region and the correlation with rumina-
ion scores. This relation held true (p = .009) even when removing
ne extreme point (RRS score = 65). Further inspection of this cor-
elation for each task condition separately showed that this effect
n entorhinal cortex was driven by both increases during the easy
ondition (Repetition) and decreases during the difficult condition
Switch). Finally, when looking at the opposite (negative) correla-
ion, we found that higher RRS scores were associated with lower
ctivity in the right anterior insula during the easy vs. difficult con-
ition (Table 1 and Fig. 2B). No other correlations were found at the
hole brain level.

When repeating the same whole-brain parametric analysis with
rooding subscore (instead of total RRS) as a linear regressor, we
ound similar clusters in the entorhinal region during the easy con-
ition of the attentional task (peak xyz = −15, −18, −21, Z = 5.25,
Please cite this article in press as: Piguet, C., et al. Neural substrates of
(2014), http://dx.doi.org/10.1016/j.biopsycho.2014.09.005

 = .001 unc.) as well as during the resting state condition for
he visual map  from ICA although with a lower threshold (peak
yz = −15, −24, −30, Z = 2.45, p = .01 unc.). Brooding scores also
 PRESS
ology xxx (2014) xxx–xxx 5

correlated negatively with activation in visual areas during rest for
the attentional map  (xyz = −20, −100, −4, Z = 2.68, p = .01 unc.) but
not with the insula during the easy condition. This weaker effect
found for brooding during rest might reflect that ruminations at rest
are also linked to more adaptive components of rumination, such
as reflection and problem solving in association with mindwander-
ing, whereas intrusive thoughts during low attention demands are
more specifically linked to the maladaptive component associated
with brooding.

4. Discussion

We correlated scores on the Ruminative Response Scale (RRS)
with brain activation patterns measured by fMRI, and compared
these patterns during both an attention-demanding cognitive task
(task-switching) and rest in the same participants. We  found
similar activation in the entorhinal cortex in both cases, which pos-
itively correlated with RRS scores during the resting state but also
during the easy, less demanding condition of our cognitive task.
This similarity of effects in the entorhinal cortex is all the more
striking that it was observed in two totally separate datasets, cor-
responding to very different behavioral conditions. In addition, we
also found that RRS scores correlated negatively with activity in
extrastriate visual areas during rest, whereas they correlate neg-
atively with the right anterior insula in the easy cognitive task
condition.

These results provide novel support to the hypothesis that peo-
ple with a propensity to ruminate, even when non-depressed, tend
to recruit brain systems mediating the retrieval of personal mem-
ories and self-related information more strongly or persistently
than non-ruminators. The entorhinal cortex is indeed intimately
linked to autobiographical memories and familiarity (De Vanssay-
Maigne et al., 2011). The medial temporal lobe in general, and more
particularly the parahippocampal gyrus, has also been postulated
to mediate self-referential associations in depression (Bar, 2009).
Increased connectivity between this region and posterior cingulate
cortex could mediate the relationship between autobiographical
memories and rumination and represent a neural substrate of
vulnerability to depressive episodes (Zamoscik, Huffziger, Ebner-
Priemer, Kuehner, & Kirsch, 2014). A link between rumination
tendency and hippocampus activation has also recently been sug-
gested (Mandell et al., 2014). Our findings thus provides novel
evidence that increased activity in this region may constitute a neu-
ral marker of rumination tendencies even in the absence of clinical
depression, with spontaneous recruitment at rest as well as during
an active task with low attentional demand.

By contrast, the reverse correlation observed in visual areas
during rest suggests that individual with higher self-focus and
ruminations allocate less resources to processing sensory visual
inputs from the external world and/or engage less in visual imagery
during rest. This converges with other findings that higher reactiv-
ity of visual cortex may  be protective with regard to depressive
relapses (Farb, Anderson, Bloch, & Segal, 2011). Finally, we  also
found that the more people tend to ruminate, the less they activate
the right insula during the easy cognitive task. This is consistent
with the recent findings from Mandell et al. (2014). Because the
insula is implicated in self monitoring, saliency detection, and inter-
oceptive awareness (Craig, 2009; Singer, Critchley, & Preuschoff,
2009), we  postulate that rumination tendencies may  represent a
maladaptive style of response with a relative lack of attention to
bodily and affective signals in favor of internal cognitions (Smith
 rumination tendency in non-depressed individuals. Biol. Psychol.

dysregulation in depression and anxiety (Paulus & Stein, 2010).
A major novelty of our work is to demonstrate that these cor-

relations specifically exist when participants can let their mind
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ander, i.e. either at rest or when attentional resources are not fully
ngaged in the ongoing cognitive task. As noted in our introduc-
ion, the reciprocal relationship between rumination and cognitive
ontrol is not elucidated yet. It is unclear whether the presence
f ruminations is responsible for depleting cognitive resources
bottom-up process); or instead whether impaired cognitive con-
rol might contribute to a failure to suppress rumination (top-down
rocess) (see Mandell et al., 2014; Nejad et al., 2013). In our study,
he entorhinal cortex, considered the marker of the tendency to
uminate, was generally more activated in low attentional condi-
ions (easy > difficult task), in addition to the resting state, a pattern
learly showing such competition of the rumination process with
ttention. More importantly, our design could also directly estab-
ish that the differential neural activity associated with rumination
s influenced by the current attentional state, and demonstrate
hat it is attenuated with increasing cognitive load (i.e. during the
ifficult task). This pattern suggests that a greater exhaustion of
ttentional resources by higher task demands does not exacer-
ate spontaneous activity related to rumination tendency, but may
ather attenuate it. It remains to be determined whether this pat-
ern, observed in non-clinical population, would hold in depressive
atients. In such case, it would support the benefit of interven-
ions introducing “more structure and constraints into activities”
n order to reduce rumination in clinical populations (Watkins &
olen-Hoeksema, 2014).

A few behavioral studies examined the relation between atten-
ion performance and rumination in healthy people. For example,
uminators were found to exhibit more perseverative errors in the

isconsin Card Sorting Test, but not in a simple task-switching task
Davis & Nolen-Hoeksema, 2000). The authors concluded that rumi-
ation may  interfere with performance and preferentially occur
nder conditions in which attention is not fully controlled by exter-
al cues. Likewise, depressed and non-depressed participants may
erform similarly on a directed task but depressed patients perform
orse on a free task (Watkins & Brown, 2002). An elegant investiga-

ion of Hertel (1998) also found that, in dysphoric students, a time
nterval spent as “free” time or with “self-focused thoughts” had
egative consequences on performance in a subsequent cognitive
ask, whereas this was not the case after a time interval with dis-
raction by external stimuli or for non-dysphoric students (Hertel,
998). Furthermore, in a dual-task condition, depressed patients
erform worse only during high interference trials, and this cost
orrelates with rumination (Levens et al., 2009). Taken together,
hese data converge to suggest that rumination may  contribute
o impair the controlled allocation of cognitive resources, but that
heir spontaneous occurrence can be reduced by greater attentional
ngagement to goal-relevant information, which is consistent with
he pattern found here.

Neuroimaging studies further support this functional relation-
hip. Active task conditions may  not only reduce the presence of
umination, but also reduce connectivity between anterior and
osterior midline brain regions (Berman, Peltier, et al., 2011). In
ealthy controls, rumination or brooding correlate with difficulties

n disengaging from emotionally negative material and increased
ctivity in dorsolateral PFC, consistent with greater need for atten-
ional control (Vanderhasselt, Kuhn, & De Raedt, 2011). Berman,
eel, et al. (2011) also showed that depressed patients had more
ifficulties in expelling negative (but not positive) material from
hort-term memory in a direct forgetting procedure, and this diffi-
ulty correlated with rumination scores and variability of activity
n left inferior frontal gyrus. However, these studies could not con-
lude if ruminations diminish cognitive resources, or if insufficient
Please cite this article in press as: Piguet, C., et al. Neural substrates of
(2014), http://dx.doi.org/10.1016/j.biopsycho.2014.09.005

ognitive resources predispose to ruminations.
Here, we found that distinctive brain activation associated with

umination tendency (i.e. in entorhinal cortex) primarily occurred
uring low attention demands or at rest. Thus, when attention
 PRESS
ology xxx (2014) xxx–xxx

is successfully engaged by external stimuli, task-unrelated acti-
vations in memory and self-referential systems may  no longer arise.
Moreover, we found that accuracy in the task was negatively cor-
related with rumination tendencies (without any effect on RTs),
suggesting that other mental processes underlying ruminations
may  indeed occupy attentional resources to the disadvantage of
other cognitive processes under limited cognitive demand. The sus-
ceptibility to rumination may  thus become more apparent during
conditions of low attentional load or resting state, with higher
activation of memory and self-related networks. We  therefore
conclude that it is not a limitation in attentional resources that
predispose to ruminations, although concomitant deficits in exec-
utive control abilities and failure to inhibit self-related negative
thoughts might contribute to exacerbate the ruminations (Koster
et al., 2011) and perhaps engender some vicious circle. In particular,
impairment in the inhibition of negative thoughts might result from
hypoactivation of prefrontal cortical areas, as commonly found in
depression (De Raedt & Koster, 2010; see also Price & Drevets,
2012).

Lastly, our study demonstrates that RRS correlates with differen-
tial (lower) activity in regions of ACC and PCC linked with the DMN
in our ICA analysis of resting state. But no effect of rumination was
found in these areas during the cognitive task. Thus, modulation of
DMN (Greicius et al., 2007; Grimm et al., 2011) is not a general fea-
ture of rumination but might be more specific of thought processes
during resting state.

5. Limitations

One limitation of our study is that we focused our investi-
gation on the total RRS score, rather than specific subscores, i.e.
depressive brooding and reflexive pondering, respectively thought
to reflect the more negative component and the more adaptive
component of rumination (Treynor, Gonzalez, & Nolen-Hoeksema,
2003). However, as in many other recent studies, this general
assessment of trait rumination appears to be a valid and sensitive
method (McLaughlin & Nolen-Hoeksema, 2011), providing a reli-
able marker for depressive traits and underlying neural changes
(Siegle, Steinhauer, Thase, Stenger, & Carter, 2002; Thomas et al.,
2011). Another limitation is that we did not induce rumination to
directly assess their impact on brain activity. However, our primary
goal was  to investigate the influence of cognitive states on neural
processes predicting rumination trait, but not the neural under-
pinnings of the rumination experience itself – which are likely
to implicate more widespread networks beyond medial tempo-
ral lobe. Finally, the size of our population is relatively small for
establishing interindividual differences, however the consistency
of our results between two different datasets provides a valuable
argument in favor of these results.

6. Conclusion

We  demonstrate that people with high scores on a ques-
tionnaire measuring the tendency to ruminate in conditions of
low mood (RRS) display spontaneous activity in memory-related
areas (i.e. entorhinal cortex), suggesting an increase of inter-
nally driven trains of thoughts and associations. Strikingly similar
activity occurs during rest and during an ongoing cognitive task,
but predominantly when the attentional task demands are low
(easy condition), suggesting a competition for attentional resources
between ruminations and task goals. Conversely, participants with
 rumination tendency in non-depressed individuals. Biol. Psychol.

high RRS score show reduced activation in externally driven (visual)
and interoceptively driven (insula) areas, consistent with a diver-
sion of attention to internal thoughts, away from sensory or bodily
signals.
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