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Response time as a proxy of ongoing mental state: A combined fMRI and pupillometry study
in Generalized Anxiety Disorder

Abstract

In Generalized Anxiety Disorder (GAD), fluctuations in ongoing thoughts (i.e., mind-wandering)
often take the form of rigid and intrusive perseverative cognition, such as worry. Here, we sought
to characterize the neural correlates of mind-wandering and perseverative cognition, alongside
autonomic nervous system indices of central arousal, notably pupil dilation. We implemented a
protocol incorporating the dynamic delivery of thought-probes within a functional neuroimaging
task. Sixteen individuals with GAD and sixteen matched healthy controls (HC) underwent
functional magnetic resonance imaging with concomitant pupillometry. Participants performed a
series of low-demand tracking tasks, responding to occasional changes in a target stimulus. Such a
task is typically accompanied by self-generated, off-task thinking. Thought-probes were triggered
based on an individual’s response time (RT) when responding to the change in the target.
Subjective reports showed that long RT predicted off-task thinking/mind-wandering. Moreover,
long RT and mind-wandering were also associated with larger pupil diameter. This effect was
exaggerated in GAD patients during perseverative cognition. Within brain, during both pre-target
periods and target events, there were distinct neural correlates for mind-wandering (e.g., anterior
cingulate and paracingulate activation at target onset) and perseverative cognition (e.g., opposite
patterns of activation in posterior cingulate and cerebellum at target onset in HC and GAD).
Results suggest that not only attention systems but also sensory-motor cortices are important during
off-task states. Interestingly, changes across the ‘default mode network’ also tracked fluctuations in
pupillary size. Autonomic expression in pupillary changes mirror brain activation patterns that
occur during different forms of repetitive thinking.
Key Words: Generalized Anxiety Disorder; pupil; mind-wandering; perseverative cognition;

response time



1. Introduction

Generalized anxiety disorder (GAD) includes repetitive negative thinking as a core symptom
(American Psychological Association, 2013). In this disorder, patterns of ongoing thought are
constrained to rigid and intrusive perseverative cognitions, i.e. worry and rumination. Studies
suggest that unlike the more common patterns of mind-wandering seen in the general population,
perseverative cognition is characterized by reduced parasympathetic drive to the heart (Ottaviani et
al.,, 2016a for a meta-analysis), which contributes to another pervasive symptom of GAD, the
feelings of physiological arousal (e.g., Andor et al., 2008). Recent work combining peripheral
physiological monitoring with functional magnetic resonance imaging (fMRI) has highlighted the
neural processes that shape aberrant cognitions in anxiety through their bidirectional interaction
with autonomic bodily states of arousal (e.g., Makovac et al., 2018; Meeten et al., 2016). Increased
self-reported levels of worry following an induction of perseverative cognition leads to decreases in
heart rate variability (an index of parasympathetic nervous control of the heart) and in prefrontal-
amygdala functional connectivity in GAD patients and controls (Makovac et al., 2016b). Moreover,
individual differences in heart rate variability predict the degree to which healthy individuals can
suppress unwanted thoughts (Gillie et al., 2015) and also predict the neural correlates of worry in
GAD patients and controls (Ottaviani et al., 2016b). The present study aimed to contrast more
‘normal’ patterns of mind-wandering with less adaptive patterns of perseverative cognition in GAD,
applying the technique of triangulation (Smallwood and Schooler, 2006) that combined neural
activity, as assessed by fMRI with autonomic function, indexed by pupillometry and with self-
reported measures of ongoing thought. The overall goal was to investigate whether functional and
dysfunctional forms of repetitive thinking have distinctive autonomic and brain correlates, based on
the assumption that mind-wandering and perseverative cognition can be viewed as distinct aspects
of ongoing thought (e.g., Christoff et al., 2016; Ottaviani, 2018).

Over the past ten years, fMRI studies have focused both on mind-wandering in healthy

individuals (Fox et al., 2015 for a meta-analysis) and on perseverative cognition in patients (e.g.,



Hamilton et al., 2015 for a meta-analysis on depressive rumination; Ottaviani et al., 2016a and
Paulesu et al., 2010 for worry). To the best of our knowledge, however, none of them have tested
directly if these two types of ongoing thought have distinct neural substrates. Initial studies aimed
at examining off task thought, focused on the default mode network (DMN; Raichle et al., 2001),
given its tendency to deactivate during external tasks (e.g. McKiernen et al., 2003). However, this
task-negative view of the DMN, has been challenged by studies that show that it can play an active
role in task states, even when they lack strong autobiographical content, if cognition is guided by
information from memory rather than constrained by perception (Konishi et al., 2015; Murphy et
al., 2018; Vatansever et al., 2017). More importantly, converging evidence from experience
sampling studies have shown that ongoing thought is more complex than previously recognised
(Christoff et al., 2016; Smallwood et al., 2016). Indeed, recent evidence has shown that the DMN
can represent the level of detail of task-related experiences (Sormaz et al., 2018), a process that may
emerge from the connectivity of this system with the visual cortex (Turnbull et al., 2018). These
latter studies highlight that off-task states may entail changes in attention systems (dorsal and
ventral) as well as also sensory-motor cortices, likely reflecting changes in the ability to
appropriately represent task-relevant information in working memory when attention is off task
(McVay and Kane, 2009).

Many studies examining mind-wandering use a simple attention task, during which participants
are randomly probed with experience sampling probes which require the participant to describe
aspects of their experience, such as whether it is related to the task or not (Weinstein, 2018 for a
review). In this study, we use a novel method of experience sampling in which we utilise
information from ongoing measures of behaviour and autonomic function with experience
sampling. We hoped that this would enhance the ability of the self-reported information to
discriminate between different types of ongoing thought. Previous evidence from sustained
attention tasks indicates that mind-wandering and perseverative cognition are reported after slower

RT responses, as compared to on-task reports on faster RT trials (e.g., Henriquez et al., 2016;
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Ottaviani et al., 2013; Smallwood et al., 2008). We combined information from behaviour with a
measure of autonomic function derived from the pupillary response. Pupillometry can index rapid
changes in autonomic activity associated with cognitive processes through continuous integrated
measure of arousal level and usage of attentional resources (e.g., Rigato et al., 2016). It has been
proposed that fluctuations in pupil size reflect the state of the brain norepinephrine system,
originating in the locus-coeruleus and projecting to areas associated with attentional processing and
gated by interoceptive cardiac signals (e.g. Critchley and Garfinkel, 2016; Murphy et al., 2014).
Given that the locus coeruleus is also implicated in the successful retrieval of emotional memories
(Sterpenich et al., 2006), it is possible that this region would emerge as a crucial structure mediating
pupil response during perseverative cognition. Proximally, the pupil response reflects both tonic
and phasic changes in sympathetic and parasympathetic activity (McDougal et al., 2015 for a
review). Heuristically, larger pupil size correlates with heightened emotional arousal state, and
with increasing task demand/difficulty (Henderson et al., 2014; Konishi et al., 2017; Mandrick et
al., 2016; Peysakhovich et al., 2015). Importantly, Smallwood and colleagues (2011) demonstrated
that periods of longer response time (RT) prior to an error could be related to retrospective
characterisations of ongoing thought as off task, suggesting that the combination of RT and pupil
data could provide a converging method to understand the neural basis of ongoing thought.

In this study, we used RT and pupil data as an additional constraint when examining the
relationship between patterns of ongoing thought and neural activity. Participants (individuals with
GAD and controls) performed a low-demand sustained attention task in which they responded to
occasional targets. We also acquired measures of pupil dilation while participants performed the
task and used the combined metrics provided by behaviour and pupillometry, to provide a window
into the neural substrates of both normal and abnormal patterns of ongoing thought. In particular,
we employed response contingent thought-probing (Franklin et al., 2011), in which we exploited
the hypothesised relationship between behaviour and self-reported descriptions of ongoing thoughts

in periods when performance was either very fast or very slow. Behaviourally, we expected that the



greater intensity of perseverative cognition would lead to a stronger increase in RT than would be
observed during mind-wandering (as in Ottaviani et al., 2013). Based on previous findings,
highlighting increasing pupil size variations in response to emotional valence and arousal state (e.g.,
Bradley et al., 2008) and decreasing associations with off task thought (Konishi et al., 2017), we
hypothesized that pupils would be smaller during mind-wandering than in more pathological
perseverative cognition. Lastly, we hypothesized that neural activity uniquely associated with the
perseverative nature of worry and rumination would be characterized by engagement of regions
controlling psychophysiological arousal and autonomic rhythmicity, including the anterior cingulate
cortex (Ottaviani et al., 2016b; Paulesu et al., 2010). In addition, studies that have examined neural
processing associated with states of off-task or mind-wandering, have implicated a range of
different large scale systems in the experience, including dorsal and ventral attention (Tunbull et al.,
2018; Wang et al., 2018) aspects of the default mode and fronto-parietal networks (Fox et al.,

2015), as well as sensory-motor areas (Sormaz et al., 2018; Turnbull et al., 2018).

2. Methods and Materials
2.1. Participants

The current study presents data from the follow-up component of a larger multilevel
longitudinal investigation of the neurobiological correlates of perseverative cognition in GAD (see
Makovac et al. 2016a,b,c; Makovac et al., 2018a,b; Meeten et al. 2016; Ottaviani et al. 2016b for
time 0 and longitudinal resting state functional connectivity analyses).

The participant sample at time of follow-up was composed of 16 individuals (14 women; mean
age = 29.6 + 7.5 years) who met DSM-IV diagnostic criteria for GAD, and 16 healthy controls (HC;
13 women; mean age = 28.1 + 10.1 years). Across the GAD group, the average illness duration at
the beginning of the study (time 0) was 16.8 + 8.0 years.

The study was approved by the National Research Ethics Service (NRES) for the National
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Health Service (NHS) with university sponsorship granted via the Brighton and Sussex Medical
School Research Governance and Ethics Committee. Participants were compensated for their time.
GAD patients were recruited by public advertisement and from Access and Recovery Services
clinics of Sussex Partnership NHS (Mental Health) Foundation Trust. Healthy control participants
were recruited by advertisement from staff and students of the University of Sussex and Brighton
and Sussex Medical School. All participants were right-handed, native English speakers, and had
normal or corrected-to-normal vision. Exclusionary criteria were: Age younger than 18 years, prior
history of head injury, major medical, neurological or psychiatric disorder (other than GAD and co-
morbid depression for the patient group), cognitive impairment, history of substance / alcohol abuse
or dependence, diagnosis of heart disease, obesity (body mass index > 30kg/m”), pregnancy,
claustrophobia and other MRI exclusions. Two GAD participants were included who used long-
term medications (1 citalopram, 1 pregabalin) at the time of the study. All other patients and

controls were medication-free. All participants provided written informed consent.

2.2. Procedure

The Structured Clinical Interview for DSM-IV (SCID) was administered by a trained postdoctoral
fellow (FM) to both patient and controls to confirm/exclude the diagnosis of GAD and
comorbidities. Participants then completed a series of online socio-demographic and dispositional
traits questionnaires. Participants were subsequently familiarized with the neuroimaging
environment, connected to the physiological recording equipment, and then underwent the fMRI
protocol. Unfortunately, due to time constrains linked to availability of the MRI machine,

the timing of the scans was variable within participants, although most of it took place in the early
afternoon. Caffeine consumption was not restricted, but participants were carefully screened to
exclude excessive consumers of coffee or caffeine containing products drinkers (detailed in
Makovac et al., 2016b). Moreover, the pre-scanning testing lasted on average longer than 1 hour,

thus, our participants were caffeine-free for at least 1 hour before scanning.



2.3. Experimental Task and Design

In the scanner, the participants performed a series of three low-demand 6-min long visuo-motor
tracking tasks (for a total of 18 min), preceded by one 5-min block of resting-state acquisition. The
total scanning duration was 23 min. Data obtained during the resting-state acquisition go beyond the
scope of this study and will not be presented here (see Makovac et al., 2016b).

The tracking tasks (adapted from Ottaviani et al., 2013) required each participant to follow a
white target circle, transiting slowly from left-to-right and back on a black background, across the
field of view. Intermittently, the circle would briefly turn red. When this target event occurred, the
participant was required to press a button on a button box in the right hand as quickly as possible.
The colour change lasted 100 ms after which the circle returned to white and the task continued.
Each transit across the screen lasted approximately 1 minute. There were never more than two
target events in any transition and all events were separated by at least 30 sec. The order of transits
with 1 or 2 targets was randomized. The level of difficulty remained very low to encourage the
likelihood of mind-wandering and perseverative cognition. The task structure was implemented in
Matlab 7.0 (MathWork, Natick, MA).

The first tracking task session differed from the other two sessions. Its purpose was to assess
the typical range of RT for each participant, in order to establish the appropriate RT range for the
subsequent probe runs. In this session, 9 targets were presented over 6 transitions, and the
participant simply tracked the moving circle and responded with a button press whenever it changed
colour.

During the second and third tracking sessions, visual analogue scale (VAS) thought probes
were deployed immediately after participants’ responses to a subset of the targets. Probe
appearance was restricted following three criteria: First, thought probes were only presented
following an unusually short or an unusually long RT, determined from the data obtained in the first

tracking session. For each individual, RT above the third quartile of the distribution were



considered unusually long (suggestive of off-task cognitions). Those below the first quartile were
considered unusually short (suggestive of a sharp focus on task). One additional criterion was set
such that probes could not be deployed on two consecutive targets. These conditions were intended
to limit the number of thought probes and therefore prevent the individual from being accustomed
to probe appearance, interfering with episodes of being on- or off-task. Session two and three
consisted of 18 targets presented over 12 transits.

Thought probes consisted of 3 short (5 sec) cues, to which the participant responded by
quickly moving a pointer along a horizontal scale, appeared on the screen beneath. The cues
assessed participant’s thoughts immediately prior to target appearance. Participants were required to
estimate how much they were engaged in perseverative cognition, mind-wandering, or how much
they were on task. The scales were labelled at the left-hand end “0” and the right-hand end “100”.
The intention of each of these cues was carefully described and explained prior to commencement
of the task session, especially for what regards the difference between mind-wandering (‘how much
is your mind-wandering, i.e. thinking about different things or events, without being stuck in one
particular thought’) and perseverative cognition (‘how much are you thinking of a past stressful
event or worrying about a future possible event. This thought has to be perceived as being intrusive
- i.e. difficult to disengage from’). Each participant was permitted to practice until they were fully

comfortable with the response procedure.

2 4. Visual analogue scales (VAS)

At the end of each tracking task, to assess state levels of perseverative cognition and mood over
the preceding period, each participant was asked to report his/her thoughts. The participants were
asked to rate on separate 100-point VASs, how much: “Were you ruminating (thinking over and
over) about yourself, the past, or worrying about the future?”’; “Was your mind just wandering,
without getting stuck on any particular thought?”’; “Were you focused on the task?”; “Did you

experience your thought as being intrusive?”’; “Were you feeling sad?”’; “Were you feeling tired?”;



“Were you feeling anxious?”; “Were you feeling angry?”’; and “Were you feeling happy?”’

2.5. Socio-demographic and dispositional traits questionnaires

Participants completed questionnaires assessing sociodemographic information, symptoms of
GAD (Generalised Anxiety Disorder Questionnaire, GAD-7; Spitzer et al., 2006); trait anxiety
(Taylor Manifest Anxiety Scale, TMAS; Taylor, 1953 and Spielberger State Trait Anxiety
Inventory, STAI; Spielberger, 1989); depression (Beck Depression Inventory, BDI; Beck et al.,
1988), trait worry (Penn State Worry Questionnaire, PSWQ; Meyer et al., 1990), and trait
depressive rumination (Ruminative Response Scale, RRS; Nolen-Hoeksema and Morrow, 1991).
Higher scores on these questionnaires indicate increased severity of GAD symptoms, more
dispositional anxiety, more severe symptoms of depression, a stronger tendency to engage in

worrisome thoughts and in depressive rumination, respectively.

2.6. Pupil size acquisition and pre-processing

Pupil measurements were acquired at 120 Hz, via an ASL EyeTrac6000 system with long-
range optics (ASL Applied Sciences). Eye blinks and anomalous pupil values were automatically
detected by the EyeTrac6000 software, and artifacts were corrected by interpolating values. The
resulting time-series were exported to Matlab and further visually inspected and, where necessary,
manually corrected by removing artificial time-points. Pupil data were then smoothed and down-
sampled using in-house built Matlab scripts to provide an interpolated measure of pupil diameter at
I-sec intervals. Next, pupil size was averaged across each 3-sec interval preceding target
appearances and used in subsequent analyses. However, technical issues constrained analysis of this
parameter to a subset of 18 participants, comprised of 6 HC (mean age = 29.50 & 6.64 years) and 12

GAD (mean age = 23.33 £ 5.39 years), all women.
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2.7. MRI acquisition and image pre-processing

Neuroimaging datasets were acquired on a 1.5 Tesla MAGNETOM Avanto Scanner (Siemens
AG, Munich, Germany). Functional Magnetic Resonance images (fMRI) comprised of T2*-
weighted echo planar imaging (EPI), sensitive to blood oxygenation-level dependent signal (RT =
2.52 secs, ET =43 msec, flip angle 900, 34 slices, 3 mm slice thickness, FOV=192 mm, voxel size
=3 x 3 x 3 mm). Data were processed using MATLAB 7.0 (MathWork, Natick, MA) and SPM 12
(Statistical Parametrical Mapping, http://www.fil.ion.ucl.ac.uk). In the two fMRI runs including
thought probes, the first four volumes were removed to allow for T1 equilibration effects. EPI
images were realigned to the first image and normalized to a standard EPI template. Normalized

functional scans were smoothed with a Gaussian kernel of 8-mm (full-width half maximum).

3. Statistical Analyses
3.1. Analysis of behavioural (RT) and pupil data

All data are expressed as means = SD. Differences at p < 0.05 are regarded as significant. In
order to validate RT and pupil size as proxies of the ongoing mental state (i.e., episodes of being on
task, mind-wandering, perseverative cognition), we first tested the associations between RT and
VAS scores and then between pupil size, RT, and VAS scores. Then, we examined the
intercorrelations among VAS scores obtained during the task, to disentangle the effects of mind-
wandering and perseverative cognition on mood and perceived intrusiveness of thoughts, further
testing the validity of our in-task operationalization of these variables.

We used mixed random effects regression models to test our hypotheses taking into account the
likely heterogeneity in the periodicity of RT, VAS, and pupil changes, and using all sampling
moments instead of aggregated scores within these analyses. This procedure also accommodated
interindividual variation and dealt with missing values by modelling each participant as a random
effect. General linear mixed modelling with Restricted Maximum Likelihood estimation was

implemented using the PROC MIXED program (SAS Institute). Covariance analyses modelled
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observations within subject using a random intercept plus autoregressive model. Random slopes
were not estimated. The “ADJUST” option was implemented to perform multiple comparison
adjustments on the differences of LS-Means.

Two complementary statistical approaches were used to test whether RT could be effectively
used as an indicator of the ongoing mental state of the participant. First, we used a random effects
regression model where scores on the VAS for each specific cognitive state (on-task, mind-
wandering, perseverative cognition) were related to the dependent variable RT, with Group
membership (GAD vs HC) was included as a predictor in the model. Second, we performed a
median-split, based on each participant’s RT, to obtain the dichotomous variable of (Long- and
Short-) RT. A series of #-tests were then performed to test for differences in levels of self-reported
episodes of being on task, mind-wandering, and perseverating for Short and Long RT.

Similarly to RT, we adopted a random effects regression model to explore the relationship
between pupil diameter (prior to targets) and participants’ reported ongoing mental state. First,
pupil diameter was related to RT (Long vs Short), Group, and RT x Group interaction. Second, to
test whether the central effects were moderated by VAS scores, the same model was repeated by
entering the moderator and the moderator x RT, and moderator x Group x RT as predictors. Three
models were run, testing for moderation by a) VAS on perseverative cognition; b) VAS on mind-

wandering; and ¢) VAS on being on task, respectively.

3.2. fMRI data analysis

All analyses were undertaken using the SPM platform
(http://www fil.ion.ucl.ac.uk/spm/software/spm12/). First-level analyses, estimating contrasts of
interest for each participant, were followed by second-level analyses for statistical inference at the

group level (Friston et al., 2002).

3.2.1 Neural correlates of Long RT versus Short RT during target detection and pre-target periods
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The dichotomous variable Long- and Short-RT, for each participant and each run, was entered
into the first-level analysis. In this way, we were able to allocate a posteriori target detection
periods as being characterized by Long RT (a proxy for being off-task) or Short RT (a proxy for
being on-task). We carried out two different first-level models to test for neural activity associated
with periods during which participants disengage from on-task mental state; 1) to press the button,
in order to detect changes in fMRI signal in response to the transition from internally- to externally-
oriented attention; or 2) when cognitive or sensory demand is low and the likelihood of mind-
wandering and perseverative cognition is elevated (i.e., pre-target periods).

First, we modelled two conditions, corresponding to the target detection, separately for Long
RT- and Short RT-target detection. The model included one regressor, corresponding to the onset
of each target type; next, we modelled the pre-target periods (i.e. the time-window before the
appearance of the target). The window in which neural data was investigated was limited to a 15-
sec pre-target window. Based on the Long vs Short RT, we can infer that such pre-target period
was characterized by more or less effective external attention, respectively. We opted for a 15-sec
window based on evidence showing that 15 sec approaches the typical length of mind-wandering
episodes (Klinger, 1978) and based on previous studies which consistently showed that this time
window coincides with mind-wandering and introspective states (e.g., He et al., 2011; Ottaviani et
al., 2016b; Smallwood et al., 2011).

For both first-level models, we constructed linear compounds (contrasts) to determine the effect

of the two relevant trial types (Long RT and Short RT), averaged across the two fMRI runs.

3.2.2 Neural correlates of pupil responses for Long RT versus Short RT

In order to determine the neural correlates of pupil responses within each target detection
condition (Long vs Short RT), the average pupil dimension (averaged across the 3 sec preceding
each target appearance) was entered into a third GLM as separate parametric modulator to the

corresponding RT conditions (Long and Short RT). This analysis was conducted for the sub-group
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of 18 participants (detailed in section 2.6). All of our variables were modelled as a boxcar within
the time-series, all predictors of neural activity were convolved with the SPM12 hemodynamic
response function, and realignment parameters (six head movement parameters, estimated during

realignment) were included as covariates of no interest.

3.2.3 Neural correlates of mind-wandering and perseverative cognition during target detection and
pre-target periods

In second level analyses, for both the target detection and the pre-target models, four conditions
resulting from the Group (GAD, HC) x RT (Long, Short) combination were modelled with a 2 x 2
flexible factorial ANOVA. We tested for the main effect of RT across the two groups, the main
effect of groups across the two RT conditions, and for the Group x RT interaction. Statistical
threshold was set to p < 0.05, FWE-corrected at cluster level (cluster size defined using uncorrected
voxel-level threshold p < 0.005) at a whole-brain level.
A whole-brain correlational analysis was carried out for each of our two models of interest (i.e.,
during target detection and pre-target periods). This analysis allows the neural correlates of mind-
wandering and perseverative cognition during periods of effective and ineffective external attention
to be interrogated. VAS scores for mind-wandering and perseverative cognition were introduced
into the model as covariates of interest. This allows the identification of those regions where
activity was positively or negatively associated with scores on the perseverative cognition VAS
(whilst controlling for mind-wandering) and, vice versa, regions associated with scores on the

mind-wandering VAS (while controlling for levels of perseverative cognition).

3.2 .4 Effects of mind-wandering and perseverative cognition on pupil-related brain activations

A parametric analysis was used: First, to test for the main effect of pupil size variation on brain

activity GURINgtatgetdetection, across the two conditions of Long and Short RT; then, to test for the
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difference between Long and Short RT. Group membership was treated as a covariate of no
interest, since the small sample size did not allow for meaningful group comparisons. Nevertheless,
this analysis remained consistent with our dimensional view of psychopathology and perseverative
cognition, which should be only quantitatively but not qualitatively different in HC and GAD (e.g.,
Ruscio and Borkovec, 2004). VAS scores that quantified subjective perseverative cognition and
mind-wandering were introduced as covariates of interest at second level, to explore the possible

effects of the ongoing mental state on pupil-related brain activation.

4. Results
4.1. Descriptive results

As shown in Table 1, both groups were broadly comparable in the socio-demographic variables
assessed (i.e., age, sex, education). These were, therefore, not included as covariates in the
subsequent analyses. As to scores on dispositional questionnaires, participants with GAD reported
higher levels of depressive rumination, anxious worry, symptoms of generalized anxiety, trait
anxiety, and depression.

At the end of the two runs, GAD participants reported higher levels of self-reported (VAS)
perseverative cognition (GAD = 54.59 + 25.59 vs HC = 27.53 + 23.29; #(15) = 3.41; p = 0.004);
anxiety (GAD = 53.38 + 25.93 vs HC = 25.53 £+ 29.12; #(15) = 3.07; p = 0.007); sadness (GAD =
26.25 +22.72 vs HC = 7.78 = 10.42; #(15) = 3.09; p = 0.006); and lower levels of happiness (GAD
=42.28 +22.93 vs HC = 64.75 £ 16.19; #(15) = 3.46; p = 0.003) compared to HC (Figure 1). There
were no differences in the number of probes occurring within the trials between the two groups
(GAD=3.45+1.88vs HC=3.38+1.70; t<1).

As expected, higher self-reported levels of perseverative cognition were associated with
significantly higher levels of intrusiveness, sadness, and anxiety. In contrast, self-reported levels of
mind-wandering did not show any significant association with scores on these rating scales (Table

2). Interestingly, the more the thought was reported to be intrusive, the more the participant felt
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tired, anxious and angry (Table 2).

4.2. RT as a proxy for ongoing mental state

Results of the first random effects regression model that had scores on the VAS for each
specific cognitive state (on-task, mind-wandering, perseverative cognition) and Group membership
(GAD vs HC) as predictors of RT are depicted in Figure 2. The Figure shows that the perseverative
cognition slope starts as low as at about 20/100 and at a lower point than the mind-wandering slope:
This is not unexpected if we consider that, contrary to other studies using the same methodology in
healthy individuals and patients with GAD (e.g., Ottaviani et al., 2013; 2016b), the present
investigation did not include a perseverative cognition induction. The model yielded a significant
effect of being on task, F(1, 429) =46.09, p <0.0001, with higher VAS scores for being on task
characterized by faster RT. Levels of perseverative cognition, F(1, 429) = 14.30, p <0.001 and
mind-wandering F(1, 429) = 5.76, p = 0.02 were also significantly associated with RT: Higher VAS
scores for these descriptors of off-task thinking were characterized by slower RT. Group
membership was also a significant predictor in the model, F(1, 429) =5.20, p =0.02: HC showed
faster RT than participants with GAD (Figure 2).

A second complementary statistical approach was based on a median-split of each participant’s
RT, to obtain the dichotomous variable of (Long- and Short-) RT. Consistent with results of the
first random effects regression model, self-reported cognitive states differed significantly between
periods associated with Short and Long RT. Participants reported being more on task during
periods associated with Short RT, compared to Long RT (47.7 + 25.04 vs 60.7 £ 26.51,
respectively; = 5.27, p <0.0001). Correspondingly, levels of mind-wandering (z =2.74, p = 0.01)
and perseverative cognition (# = 3.52, p <0.0001) were higher during Long RT (68.2 £+ 24.02 and

32.7 + 27.42, respectively) compared to Short RT (61.20 + 29.14 and 23.63 + 26.54, respectively).

4.3. Pupil size as a proxy for ongoing mental state
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Larger pupil diameter was observed during periods of Long- compared to Short-RT (F(1, 242)
=4.17; p = 0.04). There was also a significant Group x RT interaction: individuals with GAD had
larger pupil diameters in association with long RT compared to HC (F(1, 241) = 6.05; p =0.01).
The association between pupil size and RT was mediated by self-reported perseverative cognition
(F(1,237)=12.29; p <0.0001), and by the interaction of perseverative cognition with RT (F (1,
237)=11.09; p <0.0001). Thus, longer RT was associated with larger pupil diameter only in
combination with higher scores on this VAS (see Figure 3). Interestingly, pupil size was not larger

during self reported mind-wandering (p > 0.77).

44. FMRI results
4.4.1. Neural correlates of Long RT versus Short RT during target detection

During target detection, greater activity was observed in the cerebellum (right IX lobule) and
right inferior and middle temporal gyrus for events associated with Long- compared to Short- RT
(Figure 4, A; Table 3). A Group x RT interaction was observed in right superior temporal gyrus,
driven by a deactivation of this area in GAD patients during target detection events associated with
Long RT. Deactivation in this region occurred in HC during target detection characterized by Short

RT (Figure 4, B; Table 3).

44.2. Neural correlates of mind-wandering and perseverative cognition during target detection

When controlling for VAS scores of perseverative cognition, the reported level of mind-
wandering correlated with activity within paracingulate, anterior cingulate cortex, and
postcentral/superior parietal lobule during Long RT vs Short RT events (Figure 5A; Table 3). This
result indicates that, regardless of the level of perseverative cognition, periods of mind-wandering,
exhibited increased activity in these areas during Long- compared to Short-RT trials. No interaction
with GAD was observed.

When controlling for VAS scores of mind-wandering, a GAD x HC interaction was observed
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for the correlation between reported level of perseverative cognition activity within areas of
posterior cingulate cortex and cerebellum during Long RT vs Short RT events (Figure 5, B; Table
3). The effect was driven by a positive effect in HC, and a negative effect in GAD patients. This
result suggests that, in GAD individuals, greater perseverative cognition is associated with less
neural activity in these areas during Long-RT trials, whereas in HC, an opposite effect was

observed.

4.4.3. Neural correlates of Long RT versus Short RT during the pre-target period
During the pre-target period, an increased activity was observed during Long vs Short RT trials
in right postcentral gyrus and superior temporal gyrus (Figure 6, A). No Group X RT interactions

were observed.

44 4. Neural correlates of mind-wandering and perseverative cognition during pre-target periods
Across both groups of GAD individuals and HC, when controlling for VAS scores of
perseverative cognition, self-rated mind-wandering was positively correlated with activity in
bilateral precentral gyrus and left superior temporal gyrus during pre-target periods preceding Long
RT vs Short RT (Figure 6, C). Similarly, when controlling for VAS scores of mind-wandering, a
negative correlation was observed for self-rated perseverative cognition and cerebellar activation

during pre-target periods preceding Long RT vs Short RT (Figure 6, B).

4.4.5. Neural correlates of pupil responses for Long RT versus Short RT

_ brain correlates of trial-by-trial pupil response revealed significant
differences between Long and Short RT trials (Figure 7, A; Table 4): activity within the superior
frontal gyrus showed a negative association with pupil size during Short-RT trials, and a positive
association with pupil size during Long-RT trials. We did not observe suprathreshold associations

between brain activity and pupil size variations that were sustained across all Long and Short RT
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conditions.

44.6. Effects of mind-wandering and perseverative cognition on pupil-related brain activations
When controlling for VAS scores of perseverative cognition, self-rated levels of mind-
wandering interacted with neural activity tracking pupil size Bfitagetidetection in the right superior
frontal gyrus and right precentral gyrus depending on the associated RT (Figure 7, B; Table 4).
During Short RT periods there was a negative association, indicating that higher levels of mind-
wandering were linked to less pupil-related activity. In contrast, during Long RT periods there was
a positive association, indicating that higher levels of mind-wandering were linked to greater pupil-
related activity in these frontal regions. A Short x Long RT interaction was evident for the
association between scores on the VAS about perseverative cognition and activity in pupil-related
brain areas (whilst controlling for scores on the VAS about mind-wandering), in right
precentral/postcentral area (Figure 7, C; Table 4). The interaction was driven by a positive

association during Short RT and a negative association during Long RT.

5. Discussion

Motivated to understand the difference between normal mind-wandering and maladaptive
perseverative cognition, we combined fMRI techniques with measures of behaviour (RT) and
peripheral physiology (pupil size) to disentangle the neural correlates of functional and
dysfunctional forms of ongoing thought, in individuals with a diagnosis of GAD and in healthy
controls. We used a novel approach in which experience sampling probes were administered when
RT was slow or fast, allowing us to capture clearly distinct behavioural episodes. Self-reports
following periods of slow RT were linked to greater off task thinking, strengthening evidence
showing that mind-wandering experiences can be predicted from trial-to-trial RT changes (e.g.
Franklin et al., 2011). While earlier work has linked the occurrence of task-unrelated thoughts to

preceding RT patterns (Smallwood et al., 2008), this observation has not always been replicated
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(e.g. McVay et al., 2012) and others conclude that RT alone is not a reliable index of the occurrence
of mind-wandering episodes (e.g. Henriquez et al. 2016; Konishi et al., 2017). Many of these
behavioural studies, however, use different versions of the sustained attention to response task
(SART; Robertson et al., 1997), many of which are of longer duration and require the additional
demand of response inhibition. In such tasks, it has been argued that failure to predict the ongoing
cognitive state by the use of RT is mostly due to anticipations (i.e., where a substantial proportion
of slow RT precede on-task reports) (Henriquez et al., 2016). RT increases across blocks, hence
these problems are mitigated by the use of a shorter and less demanding task. Moreover, “the
dichotomy between on- and off-task conditions might not be subtle enough to capture the richness
of phenomenological experience” (Henriquez et al., 2016, page 8). More generally, therefore, we
provide evidence in support of the idea that at least some of the behavioural consequences that
emerge from patterns of ongoing thought can depend on features of the experiences themselves
(Smallwood and Andrews-Hanna, 2013).

When we looked at the association between behaviour and ongoing physiology, long RT was
reflected in larger pupil diameter, replicating prior observations (e.g. Konishi et al., 2017;
Smallwood et al., 2011). For example, Konishi et al. (2017) found that pupil diameter during
periods when behavioural performance was less efficient (as assessed by RT and accuracy), was
associated with larger pupil diameter, while periods of off task thinking were not. We found that
this was particularly true in individuals with GAD, compared to controls, and when participants
reported higher levels of perseverative cognition. Pupil dilation reflects the balance between
central sympathetic activation driving the dilator muscle, and to parasympathetic inhibition
reducing constriction (Beatty and Lucero-Wagoner, 2000). Our findings suggest that off-task
attentional drift, repetitive perseverative form of thoughts, and pathological anxiety states are all
reflected in indices of pupil dilation, and by extension, arousal related shifts in autonomic balance.
The complexity of these results may partially explain previous inconsistency in relating mind-

wandering to pupil diameter. Larger pupil diameter is reported by some studies (e.g., Franklin et
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al., 2013; Smallwood et al., 2011), but not others (e.g., Grandchamp et al., 2014; Konishi et al.,
2017; Unsworth and Robison, 2016; 2018), suggesting that understanding the links between
pupil size and ongoing thought are likely to depend on taking account of the content of the
episodes themselves (Konishi et al., 2017). Indeed, studies that examined pupil size in association
with perseverative cognition show a consistent positive association between dilation and self-report
measures of rumination (Duque et al., 2014; Siegle et al., 2003). Data on worry and GAD,
however, are more mixed (e.g., Greenberg et al., 2013; Oathes et al., 2011). On the other hand,
autonomic and behavioural measures, perseverative cognition appears to act as if one was facing an
actual environmental stressor (Brosschot et al., 2006; Ottaviani et al., 2016a). Thus, our finding of
increased pupil dilation, when distracted or absorbed by rumination or worry is not unexpected,
particularly for individuals with GAD.

While many studies have explored the brain correlates of patterns of ongoing thought in
healthy individuals, ours is one of the first to explore this question in a psychopathological
population (individuals with GAD), who experience excessive perseverative cognition as a
diagnostic criterion (American Psychiatric Association, 2013). It is also one of the first to explore
the neural correlates of multiple aspects of experience (although see Sormaz et al., 2018). We found
that periods preceding target detection ‘tagged’ by long RT were associated with decreased
activation of cerebellum when participants were engaged more in perseverative cognition,
independent of effects of mind-wandering. The cerebellum is implicated in the pathophysiology of
many disorders including attention deficit hyperactivity disorder (ADHD; Ivanov et al.,

2014; Kucyi et al., 2015; Valera et al., 2007), a condition associated with higher frequencies of
mind-wandering (Seli et al., 2015). The middle temporal gyrus also showed enhanced activity
during long RT pre-target periods. This region is important for aspects of semantic representations
which may play a role in certain aspects of off task experiences (Davey et al., 2015; Smallwood et
al., 2016).

More directly, when participants reported being strongly engaged in mind-wandering, activity
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was enhanced within anterior cingulate/paracingulate cortex, postcentral and superior parietal
lobule during target detection and bilateral precentral gyrus and left superior temporal gyrus during
the period before target occurrence. Such activation, proportional to the level of pre-target mind-
wandering, may reflect motor readiness due to target occurrence. Many of these brain regions are
present in a meta-analysis of prior studies of mind-wandering using functional imaging (Fox et al.,
2015). More recently Sormaz and colleagues (2018) used representational similarity analysis to
show that patterns of activity in regions of sensory-motor cortex are linked to the degree of off task
thinking during a simple working memory paradigm, while signals within the default mode network
were related to how detailed patterns of thought were. Similarly, Turnbull et al. (2018)
demonstrated connectivity between the ventral attention network and regions of sensori-motor
cortex underlies the regulation of off task thinking in the same task paradigm. Together with the
current data, these studies provide an important source of converging evidence that simple-minded
associations between activity within the DMN and states of off task thinking are unwarranted.
Pre-target, episodes of increased self-reported perseverative cognition in long-RT trials
involved decreased activation in the cerebellum in all participants. At target detection, the same
episodes were accompanied by decreased activation in posterior cingulate cortex and cerebellum in
GAD, a pattern that was reversed in healthy individuals. Increased activation in the posterior
cingulate cortex is associated with rumination in depressed individuals (e.g., Berman et al., 2011;
Cooney et al., 2010) but not with worry, with some studies reporting activation in the anterior
cingulate cortex (e.g., Hoehn-Saric et al., 2004; Ottaviani et al., 2016b; Paulesu et al., 2010).
Moreover, dispositional tendency to ruminate and worry (as measured by the RRS and PSWQ) is
inversely related to amygdala connectivity with the posterior cingulate cortex in both individuals
with GAD and controls (Makovac et al., 2016b). The posterior cingulate cortex is activated by
target detection tasks and has specifically been implicated in the anticipatory allocation of spatial
attention (e.g., Small et al., 2003). It has been argued that this region is a representational hub in

which signals from other regions of cortex are integrated to produce different mental states (Leech
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and Sharp, 2014 for a review; Smallwood et al., 2016). Accordingly, it is possible that the lower
task-related activation associated with higher levels of perseverative cognition in GAD participants
may reflect an inability to redirect attention to external information in this clinical population.

More generally, our data highlights neural differences between adaptive mind-wandering and
maladaptive perseverative cognition (worry and rumination). [WHentatgetevents weremodelled)
pupil size was negatively associated with activation of the superior frontal gyrus for short RT (on-
task) periods, and with enhanced activation of the same area in the case of long RT (off-task)
periods. Furthermore, higher self-ratings of mind-wandering (ruling out the effects of perseverative
cognition) attenuated pupil-related activity within the right superior frontal gyrus and right
precentral gyrus when on-task (short RT) and enhanced activity within these brain regions when off
task (long RT). This region of cortex is thought to be important in the control of memory, allowing
individuals to suppress unwanted trains of thought (Levy and Anderson, 2012). Since this region
was more active in mind-wandering than perseverative cognition, it is possible, therefore, that this
region is important in allowing patterns of ongoing thoughts to be less detrimental to the individual.
In contrast, perseverative cognition was linked to enhanced pupil-related activation in right
precentral/postcentral area while on-task (short RT) yet attenuated this activity when off- task (long
RT). The precentral and postcentral gyri are part of the somatomotor network, possibly underlining
the important role that signals arising from the body play in perseverative patterns of ongoing
thought. More generally, our study reinforces the value of mapping brain-body interactions in
attempts to understand the genesis and maintenance of different aspects of ongoing thought
(Ottaviani et al., 2017; Ottaviani, 2018).

Although the present study focused on GAD, perseverative cognition is a transdiagnostic factor
(e.g., Drost et al., 2014) and current findings are in line with the current integrated cognitive
neurobiological model of depression, in which the neurobiological underpinning of core symptoms
(in particular the subgenual section of the ACC), plays an important role as risk or maintenance

factor for the disorder (Disner et al., 2011).
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While our study provides a fine-grained investigation into the mechanisms of normal and
pathological self-generated thoughts, there are a number of open questions that future studies
should address. First, the statistical power of our study was constrained by our sample size. In
particular, the analyses on pupil diameter were conducted on a subsample of participants, where the
number of participants with GAD was the double (n = 12) compared to the number of controls (n =
6). This uneven ratio suggests a need for replication and in our fMRI analysis of pupil data, group
was not included as a variable of interest. Thus, it remains unclear whether the impact of pupil
dilation is consistent across healthy and anxious populations. Second, there was an unequal gender
distribution in the GAD group, reflecting population levels distributions of GAD diagnosis
(McLean et al., 2011). Future studies with a larger sample size could explore whether patterns of
neural activity, and their associations with ongoing thoughts, are similar across gender. Third, due
to difficulties in keeping patients with GAD in the scanner for a longer period of time, the duration
of testing, and hence statistical power, was limited to more exhaustive investigations (i.e. in Sormaz
et al., 2018 in which participants were studied for a two-hour session). Studies on brain arousal
assessed by electroencephalography showed that vigilance already decreases after 10 min (Huang et
al., 2017; Olbrich et al., 2011), and our participants had already been in the scanner for a 5-min
resting state period before starting the task. All considered, it is important to note that Sormaz et
al.’s and our results provide converging evidence for the involvement of the sensorimotor cortex in
off task states.

Such limitations notwithstanding, our study is the first aimed at disentangling the pupillary and
neural correlates of mind-wandering and perseverative cognition in healthy controls and GAD. We
used a novel method that allowed insight into the neural processes underling different patterns of
experience during episodes when behaviourally they were disengaged from the external world.
Moving forward, replication of this study in a larger sample size using a greater number of probes
would provide important insights into the neural mechanisms that underlie the differences between

patterns of more and less pathological modes of perseverative cognition that characterizes GAD. In
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the future our approach may have the potential to inform the development of preventive strategies
and therapeutic programs for anxiety disorders and other disorders by helping determine the neural

patterns that characterise patterns of cognition in different psychiatric disorders.

25



References

American Psychiatric Association, 2013. Diagnostic and statistical manual of mental disorders, 5th
ed. Author, Washington, DC.

Andor, T., Gerlach, A.L., Rist, F., 2008. Superior perception of phasic physiological arousal and the
detrimental consequences of the conviction to be aroused on worrying and metacognitions in
GAD. J. Abnorm. Psychol. 117, 193-205.

Beck, A.T., Steer, R.A., Garbin, M.G.J., 1988. Psychometric properties of the Beck Depression
Inventory twenty-five years of evaluation. Clin. Psychol. Rev. 8, 77-100

Beatty, J., Lucero-Wagoner, B., 2000. The pupillar system, in C. JT, T. LG, B. GG (Eds.),
Handbook of Psychophysiology. Cambridge University Press, Cambridge, UK, pp. 142—162.

Berman, M.G., Peltier, S., Nee, D.E., Kross, E., Deldin, P.J., Jonides, J., 2011. Depression,
rumination and the default network. Soc. Cogn. Affect. Neurosci. 6, 548-555.

Bradley, M.M., Miccoli, L., Escrig, M.A., Lang, P.J., 2008. The pupil as a measure of emotional
arousal and autonomic activation. Psychophysiology 45, 602—607.

Breeden, A.L., Siegle, G.J., Norr, M.E., Gordon, E.M., Vaidya, C.J., 2017. Coupling between
spontaneous pupillary fluctuations and brain activity relates to inattentiveness. Eur. J. Neurosci.
45, 260-266.

Brosschot, J.F., Gerin, W., Thayer, J.F., 2006. The perseverative cognition hypothesis: A review of
worry, prolonged stress-related physiological activation, and health. J. Psychosom. Res. 60,
113-124.

Cooney, R.E., Joormann, J., Eugéne, F., Dennis, E.L., Gotlib, I.H., 2010. Neural correlates of
rumination in depression. Cogn. Affect. Behav. Neurosci. 10, 470—478.

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, 718-731.

Critchley, H.D., Garfinkel, S.N., 2016. Bodily arousal differentially impacts stimulus processing

and memory: Norepinephrine in interoception. Behav. Brain Sci. 39, €205.

26



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.

Disner, S.G., Beevers, C.G., Haigh, E.A., Beck, A.T., 2011. Neural mechanisms of the cognitive
model of depression. Nat. Rev. Neurosci. 12, 467-477.

Drost, J., van der Does, W., van Hemert, A.M., Penninx, B.W., Spinhoven, P., 2014. Repetitive
negative thinking as a transdiagnostic factor in depression and anxiety: A conceptual
replication. Behav. Res. Ther. 63, 177-183.

Duque, A., Sanchez, A., Vazquez, C., 2014. Gaze-fixation and pupil dilation in the processing of
emotional faces: The role of rumination. Cogn. Emot. 28, 1347-1366.

Fox, K.C., Spreng, R.N., Ellamil, M., Andrews-Hanna, J.R., Christoff, K., 2015. The wandering
brain: Meta-analysis of functional neuroimaging studies of mind-wandering and related
spontaneous thought processes. Neuroimage 111, 611-621.

Franklin, M.S., Broadway, J.M., Mrazek, M.D., Smallwood, J., Schooler, J. W., 2013. Window to
the wandering mind: Pupillometry of spontaneous thought while reading. Q. J. Exp. Psychol.
66, 2289-2294.

Franklin, M.S., Smallwood, J., Schooler, J.W., 2011. Catching the mind in flight: Using behavioral
indices to detect mindless reading in real time. Psychon. Bull. Rev. 18, 992-997.

Friston, K.J., Glaser, D.E., Henson, R.N., Kiebel, S., Phillips, C., Ashburner, J., 2002. Classical and
Bayesian inference in neuroimaging: applications. Neuroimage 16, 484-512.

Gillie, B.L., Vasey, M.W, Thayer, J.F., 2015. Individual differences in resting heart rate variability
moderate thought suppression success. Psychophysiology 52, 1149—-1160.

Grandchamp, R., Braboszcz, C., Delorme, A., 2014. Oculometric variations during mind

wandering. Front. Psychol. 5, 31.

27



Greenberg, T., Carlson, J.M., Cha, J., Hajcak, G., Mujica-Parodi, L.R., 2013. Ventromedial
prefrontal cortex reactivity is altered in generalized anxiety disorder during fear generalization.
Depress. Anxiety 30, 242-250.

Hamilton, J.P., Farmer, M., Fogelman, P., Gotlib, I.H., 2015. Depressive rumination, the default-
mode network, and the dark matter of clinical neuroscience. Biol. Psychiatry. 78, 224-230.

He, J., Becic, E., Lee, Y.C., McCarley, J.S., 2011. Mind wandering behind the wheel: Performance
and oculomotor correlates. Hum. Factors 53, 13-21.

Henderson, R.R., Bradley, M.M., Lang, P.J., 2014. Modulation of the initial light reflex during
affective picture viewing. Psychophysiology 51, 815-818.

Henriquez, R.A., Chica, A.B., Billeke, P., Bartolomeo, P., 2016. Fluctuating minds: Spontaneous
psychophysical variability during mind-wandering. PLoS One. 11, e0147174.

Hoehn-Saric, R., Schlund, M.W., Wong, S.H., 2004. Effects of citalopram on worry and brain
activation in patients with generalized anxiety disorder. Psychiatry Res 131, 11-21.

Huang, J., Hensch, T., Ulke, C., Sander, C., Spada, J., Jawinski, P., Hegerl, U., 2017. Evoked
potentials and behavioral performance during different states of brain arousal. BMC
Neurosci. 18, 21.

Ivanov, 1., Murrough, J.W., Bansal, R., Hao, X., Peterson, B.S., 2014. Cerebellar morphology and
the effects of stimulant medications in youths with attention deficit-hyperactivity disorder.
Neuropsychopharmacology 39, 718-726.

Klinger, E., 1978. Modes of normal conscious flow, in Pope K.S., Singer, J.L. (Eds.), The stream of
consciousness: Scientific investigations into the flow of human experience. Plenum, New York,
pp. 225-258.

Konishi, M., Brown, K., Battaglini, L., Smallwood, J., 2017. When attention wanders:

Pupillometric signatures of fluctuations in external attention. Cognition 168, 16-26.

28



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,
¢0132209.

Kucyi, A., Hove, M.J., Biederman, J., Van Dijk, K.R.A., Valera, E.M., 2015. Disrupted functional
connectivity of cerebellar default network areas in attention-deficit/hyperactivity
disorder. Hum. Brain Mapp. 36, 3373-3386.

Leech, R., Sharp, D.J., 2014. The role of the posterior cingulate cortex in cognition and disease.
Brain 137, 12-32.

Levy, B.J., Anderson, M.C., 2012. Purging of memories from conscious awareness tracked in the
human brain. J. Neurosci. 32, 16785-16794.

Makovac, E., Mancini, M., Fagioli, S., Watson, D.R., Meeten, F., Rae, C.L., Critchley, H.D.,
Ottaviani, C., 2018a. Network abnormalities in generalized anxiety pervade beyond the
amygdala-pre-frontal cortex circuit: Insights from graph theory. Psychiatry Res. Neuroimaging
281, 107-116.

Makovac, E., Meeten, F., Watson, D.R., Garfinkel, S.N., Critchley, H.D., Ottaviani, C., 2016a.
Neurostructural abnormalities associated with axes of emotion dysregulation in generalized
anxiety. Neuroimage Clin. 10, 172—-181.

Makovac, E., Meeten, F., Watson, D.R., Herman, A., Garfinkel, S.N., Critchley, H.D., Ottaviani,
C., 2016b. Alterations in amygdala-prefrontal functional connectivity account for excessive
worry and autonomic dysregulation in generalized anxiety disorder. Biol. Psychiatry 80, 786—
795.

Makovac, E., Smallwood, J., Watson, D.R., Meeten, F., Critchley, H.D., Ottaviani, C., 2018b. The
verbal nature of worry in Generalized Anxiety: Insights from the brain. Neuroimage Clin. 17,

882-892.

29



Makovac, E., Watson, D.R., Meeten, F., Garfinkel, S.N., Cercignani, M., Critchley, H.D., Ottaviani,
C., 2016c. Amygdala functional connectivity as a longitudinal biomarker of symptom changes
in generalized anxiety. Soc. Cogn. Affect. Neurosci. 11, 1719-1728.

Mandrick, K., Peysakhovich, V., Remy, F., Lepron, E. Causse, M., 2016. Neural and
psychophysiological correlates of human performance under stress and high mental
workload. Biol. Psychol. 121, 62-73.

Mason, M.F., Norton, M.1., 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.

McDougal, D.H., Gamlin, P.D., 2015. Autonomic control of the eye. Compr. Physiol. 5, 439-473.

McKiernan, K.A., Kaufman, J.N., Kucera-Thompson, J., Binder, J.R., 2003. A parametric
manipulation of factors affecting task-induced deactivation in functional neuroimaging. J.
Cogn. Neurosci. 15, 394-408.

McLean, C.P., Asnaani, A., Litz, B.T., Hofmann, S.G., 2011. Gender differences in anxiety
disorders: Prevalence, course of illness, comorbidity and burden of illness. J. Psychiatr.

Res. 45, 1027-1035.

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, 196-204.

McVay, J.C., Kane, M.J., 2012. Drifting from slow to "D'oh!": Working memory capacity and mind
wandering predict extreme reaction times and executive control errors. J. Exp. Psychol. Learn.
Mem. Cogn. 38, 525-549.

Meeten, F., Davey, G.C.L., Makovac, E., Watson, D.R., Garfinkel, S.N., Critchley, H.D., Ottaviani,
C., 2016. Goal directed worry rules are associated with distinct patterns of amygdala functional
connectivity and vagal modulation during perseverative cognition. Front. Hum. Neurosci. 10,

553.

30



Meyer, T.J., Miller, M.L., Metzger, R.L., Borkovec, T.D., 1990. Development and validation of the
Penn State Worry Questionnaire. Behav. Res. Ther. 28, 487—495.

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

Murphy, P.R., Redmond, G., O'Sullivan, M., Robertson, I.H., Balsters, J.H., 2014. Pupil diameter
covaries with bold activity in human locus coeruleus. Hum. Brain Mapp. 35, 4140-4154.

Nolen-Hoeksema, S., Morrow, J., 1991. A prospective study of depression and posttraumatic stress
symptoms after a natural disaster: the 1989 Loma Prieta earthquake. J. Pers. Soc. Psychol. 61,
115-121.

Oathes, D.J., Siegle, G.J., Ray, W.J., 2011. Chronic worry and the temporal dynamics of emotional
processing. Emotion 11, 101-114.

Olbrich, S., Sander, C., Matschinger, H., Mergl, R., Trenner, M., Schonknecht, P., Hegerl, U., 2011.
Brain and body: Associations between EEG-vigilance and the autonomous nervous system
activity during rest. J. Psychophysiol. 25, 190-200.

Ottaviani, C., 2018. Brain-heart interaction in perseverative cognition. Psychophysiology 1284,
e13082.

Ottaviani, C., Shapiro, D., Couyoumdjian, A., 2013. Flexibility as the key for somatic health: From
mind wandering to perseverative cognition. Biol. Psychol. 94, 38-43.

Ottaviani, C., Thayer, J.F., Verkuil, B., Critchley, H.D., Brosschot, J.F., 2017. Editorial: Can't get
you out of my head: Brain-body interactions in perseverative cognition. Front. Hum. Neurosci.
11, 634.

Ottaviani, C., Thayer, J.F., Verkuil, B., Lonigro, A., Medea, B., Couyoumdjian, A. Brosschot, J.F.,
2016a. Physiological concomitants of perseverative cognition: A systematic review and meta-

analysis. Psychol. Bull. 142, 231-259.

31



Ottaviani, C., Watson, D.R., Meeten, F., Makovac, E., Garfinkel, S.N., Critchley, H.D., 2016b.
Neurobiological substrates of cognitive rigidity and autonomic inflexibility in generalized
anxiety disorder. Biol. Psychol. 119, 31-34.

Paulesu, E., Sambugaro, E., Torti, T., Danelli, L., Ferri, F., Scialfa, G., Sberna, M., Ruggiero, G.M.,
Bottini, G., Sassaroli, S., 2010. Neural correlates of worry in generalized anxiety disorder and
in normal controls: a functional MRI study. Psychol. Med. 40, 117-124.

Peysakhovich, V., Causse, M., Scannella, S., Dehais, F., 2015. Frequency analysis of a task-
evoked pupillary response: Luminance-independent measure of mental effort. Int. J.
Psychophysiol. 97, 30-37.

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. U S A 98, 676-682.

Rigato, S., Rieger, G., Romei, V., 2016. Multisensory signalling enhances pupil dilation. Sci Rep.
6, 26188.

Robertson, I.H., Manly, T., Andrade, J., Baddeley, B.T., Yiend, J., 1997. Oops!: Performance
correlates of everyday attentional failures in traumatic brain injured and normal subjects.
Neuropsychologia 35, 747— 758.

Ruscio, A.M., Borkovec, T.D., 2004. Experience and appraisal of worry among high worriers with
and without generalized anxiety disorder. Behav. Res. Ther. 42, 1469—-1482.

Seli, P., Carriere, J.S., Levene, M., Smilek, D., 2013. How few and far between? Examining the
effects of probe rate on self-reported mind wandering. Front. Psychol. 4, 1-5.

Seli, P., Smallwood, J., Cheyne, J.A., Smilek, D., 2015. On the relation of mind wandering and
ADHD symptomatology. Psychon. Bull. Rev. 22, 629-636.

Siegle, G.J., Steinhauer, S.R., Carter, C.S. Ramel, W., Thase, M.E., 2003. Do the seconds turn
into hours? Relationships between sustained pupil dilation in response to emotional

information and self-reported rumination. Cognit. Ther. Res. 27, 365.

32



Small, D.M., Gitelman, D.R., Gregory, M.D., Nobre, A.C., Parrish, T.B., Mesulam, M.M., 2003.
The posterior cingulate and medial prefrontal cortex mediate the anticipatory allocation of
spatial attention. Neuroimage 18, 633—6341.

Smallwood, J., 2011. The footprints of a wandering mind: further examination of the time course of
an attentional lapse. Cogn. Neurosci. 2, 91-97.

Smallwood, J., Andrews-Hanna, J., 2013. Not all minds that wander are lost: The importance of a
balanced perspective on the mind-wandering state. Front. Psychol. 4, 441.

Smallwood, J., Brown, K.S., Tipper, C., Giesbrecht, B., Franklin, M.S., Mrazek, M.D., Carlson,
J.M., Schooler, J.W., 2011. Pupillometric evidence for the decoupling of attention from
perceptual input during offline thought. PLoS One 6, e18298.

Smallwood, J., Karapanagiotidis, T., Ruby, F., Medea, B., de Caso, 1., 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., McSpadden, M., Luus, B., Schooler, J., 2008. Segmenting the stream of
consciousness: The psychological correlates of temporal structures in the time series data of a
continuous performance task. Brain Cogn. 66, 50-56.

Smallwood, J., Schooler, J.W., 2006. The restless mind. Psychol. Bull. 132, 946-958.

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. U S A. 115, 9318-9323.

Spielberger, C.D., 1989. State-trait Anxiety Inventory: Bibliography, 2nd ed. Consulting
Psychologists Press, Palo Alto, CA.

Spitzer, R.L., Kroenke, K., Williams, J.B., Lowe, B., 2006. A brief measure for assessing

generalized anxiety disorder: The GAD-7. Arch. Intern. Med. 166, 1092—-1097.

33



Sterpenich, V., D'Argembeau, A., Desseilles, M., Balteau, E., Albouy, G., Vandewalle, G.,
Degueldre, C., Luxen, A., Collette, F., Maquet, P., 2006. The locus ceruleus is involved in the
successful retrieval of emotional memories in humans. J. Neurosci. 26, 7416-7423.

Taylor, J. A., 1953. A personality scale of manifest anxiety. J. Abnormal Social Psych. 48, 285—
290.

Turnbull, A., Wang, H.T., Schooler, J.W., Jefferies, E., Margulies, D.S., Smallwood, J., 2018.
The ebb and flow of attention: Between-subject variation in intrinsic connectivity and
cognition associated with the dynamics of ongoing experience. Neuroimage 8119, 31941
31944.

Unsworth, N. Robison, M.K., 2016. Pupillary correlates of lapses of sustained attention. Cogn.
Affect. Behav. Neurosci. 16, 601.

Unsworth, N. Robison, M.K., 2018. Tracking arousal state and mind wandering with
pupillometry. Cogn. Affect. Behav. Neurosci. 18, 638.

Valera, E.M., Faraone, S.V., Murray, K.E., Seidman, L.J., 2007. Meta-analysis of structural
imaging findings in attention-deficit/hyperactivity disorder. Biol. Psychiatry 61, 1361-1369.

Vatansever, D., Menon, D.K., Stamatakis, E.A., 2017. Default mode contributions to automated
information processing. Proc Natl Acad Sci U S A. 114, 12821-12826.

Weinstein, Y., 2018. Mind-wandering, how do I measure thee with probes? Let me count the ways.
Behav. Res. Methods 50, 642—-661.

Weinstein, Y., De Lima, H.J., van der Zee, T., 2018. Are you mind-wandering, or is your mind on
task? The effect of probe framing on mind-wandering reports. Psychon. Bull. Rev. 25, 754—
760.

Yellin, D., Berkovich-Ohana, A., Malach, R., 2015. Coupling between pupil fluctuations and
resting-state fMRI uncovers a slow build-up of antagonistic responses in the human cortex.

Neuroimage 106, 414-427.

34



Funding
This work was supported by Italian Ministry of Health Young Researcher Grants (GR2010-

2312442; GR2011-02348232).

Financial Disclosures

The authors report no biomedical financial interests or potential conflicts of interest.

35



Figures captions

Figure 1. Differences between the two groups in the visual analogue scales (VAS) ratings over the
tracking task periods.

Note. GAD = Generalized Anxiety Disorder; HC = Healthy Controls; MW = Mind-wandering; PC

= Perseverative cognition; INTR = Intrusiveness. * p < 0.05.

Figure 2. Association between scores on the visual analogue scales (VAS) and response time (RT)
in participants with Generalized Anxiety Disorder (GAD) and Healthy Controls (HC). Trial level
data, rather than aggregated scores were used for all analyses and for illustrative purposes. Overall,
across the two groups, a positive correlation was evident between RT and scores on the VAS about
perseverative cognition (VAS PC) and VAS about mind-wandering (VAS MW), whereas a negative
correlation was observed between RT and scores on the VAS about being on task (VAS On task).

Note. Black lines indicate regression lines.

Figure 3. Relationship between pupil size and ongoing levels of perseverative cognition. Longer
response times (RTs) were associated with larger pupil diameter only in combination with higher
scores on the visual analogue scales (VAS) about perseverative cognition (VAS-PC).

Note. Low-PC = Low scores on the VAS on perseverative cognition and High-PC = High scores on
the VAS on perseverative cognition set as +/- 1 standard deviation from the mean. Error bars: 95%

confidence interval.

Figure 4. Brain regions showing: A) Long > Short RT difference for the target detection event
(upper panel) and B) A Group X RT interaction (lower panel). The signal plot shows the significant
Group X RT interaction effect, driven by a deactivation within right superior temporal gyrus during

target detection events characterized by Long RT in GAD, and by Short RT in HC.
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Note. GAD = Generalized Anxiety Disorder; HC = Healthy Controls; RT = Response Time.
The parameter estimates are mean-adjusted across the 4 conditions and are expressed in arbitrary
units (a.u., £ 90% confidence interval). SPM display threshold: p-unc = 0.005, minimum cluster

size = 96 voxels

Figure 5. A. Brain areas showing a correlation between scores on the visual analogue scales (VAS)
for mind-wandering (VAS-MW) and VAS scores for perseverative cognition (VAS-PC). B.
Contrast Long > Short Response Time (RT) in healthy controls (HC) and individuals with
Generalized Anxiety Disorder (GAD).

Note: The parameter estimates are mean-adjusted and are expressed in arbitrary units (a.u., = 90%

confidence interval). SPM display threshold: p-unc = 0.005.

Figure 6. A) Brain regions showing increased activity during the pre-target period preceding Long
vs Short response time (RT). B) Brain areas showing a positive correlation (across groups) between
scores on the visual analogue scales (VAS) on mind-wandering (VAS-MW) and the Long > Short
contrast, controlling for scores on the VAS on perseverative cognition (VAS-PC). C) Brain areas
showing a negative correlation (across groups) between scores on the VAS-PC and Long > Short
contrast, controlling for scores on the VAS-MW.

Note. GAD = Generalized Anxiety Disorder; HC = Healthy Controls. The parameter estimates are
mean-adjusted and are expressed in arbitrary units (a.u., = 90% confidence interval). SPM display

threshold: p-unc = 0.005.

Figure 7. A) Brain correlates of trial-by-trial pupil response for Short and Long response time (RT)

trials. B) Brain areas tracking pupil response that exhibited a correlation with scores on the visual
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analogue scale (VAS) about mind-wandering (VAS-MW), when controlling for scores on the VAS
about perseverative cognition; VAS-PC. C) Brain areas associated with pupil response that

exhibited a correlation with VAS-PC scores, when controlling for scores on the VAS-MW.
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Table 1

Table 1. Sociodemographic and dispositional trait differences between individuals with generalized

anxiety disorder (GAD) and healthy controls (HC)

GAD (n=16) HC (n=16) Statistics
Age (years) 29.62+7.51  28.12+10.11 r<1
Sex (M/F) 2/14 3/13 x2=0.23,p=0.63
Education (years) 13+£1.78 12+£2.73 1(15)=1.22,p=0.23
Disease duration (years) 16.12 + 8.26
RRS 51.44+11.87 40.06+10.82 #(15)=3.04, p =0.008
PSWQ 67.06+£6.79  39.43 +14.05 #(15)=19.72, p <0.0001
GAD 10.18+4.87  4.18 +4.49 #(15)=4.04, p=0.001
STAI 5343+9.07 3543+7.04 1(15)=17.72, p < 0.0001
TMAS 25.12+4.80  11.50+6.50 #(15) = 6.60, p < 0.0001
BDI 21.56+£12.09 4.81+4.47 #(15) =9.06, p < 0.0001

Note. M = Males; F = Females; RRS = Ruminative Response Scale; PSWQ = Penn State Worry
Questionnaire; GAD = Generalized Anxiety Disorder Questionnaire; STAI = Spielberger State
Trait Anxiety Inventory; TMAS = Taylor Manifest Anxiety Scale; BDI = Beck Depression

Inventory.



Table 2

Table 2. Correlations between scores on the administered visual analogue scales (VAS).

MW PC Intrusive Sad Tired Anxious Angry Happy
1 -0.056 0.034  -0.083  0.198 -0.098 0.121 0.180

MW
0.760 0.853 0.652  0.278 0.595 0.510 0.325
1 0.555"  0.586"  0.334 563" 0.328 -0.152

PC
0.001  <0.001  0.062 0.001 0.067 0.405
1 0.295 0372° 0.508"  0.449" -0.006

Intrusive
0.101  0.036 0.003 0.010 0.974
1 0.419° 0.653" 03777  -0.604"

Sad
0.017 <0.001 0.034 <0.001
1 0.349 0.086 0.034

Tired
0.050 0.641 0.854
1 395" -440°

Anxious
0.025 0.012
1 -0.240

Angry
0.186

Note. ** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-

tailed). PC = Perseverative cognition; MW = Mind-wandering.



Table 3

Table 3. Brain areas showing a main effect of Response Time type (RT; Long RT > Short RT),

Group by RT interaction, and correlations with the visual analog scales (VAS) for mind-wandering

(MW) and perseverative cognition (PC) both at target detection (1) and during the pre-target

periods (2).
Cluster Voxel
Brain region Side k p FWE Z MNI xyz
(1) Target detection event
Long RT > Short RT
Cerebellum R 266 0.005 4.06 27-52-38
345 12-49-44
Inferior temporal gyrus R 183 0.033 392 54-43-14
Middle temporal gyrus R 3.77  51-43-5
Group x RT interaction
Superior temporal gyrus R 96 0.013 353  51-4-8
Positive correlation between the Long RT > Short RT
contrast and VAS-MW
Paracingulate R 183 0.015 3.82 3252
Anterior cingulate cortex R 3.14 01731
Postcentral gyrus/superior parietal L 303 0.001 3.76  -36 -37 64
lobule
HC x GAD interaction for in the association between VAS-PC
and the contrast Long RT > Short RT
Cerebellum. Right I-IV R 364 <0.001 382 6-49-11
(2) Pre-target task-free period
Long RT > Short RT
Post-central gyrus R 369  <0.001 3.62 48-2261
Superior temporal gyrus R 414 <0.001 345 66-167
Positive correlation between the Long RT > Short RT
contrast and VAS-MW
Precentral gyrus R 265 0.015 3.77 39-1361
L 199 0.029 328 -30-1643
Superior temporal gyrus L 3.58 -21-1058

Negative correlation between the Long RT > Short



RT contrast and VAS-PC
Cerebellum 404 0.002 4.14 45-52-35

Note. GAD = Generalized Anxiety Disorder; HC = Healthy controls; RT = Response time; VAS-PC
= scores on the VAS for perseverative cognition; VAS-MW = scores on the VAS for mind-
wandering. FWE = family wise error correction; k = cluster size; MNI = Montreal Neurological

Institute brain template; z = z-values.



Table 4

Table 4. Activity in pupil-related brain areas.

Cluster Voxel
Brain region Side k p FWE Z MNI xyz

Long RT > Short RT

Superior frontal gyrus 133 <0.001 3,26 -63258
Short x Long RT interaction for VAS-MW

Superior frontal gyrus R 131 <0.001 3,89 93258

Precentral gyrus R 105 0,001 3,68 571431
Short x Long RT interaction for VAS-PC

Pre-central/post-central gyrus 292  <0.001 3,81 36-2252

FWE = family wise error correction; k = cluster size; MNI = Montreal Neurological Institute brain

template; z = z-values.
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