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Abstract

The brain's intrinsic activity plays a fundamental role in its function. In normal con-
ditions this activity is responsive to behavioural context, changing as an individual
switches between directed tasks and task-free conditions. A key feature of such
changes is the movement of the brain between corresponding critical and sub-critical
states, with these dynamics supporting efficient cognitive processing. Breakdowns
in processing efficiency can occur, however, in brain disorders such as depression.
It was therefore hypothesised that depressive symptoms would be related to reduced
intrinsic activity responsiveness to changes in behavioural state. This was tested in
a mixed group of major depressive disorder patients (n = 26) and healthy partici-
pants (n = 37) by measuring intrinsic EEG activity temporal structure, quantified
with detrended fluctuation analysis (DFA), in eyes-closed (EC) and eyes-open task-
free states and contrasting between the conditions. The degree to which DFA val-
ues changed between the states was found to correlate negatively with depressive
symptoms. DFA values did not differ between states in those with higher symptom
levels, meaning that the brain remained in a less flexible sub-critical condition. This
sub-critical condition in the EC state was further found to correlate with levels of
maladaptive rumination. This may reflect a general cognitive inflexibility resulting
from a lack in neural activity reactivity that may predispose people to overly engage
in self-directed attention. These results provide an initial link between intrinsic activ-

ity reactivity and psychological features found in psychiatric disorders.
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1 | INTRODUCTION

The brain shows high levels of ongoing intrinsic activ-
ity that appears to play a fundamental role in its function
(Raichle, 2015). This ongoing brain activity appears to
function close to an unstable equilibrium point (Deco &
Jirsa, 2012). This critical state, where the system is on the
boundary between order and disorder (Beggs & Timme, 2012),
has been linked to efficient information processing and opti-
mal behavioural performance (Irrmischer, Poil, Mansvelder,
Intra, & Linkenkaer-Hansen, 2018; Palva et al., 2013; Palva
& Palva, 2018). A system in a critical state is characterised
by scale-free activity distributions and long-range temporal
correlations (LRTC; Plenz & Thiagarajan, 2007), which can
be measured with techniques such as detrended fluctuation
analysis (DFA; Peng, Havlin, Stanley, & Goldberger, 1995).
Such approaches have been used to study brain activity in
a variety of species and experimental conditions (Bellay,
Klaus, Seshadri, & Plenz, 2015; Priesemann, Munk, &
Wibral, 2009; Ribeiro et al., 2010; Shriki et al., 2013).

This prior work suggests that the brain displays variability
around a critical state depending upon the current behavioural
condition (Bellay et al., 2015; Hahn et al., 2017). One such
behavioural change is the switch from having closed eyes to
having them open (Yan et al., 2009). This eyes-open (EO)
effect is known to influence the activity in multiple brain
networks, impacting upon neural oscillations within differ-
ent frequency bands (Barry, Clarke, Johnstone, Magee, &
Rushby, 2007; Barry & De Blasio, 2017). Activity in the
eyes-closed (EC) condition appears to be closer to criticality,
moving towards sub-critical dynamics in the eyes-open con-
dition (Hahn et al., 2017; Jao et al., 2012).

The ability to effectively shift between dynamic cortical
states depending on behavioural context has been linked to
cognitive performance (Irrmischer, Poil, et al., 2018). This may
reflect an ability to move easily from a critical state, where there
is the maximum potential to respond flexibly to changing de-
mands, to a sub-critical one where processing can be focussed
on a single task (Beggs & Plenz, 2003; Irrmischer, Poil, et al.,
2018). A reduction in such psychological flexibility is a com-
monly reported depressive symptom and is a risk factor for seri-
ous depressive episodes (Coifman & Summers, 2019; Miranda,
Gallagher, Bauchner, Vaysman, & Marroquin, 2012; Stange,
Alloy, & Fresco, 2017). It is not clear, however, if these psycho-
logical symptoms can be mapped to underlying dynamic states.
This would be an important step towards better understanding
depressive symptoms at the level of large-scale neural systems
(Deco, Tononi, Boly, & Kringelbach, 2015). A symptom of

particular interest from this point of view is negative rumi-
nation. This is a mental process involving repetitive thoughts
about one's feelings and problems (Smith & Alloy, 2009) that
in depression is predominantly maladaptive. Excessive rumi-
nation can impact other thought processes and interfere with
daily functioning (Lane & Northoff, 2017), being associated
with deficits in problem-solving (Donaldson & Lam, 2004),
attentional control (Lyubomirsky, Kasri, & Zehm, 2003), and
impacts upon memory (Liu et al., 2017).

Given the presence of fixed psychological states in de-
pression, such as those seen in maladaptive rumination, we
could hypothesise a similar fixedness in brain activity prop-
erties in people with high levels of depressive symptoms.
This would be reflected in a reduced reactivity of the dy-
namic cortical state, meaning that it would not shift between
critical and sub-critical states as normal when the participant
changes their overall behavioural condition. Notably, the
self-related thoughts that are a feature of rumination have
been associated with the brain's spontaneous activity (Huang,
Obara, Davis, Pokorny, & Northoff, 2016; Nejad, Fossati, &
Lemogne, 2013; Qin et al., 2016)), which is altered in de-
pression (Brakowski et al., 2017; Zhong, Pu, & Yao, 2016)
and which instantiates many features of cortical dynamics.
This link further suggests a correspondence between fixed
psychological states and reduced intrinsic activity reactivity.

A group of participants with a range of depressive symp-
tom levels was therefore recruited to test whether differences
in intrinsic activity reactivity were linked to depressive cog-
nitive inflexibility. Following a dimensional approach (Insel
et al., 2010), data from healthy participants were combined
with data from people diagnosed with major depressive dis-
order (MDD). All participants had EEG recordings made
during eyes-open and EC rest. DFA exponents were then
calculated and compared between the two behavioural states.
This DFA change, taken as a proxy for the shift in criticality,
was related to reported symptoms. A smaller difference in
EC versus eyes-open DFA, taken to reflect a reduced flexi-
bility in the cortical state, was expected to be correlated with
greater reported depressive symptoms and with increased
levels of negative rumination.

2 | METHODS

2.1 | Participants

Thirty-seven healthy participants and twenty-six patients
with MDD took part in the experiment. Three patients were
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excluded as they did not fully complete the psychological
scales (MDD n = 23), leaving a total study group of 60 par-
ticipants. Age and sex did not differ between these groups
(Table 1A). Patients were recruited from the Department of
Psychiatry at Shuang-Ho Hospital, New Taipei City. Controls
were recruited from the local community. All patients were
diagnosed according to DSM-5 criteria for current episode
MDD (American Psychiatric Association, 2013). Patients
predominantly had mild to moderate depression, as as-
sessed with the Montgomery—Asberg Depression Rating
Scale (MADRS), with two having severe depression at the
time of the experiment. The majority of patients were medi-
cated at the time of the study (22/23) and had a mean time
since the onset of their current episode of 5.8 months (+6.1
SD). Patients with comorbid Axis I disorders were excluded,
as diagnosed by a senior psychiatrist and confirmed by the
Mini International Neuropsychiatric Interview (Sheehan
etal., 1998). All participants were informed about the purpose
of the study and procedures before giving written informed
consent. This study was approved by the Joint Institutional
Review Board, Taipei Medical University, Taipei City,
Taiwan (N201603080).

2.2 | Psychological scales

All participants completed the Rumination Response Scale
(RRS; Treynor, Gonzalez, & Nolen-Hoeksema, 2003) and
the Beck Depression Inventory II (BDI; Beck, Steer, Ball,
& Ranieri, 1996) in Traditional Chinese (Huang et al., 2015;
Lu, 2002). Total scores for the RRS were calculated, along
with Depression-related, Brooding, and Reflective rumination

TABLE 1 Demographics and questionnaires
Control MDD
(n=237) (n =23) Difference
A
Age 388+ 129  387+135 =02
Sex 31F, 6M 18F, 5M =01
B
BDI 7.0 + 6.1 280+128 =84
RRS 39.5+9.4 632+135 =79
RRS Brooding 92 +2.4 150+135 (=175
RRS Reflective 9.3 +3.3 127 £3.1 1=39"
MADRS — 20.8 +9.9 —

Note: Demographic details and questionnaire scores for the controls and
MDD groups. Values given are group means + SD. Differences between the
groups were compared with independent sample #-tests or chi-squared tests, as
appropriate.

Abbreviations: BDI, Beck Depression Inventory; MADRS, Montgomery—
Asberg Depression Rating Scale; RRS, Rumination Response Scale.

*p <.001.
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subscores (Treynor et al., 2003). The focus here was on the
Brooding and Reflective subscores as these target ruminative
behaviours that have less overlap with general depressive
symptomatology (Treynor et al., 2003). Brooding rumination
is generally taken to be maladaptive while Reflective rumi-
nation is a more positive behaviour (Smith & Alloy, 2009).
MDD patients had higher scores than controls in all the scales
measured (Table 1B).

2.3 | Participant grouping

All participants were combined into a single study group ir-
respective of MDD diagnosis. Associations with psychologi-
cal scales were calculated across this full group. A median
split was used to create “High BDI” and “Low BDI” groups
where comparisons of people with higher or lower reported
symptoms were required. The median BDI score was nine,
with 31 participants having scores lower than or equal to this
and 29 higher.

2.4 | EEG acquisition and preprocessing
EEG was recorded with Ag/AgCl electrodes mounted in an
elastic cap (Easycap, Brain Products GmbH) using a 30-elec-
trode arrangement following the International 10-20 System,
including mono-polar electrodes (FP1/2, F7/8, F3/Z/4,
FC3/Z/4/516, C3/Z/4,T7/8, CP1/Z/2/5/6, P3/Z/4/7/8, O1/Z/2)
and four channels to record vertical and horizontal eye move-
ments. Electrodes to record vertical movements were placed
on the supraorbital and infraorbital ridges of the left eye,
while those to record horizontal movements were placed on
the outer canthi of the right and left eyes. Al and A2 mas-
toid electrodes were used as an online reference (averaged
across both). Online EEG was recorded with a BrainAmp
amplifier (Brain Products GmbH). The data were sampled
at 1,000 Hz with a bandwidth of DC to 1,000 Hz. Impedence
was kept below 10kQ at all electrodes. Data were recorded
with BrainVision Recorder 1.2 software.

Participants sat in front of a computer screen with their
chins on a chin-rest. During the eye-open session participants
fixated a black fixation cross on a gray background. The in-
structions given to participants were to keep their eyes on the
fixation cross, relax, and try to not fall asleep. The procedure
during the EC session was the same but participants were
instructed to keep their eyes closed. Eyes-open and EC data
were both recorded for 3 min. The order was counterbalanced
across participants. EEG recordings were made at approxi-
mately the same time of day for all participants (10-11 A.m.).

Data were preprocessed using EEGLAB (sccn.ucsd.
edu/eeglab/index.php) and custom scripts running on
MATLAB (MathWorks, version 2016b). The first thirty
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seconds of each acquisition were discarded to avoid activ-
ity related to the shifts between EO and EC states. The re-
maining EEG time series (150 s) were FIR-filtered (1-45Hz
band-pass, Blackman window with 1 Hz transition band)
and then ICA was used to exclude eye movement induced
artifacts. All signals were visually inspected to exclude any
transient artifacts caused by head movements which were
manually excluded and omitted from the subsequent anal-
ysis. All signals were then re-referenced to the common
average.

2.5 | Detrended fluctuation analysis

DFA analysis was performed with the Neurophysiological
Biomarker Toolbox (NBT, nbtwiki.net; Hardstone et al.,
2012) toolbox for MATLAB. Preprocessed data were firstly
band-pass filtered (FIR-filter) into the alpha (8—13 Hz) and
beta bands (13-30 Hz). A Hilbert transform was then used
to extract the amplitude envelopes in these bands for each
electrode. Root-mean-square fluctuations of the integrated
and linearly detrended envelope time series were calcu-
lated as a function of window size. Time windows corre-
sponded to equally spaced points on a logarithmic scale
of data lengths corresponding to 2—14 s for the alpha band
and 1-14 s for beta (50% window overlap). These window
sizes were selected to exclude temporal autocorrelations
introduced by the band-pass filters (Irrmischer, Poil, et al.,
2018). The DFA exponent is the slope of the line fitted
through the fluctuation amplitudes against window lengths
plotted on a logarithmic scale (Hardstone et al., 2012).
Goodness-of-fit for these linear fits were calculated (R2)
and compared between the EC and EO conditions. No dif-
ferences were found at any electrodes.

2.6 | Statistical analysis

DFA values were first compared between the EC and EO
conditions at each electrode. This was done for the alpha
and beta bands using robust permutation tests of the differ-
ence in medians (5,000 samples). Outlying values were ex-
cluded with reference to the median absolute deviation to the
median, with a cut-off of 2.24 (Wilcox & Rousselet, 2018).
P-values were adjusted for multiple comparisons across elec-
trodes with Benjamini—-Hochberg false discovery rate (FDR)
correction (Benjamini & Hochberg, 1995), implemented in
the statsmodels python toolbox (statsmodels.org). A thresh-
old of ¢ < 0.05 was applied.

EC-EO DFA differences were then related to BDI scores
using robust regression to reduce the impact of outlying val-
ues on results (implemented in statsmodels). FDR correction
was applied across all electrodes (g < 0.05). Electrodes where

there was a significant association between EC-EO DFA dif-
ferences and BDI scores were identified and mean EC-EO,
EC, and EO DFA values across them calculated.

Using these mean values, EC-EO DFA differences were
compared between the High and Low BDI score groups. This
analysis aims to compare how reactive intrinsic activity prop-
erties were to the change in behavioural state. EC and EO
DFA values were then compared separately between these
same groups. Comparisons were done through robust per-
mutation tests (5,000 samples). Group medians are reported,
along with their difference and its 95% confidence interval.

Finally, the relationship between beta DFA values at the
same set of BDI-associated electrodes and rumination was
investigated. EC-EO differences were firstly related to the
Brooding and Reflective subscales of the RRS through a
standardised multivariate robust regression. Separate regres-
sions were then conducted to relate these subscales to EC and
EO DFA values. The purpose of these regression analyses
was to establish if DFA values correspond with one of these
rumination styles specifically. Standardised model beta coef-
ficients and their bootstrapped 95% confidence intervals are
reported, along with coefficient z-statistics and p-values.

3 | RESULTS

3.1 | Behavioural state change effect on DFA
Alpha and beta band DFA values were compared between
the EC and EO conditions at each electrode. As shown in
Figure 1, the switch to EO produced significant DFA reduc-
tions in both frequency bands. Alpha band changes were pri-
marily found in frontal and occipital areas, extending through
the midline (Figure 1a). Reductions in beta DFA were seen
across all electrodes, with the largest at frontal and posterior
electrodes and the smallest at electrodes associated with sen-
sorimotor cortex (Figure 1b). DFA values at the electrodes
with significant changes are illustrated in Figure 1c and d.
These show that all DFA exponents lie between 0.5 and 1,
indicating that LRTCs exist within the data (Hardstone et al.,
2012).

3.2 | DFA changes and depressive symptoms
The change in DFA between EC and EO was related to re-
ported depressive symptoms, as measured with the BDI,
through robust regression at all electrodes. No significant
relationship between BDI scores and DFA differences was
found at any alpha band electrode (Figure 2a). Beta DFA
changes had a negative relationship with BDI scores at poste-
rior and midline electrodes (Figure 2b). This relationship was
not moderated by MDD diagnostic state (t = 1.07, p = .28).
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FIGURE 1 Topographical maps of EC-EO DFA difference. (a)
EC alpha band DFA values were higher than EO across frontal and
occipital electrodes, extending through the midline. Corresponding
box plots illustrate this difference, showing average DFA values per
participant across these electrodes. (b) EC beta band DFA values were
higher than EO at all electrodes. This difference is illustrated in the
corresponding boxplots. Significant electrodes after correction for
multiple comparisons are indicated in white (pgpr < .05). Topographic
plots were made with the MNE toolbox (Gramfort et al., 2013).
Abbreviations: DFA, detrended fluctuation analysis; EC, eyes closed;
EO, eyes open

Beta DFA values were averaged across the electrodes
associated with BDI scores and then compared between the
Low (n = 31) and High BDI groups (n = 29). Participants
with lower BDI scores showed a larger EC-EO differ-
ence than those with higher ones (Low M = 0.09, High
M =0.02, AM =0.071, 95% CI = [0.048 0.13], pgpr < .001,
Figure 3a). DFA changes for the Low BDI group differed
from zero (pppr < .001) while those for the High group did
not (pgpr = -093).

To establish if MDD diagnosis influenced DFA differ-
ences in the High BDI group, those with a diagnosis (n = 21)
were compared with those without (n = 8). No difference in
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EC-EO DFA values was seen (p = .27). Given the wide range
of scores in the High BDI group (10-48), an EC-EO DFA
comparison was also conducted using a split based on BDI
scoring cut-offs (0—13; 14 and higher). This alternative split
did not change the reported outcomes.

As shown in Figure 3b, DFA values in the EC condition
were greater for the Low than the High BDI group (Low
M = 0.76, High M = 0.69, AM = 0.076, 95% CI = [0.031
0.14], pppr = -004). The same effect was not seen in the EO
condition, where DFA values did not differ between groups
(Low M = 0.67, High M = 0.67, AM = —0.006, 95% CI =
[-0.037 to 0.031], prpr = 48).

3.3 | Beta DFA and rumination

The relationship between DFA values at electrodes associ-
ated with BDI scores and RRS subscales was investigated
through multivariate robust regression. EC-EO changes were
not associated with rumination scores (Brooding—f = —0.3,
95% CI = [-0.64 to 0.07], + = —1.67, pgpr = 0.29;
Reflective—f = 0.03, 95% CI = [-0.3 to 0.41], t = 0.16,
Prpr = -87). A negative association with EC DFA values was,
however, observed for Brooding rumination (f = —0.53, 95%
CI = [-0.86 to —0.15], t = —2.86, pppr = -012; Figure 4a).
This was not seen with Reflective rumination scores
B =0.22,95% CI = [-0.15 to 0.56], t = 1.18, pppr = .36;
Figure 4b). No such relationship was found between EO DFA
values and either Brooding (f = —0.21, 95% CI = [-0.67 to
0.19], t = —1.12, pppgr = .69; Figure 4c) or Reflective rumina-
tion (f = .08, 95% CI = [-0.25 to 0.44], t = .4, pppr = -69;
Figure 4c). The relationship between EC DFA and Brooding
rumination was not moderated by Low or High BDI group
membership (= 1.7, p = .09).

4 | DISCUSSION
Detrended fluctuation analysis was used to quantify LRTC
within EEG activity recorded at rest with the eyes open and
closed. These DFA values were found to reduce in the EO
condition when compared to EC in both the alpha and beta
frequency bands. The change in DFA seen in the beta band
correlated with reported depressive symptoms at occipital
and midline electrodes. Spliting participants into high and
low depressive symptom groups, it was found that DFA val-
ues at these electrodes did not change between EC and EO for
the latter group. This was due to EC DFA values remaining at
the same level as in the EO condition for these participants.
Finally, it was shown that these beta band EC DFA values
specifically correlate with brooding rumination.

The reduction in DFA seen in the EO condition when tak-
ing the participants as a whole mirrors the LRTC reductions
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BDI, Beck Depression Inventory; DFA, detrended fluctuation analysis; EC, eyes closed; EO, eyes open

@ 5 ®
Low
0.4 High
g 1.0
03 *
0.9
0.2 E
= o)
a o1 s 0.8
. R
0.0 m
0.7
-0.1
0:2 aee
-0.3 0.5

%

EC-EO

EC EO

FIGURE 3 DFA changes between EC and EO. DFA values were compared between the High and Low BDI score groups. (a) EC-EO DFA
changes were higher in the Low group. The changes were different from zero in this group but not in High. (b) EC DFA values were different

between the groups but EO ones were not. EC DFA values were higher in the Low group than High. The electrodes from which DFA values were

averaged are shown in the topographic inset. *pppr < .05. Abbreviations: DFA, detrended fluctuation analysis; EC, eyes closed; EO, eyes open

that occur when people engage in a particular task, as com-
pared to a task-free state (He, 2014). This effect has been
reported for a number of imaging modalities, including EEG
(He, 2011; Irrmischer, Houtman, et al., 2018; Irrmischer,
Poil, et al., 2018), and across frequency ranges (He, 2011;
He, Zempel, Snyder, & Raichle, 2010). A reduction in LRTC
reflects a system operating closer to sub-critical levels,
meaning that activity has less temporal complexity and can
dwell more consistently close to a particular configuration
(Irrmischer, Poil, et al., 2018). This contrasts with the greater
degree of LRTC indicated by the higher DFA values seen in
the EC state. Such increased LRTC are likely to reflect brain
activity operating near criticality (Deco & Jirsa, 2012), where
information handling and the capacity to respond to varied

inputs are optimised (Gautam, Hoang, McClanahan, Grady,
& Shew, 2015; Hahn et al., 2017; Shew, Yang, Yu, Roy, &
Plenz, 2011).

The change from EC to EO has been shown previously
to produce extensive alterations to brain activity patterns
(Barry et al., 2007; Marx et al., 2003). This occurs in a man-
ner that is partly independent of the change in visual stim-
ulation (Marx et al., 2003), indicating that the behavioural
change itself produces a shift in activity structure. These
changes can be seen within a wider context of brain activ-
ity reorganisations brought about by changes in behavioural
context (Clancy, Orsolic, & Mrsic-Flogel, 2019; Marques,
Li, Schaak, Robson, & Li, 2020) and the manner in which
these can optimise context-dependant functions (Benjamin,
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analysis; EC, eyes closed; EO, eyes open; RRS, Rumination Response Scale

Wailes-Newson, Ma-Wyatt, Baker, & Wade, 2018; Cao &
Hindel, 2019). The observed negative correlation between
BDI scores and beta band EC-EO DFA changes may there-
fore reflect a reduced capacity to appropriately shift brain
state based on behavioural context with increasing depressive
symptoms.

When split into Low and High BDI groups, people with
higher depressive symptoms did not show increases in beta
DFA values in the EC condition. An association between de-
pressive symptoms and EC beta activity has been noted in a
number of previous studies (Newson & Thiagarajan, 2019),
including ones specifically investigating LRTC (Lee
et al., 2007; Linkenkaer-Hansen et al., 2005). As with the cur-
rent results, these studies did not find an association between
alpha LRTC and depression. This is in contrast to studies
using, for example, time-frequency analysis where changes
in alpha power in depression have been reported (Newson
& Thiagarajan, 2019), suggesting that these different mea-
sures represent different aspects of brain function. Notably,
a reduction in beta LRTC is also seen in other brain disor-
ders, including Alzheimer's disease (Montez et al., 2009) and
schizophrenia (Nikulin, Jonsson, & Brismar, 2012), although
with different spatial distributions. Altered activity dynamics
are also seen in Parkinson's disease (Hohlefeld et al., 2012),
epilepsy (Monto, Vanhatalo, Holmes, & Palva, 2007), and
autism (Lai et al., 2010). This suggests that a disruption to
the temporal structure of brain activity may be a common
feature of pathological conditions (Hardstone et al., 2012),

with symptomatic variation arising from the specific brain
networks and frequency ranges within which such changes
occur (Northoff & Duncan, 2016).

LRTC levels remaining lower in the EC state for the High
BDI group means that those with higher depressive symp-
toms show less of a transition from a sub-critical state to-
wards a critical one. This implies that their brain will display
lower neural state dynamics over time which may in turn lead
to less flexibility in mental processing. Notably, inflexibil-
ity across a number of psychological domains is a common
feature in those with depression and has been identified as
a risk factor for developing such a condition (Coifman &
Summers, 2019; Miranda et al., 2012; Stange et al., 2017).
This highlights the relevance of investigating such functions
and related brain features across a full range of depressive
symptom levels in both patients and sub-clinical individuals.

The temporal properties of EC beta band activity were
found here to correlate with brooding rumination, with no
such correlation found with the more beneficial reflective
rumination. Negative rumination of this sort is of central rel-
evance to depression as it is associated with worse outcomes
(Huffziger, Reinhard, & Kuehner, 2009; Spinhoven, van
Hemert, & Penninx, 2018; Surrence, Miranda, Marroquin, &
Chan, 2009) and represents a risk factor for developing de-
pression in healthy individuals (Spasojevi¢ & Alloy, 2001).
Beta band activity has been associated with executive and
cognitive control processes that play a role in modulat-
ing attention (Schmidt et al., 2019; Stoll et al., 2016). This
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suggests that the lack of activity flexibility seen in EC beta
in those with high BDI scores may be connected to atten-
tional inflexibilities that in turn underlie negative ruminative
behaviours (Fergus, Valentiner, McGrath, Gier-Lonsway, &
Jencius, 2013). Behavioural measures of such processes were
not available here, however, and so further work directly tar-
geting them in the context of LRTC and depressive symp-
toms would be justified.

Interestingly, the relationship between beta DFA and ru-
mination was specific to the EC condition, with no correla-
tion found with either EO DFA or the EC-EO difference.
This may point to an underlying neural inflexibility pre-
disposing people to engage in negative rumination through
retention of an overly attentive state where the behavioural
context does not require it. Where visual or other external
input is reduced, this attentive state may instead orient to-
wards self-related content, such as is the focus of rumination
(Nejad et al., 2013). Although speculative, this hypothesis
does present a target at the level of large-scale neural sys-
tems for further investigations of specific depressive symp-
toms. In addition, the suggested relationships also point to
potential clinical uses for behavioural interventions, such as
mindfulness training and exercise, that modulate the tempo-
ral properties of intrinsic brain activity (Gértner et al., 2017,
Irrmischer, Houtman, et al., 2018; Wu et al., 2019).

A number of limitations of this work must be noted.
Firstly, although the sample size used was relatively large
(n = 60), it will be important to replicate the results in an
independent sample in the future. Secondly, the majority of
the MDD patients who took part were medicated with drugs
targeting a variety of neurotransmitter systems. Given the
variability in systems targeted, it is unlikely that the relation-
ship found between behaviour and EEG properties across the
full patient plus control dataset are driven by medication ef-
fects but this cannot be ruled out and so studies on unmedi-
cated patients would be justified. This would be particularly
important when testing particular models of neurotrans-
mitter changes that may be driving ruminative behaviours.
Thirdly, the majority of the participants in the study were fe-
male and so it is possible that the findings are sex-specific.
Unfortunately, there are insufficient participants here to test
this and so future research is required to confirm the gener-
alisability of the results. As well as this, the menstrual cycle
has been suggested to influence different aspects of intrin-
sic brain activity and so this factor may impact the reported
results (Duncan & Northoff, 2012; Syan et al., 2017; Wesis,
Hodgetts, & Hausmann, 2019). Relevant details from partici-
pants were not available to test any association between cycle
stage and rumination or brain activity and so this remains an
important outstanding research question.

To conclude, DFA was used to quantify LRTC in neural
activity during rest with the eyes open and closed in a group
of healthy participants and patients with MDD. Depressive

symptoms were related to an inability to shift between a crit-
ical and sub-critical state between the EC and EO state, with
those with more symptoms remaining in a state with lower
DFA values. We can speculate that this may reflect a general
cognitive inflexibility resulting from a lack in neural activ-
ity reactivity that may predispose people to overly engage in
self-directed attention such as is seen in negative rumination.
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