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Abstract

Recent evidence indicate that event-related potentials (ERPs) as measured on the electroencephalogram (EEG) are more

closely related to transdiagnostic, dimensional measures of psychopathology (TDP) than to diagnostic categories. Given this,

a comprehensive examination of correlations between well-studied ERPs and measures of TDP is called for. In this study, we

recruited 50 patients with emotional disorders undergoing 14 weeks of transdiagnostic group psychotherapy as well as 37 healthy

comparison subjects (HC) matched in age and sex. HCs were assessed once and patients three times throughout treatment (N

= 172 datasets) with a battery of well-studied ERPs and psychopathology measures consistent with the TDP framework The

Hierarchical Taxonomy of Psychopathology (HiTOP). ERPs were quantified using robust single-trial analysis (RSTA) methods

and TDP correlations with linear regression models as implemented in the EEGLAB toolbox LIMO EEG. We found correlations

at several levels of the HiTOP hierarchy. Among these, a reduced P3b as well as a reduced error-related negativity correlated

strongly with worse symptomatology across the Internalizing spectrum. Conversely, increases in the correct-related negativity

correlated with symptoms loading unto the Distress subfactor in the HiTOP. Increases in mismatch negativity were primarily

related to maladaptive personality traits at the lowest levels of the HiTOP hierarchy. Our study highlights the advantages of

RSTA methods and of using validated TDP constructs within a consistent framework such as the HiTOP. Future studies could

utilize machine learning methods to predict TDP from a set of ERP features at the subject level.
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Introduction

The electroencephalogram (EEG) shows promising clinical utility in being non-invasive, easy to record and
cost-effective compared to other neuroimaging methods (Hajcak et al., 2019). Event-related potentials
(ERPs) on the EEG are indexes of task-related brain activity time-locked to stimuli or other events and
potential biomarkers of mental disorders (Hajcak et al., 2019). Several ERPs have been associated with
diagnostic categories and severity of diagnosis-specific symptoms (Luck & Kappenman, 2011). However, for
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the emotional disorders, one of the main causes of suffering worldwide, ERP findings remain inconsistent
(González-Robles et al., 2018; Watson et al., 2022; Widiger & Oltmanns, 2017). While differences between
ERP studies in paradigm design and preprocessing and analysis methods limit comparison of some results,
discrepancies also stem from issues inherent in categorical taxonomies and which are especially abundant in
the emotional disorders (Michelini et al., 2021). Recent evidence indicate that at least some ERPs are more
closely related to transdiagnostic measures of psychopathology than to diagnostic categories (Donaldson et
al., 2020; Macedo et al., 2021; Pasion & Barbosa, 2019; Riesel et al., 2022). Given this, a comprehensive
investigation of the associations between classic ERPs, of which some were discovered in the 1960’s, and
transdiagnostic measures of psychopathology is called for (Latzman & DeYoung, 2020; Polich, 2020). In this
study, we aim to do so by assessing a mixed sample for correlations between ERPs and transdiagnostic
measures of psychopathology while accounting for the effects of medication and psychotherapy treatment.

Biomarkers in psychiatry could greatly improve clinical practice in providing objective measures of psycho-
pathology and treatment outcome (Singh & Rose, 2009). The discovery of such markers requires a sound
psychopathology framework from which to derive biobehavioral targets to examine (Latzman & DeYoung,
2020; Michelini et al., 2021). ERP studies have traditionally evaluated differences in ERP measures such as
peak or average amplitude or latency between diagnostic groups based on categorical taxonomies ICD and
DSM (DSM-IV-TR., 2000; WHO, 2004). These taxonomies posit that mental disorders are discrete entities
with specific symptoms and clear-cut boundaries between healthy and ill and between diagnoses (Clark et al.,
2017). However, clinical reality shows that comorbidity among the emotional disorders is in the range of 40
to 80% and that symptom profiles of patients with the same diagnosis varies greatly (González-Robles et al.,
2018). This suggests that categorical taxonomies do not capture the true nature of psychopathology (Clark
et al., 2017; González-Robles et al., 2018). There being no straightforward way to account for comorbidity in
case-control designs, most ERP studies merely report concurrent diagnoses and rely on the primary diagno-
sis as a sufficient classification of the sample (Petrolini & Vicente, 2022; Zald & Lahey, 2017). To see why
this can be problematic, consider the error-related negativity (ERN) which is robustly enhanced (increased
amplitude) in some anxiety disorders such as obsessive-compulsive disorder (OCD) compared to healthy
comparison subjects (Macedo et al., 2021). Somewhat inconsistent results indicate that ERN is attenuated
(decreased amplitude) in depression (Klawohn et al., 2020). It is clear to see how a study examining ERN in
depression while not accounting for anxiety-related comorbidity might end up with null results. Heterogeneity
within disorders and arbitrary boundaries between healthy and ill pose similar loss-of-information problems
in studies based on categorical taxonomies (Michelini et al., 2021). In fact, with the notable exception of
ERN in OCD, decades of research has revealed no robust deviations in ERPs or other EEG measures in
any of the emotional disorders as defined in the categorical taxonomies, e.g., depression or major depressive
disorder (MDD) (de Aguiar Neto & Rosa, 2019), generalized anxiety disorder (GAD) (Maron & Nutt, 2022),
panic disorder (PD) (Howe et al., 2014) and social anxiety disorder (SAD) (Al-Ezzi et al., 2020).

Alternative frameworks of psychopathology transcends arbitrary diagnostic boundaries in considering trans-
diagnostic symptoms which are shared among disorders as the basic building blocks of mental disorders (Clark
et al., 2017). The Hierarchical Taxonomy of Psychopathology (HiTOP) is an empirical and data-driven at-
tempt to describe the full range of psychopathology (Kotov et al., 2017). In the HiTOP, transdiagnostic
symptoms and maladaptive traits at the lowest level of the hierarchy are clustered based on shared features
into subfactors roughly corresponding to categorical diagnoses, which in turn are joined into higher-level
spectra such as the Internalizing and Thought disorder spectra. Accordingly, the emotional disorders share
core symptoms and traits but are further up in the hierarchy allocated to the Fearand Distress subfactors,
the latter containing depression and GAD. The HiTOP comes with several advantages for neuroimaging re-
search (Conway et al., 2022; Corr & Mobbs, 2023; Kotov et al., 2022; Latzman & DeYoung, 2020; Michelini
et al., 2021; Perkins et al., 2019). By design, the HiTOP deals with comorbidity, symptom heterogeneity
within disorders and arbitrary boundaries between healthy and ill. In contrast to categorical taxonomies,
the HiTOP encourages studies of mixed samples characterized at different levels of the hierarchy capturing
the full range of psychopathology (Conway et al., 2022; Latzman & DeYoung, 2020). In other words, sub-
jects included in a study based on the HiTOP do not need to fulfill some diagnostic criteria or score above
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some threshold, but are fully characterized in terms of homogeneous dimensional constructs. A given ERP
measure can thereby be investigated in terms of being a marker of a transdiagnostic symptom or trait, of a
subfactor or of a whole spectrum. Relying on the HiTOP is also advantageous when selecting biobehavioral
targets with which associations to ERPs are sought. For transdiagnostic measures, rather than using sub
scales of rating scales developed in categorical setting, measures consistent with the HiTOP would directly
place results in the context of a comprehensive empirical model of mental disorders (Perkins et al., 2019).

Ample evidence support that biological measures align more closely to transdiagnostic constructs than to
diagnostic categories (Kotov et al., 2020; Waszczuk et al., 2020; Watson et al., 2022). The Research Domain
Criteria (RDoC) was launched to encourage research into such biobehavioral constructs cutting across dia-
gnostic boundaries (Cuthbert & Insel, 2010). In line with this, several ERPs have recently been recast as
markers of transdiagnostic psychopathology. ERN and its counter-part, the correct-related negativity (CRN),
previously solely associated with OCD, are now conceived as markers of specific transdiagnostic measures
of anxiety and negative affect in the Internalizing spectrum (Macedo et al., 2021; Pasion & Barbosa, 2019;
Riesel et al., 2022). Mismatch negativity (MMN) and some other ERP components in auditory oddball pa-
radigms do not seem to be uniquely related to a chronic diagnosis of schizophrenia but to symptoms shared
by a range of psychotic disorders (Donaldson et al., 2020; Parker et al., 2021). These developments being
very recent, only the ERN, CRN, and to a lesser extent the late-positive potential, have thus far been cast
in the light of transdiagnostic psychopathology in the emotional disorders (Granros, 2021). A comprehensive
investigation of the associations between other classic ERPs and transdiagnostic markers of psychopathology
in the emotional disorders is lacking. Conversely, further validation of the HiTOP with biological measures
is called for (Perkins et al., 2019).

The aim of the present study was to examine the associations between a set of transdiagnostic measures
of psychopathology and a range of ERPs elicited by thee classic paradigms (the Eriksen Flanker, the au-
ditory Attended Oddball and the auditory Unattended Oddball) (Luck & Kappenman, 2011). Measures of
transdiagnostic psychopathology were assessed with validated self-report measures covering symptoms and
traits consistent with the HiTOP Internalizing spectra. We included 50 patients with emotional disorders
undergoing 14 weeks of UP transdiagnostic group cognitive behavioral psychotherapy and 37 healthy com-
parison subjects (HC) matched in age and sex (Barlow et al., 2017; Reinholt et al., 2021). Patients were
assessed with EEG and self-report questionnaires three times: before, 10 weeks into, and within one week
after treatment. The majority of HCs were assessed once but some a second time after at least two months
in order to account for normal variation in the models.

To evaluate the associations between ERPs and measures of transdiagnostic psychopathology, we conducted
robust mass univariate linear regression based on single-trial ERP analysis as implemented in the EEGLAB
toolbox LIMO EEG (Delorme & Makeig, 2004; C. R. Pernet et al., 2011). LIMO EEG is based on statistical
parametric mapping (SPM), as in the analysis of fMRI data, and provides a complete workflow from prepro-
cessed EEG data to the evaluation of single-trial subject-level ERPs at group level with a range of robust
statistical measures (Kiebel & Friston, 2004; C. R. Pernet et al., 2021). Employing a hierarchical generalized
linear model (GLM) approach, the method makes redundant several choices required in traditional ERP
methods known to inflate false positives and influence group level statistics (Feuerriegel & Bode, 2022; Luck
& Gaspelin, 2017). Instead of requiring the á priori selection of channel and time window regions of interest,
as well as methods for peak or average amplitude extraction, LIMO EEG models the subject-level single-
trial GLM across all channels and time points concurrently. False positives are controlled through bootstrap
methods and threshold-free cluster enhancement (TFCE) (Maris & Oostenveld, 2007; Mensen & Khatami,
2013; C. R. Pernet, 2015). Consequently, the investigate scope is vastly expanded without loss of statisti-
cal power and can reveal effects at other channels and time periods than what is traditionally investigated
(Fields & Kuperberg, 2020). Recognizing current issues in the preprocessing of ERP data, we relied on a
novel cleaning pipeline based on an empirical evaluation of other well-established pipelines, the Reduction of
Electroencephalographic Artifacts (RELAX) Bailey et al. (2022); Bailey et al. (2023). Given evidence that
robust single-trial methods allows for less aggressive cleaning of ERP data, thereby preserving more brain
activity, we applied a less strict than default cleaning of artifacts and noise (Alday & van Paridon, 2021;

3



P
os

te
d

on
26

S
ep

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

56
90

15
.5

07
79

57
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Delorme, 2022).

Establishing associations between measures of transdiagnostic psychopathology and ERPs, many of which
are related to specific neural functioning, would be an important step toward biomarkers in psychiatry and
would increase our understanding of the neural basis of mental disorders (Hajcak et al., 2019; Lavoie et al.,
2019).

Given the exploratory nature of the study, we refrain from making specific hypotheses. However, as found in
two recent studies, we expected the ERN to be related to one or more measures in the Internalizing spectrum
(Macedo et al., 2021; Riesel et al., 2022).

Methods

Ethics

The study was approved by the Danish National Committee on Health Research Ethics (VEK journal ID
74188). Data management and privacy policies was approved by the Danish Data Protection Agency (journal
ID REG-131-2020). Informed consent was provided by all participants. An honorary fee of 500 Danish Crowns
per EEG session was provided to all participants.

Participants

Patients (N = 50) of both sexes aged 18 to 59 with a primary diagnosis of either agoraphobia, depression,
generalized anxiety disorder (GAD), obsessive-compulsive disorder (OCD), social anxiety disorder (SAD) or
panic disorder (PD), with or without comorbidities including another emotional disorder, attention-deficit
hyperactivity disorder and personality disorder about to start UP transdiagnostic group cognitive behavior
therapy were recruited from three tertiary free-of-charge public Mental Health Service outpatient clinics in
Denmark, as described in detail in (Reinholt et al., 2021). Patients were referred to the clinic after two
previous failed treatment attempts in primary care.

Exclusion followed the exclusion criteria for receiving treatment in the participating outpatient clinics: an
ICD-10 F20 diagnosis, bipolar disorder or autism, alcohol- or substance use disorder, increased risk of sui-
cide, recent (<4 weeks) onset or alteration of psychotropic medication, previous traumatic brain injury or
organic brain disorder as assessed by medical history, and normal mental capabilities as estimated by having
completed Danish primary school.

Healthy comparison subjects (HC, N = 37), matched with the patient group in age and sex, were recruited
from the local community through posters and online advertisement. Exclusion criteria were the same as
for patients but also included no prior or present psychiatric diagnosis or psychotropic medication. All
participants had normal or corrected-to-normal eye vision.

Clinical measures

Current medication status was extracted from the electronic health record including type of medication, dosa-
ge, treatment duration and changes hereof. Information on handedness and hearing status (normal/impaired)
was interview-based. All participants were assessed with the the Mini-International Neuropsychiatric Inter-
view version 7 (M.I.N.I.) diagnostic interview by a psychiatry trainee (MR) (Sheehan, 1998). For patients,
a primary diagnosis within the emotional disorder spectrum was confirmed, and up to three concurrent
secondary diagnoses were noted. Healthy comparison subjects were screened for the absence of symptoms
fulfilling criteria for any psychiatric diagnosis.

4
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Psychometrics

The battery of psychopathology measures consisted of several validated self-report questionnaires. While
rating-scales derived directly from the HiTOP are under development and require local translation and
validation, the items selected in this study were deemed to be sufficiently consistent with the HiTOP (Wendt
et al., 2021).

The Multidimensional Emotional Disorder Inventory (MEDI, 49 items ranged 0 to 8) assesses nine
empirically-supported transdiagnostic symptom dimensions within the Internalizing spectrum: autonomic
arousal, avoidance, depression, intrusive cognitions, neurotic temperament, positive temperament, somatic
anxiety, social anxiety and traumatic re-experiencing (Rosellini & Brown, 2019). Note that when calculating
the MEDI total score, Positive temperament is subtracted rather than added.

The Modified Personality Inventory for DSM-5 and ICD-11 – Brief Form Plus (PID5BF+M, here referred
to as PID36, 36 items ranged 0 to 3) assesses six personality trait domains in the Internalizing and Thought
disorder spectra: anankastia, antagonism, detachment, disinhibition, negative affectivity and psychoticism
(Bach et al., 2020). Note that this version is developed in accordance with the coming ICD-11, which is
moving toward a dimensional understanding of the personality disorders (Bach & Mulder, 2022).

In addition, two shorter self-report questionnaires were administered to assess the severity of the transdia-
gnostic dimensions personality pathology and psychological distress, respectively: the Level of Personality
Functioning Scale-Brief Form (LPFS, 12 items ranged 1 to 4) (Hutsebaut et al., 2016) and the K10 distress
scale (K10, 10 items ranged 1 to 5) (Kessler et al., 2003).

For both HC and patients, this battery was administered in conjunction with the respective EEG recordings.
Participants were instructed to answer +/- 1 week from the EEG recording. All psychopathology measures
were obtained using the online survey and database management web application REDCap licensed to Region
Zealand, Denmark (Harris et al., 2019).

Procedures

EEG laboratory setup

EEG was recorded at two psychiatric hospitals in Region Zealand, Denmark. Each session took place either
in the morning or early afternoon. The first session, baseline, lasted approximately three hours including
information, electrode and cap application, EEG recording (˜1 hour), M.I.N.I diagnostic interview and
breaks. Sessions two and three, for patients after 10 and 14 weeks, respectively, lasted at most two hours
and consisted only of the EEG recording. In order to account for normal variation in the statistical models,
some HCs were invited to a second recording after at least 8 weeks. Participants were instructed to show
up rested and to avoid coffee and nicotine intake 2 hours before. Patients were also instructed to avoid, if
possible, medication prescribed “as needed” on the night before and day of recording.

During EEG recording, participants were seated in a comfortable armchair in a secluded room and instructed
to sit as still as possible. Visual stimuli were presented on a 17” LCD monitor situated 1.5 meters from the
participant. Audio stimuli were presented with airtube stereo insert earphones (C and H Distributors Inc.,
Milwaukee, WI, USA, 2021). Similar room luminosity at the two sites was ensured with blackout curtains
but was not objectively measured.

EEG recording

EEG at the two sites was recorded with identical Biosemi ActiveTwo Mark 2 systems with 64 Ag/AgCl
pin-type active electrodes attached to a cap according to the extended 10/20 system (BioSemi, Amsterdam,
2021). The signal was recorded reference-free with common mode sense (CMS) and driven right leg (DRL)
electrodes as “ground” placed centrally close to POz. The signal was digitized with a sampling rate of 2048
Hz. Electrode offset was kept below 40 μV.

5
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EEG paradigms

All paradigms were presented using Presentation® software version 23.0 (Neurobehavioral Systems, 2021).
The paradigms, presented in this order for all participants, were:

Attended oddball (AO)

Auditory stimuli (N = 1500 in 5 blocks) delivered monoaurally in a pseudorandom order: 10% target tones
(1100 Hz, 50 ms duration), 6% distractor tones (a 50 ms bell sound) and 84% standard tones (1000 Hz, 50
ms). 50 dB sound intensity and 10 ms rise/fall for all stimuli. Participants were instructed to fixate on a
white cross on a black background on the monitor and to press the left mouse button with their index finger
when hearing the target tone while ignoring distractor stimuli. Participants started with a 30 stimuli test
round.

Flanker

The flanker task was a modified version of the Eriksen Flanker (Eriksen & Eriksen, 1974) commonly used
in resarch, e.g., (Riesel et al., 2022; Seow et al., 2020). Five horizontal arrows were presented in white on
a black background on the monitor. Trials (N = 480 in 10 blocks) could be either congruent (<<<<< or
>>>>>) or incongruent (<<><< or >><>>) and were presented for 200 ms. Trials were 50% congruent
and 50% incongruent presented in random order. Participants were instructed to respond as quickly and
accurately as possible by pressing either the left or right mouse button indicating the direction of the central
arrow. Participants had 1050 ms to respond. Feedback was delivered on the monitor at the end of each
block: if >90% correct responses or <25% missed trials (“Try to respond faster!”) and if accuracy <75%
(“Try to respond more accurately”. Otherwise feedback was “Good job!”. If participants had less than 17
errors in total, up to two extra blocks were administered in order to ensure internal consistency of the ERN
(Clayson, 2020). Participants at first completed a test round consisting of 12 trials to ensure instructions
were understood.

Unattended oddball (UO)

Participants watched a muted nature documentary while auditory stimuli (N = 1800 in 6 blocks) were
delivered monoaurally at 50 dB in a pseudorandom order: 6% frequency deviant tones (1100 Hz, 50 ms
duration), 6% duration deviant tones (1000 Hz, 100 ms duration), 6% combined frequency and duration
deviant tones (1100 Hz, 100 ms duration) and 82% standard tones (1000 Hz, 50 ms). 50 dB sound intensity
and 10 ms rise/fall for all stimuli. Participants were instructed to ignore all auditory stimuli and focus on
the monitor.

EEG preprocessing

EEG data were processed offline in EEGLAB 2023.1 on MATLAB R2021b (Delorme & Makeig, 2004; Ma-
thworks, 2022). Cleaning of artifacts and noise was with the The Reduction of Electroencephalographic
Artifacts (RELAX) preprocessing pipeline, a novel pipeline based on an empirical assessment of established
cleaning methods (Bailey et al., 2022, 2023). We applied the default RELAX pipeline, RELAX MWF wICA,
which utilizes methods from the following published toolboxes: fieldtrip, the MWF toolbox, wICA (Castel-
lanos & Makarov, 2006), ICLabel (Pion-Tonachini et al., 2019), PREP (Bigdely-Shamlo et al., 2015) and
Zapline-plus (Klug & Kloosterman, 2021). Given that single-trial analysis handles noisy data better and
in order to remove as little brain activity and obtain as many trials as possible, especially in the Flan-
ker paradigm, we applied RELAX with less-stringent settings than default for our main analysis (specified
below).

Prior to processing in RELAX, the raw Biosemi EEG data were imported into EEGLAB reference-free
and down-sampled to 250 Hz. In initial preprocessing steps, RELAX removed line-noise at 50 Hz with the
Zapline-plus toolbox and referenced data to common average with the PREP toolbox after the automatic
removal of extremely noisy or flat channels. Data were hi-pass filtered at 0.25 Hz and low-pass filtered at
80 Hz using the default RELAX Butterworth filter, which is suggested to perform better than EEGLAB’s

6
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pop eegfiltnew (Bailey et al., 2023). Note that RELAX applies a 0.25 Hz hi-pass filter by default instead of
the commonly used 1 Hz, a trade-off which somewhat decreases the quality of the subsequent independent
component analysis (ICA) decomposition but does not distort the ERP time course (Bailey et al., 2023;
Luck, 2014; Tanner et al., 2016; Winkler et al., 2015).

Next, artifact reduction based on multiple wiener filtering (MWF) with a delay period of 30 and wavelet-
enhanced ICA (wICA) with the extended infomax ICA algorithm proceeded with less strict than default
RELAX cleaning parameters. Specifically, muscle slope threshold was -0.31 (default -0.59), no channels were
deleted due to muscle artifacts (default: channels with 5% or more muscle artifacts deleted) and only channels
with 15% or more extreme artifacts were deleted (default 5%). Other settings remained on default, including
at most 20% removed channels. Across all sessions, on average 59.7 channels remained for the AO, 59.8 for
the Flanker and 60.2 for the UO paradigm. There was no difference between groups in number of removed
channels at baseline.

After interpolating removed channels, the preprocessed data were epoched and baseline-corrected according
to parameters predetermined for each of the three paradigms (see Table 1). Note that RELAX applies a
regression-based baseline correction method instead of the traditional subtraction which has been shown
to distort the ERP waveform (Alday, 2019). For response-locked ERPs in the Flanker paradigm, baseline
regression correction was with one factor with two levels: correct and error response. For stimulus-locked
ERPs from the Flanker paradigm and ERPs from the other two paradigms, regression was with zero factors.
Next, epochs with an absolute voltage amplitude threshold exceeding 100 μV (default 60 μV) or a kurto-
sis/improbable data limit exceeding 3 standard deviations (SD)/median absolute deviation (MAD) overall
or 5 SD/MAD at any channel were rejected.

Across all sessions, on average 1070 epochs of all trial types remained for the AO, 417 for the Flanker
paradigm and 972 for the UO paradigm. At baseline, in the AO paradigm, there was a significant difference
between groups in number of remaining epochs (HC: 1093, Patients: 1056; t(85) = 3.32 , p = 0.001). This
difference was driven by nearly non-significant differences in the number of remaining Standard stimuli epochs
(t(85) = 1.90, p = 0.061) and Target stimuli epochs (t(85) = 1.77, p = 0.08). This small difference was
deemed to be of no consequence for the main analysis. There were no further differences between groups in
number of remaining epochs for any of the other paradigms. Finally, the preprocessed data were converted
to BIDS format to facilitate the sharing of data with the community (C. R. Pernet et al., 2019).

Table 1 shows an overview of paradigm and ERP variables.

>> Table 1 here <<

ERP analysis and statistics

All demographic and behavioral statistics were conducted in R (R Core Team, 2023). ERP Statistical models
were designed, evaluated and visualized using LIMO EEG in EEGLAB and MATLAB functions (Delorme
& Makeig, 2004; C. R. Pernet et al., 2011).

After preprocessing, ERP single-trial data were processed in LIMO EEG. For a given subject, session and
channel, this first-level of the GLM has the general form where denotes the single-trial ERP data in the form
, is a design matrix coding for the paradigm-specific stimulus types, are the first-level beta coefficients to
be estimated and is the residual term representing what is left when the effects of the beta coefficients are
accounted for.

The term , in LIMO EEG referred to as the adjusted mean, warrants special attention, as effects on the
other beta parameters are modulations around this constant term. For example, the response-locked Flanker
model is , where is the beta coefficient corresponding to correct responses and corresponds to error responses.
Accordingly, . Given the near-identical triphasic waveform of the CRN and the ERN, if is more negative-
going than , necessarily lies in-between. Therefore, will be positive-going even though the CRN is a negative-
going wave. As such, if a result indicates that is modulated negatively by a psychopathology measure, the
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interpretation is that a greater, or more negative, CRN correlates with higher scores.

First-level model parameter estimation was with weighted least squares (WLS), a robust extension to ordinary
least-squares (OLS) which uses principal component projection to weigh down outlier trials (C. Pernet et
al., 2022). In all ten ERP beta models were evaluated, each containing one or more classic ERP components
(see Table 1 for stimulus types and associated ERP models).

At the second level, for each of these ERP beta models, we applied mass univariate robust linear regression
as implemented in LIMO EEG. Age, gender, group, medication status, session number and psychopathology
measure corresponding to each session were explanatory variables. The general form of the model was:

where are the second-level beta coefficients to be estimated, is the explanatory variables data matrix and is
the first-level ERP beta model defined above.

In this linear regression model, gender was coded as female = 1, male = -1. Group was coded as HC = 1,
Patient = -1. Due to the large variety in dosage and type, medication status was coded with two dummy
variables denoting no prescription (-1, -1), one prescription (1, -1) and more than one prescription (1, 1).
Medication prescribed “as needed” was not considered since patients were instructed to avoid intake from
the afternoon before the day of recording. Session was coded with three columns indicating with 1 or 0
whether the particular entry of the data matrix belonged to baseline, week 10 or week 14. Psychopathology
measure was likewise coded in three columns indicating scores for the associated session. Accordingly, had
nine columns and as many rows as there were data sets (N = 172). For example, a given row corresponding
to data set 125 had the form denoting the subject’s age = 25, gender = -1 (male), group = -1 (Patient),
medication = [1 1] (more than one prescription), Session = [. . . 0 1 0 . . . ] (week 10) and psychopathology
measure = [. . . 0 39 0] (week 10).

Maximum likelihood estimates of were computed at each time frame, channel by channel, using iterative
re-weighted least squares (IRLS). IRLS is a robust extension to OLS adding weights to outlier subjects, and
has been shown to increase sensitivity in the analysis of neuroimaging data (Wager et al., 2005). had the
form representing the effects of each of the explanatory variables (plus a constant term) on the ERP model
at each data point.

Next, a linear combination of these second-level beta coefficients was used to test for significant effects of the
psychopathology measures (Kiebel & Friston, 2004). Specifically, we defined a reduced model by applying
the contrast and tested, channel by channel, at each time frame the null hypothesis where is the transpose
of the contrast vector. In other words, we tested the null hypothesis of no effect on of the psychopathology
measures while accounting for the other explanatory variables. Note that this contrast model did not assess
whether psychotherapy treatment changes ERP features or modulates the association with psychopathology
measures, or whether associations are present only at a given session, e.g. at baseline. On the upside, the
model allowed us to state that detected associations were present across groups and sessions irrespective of
effects of psychotherapy.

The associated one-sided t-test was:

where is the variance of the full model and the weights estimated with IRLS applied to .

The result of these many one-sided t-tests was an uncorrected statistical parametric map (SPM) of size , e.g., t
-values for ERP models in the AO paradigm. Correction for multiple comparisons (MC) was conducted using
threshold-free cluster enhancement (TFCE) as implemented in LIMO EEG using 1000 bootstrap iterations
(Mensen & Khatami, 2013; C. R. Pernet, 2015; Smith & Nichols, 2009). TFCE builds on traditional
bootstrap or permutation-based cluster MC correction methods commonly used in neuroimaging research,
e.g. spatiotemporal clustering (Maris & Oostenveld, 2007; Sassenhagen & Draschkow, 2019). However,
instead of pre-specifying a cluster-forming threshold and assigning to a cluster all connected data points
whose corresponding t -value is above this threshold, the method considers clusters formed at all possible
thresholds. The more clusters a given data points belongs to within the range of thresholds, the higher is the
assigned TFCE score. As a result, whereas in traditional spatiotemporal clustering methods, the threshold
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would influence what type of clusters are detected, in TFCE narrow clusters with high t-values are equalized
with broad clusters with lower t-values (Smith & Nichols, 2009). At each data point, , the TFCE score is
given by:

where and are the minimum and maximum t-values in the data, respectively, is the cluster extent, is the
cluster height and and are scaling constants, which in LIMO EEG are fixed to 0.5 and 2, respectively
(C. R. Pernet, 2015). To arrive at the final corrected SPM of significant t -values, the method proceeds
with estimating the empirical TFCE distribution through bootstrapping. Importantly, sampling is with
replacement of all datasets belonging to a subject. Then, the maximum TFCE values from each bootstrap
are sorted and the value at is the estimated TFCE threshold, where is a pre-determined significance threshold
and are the number of bootstrap iterations. Data points whose TFCE score exceeds this threshold are deemed
significant at the level and the corresponding t -values are included in the SPM. Note that a trade-off for the
increased cluster-detection capabilities of TFCE is that one cannot state which of the included data points
make a cluster significant (Smith & Nichols, 2009).

For our main analysis, we tested the associations between the 10 ERP beta models defined in Table 1 and
the four transdiagnostic psychopathology measures (K10, LPFS, MEDI and PID36) at an level of or 0.1%
In case of significant results for MEDI and PID36 total scores, we also show results for the respective sub
scales. These results are presented in full in Supplementary Materials and commented upon in Discussion.

Results are presented as heat maps indicating in red or blue with varying intensity positive or negative
t -values, respectively. Clusters of these t -values denote spatiotemporal regions where the effects of psy-
chopathology measures on the ERP model were significant. As such, interpretation of results is in terms
of direction of effects at relevant regions of interest. To this end we also display shaded regions indicating
traditional ERP analysis time windows.

ERP grand averages are displayed for each stimulus type and group (HC and Patient) as the the 20% trimmed
mean of subject-level weighted single-trial ERP data. Trimmed mean represents a robust central tendency
estimate of the mean of the raw single-trial data and corresponds to a traditional grand average ERP
waveform (C. R. Pernet et al., 2011; Wilcox & Rousselet, 2018). Instead of traditional frequentist confidence
intervals (CI), which only gives the long-term probability of the true mean, LIMO EEG by default displays
the 95% Bayesian Highest Density Interval (HDI), which is the 95% probability of the observed 20% trimmed
mean (Morey et al., 2016; C. R. Pernet et al., 2011).

Finally, we also show results from statistical analyses of demographic and psychopathology measures. To
test the internal consistency of MEDI and PID36 we estimated McDonald’s Omega using functions from
the R package semTools applied to the baseline dataset (N = 87) (Jorgensen et al., 2022). McDonald’s
Omega has been suggested to be a more reliable estimate than the commonly used Cronbach’s Alpha (Flora,
2020). To test for group differences in demographics and psychopathology measures we applied Welch’s
two-sample t-tests for continuous variables and Fisher’s exact test for the categorical variable Gender. To
test for change of psychopathology measures across sessions, from baseline to week 10 and 14, respectively,
we applied mixed linear regression models using the R package lme4 , e.g., (Bates et al., 2015). Confidence
intervals and p-values were computed with a Wald t-distribution approximation (Luke, 2017).

Results

A total of 172 datasets entered the analysis. These were distributed accordingly: 37 HC and 50 patients
had baseline data; 15 HC and 34 patients (68%) had data from session 2; 36 patients (72%) had data from
session 3. All cases of dropout were related to issues with treatment, e.g., the patient was, contrary to initial
evaluation, deemed not suitable for psychotherapy or was rejected due to too low attendance. Note that for
HC, session 2 was not after 10 weeks but after > 8 weeks, as HC did not participate in treatment.
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Demographics and behavioral measures

All participants were right-handed save for 5 in the HC group and 1 in the patient group and all participants
reported normal hearing. Diagnoses were distributed accordingly: agoraphobia: 4; depression: 20; GAD: 5;
OCD: 12; PD: 8; and SAD: 1. Seven patients (14%) received no medication, 34 patients (68%) received one
type of medication and the remaining nine patients (18%) received more than one medication. In total 86%
of patients received at least one psychiatric medication, of which all received at least one type of selective
serotonin re-uptake inhibitors (SSRI). No patients were treated with anti-psychotic medication.

Table 2 shows demographics and behavioral measures at baseline for the two groups. There was no difference
between groups in sex or age, nor in number of Correct and Error trials in the Flanker paradigm. The patient
group had significantly longer reaction times (RT) in both Correct and Error trials in the Flanker paradigm
and to Target stimuli in the AO paradigm. The mean number of Error trials for each group was high, 53.6
for HC and 47.4 for patients, on average well above the recommended minimum of 17 trials for reliable
(traditional) estimation of the ERN (Clayson, 2020). However, four patients were below 17 remaining trials
(5, 8, 13 and 16, respectively). Note that in WLS, parameter estimation is on the total number of trials,
which in the Flanker paradigm was well above 250 trials for all subjects. Upon visual inspection of the
grand average and beta coefficient plots for these subjects, the data and parameter estimation were deemed
to be of sufficient quality, in all cases showing the characteristic response-locked Flanker triphasic waveform.
Nevertheless, although no empirical value exists, it must be noted that the more available trials, the more
precise the estimation of variables (C. Pernet et al., 2022).

>> Table 2 here <<

Psychometrics

Table 3 shows McDonald’s Omega as a measure of internal consistency as well as results from group com-
parisons for all self-report questionnaires at baseline.

>> Table 3 here <<

All psychopathology measures showed good internal consistency (Omega > 0.7). The patient grouped scored
significantly higher than HC on all items with two exceptions: Positive temperament in MEDI, where the
patient group scored significantly lower than HC, and the Antagonism personality trait in PID36 where there
was no significant difference between the groups.

Table 4 shows change in psychopathology measures across sessions assessed using mixed linear models with
subject as random factor and baseline (Session 1) as reference, e.g., (Bates et al., 2015).

>> Table 4 here <<

For MEDI, treatment significantly reduced total score and almost all of the of sub scale scores. For some
dimensions, e.g., Neurotic Temperament, a reduction from baseline was only significant at week 14 after the
end of treatment. For others, e.g., Intrusive Cognitions, significant and lasting reduction could be measured
already at week 10. Interestingly, Positive Temperament improved significantly at 10 weeks, but effects
diminished to not significant compared to baseline at week 14. Traumatic Re-experiencing was the only
symptom dimension in MEDI not significantly changed by treatment.

Somewhat surprisingly, treatment did not lead to an overall improvement in PID36 total score. Among the
PID36 sub scales, reduction was only in Detachment.

Finally, both K10 and LPFS showed significant improvement due to treatment already at 10 weeks.
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ERP grand average waveforms

Figures 1 to 4 show the group-wise 20% trimmed mean of mean weighted subject-level single-trial ERP data
across stimulus types for all paradigms at baseline. Shaded areas indicate the 95% HDI. Well-known ERP
components are marked on each plot and appear in agreement with the literature. For the UO ERPs, it
is interesting to note that cMMN, the MMN in the Combined difference wave, is a mixture of fMMN and
dMMN in that both the earlier-detected frequency change as well as the later-detected duration change are
captured in the waveform. As such, the cMMN has two peaks.

Attended oddball

>> Figure 1 here <<

Response-locked Flanker

>> Figure 2 here <<

Stimulus-locked Flanker

>> Figure 3 here <<

Unattended oddball

>> Figure 4 here <<

ERP beta coefficients

Figure 5 shows beta time courses at FCz corresponding to stimuli in each paradigm.

>> Figure 5 here <<

, in LIMO EEG called the adjusted mean, is in itself not a measure of brain activity but depends on the other
beta coefficients which are modulations around this constant term. Note that the beta coefficient to Target
stimuli eliciting the P3b is more suitably plotted at Pz where it reaches maximum (see Figure 7 below).
Note also that the Correct trial beta coefficient is positive-going even though the CRN is a negative-going
wave. Finally, note that plots for the UO paradigm are difference contrasts between deviant and standard
beta coefficients.

ERP correlations with psychometrics

Due to the many correlation analyses (10 ERP models * 4 psychopathology measures), we present only
those for which TFCE detected large significant regions at the corrected level of 0.1%. Full results at an
uncorrected TFCE of 5% are available in Supplementary materials. Due to TFCE often detecting many and
overlapping significant regions and since we cannot know which of the voxels in each cluster are significant,
we use visual inspection to describe significant regions in terms of start and end times and general cortical
regions. Throughout the analysis we interpret effects on ERPs in terms of changes in amplitudes even though
we cannot rule out that some effects are due to differences in peak latency rather than peak amplitude. That
being said, correlations between higher scores and changes in amplitude within a given time interval is
valid irrespective of whether effects are due to increased peak latency or reduced peak amplitude within the
significant region . In addition, most significant regions span at least 50 ms, making it unlikely that the
observed effects are due to increases in peak latency.
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K10 Distress Scale (K10)

Figure 5 shows results for K10 assessing general psychological distress. We found several correlations between
K10 and ERPs from the AO and response-locked Flanker paradigms. There were no significant correlations
between K10 and ERP models from the stimulus-locked Flanker or UO paradigms at the main analysis level.

>> Figure 6 here <<

For Target stimuli in the AO paradigm, we found a large significant region from 324 ms to 696 ms covering
both frontal, central and parietal channels. Figure 7 shows the Target stimulus beta along with the adjusted
mean at Pz.

>> Figure 7 <<

This region clearly corresponded to the P3b and the negativet -values at central-parietal and parietal chan-
nels, where is more positive-going than , indicated that a reduced P3b is associated with higher scores in
K10.

For Standard stimuli in the AO paradigm, we found a significant region from 304 to 372 ms centered at CPz,
Pz and POz. This region immediately succeeds the N2, which is commonly analyzed at more frontal regions.
As such, the significant region does not correspond to a known ERP. To aid in interpretation, Figure 8 shows
the Standard stimulus grand average and beta time course at Pz.

>> Figure 8 here <<

It can be seen that the significant region corresponds to a negative peak starting just after 300 ms on the
grand average plot (Figure 8, left). Because is more negative-going than in this region (Figure 8, right),
the positive t -values indicate that decreased or less negative-going amplitudes at this region correlates with
higher scores in K10.

For Standard stimuli, we also found a large region, not corresponding to any known ERPs either, starting
at 396 ms and ending at 588 ms covering both frontal, central and parietal channels. Figure 8 shows a
negative-going slow wave at Pz and the positive t -values indicate that less negative-going amplitudes across
this wave correlates with higher scores in K10.

For Correct trials, we observed a significant region from -16 to 64 ms at central electrodes, centered at FCz,
Cz and CPz. The time range and involved regions clearly corresponded to the CRN. The negativet- values
indicated that higher scores in K10 correlated with a increased, or more negative-going, . As can be deduced
from Figure 5 (top right) and because , a more negative translates to an increased, or more negative-going,
CRN. In other words, an increased CRN correlated with higher scores in K10.

For Error trials, we observed a significant region from -20 to 56 ms, more frontal than the corresponding
regions for the CRN, centered at Fz, FCz and Cz. This region clearly corresponded to the ERN and the
positivet -values indicated that higher scores in K10 are associated with a reduced (less negative-going) ERN.

Finally, also for Error trials, we observed a large significant region from 284 ms to 468 ms, mainly at central-
parietal and parietal regions, and with opposite effects at frontal regions. However, no obvious peak or wave
is shown in neither the grand average plot (Figure 2, right) nor in the beta coefficient time course plot for
Error trials and adjusted mean (Figure 5, top right). We interpreted this region as a continuation of the Pe,
and the negative t -values indicated that a reduced late part of the Pe correlates with higher scores in K10.

Level of Personality Functioning Scale (LPFS)

Figure 8 shows results for LPFS assessing severity of personality pathology. We found correlations between
LPFS and ERPs from the AO, response-locked Flanker and UO paradigms. There were no significant
correlations with ERPs from the stimulus-locked Flanker at the main analysis level.

>> Figure 9 here <<
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For ERPs from the AO paradigm, we found similar correlations as for K10. For Target stimuli, we found a
large region from 312 ms to 688 ms covering frontal, central and parietal channels, clearly corresponding to
the P3b. As for K10, reduced (less positive-going) P3b at parietal channels correlated with increased scores
in LPFS. For Standard stimuli, we found that reduced amplitudes in the same wave covering a large region
- from 312 to 680 ms, at both frontal, central and parietal channels - correlated with increased scores in
LPFS. So did the negative peak just after 300 ms described for K10 above.

For the response-locked Flanker ERPs, as for K10, an increased CRN and a reduced ERN correlated with
increased scores in LPFS. However, effects for the CRN were more frontally distributed this time, with
centers at Fz, FCz and Cz.

We also noted a reversal of effects, with positive t -values correlating with increased scores in parietal regions.
However, we also noted that the effect was absent at parietal channels along the midline, e.g., CPz and Pz.
A plot of the Correct trial beta at P6, where the effect was strong, did not reveal a CRN-like waveform. As
such, results were not straightforward to interpret. It is possible that these regional effects reflected activity
from the brain processes generating the CRN, which were then picked up by lateral electrodes through
volume conduction. A similar but weaker effect was observed for the ERN.

For the Combined deviant difference wave from the UO paradigm, we found a significant region from 156
to 200 ms centered around Fz. This region corresponded to the cMMN and the negative t -values indicated
than an increased or more negative-going cMMN correlated with higher scores in LPFS. In addition, we
found a significant region from 212 ms to 256 ms, centered around Fz and FCz. The positive t -values
indicated that an increased combined deviant dP3a11Note that the d in dP3a denotes the difference wave
ERP component corresponding to P3a. dP3a elicited to one of the three deviant types is spelled out as such,
e.g., frequency deviant dP3a. correlated with increased LPFS scores.

Multidimensional Emotional Disorder Inventory (MEDI)

Figure 9 shows results for MEDI assessing symptom dimensions within the Internalizing spectrum.

>> Figure 9 here <<

For MEDI total scores, in a similar fashion to results for K10 and LPFS, we found that an increased CRN, a
reduced ERN and a reduced P3b correlated with higher scores in MEDI. Again we found a significant region
corresponding to the above-described late wave in response to Standard stimuli in the AO paradigm, but the
effect was weaker. In addition, for Error trials we found a significant region from 184 ms to 388 ms centered
at Cz and CPz. This region corresponded to Pe and because is above at this time interval, the negative t
-values indicated that a reduced Pe correlated with higher scores in MEDI.

Because we found significant correlations for MEDI total score, we also analysed the MEDI sub scales at the
less conservative level of 5%, each assessing a specific symptom dimension within the Internalizing spectrum.
These results are available in Supplementary materials.

Not surprisingly, at this less conservative level, all of the regional effects for MEDI total score described
above were present and more pronounced in covering more channels and longer time frames. In addition,
higher scores correlated with a reduced stimulus-locked Flanker P3b and a reduced duration deviant dP3a
from the UO paradigm.

Post-hoc , then, a reduced P3b elicited to Target stimuli in the AO paradigm correlated with all of the MEDI
sub scales. Similarly, a reduced ERN correlated with higher scores in all MEDI sub scales except Traumatic
Re-experiencing, albeit weakly for Somatic Anxiety and Avoidance. An increased CRN correlated with
higher scores in Depression and less strongly with higher scores in Avoidance, Social Anxiety and Somatic
Anxiety.

As perhaps could be expected, a reversal of effects was seen for Positive temperament, which is the only
dimension where healthy comparison subjects scored higher than patients (Table 3). Here we observed that,
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e.g., a reduced CRN and, more weakly, an increased ERN correlated with higher scores.

For Error trials in the response-locked Flanker paradigm, in addition to the results already described above,
we found that a reduced Pe correlated, more or less strongly, with higher scores in the sub scales Autonomic
Arousal, Avoidance, Depression (the late part of Pe), Intrusive Cognitions, Somatic Anxiety, Social Anxiety
as well as Traumatic Re-experiencing (weak and the late part of Pe). In addition, an increased Pc correlated
with increased scores in Social Anxiety.

Post-hoc , we also found significant effects for the ERPs in the stimulus-locked Flanker paradigm, e.g., N2
and P3b, which did not survive the conservative level of 0.1%. However, because the P3b in the stimulus-
locked Flanker paradigm falls immediately before button press, it cannot be reliably analysed due to some
trials overlapping. Therefore, here we consider only results for the N2. Interestingly, for MEDI sub scales
Intrusive Cognitions and Traumatic Re-experiencing areduced N2 correlated with higher scores, whereas for
Neurotic Temperament, an increased N2 correlated with higher scores.

Post-hoc , we also found that a reduced Novelty P300 at CPz and Pz correlated with increased scores in
MEDI Depression.

For ERPs from the UO paradigm, the strongest result was a correlation between MEDI Avoidance and
a reduced (less positive) duration deviant dP3a and, more weakly, a reduced combined deviant dP3a. A
reduced dP3a also correlated with increased scores in Intrusive Cognitions (duration deviant) and with
increased scores in Traumatic Re-experiencing (both combined and duration deviants). For the MMN,
correlations were quite specific in that only Social Anxiety correlated with an increased (more negative)
cMMN and more weakly with an increased fMMN.

Finally, for the N1-P2-N2 complex, which is elicited to both Standard, Distractor and Target stimuli in
varying degrees and with different overlap and proximity of peaks, results are a bit more difficult to analyze.
Given that little is known about the properties of this wave complex in terms of, e.g., polarity-reversal, we
resort to reporting that, post-hoc , we found correlations for each of these peaks with several of the MEDI
sub scales (Winkler et al., 2013). The interested reader is referred to Supplementary materials. Plots of the
beta coefficients at relevant channels can be supplied at request.

Modified Personality Inventory for DSM-5 and ICD-11 (PID36)

Figure 10 shows results for PID36 indexing maladaptive personality trait dimensions.

>> Figure 10 here <<

Results for PID36 largely mimicked those already described above. We found that a reduced P3b and ERN
and an increased CRN correlated with higher scores. For Standard stimuli in the AO paradigm, we found
the same regional effects corresponding to reductions in the negative peak just after 300 ms and the following
slow negative wave in parietal regions.

As for MEDI, since we found significant correlations for the PID36 total score, post-hoc we also analysed
each PID36 sub scale at the uncorrected 5% level. Again, the correlations found for PID36 total score were
stronger, involving more channels and longer time ranges. A reduced P3b correlated strongly with increased
scores in all sub scales except for Psychoticism. A corresponding pattern was observed for the late parietal
wave elicited to Standard stimuli in the AO paradigm. Of the response-locked Flanker ERPs, an increased
CRN and a decreased ERN correlated with higher scores in the same three sub scales: Anankastia, Detach-
ment and Negative Affect. In addition, an increased CRN correlated with increased scores in Psychoticism,
but only at Cz and CPz.

For Negative Affect, a reduced Pc in frontal-central regions correlated with higher scores while a reduced Pe
in the same regions correlated with higher scores in Anankastia.

Also for Negative Affect, we found correlations between a reducedNovelty P300 in frontal-central regions and
higher scores. We noted that, along with the results for MEDI Depression described above, this was the only
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significant correlation for Novelty P300 in our entire analysis.

We also observed some interesting correlations for the UO paradigm. For Anankastia, increases in dMMN and
the following duration deviant dP3a, both centered around Fz and FCz, correlated with higher scores, albeit
weakly. For Antagonism, reductions in cMMN (although only at CPz and Pz) and dMMN and the following
duration deviant dP3a correlated with higher scores. For Detachment, increased cMMN at Fz correlated
with higher scores. For Disinhibition, increases in all three MMN measures as well as decreases in all three
corresponding dP3a measures correlated with higher scores. Finally, of opposite direction, reductions in
cMMN and fMMN correlated with higher scores in Negative Affect.

Other than these go-to results, as in the post-hoc analysis of the MEDI sub scales described above, several
correlations involving the N1-P2-N2 complex were observed. Again we invite the reader to study the results
in the Supplementary materials.

Discussion

In this study, we utilized linear regression models based on robust single-trial ERP analysis as implemented
in the EEGLAB toolbox LIMO EEG to test for correlations between a range of well-studied ERPs and
symptom and trait measures of psychopathology compatible with the transdiagnostic framework the HiTOP.
Recruiting a mixed sample of 50 patients with emotional disorders undergoing 14 weeks of transdiagnostic
psychotherapy as well as 37 healthy comparison subjects matched in age and sex, we assessed longitudinal
correlations across the full psychopathology spectrum. In the following, we pragmatically follow a top-down
discourse in that we first treat results covering the HiTOP spectrum and subfactor levels. After this, we
look at ERPs which only correlated with a single or a few sub scales and therefore are of relevance to the
lowest symptom and maladaptive trait level.

The most consistent result in this study was that a reduced P3b elicited to Target stimuli in the AO paradigm
correlated with worse symptomatology. In fact, significant correlations between higher scores and reduced
P3b was found in all psychopathology measures with two exceptions: MEDI Positive temperament - where,
as expected, we found the opposite pattern - and PID36 Psychoticism. These findings were corroborated by
results from the Correct response stimulus-locked Flanker ERPs elicited to Congruent stimuli. Although not
significant at the corrected level, at 5% a reduced stimulus-locked Flanker P3b correlated with higher scores
in several of the psychopathology measures, including MEDI total score11Note that because the P3b in the
Flanker paradigm falls immediately before button press, it cannot be as reliably analysed as the P3b from
the AO paradigm due to some trials overlapping.. The P3b is thought to be an index of cognitive processes
such as context updating and memory processing (Luck & Kappenman, 2011; Polich, 2007). While P3b is
consistently reduced in chronic schizophrenia and less consistently reduced in depression, we are not aware of
studies relating P3b to specific symptoms in any of the emotional disorders included in this study (Klawohn
et al., 2020; Onitsuka et al., 2013). In schizophrenia, some studies have reported associations between a
reduced P3b and increased symptoms of cognitive deficits (Giordano et al., 2021; Kruiper et al., 2019).
Our results are in line with these findings and support that cognitive impairment is a mainstay also of the
emotional disorders. In the HiTOP, our results suggest that a reduced P3b is a marker not of subfactor or
lower symptom and trait levels but of the Internalizing spectrum as a whole. Given the above as well as
evidence of reductions also in Externalizing disorders, it can be speculated that a reduced P3b is a marker
not only of the Internalizing, but also of the Externalizing and Thought disorder spectra in the HiTOP
(Pasion & Barbosa, 2019; Patrick et al., 2006). Indeed, cognitive impairment is a symptom of most, if not
all, psychiatric disorders (Etkin et al., 2013). As such, a reduced P3b could be a marker of the general
p-factor sometimes included at the top of the HiTOP hierarchy (Levin-Aspenson et al., 2021). However,
there is some evidence of an increased P3b in OCD (Gohle et al., 2008; Mavrogiorgou et al., 2002). This
highlights the unique features of OCD in a transdiagnostic framework (see below) (Faure & Forbes, 2021).
Finally, it should be noted that cognitive impairment is not only a core symptom of psychiatric disorders,
but also a known side effect to treatment with psychotropic medication (Cowen & Sherwood, 2013; Paterniti
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et al., 1999). Even though we accounted for medication status in our analysis, 86% of the patient population
was treated with at least one psychiatric medication. Given this high proportion, we can’t be certain
that cognitive impairment, as indexed by a reduced P3b, were due to disorder or psychotropic medication.
However, a separate analysis with a model excluding medication status did not yield stronger P3b regional
effects, suggesting that medication status did not contribute to the results. Indeed, evidence indicate that
the P3b is not altered by SSRI treatment, which was the most prevalent psychotropic medication in our
sample (d’Ardhuy et al., 1999; Oranje et al., 2008-06-31; however, see Wienberg et al., 2010).

After the P3b, the second most consistent findings involved the response-locked Flanker ERPs, indexing
conflict or performance monitoring (Larson et al., 2014). Starting with the ERN, elicited to errors, we had
hypothesized than an increased ERN would correlate with higher scores, especially in the psychopathology
measures indexing different forms of anxiety and symptoms related to OCD. This was based on findings
of correlations between increases in the ERN and transdiagnostic dimensions related to OCD and anxiety,
especially Fear-based anxiety, within the Internalizing spectrum (Gorka et al., 2017; Pasion & Barbosa,
2019; Riesel et al., 2022). Contrary to this hypothesis, however, we found consistent and strong correlations
between a reduced ERN and the majority of symptom dimensions in MEDI, as well as the Anankastia,
Detachment and Negative Affect maladaptive traits in PID36. This apparent discrepancy with the literature
invites to several interpretations. First, a few studies have indeed found correlations between a reduced
ERN and Internalizing psychopathology. Tanovic et al. (2017) found associations between a reduced ERN
and symptoms of ruminations, but only when controlling for effects of anxiety. Olvet et al. (2010) found
associations between depression severity and both an increased CRN and a reduced dERN, the difference
wave between ERN and CRN. Our results therefore corroborate these results in finding correlations with
increased scores in MEDI Intrusive Cognitions and MEDI Depression, the latter for which we also found
correlations with an increased CRN as in Olvet et al. (2010) (see below). Second, owing to the nature
of linear regression models as utilized in this study, regional effects can either indicate a reduced or an
increased ERN, but not both simultaneously. Consequently, if the ‘ground truth’ is that both types of ERN
deviations correlate with higher scores, the dominant feature ‘wins’, or, alternatively, the effects cancel out
and the correlation is not significant. Perhaps this is why Seow et al. (2020) failed to find associations
between the ERN and transdiagnostic measures in a community sample. In Riesel et al. (2022), correlations
between increases in the ERN and an anxious-misery dimension was in a mixed sample across the OCD
spectrum. In that study, the patient group had a significantly increased ERN compared to the healthy
comparison group. For our present sample, we have recently shown that a sub sample based on the HiTOP
subfactor Distress - containing the ICD-10 diagnoses of Depression and GAD - had a reduced ERN at
baseline compared to healthy comparison subjects (Randau et al., 2023). In that study, the ERN of the
Fear subfactor - containing agoraphobia, OCD, PD and SAD - was not significantly different to either the
Distress or HC group. As such, our sample characteristics differs from Riesel et al. (2022) in that the group
contributing the most to the psychopathology variance is not defined by an increased ERN, but rather by a
decreased one. Third, it is established that the ERN is sensitive to not only manipulations of experimental
factors, but also to preprocessing and analysis methods (Clayson, 2020; Clayson et al., 2021; Feuerriegel
& Bode, 2022). In all paradigm-related aspects, our study closely followed established conventions in the
literature. However, we cannot rule out that a desensitizing effect across sessions took place for the patient
group, essentially decreasing the perceived threat of errors and thereby the ERN. That being said, patients
showed a reduced ERN compared to HC already at baseline and the ERN has been shown to be stable
across sessions (Olvet & Hajcak, 2009a; Randau et al., 2023). Neither can we rule out a fatigue effect
from the rather long paradigm, even though such an effect has not been demonstrated (Olvet & Hajcak,
2009b). In addition, our paradigm was not longer in duration than the one used in Riesel et al. (2022) and
divided into 10 rather than 6 blocks. Taken together, we do not find it likely that our divergent effects were
paradigm- or study design-related. While we believe that the robust single-trial analysis method utilized
in this study constitutes an improvement, we did not conduct a formal analysis comparing our methods
against traditional methods. However, we can report that applying traditional baseline subtraction methods
at intervals commonly reported in the literature (-500 to -300 and -200 to 0 ms pre-stimulus, respectively)
did not noticeably alter the group-wise grand average ERN waveforms in terms of maximum peak amplitude
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or latency. In Gorka et al. (2017) on a transdiagnostic sample, OCD was an exclusion criteria and yet
higher scores in a derived Fear dimension - but not in a Distress dimension - correlated with increases in a
residual ERN-measure, 22Defined as the ERN activity when the CRN is ’regressed out (Gorka et al., 2017)..
In our study, even though the ERN beta coefficient represents residual activity when effects of the CRN
beta coefficient (and the adjusted mean) are accounted for, we also informally tested an explicit ERN-CRN
difference contrast. However, results for this dERN was in the same direction as the ERN. Therefore, we
must conclude that when it comes to the ERN, ‘all roads lead to Rome’ in the sense that both decreases and
increases can be observed in clinical populations and that both types of deviations are associated with worse
symptomatology. In this regard, it must be noted that past studies have utilized rating scales based on a
categorical understanding of psychopathology and converted these into transdiagnostic dimensions through
factor analysis conducted on the study sample or from weights derived from previous studies. Needless to
say, into what latent dimension a given rating scale is allocated will affect the direction of correlations, if any.
While neither MEDI nor PID36 are directly derived from the HiTOP, both measures are validated in large
populations and index distinct transdiagnostic dimensions consistent with the HiTOP framework. In terms of
the HiTOP, then, as we saw for the P3b, a reduced ERN seems to be associated with worse symptomatology
across the whole Internalizing spectrum. In addition to ruminations and depressive symptoms, reductions
in the ERN have been associated with symptoms and traits belonging to the Externalizing spectrum (Hall
et al., 2007; Lutz et al., 2021; Pasion & Barbosa, 2019). However, we found no significant correlations
between the ERN and the two Externalizing traits in PID36 (Disinhibition and Antagonism). Then again,
our sample did not include Externalizing disorders. Indeed, scores for Antagonism were comparably low and
did not differ between the two groups. Finally, in the HiTOP, the placement of OCD within the Internalizing
spectrum is not fully established, with results indicating that symptoms cross-load on the Fear subfactor
within the Internalizing spectrum but also on the Thought-disorder spectrum (Faure & Forbes, 2021). As
such, we can raise the possibility that a reduced ERN is specific to the Internalizing and the Externalizing
spectra, as conceptualized in the HiTOP, while an increased ERN is a specific marker of some other construct
encompassing both anxiety symptoms contained in the Fear subfactor as well as symptoms related to the
Thought disorder spectrum. The uniqueness of OCD in terms of ERP abnormalities is also supported by
associations with an increased P3b discussed above (Gohle et al., 2008). We can conclude that more studies
are needed to understand the associations between the ERN and psychopathology, especially studies looking
to discern divergent effects in different patient populations and using validated transdiagnostic measures.

Results for the CRN, elicited to correct responses, were somewhat more specific and in the expected direction.
Firstly, we can corroborate results from Riesel et al. (2022) in finding correlations between an increased CRN
and PID36 Anankastia. PID36 Anankastia must be considered to capture much of the same psychopathology
as the dimensions Compulsiveness and Personal standards examined in Riesel et al. (2022). In addition,
we can corroborate results from Olvet et al. (2010) in finding correlations between an increased CRN and
depressive symptoms as indexed by MEDI Depression. Indeed, we find that increased CRN correlates strongly
with transdiagnostic dimensions which can be considered to load unto the HiTOP Distress subfactor (MEDI
Depression and PID36 Negative Affect, but also PID36 Detachment33We note that Detachment is in itself
a spectrum in the HiTOP.), whereas it correlates more weakly or not at all with Fear subfactor dimensions,
e.g., MEDI Autonomic Arousal, Neurotic Temperament, Social Anxiety44Here, correlations were present but
considerably weaker than for MEDI Depression and PID36 Negative Affect., Somatic Anxiety and PID36
Avoidance. As such, we find some evidence of an increased CRN as a marker of symptoms and traits in the
HiTOP Distress subfactor. At first sight, this contradicts the results from our above-mentioned study, where
the Distress subfactor - containing patients with a primary ICD-10 diagnosis of depression and GAD - had a
significantlyreduced CRN compared to healthy comparison subjects (Randau et al., 2023). However, group-
level differences between HiTOP subfactors based on primary ICD-10 diagnosis do not necessarily translate
to correlations with transdiagnostic symptomatology. While the above-mentioned Distress dimensions must
be considered to be a core part of both ICD-10 Depression and GAD, both HCs as well as patients with
disorders which would be allocated to the Fear subfactor contributed to the correlations. Therefore, it is not
a contradiction to state that categorical diagnoses associated with Distress show a reduced CRN compared
to healthy comparison subjects, but when considering the full spectrum of psychopathology, an increased
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CRN correlates with dimensions which primarily load unto the Distress subfactor. It is likely that other
factors which are common to Distress disorders and not captured by our psychopathology measures, such as
cognitive impairment, influence to reduce the CRN. Some evidence of a negative (reduced) effect of cognitive
impairment on the response-locked Flanker ERPs exist (Eppinger et al., 2008; Simó et al., 2018; Swainston
et al., 2021).

ERN and CRN are followed by the Pe and Pc, which are believed to index the conscious awareness of
correct and error responses, respectively (Overbeek et al., 2005; Wessel, 2012). In the main analysis, only
correlations between a reduced Pe and MEDI total survived the corrected level of 0.1%. Post-hoc , a reduced
Pe correlated strongly with increased scores in MEDI Avoidance and Social Anxiety and more weakly with
Autonomic Arousal, Intrusive Cognitions and Somatic Anxiety. Even though PID36 total scores did not
survive the main analysis, a look at the sub scales reveals significant but considerably weaker correlations
with Anankastia, Disinhibition, Negative Affect and Psychoticism. Given this, and the absence of strong
correlations with Distress subfactor dimensions and traits, it is possible that a reduced Pe is a marker of
the HiTOP Fear subfactor rather than of the whole Internalizing spectrum. Again, OCD would not fit well
into Fear in having an increased Pe compared to healthy comparison subjects (Bellato et al., 2021). As for
Pc, correlations with MEDI and PID36 total scores were not significant in the main analysis. Post-hoc , we
find quite specifically that a reduced Pe correlates only with increased scores in PID36 Negative Affect. This
speaks for the specificity of the Correct response-locked Flanker ERPs in that both CRN and Pc correlate
with Distress symptoms, the latter perhaps at the lowest symptom and trait level.

Having discussed the major results spanning HiTOP spectra and subfactor levels, we now turn to more
specific sub scale results representing effects at the symptom and maladaptive trait level. It should be noted
that the following results were not tested at the main analysis corrected level of 0.1% but at the more
conventional 5%. Speaking for their specificity, neither of the MMN measures (with the exception of cMMN
with LPFS) nor the Novelty P300 elicited to Distractor stimuli in the AO paradigm or the stimulus-locked
Flanker N2 yielded significant, strong correlations with any of the four major psychopathology measures
(K10, LPFS, MEDI and PID36) at either level.

The Novelty P300 is rightfully distinguished from the more typical P3a elicited to deviant stimuli in the
Unattended oddball paradigm (Polich, 2007). Perhaps due to some confusion in the literature, we are not
aware of studies examining correlations between the Novelty P300 and measures of psychopathology. We
find, quite specifically, that a reduced Novelty P300 at Fz, FCz and Cz correlates with increased scores in
PID36 Negative Affect. For MEDI Depression, a reduced Novelty P300 correlates with higher scores, but
weaker and more posterior at CPz and Pz. We note that this effect of central versus posterior effects might
to some extent be due to correlations with latency in addition to amplitude. Nevertheless, PID36 Negative
Affect and MEDI Depression can be considered to index roughly similar symptom and trait level dimensions.
As such, given the absence of other correlations, we can postulate that a reduced Novelty P300 is a marker
of a negative affect dimension at the lowest level of the HiTOP hierarchy, or alternatively, of the Distress
subfactor.

For LPFS at the main analysis level, increases in the latter part of the cMMN as well as in the followi-
ng combined deviant dP3a correlated with higher scores. This curiously indicates an association between
MMN/dP3a and measures of personality functioning or maladaptive traits. MMN is an index of pre-attentive
auditory processing and is reduced in chronic schizophrenia. However, studies examining the role of MMN in
personality disorders and associated symptoms are, to our knowledge, rare or inconclusive. Increases in MMN
have been associated with schizotypal and antisocial personality disorders as well as with treatment-resistant
depression when controlling for comorbid borderline personality disorder (He et al., 2010; Liu et al., 2007).
Given this potential connection between MMN and the personality disorders, it is interesting to have a look
at the PID36 sub scales. Here, increased MMN correlated with Detachment, Disinhibition and more weakly
with Psychoticism and Anankastia. Decreased MMN correlated with Antagonism and Negative Affect, the
latter consistent with reduced MMN in depression (Tseng et al., 2021). These results stand in an interesting
contrast to results for the MEDI sub scales, where the only significant correlation was between increased

18



P
os

te
d

on
26

S
ep

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

56
90

15
.5

07
79

57
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

MMN and Social Anxiety. Taken together, we find compelling evidence of MMN being a quite specific marker
of maladaptive personality traits loading unto the Internalizing (Detachment, Negative Affect), Externalizing
(Antagonism, Disinhibition) and Thought-disorder (Psychoticism) spectra in the HiTOP. Such a specificity
was not seen in the following dP3a, which, even though an increased dP3a correlated with LPFS, was equal-
ly related to both MEDI and PID36 sub scales. Curiously, dP3a was most strongly associated with with
MEDI Avoidance and PID36 Antagonism where a decreased dP3a correlated with higher scores. However,
we believe it is beyond the scope of this paper to discuss similarities between these two measures.

The last ERPs we consider in this discussion are the stimulus-locked Flanker N2s elicited to correct response
to congruent and incongruent stimuli, respectively. Like the CRN and the ERN, the Flanker N2 is an index
of conflict monitoring and cognitive control (Larson et al., 2014). First, we note that only the Flanker N2
elicited to congruent stimuli yielded strong correlations. Second, while both the CRN and the ERN correlated
with maladaptive traits as indexed by LPFS and PID36, as well as with symptom dimensions as indexed
by K10 and MEDI total score, the Flanker N2 correlated only with a few sub scales in MEDI. Specifically,
a reduced Flanker N2 correlated with higher scores in Intrusive Cognitions and Traumatic Re-experiencing.
Even though the dimensions in MEDI are distinct and validated, these two sub scales must be considered to
capture closely related psychopathology. As such, we can postulate that a reduced Flanker N2 to congruent
stimuli is a marker of a single or a few specific symptom dimensions at the lowest level of the HiTOP
hierarchy. However, it is unclear to us to what extent Intrusive Cognitions and Traumatic Re-experiencing
loads unto the Internalizing and Thought-disorder spectra (Kotov et al., 2020). We also saw that an increased
Flanker N2 to congruent stimuli correlated with increased scores in MEDI Neurotic Temperament, a core
part of the Internalizing spectrum (Watson et al., 2022).

Our study has several limitations. First, our setup did not allow us to infer to what extent treatment and
group influenced the correlations. As such, we cannot rule out that our results are driven by correlations
which are the strongest in, e.g., patients at baseline. Second, while we believe that we controlled for false
positives with the conservative level in the main analysis, we did not define how large a significant region
shall be for it to be considered a true correlation. Add to this that we found several significant effects at
regions not corresponding to traditional ERP evaluation windows and channels. Rather than considering
only the strongest correlations clearly corresponding to traditional ERPs, we opted to describe all significant
regions above some arbitrary visual threshold and to quantify these correlations in terms of strong or weak.
It is likely that with more data, some of these regions would either become larger or vanish.

To our knowledge, this is the first comprehensive examination of the associations between ERPs and trans-
diagnostic psychopathology. The ERPs included in the study are easily measured in a clinical setting and
index pre-attentive auditory processing, cognition and performance monitoring. Some ERPs, e.g., the MMN,
appear to be exclusively related to maladaptive personality traits at the lowest level of the hierarchy, whereas
others, e.g., the P3b, cut across and are related to entire spectra or even the general p-factor. The ERN
remains elusive in that we found solid evidence of a reduced ERN correlating with higher scores at the
spectrum level. Conversely, increases in the CRN correlated with worse symptomatology at the subfactor
level, results which are in line with the literature. In showing that abnormalities in such basic brain processes
are associated with transdiagnostic symptoms and traits at several levels of the HiTOP hierarchy we have
taken yet another small step toward biomarkers in psychiatry. We have also shown the advantages of utilizing
a consistent framework such as the HiTOP, which allowed us to pinpoint associations between ERPs and
diagnostic measures to specific levels in the hierarchy. While we did not directly compare our results against
traditional ERP methods, we can state that robust single-trial ERP analysis as implemented in LIMO EEG
is an excellent tool for a pragmatic analysis of ERP features across channels and time frames. In future steps,
after replication, machine learning and related advanced method would be obvious candidates in translating
ERP features into transdiagnostic symptom profiles at the subject level (Nielsen et al., 2020).
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Tables

Attended oddball Flanker Unattended oddball

Trials 1500 in 5 blocks 480 in 10 blocks 1800 in 6 blocks
ISI 650 to 850 1750 to 2250 450 to 550
Baseline -200 to 0 -200 to 0 -100 to 0
Epoch range -200 to 800 -500 to 1000 -100 to 500

stimulus-locked response- and stimulus locked stimulus-locked
LIMO analysis window -200 to 700 -200 to 500 r.l. -100 to 500

-200 to 800 s.l.
LIMO model Target stimulus Correct response, r.l. Combined d.w.

Distractor stimulus Error response, r.l. Duration d.w.
Standard stimulus Congr. stim. w. c. r., s.l. Frequency d.w.

Incongr. stim. w. c. r., s.l.
Traditional ERP N1, P2, N2 CRN, Pc MMN x 3

Novelty P300, P3b ERN, Pe dP3a x 3
Congr. N2
Incongr. N2

Abbreviations: Congr., Congruent; Incongr., Incongruent; r.l., response-locked; s.l., stimulus-locked; w.c.r., with correct response; d.w., difference wave in that the beta coefficient to standard stimulus is subtracted. Abbreviations: Congr., Congruent; Incongr., Incongruent; r.l., response-locked; s.l., stimulus-locked; w.c.r., with correct response; d.w., difference wave in that the beta coefficient to standard stimulus is subtracted. Abbreviations: Congr., Congruent; Incongr., Incongruent; r.l., response-locked; s.l., stimulus-locked; w.c.r., with correct response; d.w., difference wave in that the beta coefficient to standard stimulus is subtracted. Abbreviations: Congr., Congruent; Incongr., Incongruent; r.l., response-locked; s.l., stimulus-locked; w.c.r., with correct response; d.w., difference wave in that the beta coefficient to standard stimulus is subtracted.
Note: all measures in miliseconds (ms). Also note that the d in dP3a denotes a difference wave. Note: all measures in miliseconds (ms). Also note that the d in dP3a denotes a difference wave. Note: all measures in miliseconds (ms). Also note that the d in dP3a denotes a difference wave. Note: all measures in miliseconds (ms). Also note that the d in dP3a denotes a difference wave.

Table 1: Paradigm and ERP overview

HC Patient p

Female/Male (%) 25 (67.6) 35 (70.0) 0.994
12 (32.4) 15 (30.0)

Age 38.5 (13.2) 34.5 (11.2) 0.125
Attended oddball
RT Target stimuli 403.9 (47.3) 432.1 (51.0) 0.010
Flanker
Correct trials 429.3 (38.1) 431.1 (63.7) 0.877
Error trials 53.6 (24.3) 47.4 (30.4) 0.306
RT Correct trials 406.3 (52.8) 445.7 (64.2) 0.003
RT Error trials 315.6 (40.2) 353.1 (60.4) 0.002
All measures except Sex reported as mean (standard deviation) All measures except Sex reported as mean (standard deviation) All measures except Sex reported as mean (standard deviation) All measures except Sex reported as mean (standard deviation)
Abbreviations: RT, reaction time in miliseconds (ms) Abbreviations: RT, reaction time in miliseconds (ms) Abbreviations: RT, reaction time in miliseconds (ms) Abbreviations: RT, reaction time in miliseconds (ms)

Table 2: Demographics and behavioural measures at baseline

Omega HC Patient p

K10 0.94 14.5 (4.4) 28.3 (8.2) <0.001
LPFS 0.90 17.6 (5.6) 27.0 (6.7) <0.001
MEDI 0.92 19.8 (45.9) 145.8 (51.3) <0.001
Autonomic Arousal 0.80 4.6 (5.8) 18.2 (8.3) <0.001
Avoidance 0.92 10.1 (9.7) 32.1 (12.8) <0.001
Depression 0.88 3.9 (5.9) 20.5 (10.3) <0.001
Intrusive Cognitions 0.88 3.8 (4.9) 20.6 (10.2) <0.001
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Omega HC Patient p

Neurotic Temperament 0.83 8.4 (7.0) 24.5 (8.0) <0.001
Positive Temperament 0.88 27.4 (7.3) 19.9 (7.5) <0.001
Social Anxiety 0.93 8.6 (9.7) 19.4 (11.2) <0.001
Somatic Anxiety 0.87 4.2 (6.2) 15.5 (9.9) <0.001
Traumatic Re-experiencing 0.90 3.7 (5.4) 14.9 (9.1) <0.001
PID36 0.77 17.6 (13.0) 33.5 (13.0) <0.001
Anankastia 0.88 4.9 (4.3) 7.9 (4.5) 0.002
Antagonism 0.77 2.5 (2.9) 2.3 (2.4) 0.779
Detachment 0.78 3.1 (3.3) 5.4 (3.8) 0.003
Disinhibition 0.73 2.4 (2.5) 5.1 (3.2) <0.001
Negative Affect 0.86 2.8 (3.1) 8.9 (4.2) <0.001
Psychoticism 0.73 1.9 (2.0) 3.8 (3.3) 0.001

Table 3: Self-report questionnaire internal consistency and group comparison at baseline

Week 10 Week 10 Week 14 Week 14

Beta (95% CI) Beta (95% CI) Beta (95% CI) Beta (95% CI)
K10 -4.90*** (-7.01, -2.78) -4.95*** (-7.02, -2.88)
LPFS -2.07* (-4.02, -0.12) -2.84** (-4.76, -0.93)
MEDI -28.53*** (-42.85, -14.21) -33.97*** (-47.99, -19.95)
Autonomic Arousal -2.03 (-4.26, 0.20) -2.21* (-4.39, -0.03)
Avoidance -5.15** (-8.62, -1.68) -6.54*** (-9.94, -3.14)
Depression -5.68*** (-8.26, -3.10) -7.18*** (-9.71, -4.66)
Intrusive Cognitions -4.58** (-7.46, -1.70) -5.21*** (-8.03, -2.39)
Neurotic Temperament -2.06 (-4.17, 0.04) -3.78*** (-5.83, -1.72)
Positive Temperament 2.64* (0.47, 4.80) 0.37 (-1.75, 2.49)
Social Anxiety -1.81 (-4.14, 0.52) -3.55** (-5.82, -1.27)
Somatic Anxiety -2.99** (-5.03, -0.96) -3.07** (-5.06, -1.08)
Traumatic Re-experiencing -1.56 (-4.26, 1.13) -2.02 (-4.65, 0.62)
PID36 -1.07 (-4.26, 2.13) -1.68 (-4.81, 1.44)
Anankastia 0.01 (-0.88, 0.89) -0.30 (-1.16, 0.57)
Antagonism -3 (-0.62, 0.61) 0.01 (-0.59, 0.61)
Detachment -0.87 (-1.78, 0.05) -1.36** (-2.25, -0.46)
Disinhibition 0.64 (-0.15, 1.44) 0.36 (-0.42, 1.13)
Negative Affect -0.57 (-1.65, 0.51) -0.49 (-1.54, 0.57)
Psychoticism -0.21 (-0.97, 0.54) 0.13 (-0.60, 0.87)
p < .05; ** p < .01; *** p < .001 * p < .05; ** p < .01; *** p < .001 * p < .05; ** p < .01; *** p < .001 * p < .05; ** p < .01; *** p < .001 * p < .05; ** p < .01; *** p < .001

Table 4: Regression coefficients for psychopathology measures at weeks 10 and 14
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Figures

Figure 1: Attended oddball grand average ERP waveforms at traditional evaluation channels FCz and Pz
computed as the 20% trimmed mean of the mean subject-level single-trial ERP data. Shaded areas denote
the 95% Bayesian Highest Density Interval (HDI). Typical ERP components are marked.

Figure 2: Response-locked Flanker grand average ERP waveforms at traditional evaluation channel FCz
computed as the 20% trimmed mean of the mean subject-level single-trial ERP data. Shaded areas denote
the 95% Bayesian Highest Density Interval (HDI). Typical ERP components are marked.
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Figure 3: Stimulus-locked Flanker grand average ERP waveforms at traditional evaluation channel FCz
computed as the 20% trimmed mean of the mean subject-level single-trial ERP data. Shaded areas denote
the 95% Bayesian Highest Density Interval (HDI). Typical ERP components are marked.

Figure 4: Unattended oddball grand average ERP difference waveforms at traditional evaluation channel
FCz computed as the difference between the 20% trimmed mean of the mean subject-level single-trial ERP to
standard and deviant stimuli, respectively. Shaded areas denote the 95% Bayesian Highest Density Interval
(HDI). Typical ERP components are marked. Note that the d in dP3a denotes a difference wave ERP
component. As such, each type of MMN is followed by a corresponding dP3a.

Figure 5: Beta coefficient time courses at FCz corresponding to stimuli in each paradigm for both groups
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concatenated. Top left: Attended oddball; top right: Response-locked Flanker; bottom left: Stimulus-locked
Flanker; bottom right: Unattended oddball. Shaded areas denote the 95% Bayesian Highest Density Interval
(HDI). Note that the cMMN, dMMN and fMMN beta coefficients are difference contrasts between deviant
and standard stimuli beta coefficients. A.U., Arbitrary units.

Figure 6: Results for K10 showing correlations with ERP components as heat maps indicating significant
regions after correction for multiple comparisons using threshold-free cluster-enhancement at an alpha level
og 0.1%. Subplot title indicates LIMO model corresponding to conditions in the respective paradigms.
Shaded regions indicate traditional ERP component evaluation windows.
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Figure 7: Time courses for Target stimulus and adjusted mean betas at Pz where correlation analysis with
K10 revealed a significant region. Shaded areas denote the 95% Bayesian Highest Density Interval (HDI).
Note that groups are concatenated in the beta time course plot. A.U., Arbitrary units.

Figure 8: Group-wise standard stimulus grand average (left) and time courses for Standard stimulus and
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adjusted mean betas (right) at Pz where correlation analysis with K10 revealed a significant region. Shaded
areas denote the 95% Bayesian Highest Density Interval (HDI). Note that groups are concatenated in the
beta time course plot. A.U., Arbitrary units.

Figure 9: Results for LPFS showing correlations with ERP components as heat maps indicating significant
regions after correction for multiple comparisons using threshold-free cluster-enhancement at an alpha level
og 0.1%. Subplot title indicates LIMO model corresponding to conditions in the respective paradigms.
Shaded regions indicate traditional ERP component evaluation windows.
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Figure 10: Results for MEDI total score showing correlations with ERP components as heat maps indicating
significant regions after correction for multiple comparisons using threshold-free cluster-enhancement at an
alpha level og 0.1%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure 11: Results for PID36 total score showing correlations with ERP components as heat maps indicating
significant regions after correction for multiple comparisons using threshold-free cluster-enhancement at an
alpha level og 0.1%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Supplementary materials

Figure S1: Post-hoc results for K10 showing correlations with ERP components as heat maps indicating
significant regions after correction for multiple comparisons using threshold-free cluster-enhancement at
an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S2: Post-hoc results for LPFS showing correlations with ERP components as heat maps indicating
significant regions after correction for multiple comparisons using threshold-free cluster-enhancement at
an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S3: Post-hoc results for MEDI Autonomic Arousal showing correlations with ERP components as
heat maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S4: Post-hoc results for MEDI Avoidance showing correlations with ERP components as heat maps in-
dicating significant regions after correction for multiple comparisons using threshold-free cluster-enhancement
at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S5: Post-hoc results for MEDI Depression showing correlations with ERP components as heat maps in-
dicating significant regions after correction for multiple comparisons using threshold-free cluster-enhancement
at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S6: Post-hoc results for MEDI Intrusive Cognitions showing correlations with ERP components as
heat maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S7: Post-hoc results for MEDI Neurotic Temperament showing correlations with ERP components as
heat maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S8: Post-hoc results for MEDI Positive Temperament showing correlations with ERP components as
heat maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S9: Post-hoc results for MEDI Social Anxiety showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S10: Post-hoc results for MEDI Somatic Anxiety showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S11: Post-hoc results for MEDI total showing correlations with ERP components as heat maps indi-
cating significant regions after correction for multiple comparisons using threshold-free cluster-enhancement
at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S12: Post-hoc results for MEDI Tramatic Re-experiencing showing correlations with ERP components
as heat maps indicating significant regions after correction for multiple comparisons using threshold-free
cluster-enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions
in the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S13: Post-hoc results for PID36 Anankastia showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S14: Post-hoc results for PID36 Antagonism showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S15: Post-hoc results for PID36 Detachment showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S16: Post-hoc results for PID36 Disinhibition showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S17: Post-hoc results for PID36 Negative Affect showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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Figure S18: Post-hoc results for PID36 Psychoticism showing correlations with ERP components as heat
maps indicating significant regions after correction for multiple comparisons using threshold-free cluster-
enhancement at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in
the respective paradigms. Shaded regions indicate traditional ERP component evaluation windows.

Figure S19: Post-hoc results for PID36 total showing correlations with ERP components as heat maps indi-
cating significant regions after correction for multiple comparisons using threshold-free cluster-enhancement
at an alpha level og 5%. Subplot title indicates LIMO model corresponding to conditions in the respective
paradigms. Shaded regions indicate traditional ERP component evaluation windows.
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