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ABSTRACT

Attention Deficit Hyperactivity Disorder (ADHD) isassociated with poor self-control,
underpinned by inferior fronto-striatal deficits. eA\showed previously that 18 ADHD
adolescents over 11 runs of 8.5 minutes of readtifunctional magnetic resonance
neurofeedback of the right inferior frontal cori@hC) progressively increased activation in
2 regions of the rIFC which was associated witlmicél symptom improvement. In this
study, we used functional connectivity analysegwestigate whether fMRI-Neurofeedback

of rIFC resulted in dynamic functional connectivityanges in underlyingeural networks.

Whole-brain seed-based functional connectivity yse8 were conducted using the two
clusters showing progressively increased activahai=C as seed regions to test for changes
in functional connectivity before and after 11 fMRéurofeedback runs. Furthermore, we
tested whether the resulting functional connegtidihanges were associated with clinical
symptom improvements and whether they were spewfitMRI-Neurofeedback of rIFC

when compared to a control group who had to sejfdege another region.

rlFC showed increased positive functional conndgtiafter relative to before fMRI-
Neurofeedback with dorsal caudate and anteriorutaitg and increased negative functional
connectivity with regions of the default mode netkv(OMN) such as posterior cingulate and
precuneus. Furthermore, the functional connectigltgnges were correlated with clinical
improvements and the functional connectivity andaation findings were specific to the

riIFC-Neurofeedback group.

The findings show for the first time that fMRI-Nefieedback of a typically dysfunctional

frontal region in ADHD adolescents leads to strBeging within fronto-cingulo-striatal



networks and to weakening of functional connedtiwith posterior DMN regions and that

this may be underlying clinical improvement.

Key words: ADHD, functional connectivity, fMRI-NeurofeedbadRefault mode network

(DMN); cognitive control network; Inferior frontalortex.

1 INTRODUCTION

Attention Deficit Hyperactivity Disorder (ADHD) ia highly prevalent (around 7%
prevalence worldwide) and male-predominant (4:1)dblbod disorder of age-inappropriate
problems with inattention, impulsiveness, and hgpgvity, that persists into adulthood in
most cases (Thomas et al., 2015). Psychostimulaatication, the gold-standard treatment
for ADHD, is associated with significant symptompravements in about 70% of patients
(Stevens et al., 2013). While superior to behadbtreatments after 14 months, longer-term
efficacy of medication has not been demonstratati{Cet al., 2016; Molina et al., 2009)
which may be related to evidence for dopaminergainbadaptation to psychostimulant
medication (Fusar-Poli et al.,, 2012; Wang et a013). Other limitations include adverse
effects, restricted use for certain comorbid coodg, potential for abuse and diversion,
unknown longer-term brain effects, and limited ctiare in adolescence. Therefore, non-
pharmacological treatments such as diets, behaliourcognitive training are preferred, but

have shown limited efficacy (Sonuga-Barke et £13).

Brain-based therapies such as real time fMRI-neadiback (fMRI-Neurofeedback)
can target the key underlying neurofunctional defi;m ADHD and are therefore promising
(Rubia, 2018a). fMRI-Neurofeedback is based on amerconditioning and teaches

participants to self-regulate blood-oxygen levgbeledent (BOLD) response in specific brain



regions based on real-time feedback of their ba&itivation which can be gamified in an

attractive and engaging way for children.

The advantages of fMRI-Neurofeedback are no knowle effects and potential
longer-term neuroplastic effects. Electrophysiatagineurofeedback (EEG-Neurofeedback)
in ADHD, which targets abnormal EEG biomarkers, imafact shown longer-term effects of
up to 2 years (Gevensleben et al., 2010; van Derah, 2018, Strehl et al., 2006). However,
recent meta-analyses and reviews of randomizedailmut trials of EEG-Neurofeedback of
“probably” blinded raters show only trend-level immpements (Holtmann et al., 2014;
Thibault and Raz, 2017). Neurofeedback using fMB$ Iseveral advantages over EEG-
Neurofeedback. Due to its superior spatial resotutit can target key neurofunctional
biomarkers established over the last 2 decadeliBf fesearch, such as the inferior frontal
cortex or the basal ganglia, which cannot diretté reached with EEG-Neurofeedback
(Rubia, 2018a). Although more costly per sessielf;regulation is typically achieved much
faster than with EEG-Neurofeedback, where in ADipidally 30-40 hourly runs of 50 min
are used (Arns et al., 2009). Healthy adults c#irregulate specific brain activity in 4 runs
of 8 minutes within one fMRI session (Lawrence let 2014; Rota et al., 2009) and in our
fMRI-Neurofeedback study we showed that ADHD adoéeds can learn to enhance specific
brain activity on average in 8 runs of 8.5 minuf{@ddegria et al., 2017), which is a
substantially faster self-regulation than that acbd with EEG-Neurofeedback. Last, a key
advantage of fMRI-Neurofeedback over EEG-Neurofeellbis that it allows the
investigation of the effects of self-regulationabépecific region on entire brain networks by
using functional connectivity analyses (Emmertlet2916; Thibault et al., 2015; Thibault et

al., 2016; Thibault et al., 2017).

Despite very promising effects of fMRI-Neurofeedkat other disorders (Thibault et

al., 2017), only two studies have tested fMRI-Néeedback in ADHD. A pilot study in 7



adults with ADHD tested fMRI-Neurofeedback of thershl anterior cingulate cortex over 4
hourly MRI sessions while performing a mental ckltion task expected to increase dorsal
anterior cingulate cortex activation, compared t&0HD adults who did not receive fMRI-
Neurofeedback. The study found that although botums showed similar dorsal anterior
cingulate cortex activation increases during tragnand transfer runs, ADHD symptoms
were not improved in either group. However, thavactbut not the control group, showed
performance improvements in sustained attentionvamdking memory (Zilverstand et al.,
2017). The second study, from our lab, tested fMlRlrofeedback in 31 ADHD adolescents
in a randomised controlled trial where the actigegét group (N = 18) had to learn to
upregulate the rIFC, while the control group (N3) bhad to upregulate a control region, the
left parahippocampal gyrus (IPHG) in 11 runs of & of fMRI-Neurofeedback over 4
hourly scans over 2 weeks using a rocket movieedldack (Alegria et al., 2017). The fMRI
data showed significantly enhanced linear activaiiccrease in two regions of the rIFC
across all 11 sessions in the rIFC-Neurofeedbdeitive to the control group and enhanced
linear activation increase in 3 regions of the IPkGthe control relative to the rIFC-
Neurofeedback group. Only the rIFC-Neurofeedbaabugy however, showed significant
transfer effects (increased activation in the targgion when no feedback was provided
which is considered a proxy for transfer of learrsadf-regulation to daily-life), which
furthermore were significantly associated with auaion of clinical ADHD symptoms.
Although both groups improved significantly in thienical ADHD severity measure, only in
the rIFC-Neurofeedback group they were correlateth whe brain changes, thus
demonstrating brain-behaviour associations, argaigainst a mere placebo effect. Effect
sizes were medium (0.6) at post-assessment for pothps, but large in the rIFC-
Neurofeedback group (almost 1) at 11 months follgpwwith a 26% reduction in ADHD

symptoms relative to only trend-level significantedium effect size changes of 16%



symptom reduction in the control group, suggesiongger-term and potentially delayed
consolidation effects of fMRI-Neurofeedback of rIR€ the active group (Alegria et al.,
2017). In addition, only the rIFC-Neurofeedback uroshowed trend-level improved
sustained attention performance and increaseditahylbrain activation during a stop task
relative to the control group. Although we cannaterout placebo effects, the rIFC-
Neurofeedback treatment had several advantagestoweontrol treatment, such as stronger
brain-behaviour correlations, exclusive transfdeas, exclusive cognitive improvements,
stronger longer-term effects, and exclusive braitivation benefits in the fMRI stop task

relative to the control group.

As mentioned above, a main advantage of fMRI-Naedback is the possibility to
investigate the effects of Neurofeedback of a g$jgebrain region on the activation of the

entire brain and on dynamic functional neural nekso

In the secondary analysis we report here, we wargcplarly interested in exploring
the mechanism of action of self-regulation of rlix@h fMRI-Neurofeedback in ADHD on
underlying dynamicneural networks. For this purpose, we conducted seed-based whole
brain functional connectivity analyses on the daten the rIFC-Neurofeedback group (who
had to enhance activity in rIFC). We aimed to telsether rIFC self-regulation is associated
with increased or decreased functional connectwity other regions of the brain. Several
fMRI-Neurofeedback studies have shown that thenimgi of self-regulation of specific
frontal regions leads to the co-activation and eased functional connectivity with other
interconnected regions (Hui et al., 2014; Papcettsil., 2018; Rota et al., 2009; Sarkhelil et
al., 2015; Sepulveda et al., 2016; Zhang et all5a} for review see (Thibault et al., 2017).
Given that the rIFC is a cognitive control hub megimediating functions compromised in
ADHD, such as cognitive control and attention (Haigidet al., 2015; Kim, 2014; Radua et

al., 2014) and is part of the cognitive controlwatk (Arnsten and Rubia, 2012; Beckmann



et al., 2005; Damoiseaux and Greicius, 2009; Hd.eP009; Moussa et al., 2012; Sripada et
al., 2014b), we hypothesised that self-upregulatibthe rIFC in ADHD patients would be
associated with enhanced functional connectivityhef riIFC with other areas that form part
of the cognitive control network, such as the doimaterior cingulate cortex, the pre-
supplementary motor area and the basal ganglias{@mnand Rubia, 2012; Guo et al., 2018;

He et al., 2009, Niendam et al., 2012).

Furthermore, based on consistent evidence thadiieation of task-positive regions,
in particular cognitive control hub regions such the rIFC, is associated with the
deactivation and hence anti-correlated with adtvatn DMN regions (Broyd et al., 2009;
Fox et al., 2005; Raichle, 2015; Raichle et alQ205ripada et al., 2014a), we hypothesised
that rIFC upregulation through fMRI-Neurofeedbackuhd be associated with increased
deactivation and hence decreased functional comrtgatith regions of the DMN such as
ventromedial frontal cortex, posterior cingulateequneus and inferior temporo-parietal
regions (Broyd et al., 2009; Fox et al., 2005; Rec2015; Raichle et al., 2001; Sripada et
al., 2014a). Meta-analyses of fMRI studies of ctigeicontrol have shown that ADHD is
associated most consistently with poor activatiercognitive control regions such as the
rlFC, basal ganglia, anterior cingulate cortex #m supplementary motor area (Hart et al.,
2013; Norman et al., 2016) as well as with poorctieation of DMN regions such as the
ventral anterior cingulate cortex and posteriogalate and precuneus during cognitive tasks
(Rubia 2018a,b; Christakou et al., 2013; Fassbertlal., 2009; Hart et al., 2012, 2013;
Salavert et al., 2015), which were furthermore iicgmtly anti-correlated with poor fronto-
striatal activation (Christakou et al., 2013). Annectomic study of a large multi-site resting
state dataset (ADHD200) in 7 to 21 year olds, femttore found an age by ADHD severity
interaction in 133 ADHD patients relative to 288altley controls, suggesting that ADHD

patients have a maturational lag in the connegtiwvithin the ventral attention network, the



fronto-parietal cognitive control network, and tBb®N, as well as in the anti-correlation

between these task-positive networks and the DMN (Sripatlale 2014a). Functional

connectivity deficits furthermore have been foundeveral other neural networks in relation
to ADHD such as motor, saliency, cerebellar andarevbased networks (Castellanos &
Aoki, 2018, O’Halloran et al., 2016, Rosenberg let 2016). It has been argued, therefore,
that ADHD patients have less control over theieriateptive attention orientation and mind-
wandering, which intrudes more into their alreadyaw exteroceptive attention and cognitive
control processes, likely causing enhanced inatterand impulsiveness. This immature
pattern of poor activation of task-relevant netvgodnd of decreased deactivation of the
DMN is furthermore likely underlying the poor pemfieance in ADHD patients on attention-

demanding higher-level cognitive control tasks (RuB018a;b; Rubia et al., 2014a).

As a consequence, we hypothesised that the traofitige progressive upregulation
of the right IFC in ADHD adolescents with fMRI-Nafeedback would result in both
positive and negative functional connectivity chesgvith task-positive and task-negative
networks, respectively. Specifically, we hypothedighat 1) fMRI-Neurofeedback of rIFC
would lead to enhanced functional connectivity raftelative to before Neurofeedback
training between rIFC and other areas of the cognitontrol network that are typically
underactivated in ADHD such as the dorsal caudhé&dorsal anterior cingulate cortex and
the pre-supplementary motor area (Hart et al., 20k8man et al.,, 2016, Niendam et al.,
2012); and 2) that rIFC upregulation would be amged with decreased functional
connectivity between the rIFC and areas of the D8ish as posterior cingulate, precuneus,

inferior temporo-parietal regions and ventromegrafrontal cortex.

Furthermore, we hypothesised that the increasetiyBoginctional connectivity post-
treatment between the rIFC and striatal and amteiitgulate cortex/supplementary motor

area regions, and the reduced functional connéctrétween the rIFC and areas of the DMN
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would be associated with a reduction in ADHD symmsoand be specific to the fMRI-
Neurofeedback group that had to enhance the rik@iwve to the control group that had to

self-upregulate the IPHG.

2 MATERIAL AND METHODS

The experimental design has been previously destiib (Alegria et al., 2017). The
original study was a randomized controlled trigtiteg the efficacy of fMRI-Neurofeedback
of rIFC in 18 ADHD adolescents compared to a grotit3 ADHD adolescents who had to

enhance another control region, the left parahigpgal gyrus.

In the current study, we were particularly inteeesin the effects of rIFC self-
regulation training in ADHD on functional connedtywwith other brain networks. For this
purpose, the rIFC-Neurofeedback group is the magud of the study. However, to assess
specificity of the functional connectivity findingsn the rIFC-Neurofeedback group,
functional connectivity changes in the control groare also reported in the text and

supplement.

2.1 Participants

Eighteen right-handed (Oldfield, 1971) boys (12yEars old; mean (SD) = 14 (2))
were recruited from South London clinics. Theyrakt the clinical DSM-5 criteria for the
diagnosis of ADHD, combined hyperactive/impulsived dnattentive (N=16) or inattentive
(N=2) subtypes, as assessed by an experienced mylchiatrist and confirmed with the
Schedule of Affective Disorders and Schizophremn $chool-Age Children-Present and

Lifetime version (K-SADS-PL) (Kaufman et al., 1996)hey also scored above clinical
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ADHD threshold on the Conners’ Parent Rating S¢GIERS-R), a parent rated index of
ADHD severity (Conners et al., 1998). The Sociah@munication Questionnaire (Rutter et
al., 2003) screened for autism spectrum disordes®. boys met/exceeded the cut-off score
of 15, but a possible autism spectrum condition mied out by clinical interview. General

functioning and symptom severity were assessed thigh Children’s Global Assessment

Scale (Shaffer et al., 1983).

13 control ADHD patients (mean age (SD) = 14 (2¢revrecruited and assessed in
the same way, meeting DSM-5 criteria for the diamoof ADHD, combined

hyperactive/impulsive and inattentive (N=11) ortieative (N=2) subtypes.

Exclusion criteria for all were 1Q<80 (Wechsler,989 alcohol or substance abuse,
neurological or comorbid psychiatric disorders,eptdor disruptive behaviour disorder, and
MRI contraindications. Fifteen boys of the rIFC-Mef@edback group and 9 control boys of
the IPHG-Neurofeedback group received stable pstohalant administration throughout
the fMRI-Neurofeedback period. Baseline testingtsthat least seven days after titration
(rIFC-Neurofeedback group: methylphenidate: N=1&ainphetamine: N=2; control group:
methylphenidate N = 9). Three patients in the riW€lrofeedback and control groups each
ceased taking medication for at least seven dafggebbaseline testing and one control boy
was stimulant-naive. The study was approved byated ethics committee and conducted in
accordance with the Declaration of Helsinki (Reskdtthics Committee reference number:
12/LO/0708). Written informed assent/consent wasaiobd from each participant/legal
guardian. Participants received £20 for each ofl#ie5hr fMRI-Neurofeedback scan visit,
and up to £10 for best performance during the sessis well as £20 for the post-training
neuropsychological assessment, in total up to £I5@y were also reimbursed for travel

expenses (for further details see (Alegria et2d11,7)).



12

2.2 fMRI Neurofeedback Protocol

Boys were offered 14 fMRI-Neurofeedback runs (8rbmach) in four 1-1.5hr scan
visits over 2 weeks. All data were motion correctedreal-time. The head coil used is
relatively close fitting, and head motion was tli@re inherently relatively difficult. In
addition, chin straps and head pads were usedrtitefuminimise movement. This together
with the motion correction built into both the remhe processing software
(AFNI(http://afni.nimh.nih.gov/afni/about/)) and owffline processing package XBAM
(http://www.brainmap.co.uk/xbam.htm) was sufficietd deal with potential motion
problems. Each fMRI-Neurofeedback run consistedseaifen rest (30s) and six activation
(50s) blocks, starting with a rest block showing @amderwater dolphin image, while
activation blocks showed a video-clip of a rockBtys were asked to move the rocket
towards space by any means they found helpfultdosbns were minimal (i.e., “you can try
to concentrate on the rocket” or “try any other Inoek that works for you”) as this has been
shown to be more effective than explicit instrucidSulzer et al., 2013) and instruction-free
approaches are common in EEG-Neurofeedback for AHIMren (Gevensleben et al.,
2014; Strehl et al., 2006). They received contirsuteedback (every repetition time (TR),
i.e., 2 s), about their brain activation in thairget region of interest (ROI) via the rocket
video-clip, with the direction and distance tragdllin space proportional to their BOLD
response. To enhance motivation, a score (0-1@gctimg the percentage of distance
travelled through space during each run, appearethe screen (e.g., 6 for 60%) and a
monetary incentive (e.g., £6 for 6/60%) correspongdo the best performance in the session
was given after the scan. Between runs (a few regiubreak), researchers briefly
acknowledged participants’ efforts in not movingitthead, reminded them to keep doing so,

and congratulated them for the score they obtained.
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Between visits, boys had to practice daily brailf-smgulation using a cue card
depicting the video-clip rocket. After the last fMReurofeedback run, a 5-minute fMRI
transfer run was conducted. This was identicah®oNeurofeedback training runs, using the
same stimuli, but without the feedback (the roakdtnot move), consisting of four rest and
three activation blocks. Transfer runs measurentiete of learning and are considered a
proximal measure of successful transfer of trairstrgtegies to everyday life (Drechsler et

al., 2007) (see (Alegria et al., 2017)).

2.3 Clinical outcome measures

The primary outcome measure was the ADHD RatingleSEADHD-RS-1V), a
standard tool to assess ADHD symptoms accordin®@3®1-5 and to monitor treatment
effects (Dupaul et al., 1998) , and the secondatgame measure was the CPRS-R ADHD
index (Conners et al., 1998), both rated by parexitdiD-related difficulties and functional
impairments were assessed with the Weekly Paremihd®aof Evening and Morning
Behavior-Revised scale (Wehmeier et al., 2009) tardColumbia Impairment Scale-Parent

version (Bird et al., 1993), respectively.

2.4 fMRI-Neurofeedback Data Acquisition and Procesag

Gradient-echo echo planar MR imaging and structdeah were acquired on a 3T
General Electric MR750 MRI scanner with a 12-ch&nhead coil at the Centre for
Neuroimaging Sciences, King's College London. Thdybcoil was used for radiofrequency
transmission. A Tl-weighted structural scan (TRpétagion time)/TE (echo time) =
7.312/3.016 ms, flip angle = 11 degrees, 196 xnin2 slices, matrix size 256 x 256, 27 cm

FOV, voxel size = 1.05 x 1.05 x 1.2 mm3), usedtasctural localizer, was collected at the
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beginning of each scanning session. fMRI-Neurofaellscans were collected using an T2*-
weighted gradient echo, echo-planar image sequ@m@E = 2000/30 ms, flip angle = 75°,

40 x 3 mm slices with a 0.3 mm slice gap, matrbe$4 x 64, 21.1 cm FOV, voxel size = 3.3
x 3.3 x 3.3 mm3). A whole-brain higher resolutiaadjent echo, echo-planar image scan for
standard space normalization of individual actmatimaps was also acquired in the
intercommissural plane with TR/TE = 3.000/30 mip, eingle = 90°, 43 slices, slice thickness
= 3.0 mm with a 0.3 mm slice gap, matrix size 1288, 21.1 cm FOV, voxel size = 1.65 x

1.65 x 3.3 mm3.

A custom fMRI-Neurofeedback interface system (B&duand Bandettini, 2008) and
the AFNI software (Cox, 1996) were used for readditransfer and analysis of the fMRI
data. The fMRI-Neurofeedback interface system narth@ scanner hardware to access the
fMRI scans as they were reconstructed. The image® when transferred to an external
Linux workstation where they were pre-processedgisiFNI, a software with built-in real-
time capacities. The effects of head motion wengected for in real-time by the AFNI
software, displaying running graphs of the moti@rgmeters on the screen. We used the
CA_N27_ML/TT_N template to define the target ROI&C) in AFNI structurally for each
adolescent before each fMRI-Neurofeedback ses$io®.ROI included the pars triangularis
(14,138 voxels in the Talairach space of the tetepad 385 voxels when mapped to fMRI
space) and the pars orbitalis (11,484 voxels inTilairach space of the template and 308
voxels when mapped to fMRI space). A customized ABdipt automatically created a
native-space image mask of the rIFC and the whittan(used as reference region, to cancel
out non-specific global brain effects) based onThewneighted structural image and a two-
volume echo-planar image localizer image matchetthédfMRI sequence for the geometric

distortion inherent in echo-planar image acquisgi¢and also used as realignment target).
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The image mask of the pre-selected ROIs was apfii¢de pre-processed fMRI images to
extract in real-time the mean BOLD signal from e&Bl. For each newly acquired brain
volume, AFNI calculated a new set of values forhe&®OI, which were fed to a locally
written program that generated a dynamic visualllfeek display by means of the moving
rocket. The threshold required for the rocket tovenap was continuously updated based on
past performance ((rIFC-white matter)-(rik&iouswhite mattesieviond), Where rlFGrevious
and white mattexyeiousare the average activation of rIFC and white mattehe previous
rest block. Participants were informed/remindethef Neurofeedback delay (~6s), caused by

hemodynamic delay and data processing time, befach fMRI-Neurofeedback run.

2.5 Data Analyses

2.5.1 Clinical Data

Some parents did not fill in all questionnairessdling data (<5%) were assumed to
be completely at random. Multiple (i.e., 20) imgigas were used for missing pre- and post-
treatment data. The individual estimates from thdtiply-imputed datasets were then used
to calculate a combined estimate by applying RgbiRules (Little and Rubin, 2002).
Repeated-measures mixed ANOVAs tested pre- andfldbdtNeurofeedback effects on
clinical measures. Effect size (Cohen’s d) wasudated as the difference between the means
(pre-post) divided by the corresponding pooled ddath deviation. Two-tailed Pearson
correlation analyses tested correlations betweeRlfNkeurofeedback induced connectivity
changes (i.e., post-treatment functional conndgtivipre-treatment functional connectivity)
and primary and secondary clinical outcome chariges post-treatment — pre-treatment

clinical measures).
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2.5.2 fMRI-Neurofeedback Data

All 18 participants of the rIFC-Neurofeedback gro(gd 13 control boys) were
included in the fMRI-Neurofeedback functional cootidty data analyses. Due to the
relative novelty of installing fMRI-Neurofeedback @ne of our new 3T scanners, several
technical problems occurred (e.g., scanner databbelsgs, mask creation issues, network
problems between the various components of the dfieedback pipeline (e.g., no data
transfer from the scanner to the processing seoveROIl information was not transferred to
the paradigm presentation software), resultingack lof feedback for the participants, all of
which caused loss of fMRI-Neurofeedback runs. Tioeeg the average number of fMRI-
Neurofeedback runs for both groups was 11, witly 8% of participants, 4 participants in
the rIFC-Neurofeedback group and 6 participanthelPHG-Neurofeedback control group,
completing all 14 runs. There was no group diffeeem number of runs completed (F (df =
1,29) = 2, p = 0.4). Therefore, only runs compldigcht least about 70% of the participants
were included, which resulted in only the first (bt less) fMRI-Neurofeedback runs being

analysed (i.e., runs 1-11, with the lowest numiieuns being 6).

Data were analysed using the non-parametric XBAM\&we package (Brammer et
al., 1997). XBAM's non-parametric approach overcemmny of the issues associated with
parametric software packages (e.g., poor contréM3E-corrected false positive cluster-wise

inference rates) (Bullmore et al., 1999b; Eklundlgt2016).

2.5.2.1 MRI-Neurofeedback Preprocessing

fMRI data were first processed to minimize motietated artefacts (Bullmore et al.,
1999a). A 3D volume consisting of the average isitgnat each voxel over the whole

experiment was calculated and used as a templage3D image volume at each time point
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was then realigned to this template by computirgabmbination of rotations (around the x,
y, and z axes) and translations (in x, y, and aj thaximized the correlation between the
image intensities of the volume in question andtémplate (rigid body registration). After

realignment, data were then smoothed using a Gau§#ter at 7.8 mm FWHM (full-width

half-maximum) to improve the signal-to-noise raifdhe images.

2.5.2.2. Head motion

For each participant, the absolute and relative rmé@placement were calculated by
backwards differences to the first volume (absolagan) or the previous volume (relative
mean). Two-sample t-tests were performed to taspdbential group differences in motion
parameters. Furthermore, to test for the impactmofion on the functional connectivity
results, we conducted Pearson correlation analysegeen the absolute and relative mean

displacement values and the significant functimaainectivity changes in each group.

2.5.2.3. Satistical Analyses of functional connectivity changes with the seed regions

The previous study showed progressively increastidaéion with the number of
fMRI-Neurofeedback runs in the rIFC-Neurofeedbaobug within two clusters of the rIFC:
in Brodmann area 45 (peak Talairach coordinatesz(};43;33;16; p<0.005; 47 voxels) and
in Brodmann area 44 (peak Talairach coordinateg,z)x; 36;14;29; p<0.005; 75 voxels)

(Alegria et al., 2017)(Fig. 1).

There were no differences between groups in theadicin at baseline for Brodmann

area 44 (t (df = 29) =-.3, p =.113) or Brodmanegea45 (t (df =29) =-1.7; p = .78).
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Separate functional connectivity analyses werdopmed using these 2 clusters in
Brodmann area 44 and Brodmann area 45 as seemsefiar each seed region, we extracted
the average time series over the whole ROI for eadbject in native space (reversing
Talairach mapping). The average time series foln sabject were then used as a model for a
whole-brain correlation analysis producing funcéibnconnectivity maps. Functional
connectivity maps for each subject were then t@anstd to standard space using a two-step
procedure: first by rigid body transformation okthorrelation data into a high-resolution
echo-planar image of the same subject, and theaffine transformation onto a Talairach
template (Talairach and Tournoux, 1988). Group ectivity maps were computed by
determining the median correlation coefficient @@sr subjects) at each voxel. A median-
based statistic was used across subjects in oodgive more robustness against outlier

effects.

Next, to examine whether there would be a posiiveegative change in functional
connectivity in the last relative to the first fMRleurofeedback run with the two seed
regions of rIFC, separate repeated-measures ANOMZs conducted to test for functional
connectivity differences with the seed regions (Bnann area 44 and Brodmann area 45)
between the last (11th or earlier) and first fMRdMofeedback run. For this purpose,
randomization-based tests for voxel- and clusteevdifferences were used as described in
detail elsewhere (Bullmore et al., 2001; Bullmoteale, 1999b). For each of the analyses of
positive or negative changes for each seed regiamoxel-level p < 0.05 was applied and a
corresponding cluster-level statistical thresholswomputed in order to obtain less than 1
false positive cluster per map for each analys@eNhat this resulted in different cluster-p-
values in the different analyses of positive angatige functional connectivity changes with

different seed regions.
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In more detail, we used the cluster-level sta@dtanalysis described by Bullmore et
al (1999) that was shown by extensive validatiorgitee good type | error control at the
cluster level. After setting the initial, voxel-lelvthreshold to 0.05 to give maximum
sensitivity and avoid type 1l errors, a secondstu level threshold was computed for the
resulting 3D voxel clusters using a data-driveneldaapproach so that the final expected
number of type | error clusters was less than amemiole brain. The necessary combination
of voxel and cluster level thresholds is not assiifmem theory but rather determined by
direct permutation for each data set. In the curstudy an expected cluster-level type | error
rate of < 1 per brain was achieved by first apgyanvoxel-level threshold of 0.05 followed
by thresholding the 3D clusters at various clubteel thresholds computed from the datasets
being considered. Readers unfamiliar with this métshould be clear that a cluster level
threshold of 0.05 (which resulted in less than forecluster for the positive functional
connectivity with the dorsal anterior cingulate te@/caudate for example), which would be
lenient in the context of the whole brain, was N&plied to whole brain but rather to 3D

clusters built from data previously thresholded &bxel-wise level of 0.05.

2.5.2.4. Correlation analyses between functional connectivity changes and clinical

and performance changes

Exploratory Pearson correlation analyses were aedu between functional
connectivity change measures and the changesiigallimeasures to test whether functional
connectivity changes were associated with the adinimprovements observed in the rIFC-
Neurofeedback group in the clinical ADHD symptom asigres. For this purpose, we
extracted for each subject the average correlatomificient for each cluster that showed a

positive or negative functional connectivity changéh Brodmann area 44 or Brodmann area
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45. Then the difference between functional conmigtipost-Neurofeedback relative to
before Neurofeedback in each cluster was correlasadg two-tailed Pearson correlation
analyses with the clinical changes (clinical measyost-Neurofeedback — clinical measures
pre-Neurofeedback) in 2 key primary (ADHD-RS inatten, ADHD-RS
hyperactivity/impulsiveness scores) and seconddinjical outcome measures (CPRS-R

inattention, CPRS-R hyperactive/impulsive scores.

The primary and secondary change measures werelated with each other with
the exception of the changes in CPRS-R inatterdzmre and ADHD-RS inattention score
(r=0.130; p=0.485), the changes in CPRS-R inattentiscore and ADHD-RS
hyperactivity/impulsiveness score (r=0.025; p=0)394nd the changes in CPRS-R
hyperactivity/impulsivity score and ADHD-RS inattemm score (r=0.187; p=0.313). Thus,
the changes between the CRPS-R subscales (inatteantd hyperactivity/impulsivity) were
positively correlated (r=0.415; p=0.020) as were tthanges between the ADHD-RS
inattention and hyperactivity/impulsiveness subss&f=0.574; p=0.001). The changes in the
CRPS-R hyperactivity/impulsivity scores were posgly correlated with the changes in the

ADHD-RS hyperactivity/impulsiveness scores (r=0.4370.014).

3 RESULTS

3.1 Pre-post Comparisons of Outcome Measures

The comparison between pre- and post-fMRI-Neurdfaek showed a significant
decrease in both groups in the ADHD symptoms inpainary (ADHD-RS total scale,
ADHD-RS Inattention subscale) and secondary outcoraasures (CPRS-R ADHD-Index),

with only a trend-wise significant reduction in ADFRS hyperactivity/impulsivity subscale
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in the rIFC-Neurofeedback group and a trend-wisepravement in the CPRS-R

hyperactivity/impulsivity subscale in the contrt®iiG-Neurofeedback) group.

Table 1 shows the clinical improvements in bothugoin the primary and secondary
outcome measures, the ADHD-RS and CPRS-R, respbctiffor other measures see

(Alegria et al., 2017)).

3.2 Functional Connectivity Results

3.2.1. Head motion

For the rIFC-Neurofeedback group, the absolute niesplacement was 1.16 (SD = 0.78),
and the relative mean displacement was 0.218 (SD18); for the IPHG-Neurofeedback
(control) group the absolute mean displacement@B8 (SD = 0.57), and the relative mean
displacement was 0.14 (SD = 0.15). T-test showedsigaificant group differences for

absolute or relative mean displacements (absolu@nmdisplacement: t(df=29)=1.076,

p=0.291; relative mean displacement: t(df =29)=Q,18-0.244).

There were no significant correlations in eitheouyr between the changes in functional
connectivity and the absolute or relative mean ldgments (for statistical details see

supplementary Table S1).

3.2.2. Positive and negative functional connectivity changes using the clusters in Brodmann

area 45 and Brodmann area 44 as seed region

3.2.2.1. Brodmann area 45 as seed region

For the ANOVA of positive functional connectivithanges between the last relative
to the first fMRI-Neurofeedback run with Brodmanrea 45, less than one false positive

cluster was observed with voxel-wise p < 0.05 ahgter p < 0.02. Increased functional
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connectivity was observed between rIFC and a dlusteight caudate/anterior cingulate
cortex. For the ANOVA of decreased functional castivety with Brodmann area 45 for the
last relative to the first fMRI-Neurofeedback rdass than one error cluster was observed

with voxel-wise p < 0.05 and cluster p < 0.002.

Decreased functional connectivity was found betwdER and 4 posterior clusters
comprising left parahippocampal gyrus/hippocampagdimus/putamen/insula; left lingual
gyrus; bilateral posterior cingulate cortex/preaisiealcarine gyrus; and thalamus, ventral

basal ganglia and insula (Fig. 2 and Table 2A).

To test whether the functional connectivity changlgch we observed with the seed
regions in Brodmann area 44 and Brodmann area #teinlFC-Neurofeedback group, were
specific to the rIFC-Neurofeedback group, we testd@ther these functional connectivity
changes were significantly different between grougiag a repeated measures ANOVA. For
this purpose, we extracted for the IPHG-Neurofeeklbeontrol group all the correlation
coefficients for the first and last run in all des that showed changes in functional
connectivity with Brodmann area 44 and Brodmanra &® in the active group. Then we
conducted repeated measures ANOVAs to comparettaeges in functional connectivity
between the last and first run between groups (withas within-group repeated measure and

group as between-group measure).

Significant group differences were observed for tbleister in the anterior
cingulate/caudate that showed a positive connégitthiange with Brodmann area 45 (F (df =
1, 29) = 4; p < 0.05). From the 4 clusters thatwsw negative functional connectivity
changes with Brodmann area 45, significant grodgces were only observed in the cluster
in posterior cingulate/precuneus that showed sigant decrease in functional connectivity in

the rIFC-Neurofeedback group compared to the cbgtaup with neurofeedback (F (df = 1,
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29) = 8, p < 0.007). The clusters in lingual gy(a&f = 1,29) = 3, p < 0.08) and in bilateral
thalamus/ventral basal ganglia (F(df = 1,29) = 3¢ ®.09) only showed a trend-level
difference of being decreased in the rIFC-Neurdbeell group relative to controls, while the
cluster in left parahippocampal gyrus and hippoaasnvas not significantly different

between groups (F (df =1,29) = 3, p <0.113).

3.2.2.2. Brodmann area 44 as seed region

For the ANOVA of positive functional connectivithanges between the last relative
to the first fMRI-Neurofeedback run in Brodmanna#et, less than one false positive cluster
was observed with voxel-wise p < 0.05 and clustex 0.05. This revealed increased
functional connectivity with the right anterior gumate cortex. For the ANOVA of negative
functional connectivity changes between the ldstike to the first IMRI-Neurofeedback run
in Brodmann area 44, less than one error clusterokaerved with voxel-wise p < 0.05 and
cluster p < 0.001. Decreased functional connegtivias observed in a large cluster
comprising the bilateral precuneus/posterior ciatgilcortex/hippocampus/parahippocampal

gyrus/thalamus/lingual gyrus (Fig. 3 and Table 2B).

Significant group differences were observed forhbtite cluster in the anterior
cingulate (F (df = 1,29) = 4; p < 0.05), that shdwsgnificant increase in functional
connectivity in the rIFC-Neurofeedback group conegato the control group, and the cluster
in posterior cingulate cortex/precuneus that showeghificant decrease in functional
connectivity in the rIFC-Neurofeedback group conegato the IPHG-Neurofeedback control

group (F (df =1,29) = 12; p < 0.001).

The positive functional connectivity changes wearted in the rIFC-Neurofeedback
group between Brodmann area 44 and Brodmann are@ndShe anterior cingulate and

dorsal caudate/anterior cingulate, respectivelyd #ime negative functional connectivity
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changes between 44 and Brodmann area 45 and tteiposingulate/precuneus were hence
specific to the rIFC-Neurofeedback group as theyewsgnificantly different from the

functional connectivity changes in these regionthecontrol group.

3.3. Correlations between positive and negative fational connectivity changes between

the two seed clusters in rIFC and resulting clustes, and clinical outcome changes

To test whether the resulting clusters that shopesitive and negative functional
connectivity changes with the two seed regionslieCrwere correlated with behavioural
improvements, average correlation coefficients wextracted for each subject in regions
where changes in functional connectivity with theQ were found. Exploratory two-tailed
Pearson correlation analyses were then performéu etianges in primary and secondary
clinical outcome measures post-prefMRI-Neurofeellb@ee Table 3). Increased positive
functional connectivity between the rIFC (Brodmaamea 45) and dorsal caudate/anterior
cingulate cortex was significantly negatively ctated with reduced CPRS-R Inattentive
score (r=-0.5, p=0.032), suggesting that improwgttfional connectivity between IFC and
dorsal caudate/anterior cingulate cortex was agsmtiwith reduced CPRS-R inattention
symptom scores (Fig 4). Decreased functional cadivigcbetween rIFC (Brodmann area
45) and PHG and between rIFC and lingual gyrus sllopositive correlations with reduced
ADHD-RS hyperactivity/impulsiveness scores (PHGO.6; p=0.019; lingual gyrus: r=0.6,
p=0.009). Decreased functional connectivity betwéesm rIFC (Brodmann area 45) and
posterior cingulate cortex/precuneus was negativayrelated with reduced CPRS-R

inattentive scores (r=-5, p=0.042). (Fig. 4)

Increased negative functional connectivity betwtenrlFC (Brodmann area 44) and

posterior cingulate cortex/precuneus were positivadrrelated with the reduction in the
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hyperactive/impulsive scores in both the ADHD-RSdathe CPRS-R (ADHD-RS
hyperactivity/impulsiveness score (r=0.5, p=0.026PRS-R hyperactive/impulsive score:

r=0.6, p=0.016) (Fig. 5). (see also Table 3).

To test for specificity of these associations, Ve @ested for correlations between the
functional connectivity with these clusters andiclal symptom measures in the control
group. None of the functional connectivity changesny of the above mentioned clusters
showed significant correlations with the clinicaeasures (ADHD-RS and CPRS) in the
control group with the exception of the functiorahnectivity changes between Brodmann
area 45 and the anterior cingulate/caudate that puagively correlated with the CPRS
inattention subscore (r = .6, p < 0.02) (while riegdy in the rIFC-neurofeedback group) and
between Brodmann area 45 and Brodmann area 44 head rdspective posterior
cingulate/precuneus clusters that were negativelyetated with changes in the CPRS
inattention scores (for Brodmann area 44; r =p.§,0.04; for Brodmann area 45: r = -.6, p <
0.023). Direct group comparisons of the correlaioshowed that the difference in
correlations between the change in functional cotimigy between Brodmann area 45 and
anterior cingulate/caudate and the change in CRRt$ention scores was highly significant
as it was negative in the rIFC-Neurofeedback gr@gsociated with symptom improvement)
and positive in the IPHG-Neurofeedback control gro(associated with symptom
deterioration) (z = -3, p < 0.001). The group difgce in correlation between the change in
functional connectivity between Brodmann area 4dl thue posterior cingulate/precuneus and
the change in CPRS-R hyperactive/impulsive scorg also significant (controls r = .001; p
=.9) (z = 1.7; p < 0.045). Further significant wethe group differences in correlation
between the changes in ADHD-RS hyperactivity/impalsscores and the functional
connectivity changes between Brodmann area 45henparahippocampal gyrus (z = 2.7, p <

0.003) which in controls were associated with warseical changes (controls r = -0.4, p=
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.9); and the functional connectivity changes betwBeodmann area 45 and lingual gyrus (z
= 2.6, p < 0.005) which were also associated withrs& clinical outcomes in controls
(controls: r = -.35, p =.24); while both were asated with better clinical changes in the

riIFC-Neurofeedback group.

3.4. Functional connectivity changes in the IPHG-Ngofeedback control group

We also tested for functional connectivity chanfgeghe last > first run in the control
group who showed 3 regions to be progressively nemtvated across the 11 fMRI-
Neurofeedback runs relative to the rIFC-Neurofeellbgroup in areas of the IPHG, in
Brodmann area 36, Brodmann area 35 and Brodmaran3freusing the same methods as

described above (see Fig. S2, supplementary miqteria

For Brodmann area 36, there was no change in pegithctional connectivity, but an
increase in negative functional connectivity (ANOV¥oxel p< 0.05, cluster p < 0.004,)
between the last > first run with the cerebellumaolhextended into the parahippocampal

gyrus and brain stem (see Fig. S2A, Table S2A ppEimentary material).

For Brodmann area 35, there was also no positinetional connectivity change, but
an increase in negative functional connectivity WA, voxel-wise p< 0.05, cluster-wise p
< 0.009) for last > first run with right anteriomgulate gyrus (see Fig. S2B, Table S2B in

supplementary material).

For Brodmann area 30, there was no negative fumadtioconnectivity change, but an
increase in positive functional connectivity (ANOY»®oxel-wise p < 0.05, cluster p < 0.01)
for last > first run with precuneus/paracentralugyextending into the superior parietal lobe

and the supplementary motor area (see Fig. S20e BT in supplementary material).
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None of the functional connectivity changes oveptp with any of the functional
connectivity changes in the rIFC-Neurofeedback grdiianything, the increase in negative
functional connectivity between Brodmann area 38 darsal anterior cingulate for last >
first run was in the opposite direction to the @ase of positive functional connectivity
between rIFC (Brodmann area 45) and dorsal amtemgulate in the rIFC-Neurofeedback
group and the increase in positive functional catiagy between Brodmann area 30 and the
posterior cingulate/precuneus for last > first isim the opposite direction to the decrease in
functional connectivity between rIFC (Brodmann ased5 and 44) and posterior cingulate

cortex in the rIFC-Neurofeedback group.

We also tested for correlations between the funeticonnectivity changes and the clinical
symptom changes in the ADHD-RS and the CPRS-R. iynif&€ant correlations were

observed (see supplementary Table S3).

4. DISCUSSION

4.1. Summary of the main findings

In this study we tested whether upregulation opec#ic frontal region, i.e. rIFC,
with fMRI-Neurofeedback in ADHD adolescents is asated with changes in functional
connectivity between rIFC and other brain regioamg seed-based whole brain functional
connectivity analyses. We found that rIFC upregotatfter 11 runs of 8.5 min of fMRI-
Neurofeedback was associated with increased furatimonnectivity with anterior cingulate
and dorsal caudate and with decreased functiomalemtivity with posterior regions of the
DMN including posterior cingulate, precuneus, p&pbcampal and lingual gyri.

Furthermore, both the positive functional connettichanges with anterior cingulate and
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dorsal caudate and the negative functional corvigctthanges with areas of the DMN were
significantly associated with ADHD symptom improvemts after to relative before the
fMRI-Neurofeedback training. In addition, the findgs were specific to the rIFC-

Neurofeedback group as most of the functional cotimiey changes and most correlation
associations with symptom changes significantiffed#nt when compared to the IPHG-
Neurofeedback control group who did not show thelsenges nor correlations of these
changes with clinical symptom improvements. Thalgtshows for the first time, that the

upregulation of a specific frontal region in ADH@a@escents with fMRI-Neurofeedback is
associated with underlyingheural network changes that are linked with clinical

improvements and that these are specific to thedtapregulation.

4.2. Increased functional connectivity between rIFCand dorsal anterior cingulate

cortex and caudate

The increased functional connectivity of rIFC witineas of the cognitive control
network, comprising rlIFC, anterior cingulate cortmd the dorsal caudate (Guo et al., 2018;
He et al., 2009, Niendam et al., 2012) was hypakdsrIFC is a key cognitive control hub
region that has been associated with inhibitorytrobnsustained attention, visual-spatial
working memory, cognitive switching and even tinsireation (de la Vega et al., 2017,
Hugdahl et al., 2015; Niendam et al., 2012; Radual.e 2014), all of which are functions
found to be consistently impaired in ADHD (Noreika al., 2013; Rubia et al., 2014a;
Willcutt et al., 2005). rIFC forms part of the catiwve control network that mediates motor
and cognitive inhibition, cognitive switching andosking memory, and that includes the
dorsolateral prefrontal cortex, the dorsal anteciogulate cortex, the supplementary motor

area, the dorsal caudate, anterior insula andianf@arietal regions (Cole and Schneider,
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2007; de la Vega et al., 2017; Dixon et al., 20@8p et al., 2018; Kim et al., 2012; Hugdahl
et al., 2015, Niendam et al., 2012). rIFC is alkisely connected and typically coactivated
with dorsal caudate and anterior cingulate cortax“‘€ognitive control” in the Neurosynth
fMRI database (www.neurosynth.org) (Yarkoni et &Q11). This IFC-cingulo-striatal
cognitive control network has been found to be =testly underactivated in ADHD patients
in several fMRI meta-analyses of cognitive conii©@brtese et al., 2012; Hart et al., 2012,
2013; Lei et al., 2015; McCarthy et al., 2014; Namet al., 2016). The finding of increased
functional connectivity of rIFC with the dorsal cate and the anterior cingulate cortex after
upregulation training of rIFC in ADHD adolescentnbe suggests that fMRI-Neurofeedback
of rIFC has not only resulted in increased stremgtactivation in this specific frontal region,
but also in increased strength of functional cotimigg within a rIFC-striato-cingulate
cognitive control network. Furthermore, we found that the strengthened hewetawvork
connectivity between rIFC and striato-cingulaterdbge control regions was associated with
improved ADHD inattention symptoms and that mosthe connectivity changes and the
association with attention symptom improvement wapecific to the rIFC-Neurofeedback
group. The findings have important implications fbe fMRI-Neurofeedback neurotherapy
field as they suggest that patients with neuralwosk difficulties may benefit from
neurofeedback of one dominant (i.e., usually frjmart of the network which in turn will
lead to co-activation of entire networks connediedhe target region. It suggests that in
addition to targeting deficient networks with fuiectal connectivity-based neurofeedback
(see McDonald et al., 2017, Yamashita et al., 20115 possible to indirectly enhance neural

networks by targeting the fronto-dominant partto$ hetwork.

Several fMRI-Neurofeedback studies observed chamgesinctional connectivity
associated with fMRI-Neurofeedback training of @anial brain region with other cortical and

subcortical regions in healthy adults and otharicdl groups. Thus, in healthy adults, rIFC
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upregulation led to increased functional connettiwith several other prefrontal regions
(Rota et al., 2011), supplementary motor area wpagign training increased functional
connectivity with middle, superior and anterior guiate cortex regions (Sepulveda et al.,
2016), left lateral prefrontal upregulation ledimareased functional connectivity with right
prefrontal and posterior cingulate regions (Satkéeal., 2015) and increased self-regulation
of the left dorsolateral prefrontal cortex was assed with increased functional connectivity
with striato-thalamic, inferior parietal and certiéeregions (Zhang et al., 2015a; Zhang et
al., 2015b). Inversely, self-regulation of subamatiregions has been shown to increase
functional connectivity with cortical regions indithy subjects and in other clinical groups.
For example, self-regulation of the insula or theygdala in the context of aversive stimuli
was associated with increased functional conndgtwith medial and lateral frontal regions
in healthy subjects (Paret et al., 2016b; Veile812), in patients with schizophrenia (Ruiz
et al., 2013b) and with bipolar disorder (Parealet2016a) and with inferior frontal cortex,
temporal regions and precuneus in patients withredsjon, which was furthermore

associated with improved clinical symptoms (Youhgle 2018).

Some fMRI-Neurofeedback studies in healthy controls in other disorders
furthermore observed changes in intrinsic functia@aanectivity in resting state fMRI scans
before and after fMRI-Neurofeedback training, beyothe timeframe of the fMRI-
Neurofeedback training, a day or even a week |&er.example, in Huntington’s disease,
fronto-striatal functional connectivity was increds after fMRI-Neurofeedback of the
supplementary motor area (Papoutsi et al., 2018people with subclinical anxiety, self-
regulation of the bilateral orbitofrontal cortexdléo increased functional connectivity with
dorsolateral prefrontal regions of cognitive cohtibot to reduced functional connectivity
with limbic regions including amygdala, hippocamptismlamus and insula; these persisted

several days after the training and were furtheemassociated with improved anxiety
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symptoms (Scheinost et al., 2013). Other studisgmed that upregulation of the amygdala
with fMRI-Neurofeedback in major depression wasoasged with increased functional
connectivity in several temporal and frontal regiomcluding inferior frontal and dorsal
anterior cingulate cortex areas (Young et al., 20d8an et al., 2014), while amygdala
downregulation with fMRI-Neurofeedback was assadatwith increased functional
connectivity of the amygdala with ventromedial,aidr cingulate and dorsolateral prefrontal
regions in post-traumatic stress disorder (Nicholsebd al., 2017), borderline personality

disorder (Paret et al., 2016a) or healthy adultde\Z et al., 2013).

In conclusion, there is consistent evidence that gblf-regulation training of an
isolated brain region leads to a strengtheninguoictional connectivity with other brain
regions that form part of the networks associatild the target brain region. The findings of
this study expand the existing literature by shaafior the first time increased fronto-striato-
cingulate functional connectivity after rIFC upréagion in a pediatric ADHD population,
which was furthermore associated with improvednditbd symptoms. The specificity of the
functional connectivity change in this fronto-stoingulate network and of its association
with inattention symptom improvement relative te ttontrol group further strengthens the

finding by showing that it is specific to the upuégfion training of rIFC.

4.3. Negative functional connectivity of rIFC withareas of the DMN

To our knowledge, this is the first study to shdwattthe upregulation of a frontal
region not only leads to increased functional cetiagy with related regions of the same
network, but also to reduced functional connegtiwitth regions of the DMN and that this is
furthermore associated with an improvement in cahiADHD symptoms. The negative

functional connectivity changes between rIFC anstgaor areas of the DMN in ADHD are
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hence particularly interesting. The DMN has beespeisited with task-irrelevant thinking
and with mind-wandering (Christoff et al., 2016;xFet al., 2005; Raichle, 2015; Raichle et
al., 2001). The DMN is progressively more deactdatduring progressively more
challenging tasks in healthy adults and childred s has been associated with a necessary
reduction of mind-wandering during task performaiiCéaristoff et al., 2016; Sato et al.,
2014) as also shown in a parametric associationdsst DMN activity and mind-wandering
(Mason et al., 2007). Abnormal deactivation of BTN has been associated with increased
attentional lapses in both children and adultslliBkiet al., 2015; Sato et al., 2014). The
DMN has been a direct target of fMRI-Neurofeedbatkealthy subjects who have been
shown to be able to self-regulate the DMN netwolterathe training (McDonald et al.,

2017).

rlFC activation increases in ADHD adolescents aftelative to before fMRI-
Neurofeedback in both Brodmann area 45 and Brodnamea 44 were associated with
decreased activation in clusters that includedcgigrosterior DMN regions such as posterior
cingulate, precuneus, parahippocampal and lingyal (€hristoff et al., 2016; Fox et al.,
2005; Raichle, 2015; Raichle et al., 2001); howewatly the changes in the key DMN
regions of posterior cingulate and precuneus wpeeific to the rIFC-Neurofeedback group

when compared to the IPHG-Neurofeedback contralgro

Interestingly, the posterior cingulate cortex atust also extended to posterior
thalamus and a more ventral striatal region retaty the dorsal striatal region that was
increased in functional connectivity. Although noonsidered classical DMN regions,
posterior thalamus and striatum form part of theNDM the automatic fMRI meta-analyses
generated in the neurosynth database under thechsewmrm: “default network”

(www.neurosynth.org) (Yarkoni et al., 2011). Furthere, children and adolescents have an

immature DMN, and a recent meta-analysis of the DixiNhildren includes the thalamus,
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striatum and posterior insula (Mak et al., 201¥he findings hence suggest that upregulation
of rIFC with fMRI-Neurofeedback may elicit downrdgtion of the DMN that is typically
anti-correlated with task-positive rIFC networkscimldren and adults (Cole et al., 2014; Fox
et al., 2005; Mason et al., 2007; Raichle, 2015¢ciRa et al., 2001; Sripada et al., 2014a).
This hypothesis of a strengthening of task-positoggnitive control networks and a
weakening of the association between rIFC and thNxfter self-upregulation training of
rlFC in ADHD is furthermore backed up by the disated correlation findings. They
showed that both the positive functional connetstighanges with dorsal caudate/anterior
cingulate cortex as well as the negative functiooahnectivity changes with posterior
regions of the DMN were associated with clinical AD symptom improvements. Thus,
inattention symptom scores in the CPRS were neggticorrelated with the positive
functional connectivity changes in rIFC-striatoguhate networks and inattention scores on
the CPRS as well as hyperactivity/impulsivenessescm the ADHD-RS and the CPRS were
positively correlated with the negative functionahnectivity changes of rIFC with posterior
DMN regions (FIGs 4,5). This suggests that bothftimetional connectivity strengthening in
the rIFC-striato-cingulate network as well as theakening of functional connectivity
between rIFC and posterior DMN regions were assediavith improvements in ADHD
symptoms. Furthermore, the functional connectielipnges between Brodmann area 44 and
Brodmann area 45 and regions of the DMN in postariegulate and precuneus and their
associations with symptom improvements were spetifithe rIFC-Neurofeedback group.
To our knowledge, only one fMRI-Neurofeedback sthdg directly targeted the DMN by
teaching down-regulation of the posterior cingulateex, which resulted in downregulation
of other functionally interconnected DMN regionscsuas medial prefrontal cortex and

anterior cingulate cortex (Zhang et al., 2015a).
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An alternative explanation for decreased functiarmadnectivity with striato-thalamic
regions could be that neurofeedback allows subjeaigvelop greater conscious control over
activity in their rIFC by reducing the influence cdrtico-striato-thalamocortical loops on the
region. rIFC is closely interconnected with strithalamic regions forming fronto-striato-
thalamic networks of top-down control (Alexandedadrutcher, 1990; Arnsten and Rubia,
2012). A downregulation of striato-thalamic regiaamuld hence suggest a neurofeedback-
induced shift within the network toward enhance@Qrlactivation in detriment to striato-
thalamic components of the network. In line withistitheory, similar effects of
downregulation of more ventral striatal and righalamic regions were observed in resting
state fMRI data after fMRI-Neurofeedback of the @ementary motor area in healthy adults

(Hampson et al., 2011).

The specificity of the findings of increased rIFtGieto-cingulate functional
connectivity and decreased functional connectigitylFC with posterior DMN regions and
their correlations with symptom improvements ierasting, in particular in view that most
findings were in the opposite direction in the cohtgroup, were fMRI-Neurofeedback
induced IPHG activation increase was associateld nettuced functional connectivity with
anterior cingulate cortex and withcreased functional connectivity with areas of the DMN

such as precuneus.

It is interesting to note, however, that the IPH@ukbfeedback control group also
improved in ADHD symptoms despite not showing tlectional connectivity changes
observed in the rIFC-Neurofeedback group and whiagre associated with symptom

improvements in the rIFC-Neurofeedback but notcibwatrol group.

One potential explanation could be that the IPHGnh@re difficult to self-regulate

than rIFC, maybe due to the fact that rIFC is &amhtrol region (Rae et al., 2014; Rubia et
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al., 2003). There is in fact evidence that high@leo association regions are easier to self-
regulate than lower-level primary function regidiitarmelech et al., 2015). If the IPHG-
Neurofeedback training was more challenging tham MkG-Neurofeedback training, and
demanded superior self-regulation skills, then shperior self-regulation effort and skill
learning of the control group could potentially &ip the comparable clinical improvements

of both groups, despite IPHG not being a key defegion for ADHD.

Although we trained the upregulation of the parpbigampal gyrus, that is associated
with visual-spatial processing and episodic mem@kninoff et al., 2013), we cannot
exclude that the training may have affected ne&ippocampal regions. There is evidence
that the interconnection of anterior hippocampateyns with frontal regions facilitates the
incorporation of relevant prior experiences intoe@xive function and hence play an
important role in executive functions (Murty et &015), which are typically associated with
ADHD and poor self-control (Rubia, 2018). The hippmpus also plays a critical role in
integrating sensory information during learning arabnsolidation of memories
(Cohen, 2015) and may hence play an important roleneurofeedback learning.
Furthermore, the control group showed increasedctimmal connectivity between
parahippocampal region Brodmann area 30 and postatrietal attention regions which are
typically closely interconnected to parahippocamgaius and important for visual-spatial
attention functions (Aminoff et al., 2013). Probkemvith attention functions underpinned by
parietal abnormalities are highly relevant to ADiHart et al., 2012; 2013, Rubia, 2018) and
the positive functional connectivity with pariettention regions could hence also be related

to clinical improvements in inattention.

It is possible that the lack of correlations betweennectivity changes and behaviour
were particularly underpowered in the smaller groplacebo effect is also possible. We

argue, however, that a placebo effect in the agjineeip is unlikely given the fact that the
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connectivity changes with rIFC - which was the &rgf the neurofeedback treatment-
correlated with the positive behavioural changesil®Vthe placebo effect has also been
associated with connectivity-behaviour associatiding regional location typically involves
other regions such as ventromedial prefrontal gpitesula, and limbic areas (Geuter et al.,
2017). However, we cannot exclude potential placeditects via non-tested brain

mechanisms.

4.4. Key abnormalities in ADHD in the cognitive cotrol and DMN networks

The findings that fMRI-Neurofeedback of rIFC in ADHed to increased functional
connectivity in fronto-striatal networks and dea®a functional connectivity with posterior
DMN regions and that this is associated with impraent in clinical ADHD symptoms are
particularly interesting because poor activation fobnto-striatal systems and poor
deactivation of the DMN are key functional defiamsADHD and are associated with poor
executive function performance (Rubia et al., 20Rabia 2018a,b). ADHD patients have
consistent abnormalities in the deactivation of BN during cognitive tasks, as shown in
fMRI meta-analyses (Cortese et al., 2012; Hartlet2@12, 2013; Lei et al., 2015), and in
individual fMRI studies of parametric task desigmese more difficult task conditions,
unlike in healthy control boys, did not elicit ieased deactivation of the DMN in ADHD
patients nor did they increase fronto-striatal tpskitive activation (Christakou et al., 2013;
Fassbender et al., 2009; Salavert et al., 2015}hé&umore, the poor deactivation of DMN
regions has been shown to be inversely associatthddecreased fronto-striatal activation
during attention and inhibition tasks and to beoesdged with worse task performance
(Christakou et al., 2013; Liddle et al., 2011; VRaoij et al., 2015). This has also been

observed in a large connectomic multi-site ressit@te analysis (ADHD200) where 133
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ADHD children, relative to 288 healthy controls, dhapoorer FUNCTIONAL

CONNECTIVITY within ventral and dorsal attentiontwerks and poorer anti-correlation
between task-positive networks and the DMN whichs vassociated with a delay in
functional maturation based on age by ADHD inteaactindings (Sripada et al., 2014a).
This evidence of poor deactivation of the DMN dgrrognitive task performance based on
fMRI studies is in line with behavioural studiesosling abnormally increased mind-
wandering in ADHD patients as shown in self-ratiogsmind-wandering scales (Biederman

et al., 2017; Mowlem et al., 2016; Seli et al., 201

4 5. Similarities of fMRI-Neurofeedback effects omeural networks to stimulant effects

on cognitive control and DMN networks

The effects of fMRI-Neurofeedback of rIFC on frordimiatal and DMN regions
interestingly resembles stimulant effects on naurcfional deficit regions and networks in
ADHD. Thus, a meta-analysis of fMRI studies of thest consistent single dose stimulant
effects showed an increase of activation in rIR@e@or cingulate cortex and striatal regions
and a decrease in activation of dorsomedial frquaatis of the DMN (Rubia et al., 2014b). In
individual studies, stimulants have also been shtomncrease the deactivation of posterior
DMN regions such as posterior cingulate cortex @meguneus (Cubillo et al., 2013). Longer-
term stimulant administration is also associatethwhe upregulation of fronto-striatal
regions during tasks of cognitive control (Harakf 2013; McCarthy et al., 2014; Norman et
al., 2016). Furthermore, resting state and taskdb&snctional connectivity studies show that
stimulants most prominently enhance the strengthiraito-striatal neural networks and
improve the anticorrelation between task-positieenorks and the DMN (Cary et al., 2017;

Querne et al., 2015; Rubia et al., 2009; Silk et2017; Wong and Stevens, 2012). Similar
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upregulation effects on rIFC and other fronto-saliaareas and downregulation effects on
posterior DMN regions and networks have also bdmeiwved with Atomoxetine (Bush et al.,
2013; Cubillo et al., 2013; Cubillo et al., 2014nland Gau, 2015; Schulz et al., 2012). Thus,
the effects of fMRI-Neurofeedback-induced upregatatof rIFC in ADHD appear to have
similar upregulation effects on fronto-cingulo-atal cognitive control networks and similar
downregulation effects on the DMN as stimulant and-stimulant medication. The findings
are promising as fMRI-Neurofeedback has the adgentd no side effects (Alegria et al.,
2017; Thibault et al., 2017) and of potentially den-lasting neuroplastic effects, as clinical
improvements in the rIFC-Neurofeedback group wemnemore pronounced at 11 months
follow-up than at post-training assessment witheffiect size of almost 1 (Alegria et al.,

2017), which is similar to the effect size of stiant medication (Stevens et al., 2013).

5. LIMITATIONS

A strength of the study is that it is one of the fandomised controlled trials of
fMRI-Neurofeedback that have been preregisteredthadirst in a pediatric clinical group.
A limitation of the analysis is the small sampleesiAlso, the group difference analyses of
the connectivity changes with rIFG and the correfatinalyses were exploratory and hence
multiple testing corrections were not applied. Fetstudies will have to replicate the
findings in larger powered randomized controlledhl$t Furthermore, we investigated
functional connectivity changes that increased emrelased with neurofeedback on average
across individuals. It cannot be ruled out thatéhgere also functional connectivity changes

in direct relation to symptom changes within indivals.

6. CONCLUSIONS
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In conclusion, the findings of this study show tfdRI-Neurofeedback training of
the upregulation of an isolated rIFC region tha lsey cognitive control hub region and that
is consistently dysfunctional in ADHD, has widerndynic connectivity effects in the
disorder. It leads to an upregulation of a frortt@ago-cingulateneural network of cognitive
control and to a decrease in functional connegtiaetween rIFC and posterior DMN
regions, which furthermore, were associated witth may be underlying the improvements
in clinical ADHD symptoms. The findings are pariey relevant to ADHD as the reduced
activation of the cognitive control systems and ploer deactivation of the DMN are key to
the neurofunctional pathology of ADHD and are alsderlying the mechanisms of action of
stimulant medication (Rubia, 2018a, b; Rubia et 2014a). The findings hence show that
fMRI-Neurofeedback of a key frontal dysfunction i@gin ADHD may be a promising
neurotherapy to improve keyeurofunctional network deficits in ADHD (Rubia, 2018a;

Rubia et al., 2014a).
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TABLES

Pre-fMRI- Post fMRI-
neurofeedback neurofeedback Frost
Mean (SD) Mean (SD) F p EdS
rlIFC-neurofeedback group (N=18) F(1,17)
ADHD-Rating Scale
ADHD-RS total score 36.72 (9.43) 30.15(11.63) 6.00 0.028 0.62
ADHD-RS inattention 19.83 (4.46) 15.94 (6.78) 6.38 0.022 0.68
ADHD-RS hyperactivity/impulsivity 16.89 (5.71) 14.21 (6.15) 3.82 0.067 0.45
Conner’s Parent Rating Scale (T-score)
ADHD index 13.61 (4.80) 10.67 (5.79) 5.29 0.034 0.55
Global index 84.06 (6.81) 76.42 (12.16) 8.91 0.008 0.78
Inattention 81.72 (7.20) 74.30 (9.19) 8.45 0.010 0.90
Hyperactivity/impulsivity 85.06 (9.56) 78.83 (14.42) 9.15 0.008 0.51
IPHG-neurofeedback control group (N=13) F(1,12)
ADHD-Rating Scale
ADHD-RS total score 37.77 (11.39) 29.30 (10.95) 49.42 <0.001 0.76
ADHD-RS inattention 20.92 (4.59) 16.04 (6.28) 30.47 <0.001 0.89
ADHD-RS hyperactivity/impulsivity 16.85 (7.48) 13.26 (6.14) 16.35 0.002 0.52
Conner’s Parent Rating Scale (T-score)
ADHD index 16.46 (2.88) 11.90 (5.20) 18.63 0.001 1.08
Global index 87.31 (6.10) 80.64 (13.12) 6.30 0.027 0.65
Inattention 84.92 (5.81) 76.61 (10.89) 7.18 0.020 0.95
Hyperactivity/impulsivity 85.92 (9.28) 81.05 (13.04) 3.61 0.082 0.43

Table 1. Behavior ratings before and after real-tine fMRI Neurofeedback training for the rIFC-

neurofeedback and IPHG-neurofeedback control ADHD pups. The primary and secondary outcome

measures that were used for correlation analysegranted in bold. ES d=effect size (Cohed)sSD:

Standard deviation.
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. . Peak Talairach  Cluster size Cluster

Brain regions Brodmann area .
coordinates (x;y;z) (voxels) p-value

A. Seed region Brodmann area 45
Increased connectivity
R dorsal caudate/anterior cingulate cortex* 24/32 2, 15; 20 30 0.02
Decreased connectivity
L parahlppocampal gyrus/hippocampus/thalamus/ 27/30/36 18.: -30; -3 75 0.012
putamen/ insula
L lingual gyrus 18 -18; -56; 3 25 0.015
BL PCC/precuneus/calcarine gyrus* 30/29/23/31/17/118 4; -45;7 192 0.008
BL t_halamus/ventral caudate/putamen/L insula/R 0: 0 10 286 0.009
pallidum
B. Seed region Brodmann area 44
Increased connectivity
R dorsal anterior cingulate cortex* 24 18; -15; 33 21 0.041
Decreased connectivity
BL PCC/precuneus/hippocampus/
parahippocampal gyrus/thalamus/calcarine/lingual 27/30/29/26/27/17/27/18 7,-41;7 224 0.000

gyrus*

07

Table 2. Changes in positive and negative functiohaonnectivity with the two seed regions of rIFC.

*Areas in bold are regions where the connectivity ltanges were significantly different to the controgroup. However, these were not corrected

for multiple testing.

BL: bilateral, L: left, R: right
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ADHD-RS CPRS-R CPRS-R
Hyperactive/Impulse Inattentive Hyperactive/Impulsive
r p r P r P
Increased
© . * .
% connectivity Dorsal caudate/ACC| 0.085 0.738 0.506 |0.032 0.256 0.305
c 0 PhG 0.546 0.019* -0.238 | 0.341 0.311 0.209
g Y Decreased Lingual gyrus 0.597° | 0.009** | -0.237 | 0.344 0.387 0.113
% connectivity PCC/Precuneus 0.422 0.081 -0.484 | 0.042* 0.339 0.169
o Thalamus/Basal 0325 | 0.188 | -0.183 | 0.468| 0.205 0.415
ganglia
- Increased ]
c 3 connectivity ACC 0.150 0.553 0.158 | 0.532 0.236 0.346
£s
o 5 Decreased . .
5 connectivity PCC/Precuneus 527 0.025 0.100 | 0.694 .560 0.016*

*: p<0.05; **:p<0.01

Table 3. Correlations between clinical changes irhe ADHD-RS and the CPRS-R and the significant funabnal connectivity changes in
the rIFC-Neurofeedback group.

r = Pearson correlation coefficient; p = probapilialue. ACC = anterior cingulate cortex; PCC =tpdsr cingulate cortex; PHG =
parahippocampal gyrus.

Grey shaded regions are regions where the cooelagtween functional connectivity changes and Wiebeal changes were significant
relative to the control group.

Note that p values were not adjusted for multipkihg.
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FIGURE LEGEND
Figure 1.

BA 45 BA 44

Figure 1. Progressively increased activation in rigt inferior frontal cortex across 11
fMRI neurofeedback runs in 18 ADHD adolescents relive to a control group (N = 13)
who were trained to increase activation in left paahippocampal gyrus.A. 3D image
showing progressively increased rIFC activatiBn.2D axial slices showing progressively
increased activation in two regions of right inéerirontal cortex (Brodmann area 45 and

Brodmann area 44) (adapted from (Alegria et all,73p
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Figure 2. Results of the functional connectivity analysis usg the cluster in Brodmann
area 45 as seed regionA. Axial slices of positive (red) and negativdu@ changes in
functional connectivity with the cluster in Brodnmaarea 45 as seed region. B. Average
correlation coefficient values for the 4 regionsi(® = parahippocampal gyrus; LG = lingual
gyrus; PCC/precuneus = posterior cingulate gyrdsl/BG = thalamus/basal ganglia) that
showed a decrease in functional connectivity ferltist > first run are shown for the first and
the last run. (C.) Average correlation coefficienfsthe dorsal caudate/anterior cingulate
cluster that showed a positive functional connégtishange is shown for the first and last

run.
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Figure 3. Results of the functional connectivity analysis usg the cluster in Brodmann
area 44 as seed regiomA. Axial slices of positive (red) and negative (bludjanges in
functional connectivity with the cluster in Brodnmaarea 44 as seed regidd. Average
correlation coefficient values for the cluster iosgerior cingulate/precuneus that showed a
decrease in functional connectivity with Brodmamhfdr the last > first run are shown for
the first and the last rulC. Average correlation coefficients of the dorsaleaior cingulate
cortex cluster that showed a positive functionairaztivity change with Brodmann area 44

is shown for the first and last run.
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Correlation between FC changes with BA 45 and changes in outcome measures
for Last > First fMRI-NF run
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Figure 4. Correlations between functional connectity changes with Brodmann area 45
and changes in outcome measures for Last > First nu A. Correlations between positive
and negative functional connectivity changes betwbe seed cluster in rIFC Brodmann area
45 and the 4 resulting clusters (PHG = parahipppedngyrus; LG = lingual gyrus;
PCCl/precuneus = posterior cingulate gyrus; ThalBBtalamus/basal ganglia) and clinical
outcome change®. Clinical outcome measures for the first and last. C. Correlation
coefficients for the functional connectivity of theclusters with the seed region in Brodmann
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area 45 for the first and the last fMRI-NF runs.t&lthat correlations were not adjusted for

multiple testing.
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Figure 5. Correlations between functional connectivity change with Brodmann area 44
and changes in outcome measures for Last > First nu A. Correlations between positive
and negative functional connectivity changes betwbe seed cluster in rIFC Brodmann area
44 and the cluster in posterior cingulate corte @ precuneus, and clinical outcome
changesB. Clinical outcome measures for the first and last €. Correlation coefficients
for the functional connectivity of PCC/precuneushwthe seed region in Brodmann area 44
for the first and the last fMRI-NF runs. Note tlzatrrelations were not adjusted for multiple

testing.



