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Abstract

Obesity is associated with altered responses td &hionuli in prefrontal brain networks
that mediate inhibitory control of ingestive belaviIn particular, activity of the
dorsolateral prefrontal cortex (dIPFC) is reducadobese compared to normal-weight
subjects and has been linked to the success ofhieigs dietary interventions. In a
randomized controlled trial in overweight/obese jeats, we investigated the effect on
eating behavior of volitional up-regulation of diPFactivity via real-time functional
magnetic resonance imaging (fMRI) neurofeedbadkitrg.

Thirty-eight overweight or obese subjects (BMI 254g/m?) took part in fMRI
neurofeedback training with the aim of increasiotivaty of the left dIPFC (dIPFC group;
n=17) or of the visual cortex (VC/control group;2i3. Participants were blinded to group
assignment. The training session took place omglesiday and included three training
runs of six trials of up-regulation and passivewirgy. Food appraisal and snack intake
were assessed at screening, after training, aaddhow-up session four weeks later.

Participants of both groups succeeded in up-reigglaictivity of the targeted brain
area. However, participants of the control growgp alhowed increased left dIPFC activity
during up-regulation. Functional connectivity beémedIPFC and ventromedial PFC, an
area that processes food value, was generallyasededuring up-regulation compared to
passive viewing. At follow-up compared to baseliheth groups rated pictures of high-,
but not low-calorie foods as less palatable andsehtbem less frequently. Actual snack
intake remained unchanged but palatability and aghoitings for chocolate cookies
decreased after training.

We demonstrate that one session of fMRI neurofeddbi@aining enables
individuals with increased body weight to up-regelaactivity of the left dIPFC.
Behavioral effects were observed in both groupsclvimight have been due to dIPFC co-
activation in the control group and, in additiomspecific training effects. Improved
dIPFC-vmPFC functional connectivity furthermore gested enhanced food intake-related
control mechanisms. Neurofeedback training migppsut therapeutic strategies aiming at
improved self-control in obesity, although the mdjve contribution of area-specific

mechanisms and general regulation effects is id nééurther investigation.

Keywords: Real-time functional magnetic resonance imagiregyofeedback, overweight,

obesity, dorsolateral prefrontal cortex, eatingawedr.



1 Introduction

Obesity is currently one of the major global healtimcerns. According to estimates based
on data from 195 countries (Ashfin et al., 201Q8 Imillion children and 604 million
adults were obese in 2015, and the prevalence e$itgbhas doubled in more than
70 countries and increased in most other counsirese 1980. In Germany, almost 25% of
the population are obese, and in 2008, direct adadct costs attributed to excess body
weight amounted to € 16.8 billion (Lehnert et @D13). Obesity and associated diseases
like type 2 diabetes, metabolic syndrome, cardiowias diseases and certain cancers
(Bray, 2004) significantly increase all-cause miastgdFlegal et al., 2013). The long-term
inefficacy of behavioral and pharmacological intrirons to achieve significant but also
sustained weight loss (Jensen et al., 2014) higtsdithe need for innovative approaches to
improve control of body weight.

Obesity is associated with increased responsivette$sod stimuli (Nijs et al.,
2010), attenuated inhibitory control (Bartholdyaét 2016; Hege et al., 2015; Lavagnino et
al., 2016) and increased intake of high-calorie enérgy-dense palatable food (Berthoud
and Zheng, 2012). On the neural level, obese iddals display hyperactivity in response
to food stimuli in brain areas associated with nelyamotion, interoception and gustatory
processing (e.g., striatum, orbitofrontal cortexsula and amygdala), whereas the activity
of areas that mediate cognitive control, partidylanhibitory control, is attenuated (e.g.
Batterink et al., 2010; Le et al., 2007, 2006; \tuiket al., 2009; for review see Carnell et
al., 2012). Thus, obesity is associated with redueetivity of the left dorsolateral
prefrontal cortex (dIPFC) and the left insula ispense to food images (Brooks et al.,
2013), suggesting that improving the functionabfyprefrontal cognitive control regions
in obese individuals may help prevent overeatingingly, self-control of food choice
depends on a prefrontal network with the dIPFC a®ra& hub (Hollmann et al., 2012;
Yokum and Stice, 2013), and successful dietingsgoeaiated with increased activation of
the superior frontal gyrus as well as the dIPFCesponse to food images and to food
intake (DelParigi et al., 2007; Jensen & Kirwan120Le et al., 2007). Frontocortical
activation has also been reported to be strongebése subjects capable of maintaining
decreased body weight (McCaffery et al., 2009).eHaard coworkers (2009) found that the
dIPFC exerts top-down control over the ventromegiafrontal PFC (vmPFC), which
processes the subjective value of food items. to@ance, activity of the dIPFC, but also
vmPFC and dorsomedial PFC as well as dIPFC-vmPFQemivity predicts the success
of dietary weight-loss interventions (Weygandtlet2013, 2015).
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Neurofeedback based on real-time functional magneisonance imaging (rt-
fMRI) provides online feedback of brain activitydaenables volitional regulation of the
activity of circumscribed brain areas (Weiskopf, 120 Weiskopf et al., 2007).
Furthermore, rt-fMRI neurofeedback can induce bairaVl effects in healthy but also
clinical populations (for recent reviews see Sitart al., 2017; Thibault et al., 2017). We
have recently demonstrated in pilot experiment$ theese individuals are able to self-
regulate disorder-specific brain areas and netwdFkank et al., 2012; Spetter et al.,
2017). Therefore, in the present clinical trial iwglemented a neurofeedback protocol to
up-regulate dIPFC activity and, consequently, impraelf-regulation of eating in the
presence of food cues.

Of particular relevance for our approach was th&usion of a suitable control
condition. To date, most clinical rt-fMRI neurofdeatk studies have either relinquished a
control group or applied mental imagery or shandlieek, i.e., simulated feedback or pre-
recorded feedback of another participant (see Tifibat al., 2017). Due to absent
contingency between the participant’'s mental effabhd the provided feedback, such
approaches can strongly reduce motivation (Johretoal., 2012). In line with recent
clinical neurofeedback trials (e.g., Mehler et 2018; Young et al., 2017), we decided to
provide feedback from regions that are not prirgarelated to control of eating behavior.
While our intervention group received feedback dRFR€C activity (dIPFC group), the
control group received feedback from primary andosdary visual cortex (VC/control
group), an area that has already been successfidbd as a target of rt-fMRI
neurofeedback training (Scharnowski et al., 201#b&a et al., 2011). Behavioral effects
of the training were assessed by questionnaireealidife food choice tasks. Based on our
previous studies (Spetter et al., 2017) we hypatkdsthat participants are able to up-
regulate dIPFC activity after one session of nexedback training, with associated
changes in food choices and preferences. In thecipaints of the control group, we
expected up-regulation of visual areas, but nocefée food choices or food evaluation.
We also expected increased activity in insula andtem across groups because these
areas respond to neurofeedback training indeperafethie target region (Emmert et al.,
2016).



2 Methods

2.1 Participants

Participants were recruited from the community @lanouncements and e-mail lists.
Eligibility was ensured by a telephone screening ansubsequent session (see below).
Inclusion criteria were body mass index (BMI) betwe25 and 4g/m?, elevated body
fat, no weight loss of over 5 kg within three mantiefore screening, no eating disorders,
psychiatric or neurological diseases, no drug aolal abuse, no smoking and no
contraindications for MRI, e.g., metallic partstire body or claustrophobia. In total, forty
overweight or obese but otherwise healthy subjeet® enrolled in the study, yielding 35
complete data sets after dropouts (see Figure 1CfONSORT flow diagram). Each
participant gave written informed consent and nesetia financial compensation of 100 €
for attending all sessions or 10 €/h in case otah$inuation. The study protocol was
approved by the local ethics committee and regidteunder NCT02148770 on

clinicaltrials.gov.

207 individuals underwent
telephone screening

1192 did not meet inclusion criteria
o (e.g., BMI < 25, metal in body,
smoking, underwent diet)

15 cancelled participation

73 individuals took part in
screening session

22 did not meet inclusion criteria

/ (e.g., low body fat content, metal in
/ body, smoking, underwent diet)
10 pilot study | | 41 randomly allocated |

| 20 dIPFC group (experimental group) ‘ | 21 VC group (control group)
1 cancelled before NF session P —
due to organizational reasons
2 cancelled during NF session
{1 due to technical issues,
1 quit) .| 2 did not properly follow

| instructions
1 did not properly
follow instructions i
16 dIPFC group (experimental group) ‘ | 18 VC group (control group)

Figure 1. CONSORT flow diagram.

After inclusion, participants were randomly allcaétto the dIPFC or VC group using a
minimization program (South East Wales Trials USEWTU) that balanced the groups
for sex and responses in the Eating Disorder Exatioim questionnaire (EDE-Q; Hilbert
& Tuschen-Caffier, 2011). Baseline characteristitboth groups are shown in Table 1 of

the Results section.



2.2 Study design

We applied a randomized controlled between-subjedesign including three

appointments, i.e., a two-hour screening sessianrttfMRI neurofeedback session and a
follow-up session four weeks after the neurofeelisassion (Figure 2). All three sessions
took part in the morning. Participants were ingiedcto attend the lab in the fasted state,
and upon arrival of the subject, we ensured thathghhad abstained from food intake for
at least two hours. Participants moreover complaetisdal analogue scales assessing
hunger and satiety. Subjects were blinded withneegawhich group they belonged to and
were unblinded only after they had completed tliel\st Due to the experimental setup it
was not possible to also blind the experimenteranduthe neurofeedback session.
However, behavioral assessments at screening diwv{fop were conducted by an

experimenter blinded to group assignments.

Screening day Neurofeedback session Follow-up (after ~4 weeks)
* Questionnaires * Food selection task * Questionnaires

+ BMI and body fat (BIA) mmmpp * ROl selection (functional localizer) s *+ BMIand body fat (BIA)
* Food rating task + Neurofeedback training (3 runs) + Food rating task

* Snack test * Food selection task * Snack test

* Shack test

Figure 2. Study design. Participants underwent three experimental sessions, i.e., screening, neurofeedback
session and a follow-up session four weeks after the neurofeedback session.

2.2.1 Screening session

In the screening session, a blood sample was dtavaetermine fasting blood glucose,
insulin and cholesterol. Hb1Ac values were obtaiteaxclude subjects with impaired
glucose homeostasis or diabetes. Body height anghwvevere assessed and body
composition was determined via bioelectrical impesaanalysis (BIABIA 2000-M, Data
Input GmbH, Pdcking, Germany) and subjects werkided if their body fat content was
above the 90th percentile. A screening questioenairassess demographic variables and
check for potential exclusion criteria, the EDE{Qllpert & Tuschen-Caffier, 2011), the
Power of Food Scale (PFS; Lowe & Butryn, 2007) #mel German version of the Three
Factor Eating Questionnaire (TFEQ) - Fragebogen #ssuverhalten (FEV; Pudel &

Westenhoefer, 1989) were filled in.

Food rating task



A computer task divided in three parts was perfarrffeod rating task). Participants first
rated the subjective tastiness and healthines9difigh-calorie (e.g., fries or chocolate
bars) and 45 low-calorie food items (e.g., fruitsl @egetables) in two separate blocks on a
5-point scale (1 = not at all tasty/very unhealtbys not tasty/unhealthy, 3 = neutral, 4 =
tasty/healthy, 5 very tasty/healthy). Based on healthiness and tastiness rating a
personalized neutral reference item was selectedh (rated neutral in both taste and
health). In a following choice task, first this eeénce item was shown and then
participants had to indicate for all 95 food piesihow much they preferred to eat this
item compared to the neutral reference food orpaibt choice scale (1 =notatall, 2 =a
little, 3 = neutral, 4 = much, 5 = very much). Fsirmulus presentation, the software
Presentation (Neurobehavioral Systems Inc, wwwoteicom) was used and food images
were taken from a standardized picture set (htigtvitionalneuroscience.eu; Charbonnier
et al., 2015). The task was based on the behavi@skldesigned by Hare et al. (2009) to
evaluate self-control in the context of food cheice

Snack test

For the covert investigation of snack intake, thptates were placed on a table that
contained snacks different in taste but roughly garable in calorie content and
macronutrient composition. They were labeled srfacB, and C, respectively. The three
types were, “TUC Cracker Classic” (salty/savourgtéa Griesson-de Beukelaer, Polch,
Germany, 488 kcal/100 g), “Rice Waffles” (bland téasContinental Bakeries B.V.,
Dordrecht, The Netherlands, 389 kcal/100 g), anduiile Chocolate Cookies” (sweet
taste; EDEKA, Hamburg, Germany, 503 kcal/100 g),babken down into bite-sized
pieces. Of each variety a considerable amount doelldaten without the plates appearing
empty, to ensure that participants would not relssnack intake based on whether the
experimenter could see how much had been consumedldition, a glass of water was
provided. The participant was instructed to taste eate each type of cookie on a visual
analogue scale assessing palatability, sweetnatisess and sourness, anchored at O (not
at all) and 10 cm (very palatable/sweet/salty). Trhportance of giving accurate ratings
was emphasized and participants were informed dbhahg and after completion of the
rating task they could eat as many snacks as tkegl because any remaining snacks
would be discarded, and were left alone for 10 rBimack intake was covertly measured
by weighing before and after the test without awass of the participant. This test to

measure casual food intake is based on work by Hegaal., (2008) and has repeatedly



been successfully applied to assess changes inifitakk (e.g., Hallschmid et al., 2012;
Ott et al., 2013)

2.2.2 Neurofeedback session

At the start of the neurofeedback session, padidp filled in an MRI safety
questionnaire, the German short version of theilerof Mood States (POMS, McNair,
Lorr, & Droppleman, 1981) and a questionnaire assgsexpectations and motivation
towards the neurofeedback training. The MRI sessias divided into two parts. First, a
functional scan was conducted, during which paréints performed a simple binary food
selection task, followed by an anatomical MRl measent. Afterwards the participants
left the scanner for the instructions on the neegdback training. Then the second part of
the MRI session began, consisting of a functiooadlizer, the neurofeedback training and
again the food selection task. Finally, the pgrtaait left the scanner for good and the
session ended with two more questionnaires (dehgiefuestionnaire and POMS) and the

snack test.

Food selection task (pre and post neurofeedback)

This task was used to assess behavioral effe¢teeantervention. It consisted of 48 trials,
in which a high-calorie and a low-calorie food piet were presented next to each other on
a screen for 5 sec. Participants had to decidéwtiton press which food they preferred to
eat at this moment without considering caloriehealth aspects. The food pictures (24
high- and 24 low-calorie food items) displayed wsedected individually based on the
highest ratings in tastiness given by the partitighuring the screening session in the food
rating task. Stimuli were presented on a screemgusie program Psychtoolbox on Matlab
(The Mathworks Inc, Natick, MA).

Functional localizer

The functional localizer was performed to indivilyadetermine the region of interest
(ROI) for the neurofeedback training, i.e., lefPBC or VC. In the functional localizer
session, the participant saw pictures of persoedliempting palatable foods (based on
taste ratings of the food rating task) and waguieséd to down-regulate the urge for food.
Hollmann et al., (2012) have reported stable dIREWation using this approach. For the
functional localizer, the same procedure as fomimerofeedback training (see below) was

used but with less trials and without providingdieack. It consisted of three trials of



regulation and passive viewing (each 30s) inteespavith rest blocks of 12 sec. After
running the localizer, the computed statistical megs used to select the dIPFC (contrast
up-regulation minus viewing) or VC (contrast upukgion minus rest). A rectangular box
extending over 3 slices was drawn in the left dIRsilateral VC, respectively. Only
voxels (clusters) exceeding a statistical threslbdlg-3.1 within the box were used for the
training ROIs (see Figure 3 for the individual miag ROIs). Another box of voxels with
individually comparable size in white matter paalaegions was selected as a second ROI
(ROI 2). The signal of ROI 2 was later used to oalrfor global fluctuations of the blood
oxygen level-dependent (BOLD) signal and other eonsjz effects from the feedback

signal.

Figure 3. Average rt-fMRI neurofeedback ROIs. Average ROI selection in (A) the dIPFC group and (B) the VC
group based on the functional localizer. The corresponding ROl masks were normalized into MNI space.
Overlapping voxels are color coded activation map (blue-light green).

Neurofeedback training
Participants received standardized informationiasttuction based on Greer et al. (2014).
They were told that the goal of the training wasnicrease activation of a specific brain

area while they viewed pictures of tempting paletdbods. No specific self-regulation



strategies were recommended (although participamtht have been primed by the
instructions given at the functional localizer sesky Participants were rather encouraged
to try out their own mental strategies and learntigl and error how to increase the
feedback signal, which represented the BOLD signathe training ROI. Respective
guestionnaire responses indicated that participanttieed used different cognitive
strategies to up-regulate brain activity (althowdien relying on mentally depreciating the
viewed food items; Table S1), which is in line wigrevious observations that providing
subjects with explicit cognitive strategies is nofndatory for successful regulation
(Birbaumer et al., 2013; Shibata et al., 2011)ti€lpants were also instructed to avoid
motor or respiratory strategies and to consider tthe feedback signal was approximately
4 to 6 sec delayed (i.e., by the physiological yiefathe BOLD response).

— Insert Supplementary Table S1 here —

After subjects had re-entered the scanner and @&tetplthe functional localizer,
neurofeedback training started. There were thraaifg runs of 9 minutes with a short
break after each run. Each run comprised six to&l30 sec passive viewing and 30 sec
up-regulation of the training ROI, with a 12 sestreeriod in-between and after each trial.
During up-regulation and passive viewing, indivillpa&hosen high-calorie food pictures
were presented that had received the highest pdigtaratings during the screening
session. Two black thermometer symbols on thealadtrespectively right side of the food
picture provided feedback on the BOLD signal andymbol next to the thermometer
images indicated the type of the task (a plus dignng passive viewing and an upward
arrow during up-regulation). Whenever the BOLD e of the training ROI increased
by 0.05 percent compared to the passive-viewinglition, the thermometer bars rose by
one of its ten levels. In order to adhere to opele@arning principles (Sherlin et al., 2011;
Strehl, 2014), this feedback threshold was indigljuadapted after each run depending
on individual performance. If performance was sorgj that the thermometer bar reached
its limit, the threshold was increased stepwis@.6¥5 or 0.1 percentage signal change per
bin. This procedure implicated a maximal perceghai change (PSC) ranging between
0.5 and 1.0 percent; more details on the PSC dabcuare given in section 2.4.2. During
passive viewing, the same pictures as during uplaéign were presented, but no feedback
signal was presented (i.e., the thermometer bare wmpty and did not change) and

participants were told to view the food picture heitit trying to regulate. Stimuli were
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presented on a screen via a computer interfaceg tisenprogram Psychtoolbox on Matlab
(see Figure 4). After neurofeedback training, pgrénts again performed the food
selection task while their brain responses werertdsr to measure immediate effects of

the training.

W
‘M I }
Viewing (30 sec)

l

Rest (12 sec)

|
1@

Up-regulation (30 sec)
|

Rest (12 sec)

Figure 4. rt-fMRI neurofeedback training. BOLD signals were acquired via fMRI scans, processed in real-
time using Turbo-BrainVoyager (v3.2; Brain Innovation B.V., Maastricht, The Netherlands) and presented as
visual feedback on a stimulation computer. Visual feedback was provided only during up-regulation blocks
in the form of thermometer bars indicating increases of the BOLD signal in the dorsolateral prefrontal
cortex or visual cortex. During up-regulation blocks, participants were instructed to increase the
thermometer bars, whereas during viewing blocks, they were instructed to passively look at the pictures
without trying to increase the thermometer bars. Depicted in the figure are examples of visual stimuli
shown during passive viewing, rest and up-regulation.

2.2.3 Follow-up session

The follow-up session was scheduled four weeks dfte neurofeedback training (with
some participants returning after five or six wedk® to individual time constraints). In
general, the procedure of the follow-up sessiormided that of the screening session. To
measure long-term effects of neurofeedback, bodgposition and BMI were assessed
again. Also, participants performed the food ratiagk and the snack test and completed

the EDE as well as a questionnaire evaluating gueaieedback training.
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2.3 MRI acquisition

Functional and structural MRI images were obtaioadh 3-Tesla MRI scanner (Siemens
Magnetom Prisma, Siemens Healthcare, Erlangen, &sgnrequipped with a 20-channel
head coil (Siemens Magnetom Tim TRIO, Siemens Heate, Erlangen, Germany). For
the T1-weighted anatomical scan the following patars were used: repetition time (TR)
= 2300 ms, echo time (TE) = 4.18 ms, flip angle°=f¢ld of view (FOV) = 256 x 256
mm, 176 axial slices and voxel size = 1 x 1 x 1 nirofhctional images of the functional
localizer and the neurofeedback runs were acquivgd an EPI sequence using the
following parameters: TR = 1500 ms, TE = 30 msusidjd flip angle = 79°, matrix size =
64 x 64, and 20 slices with a thickness of 4 mmagdp of 13%, resulting in a voxel size
of 3.5 x 3.5 x 4.52 mm3. For the functional imagbsained during the food selection task
we used a whole brain coverage (40 slices) withpdmameters: TR = 2500 ms, TE = 30
ms, flip angle = 70°, matrix size = 64 x 64 andsfifes with a sickness of 3 mm and a gap

of 20%, resulting in a voxel size of 3 x 3 x 3.6 fnm

2.4 Data processing and analysis

We applied a pre-specified analysis plan as stipdlavithin the framework of the
BRAINTRAIN consortium (https://clinicaltrials.gow2/show/NCT02148770). For online
rt-fMRI data processing the software Turbo-Brainsggr (v3.2; Brain Innovation B.V.,
Maastricht, The Netherlands) was used. Offline pregssing and analyses of the imaging
data were performed with SPM 12 (Wellcome Trust t@efor Neuroimaging, London,
UK) and the CONN toolbox (version 17.f., Whitfie@abrieli & Nieto-Castanon, 2012;
http://www.nitrc.org/projects/conn) implemented Matlab 2016b (The Mathworks Inc.,
Natick, MA, USA). Questionnaires and behavioraladetere analyzed using IBM SPSS
Statistics 22 (Armonk, NY, USA). All behavioral tesand questionnaires were checked
for normality using Shapiro-Wilk tests and histags In case of violation of the
normality assumption, non-parametric tests werelieghpOutliers were removed from
analyses if they exceeded 3 SDs from the mean. &atgresented as means + standard
errors of the mean (SEM) except indicated othervise all behavioral analyses a p-value
below 0.05 was considered significant and in cdseultiple testing Bonferroni correction

was applied.
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2.4.1 Analysis of the food rating task

The food rating task comprised three ratings (heass, tastiness and choice ratings)
given at two time points (screening and follow-upjo analyze the effects of

neurofeedback on food evaluation, mean healthiaesstastiness scores for high- and
low-calorie food items, respectively, were compadoetiveen screening and follow-up. To
analyze the effects on food choices, the percerdatjenes the participant chose the food
item over the neutral reference food item (yes<leni choice rating > 3) was calculated
for high- and low-calorie food items and comparetieen screening and follow-up. To
further analyze food choices, the percentage ofdgessions was separately calculated for
preferred (tastiness ratings > 3) high-calorie aod-preferred (tastiness ratings < 3) low-
calorie food items, and compared between screeamyfollow-up. In order to render

results at screening and follow-up comparable, greeges of yes-decisions at follow-up
were calculated also relative to the total numidezhmices in the corresponding category
during screening. Mixed ANOVAs with the betweenisgb factor group and the within-

subject factors time and calorie content were peréal to determine if the evaluation and

choices of high- and low-calorie food items chanfyeth screening to follow-up.

2.4.2 Real-time fMRI data processing (online analysis)

During neurofeedback training the functional imagese exported from the MRI console
computer to another computer using a shared faddranalyzed in real time using the
software TBV. On-line realignment, spatial smoothif® mm) and drift removal were
performed and to avoid T1 saturation effects, thst fen images were excluded from the
analysis. Using a General Linear Model (GLM) staisd maps were incrementally
computed and updated. During neurofeedback traithiegmean BOLD signal from the
training ROI and ROI 2 (control region) was exteattind the feedback signal (FB) was
computed as the difference between the two ROI-timgses, normalized to the passive

viewing condition using the formula:

FB = training ROI(BOLDupreg - BOLDVieW) ROI Z(BOLDupreg - BOLDVieW) 100
B training ROI(BOLDview) ROI Z(BOLDview) x

BOLDupregrepresents the moving average over the last 4(§Rsc) of the BOLD signal
during the up-regulation condition, and BOlidw the mean BOLD signal of the previous
phase of the passive viewing condition with a basethift of 4 TRs, thus reflecting the
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averaged time series of the last 16 scans of theiygmviewing condition. To convert the
FB value to a scale from 0 to 10, a maximum PS@éen 0.5 and 1 percent was used (see
section 2.2.2). The feedback signal was converteda thermometer image and sent to the
stimulation computer. The image was continuousigaied during presentation after each

TR (every 1.5 sec; see Figure 4).

2.4.3 Self-regulation performance

To analyze if participants in both groups succdbsfip-regulated activity in the training
ROI, BOLD time series were extracted from the imdlinal training ROl and ROI 2 of each
participant. For the localizer and each neurofeekiran the BOLD signal during up-
regulation and passive viewing was averaged ovais t(discarding the first 4 scans of
each trial to avoid effects of visually inducediaty), and for both ROIs separate mean
PSCs during up-regulation normalized to the passigeing condition were calculated
The mean PSC of the ROI 2 was then subtracted tf@mPSC of the training ROI,
resulting in a differential mean PSC (R for each participant in each neurofeedback

run.

2.4.4 Analysis of brain activity during neurofeedback dadd selection task
(offline analysis)

Standard preprocessing steps were performed (neadigt, coregistration, normalization,
9-mm smoothing and high-pass filtering). Then tvepagate GLMs for neurofeedback
regulation as well as for the food selection tasirevcalculated for each participant,
including regressors for the task as well as tladigement parameters as regressors of no
interest. The model for neurofeedback regulatiariuithed the factors neurofeedback run
and up-regulation vs. passive viewing and the mtmethe food selection task the factors
choice (high- vs. low-calorie) and time. Afterwanstbole brain second-level full factorial
models with the within-subject factors neurofeedbam/time and the between-subject
factor group including BMI and age as covariatesewzalculated. Results were considered
significant at p<0.05 FWE-corrected on cluster leWde primary voxel level threshold
was set at p<0.001 uncorrected. Due to head mowusnexceeding 3 mm, two further

participants, one from each group, were excludenh fthe offline fMRI analyses.

2.4.5 Analysis of functional connectivity (offline analg$

Analyses of functional connectivity relied on bile correlations with hrf-weighting to
define specific weights within conditions. We fid¢noised the functional images using
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the default settings of the CONN toolbox, includtimge courses of white matter and CSF
BOLD signals, six realignment parameters and lirdstrending. Main task effects were
regressed out and a high-pass filter (0.008 Hz) a@mslied to remove physiological

artifacts.

Functional connectivity ROIs comprised parts of fihed appetitive network, areas
that mediate self-control of eating behavior as |Iwa$ brain areas involved in
neurofeedback processing and self-regulation (@ntemgulate cortex, dorsal striatum,
ventral striatum, dIPFC (BA46), insula, thalamusferior and superior parietal cortex,
lateral occipital cortex, and vmPFC; Emmert et2016; Sitaram et al., 2017). Most of the
ROIs were anatomically selected using the Automafedtomically Labeling atlas
(AAL2; Tzourio-Mazoyer et al., 2002). The vmPFC waefined according to Hare et al.,
(2009). Only dIPFC and VC (i.e., the training ROIgre defined using the pre-training
functional localizer (see 2.2Reurofeedback session/Functional local)z&ince location
and extension (number of voxels) of the dIPFC aisdal areas slightly differed between
subjects, we defined common dIPFC and visual ar®dsRor the experimental and,
respectively, control group (see Figure 3).

In order to investigate regulation-specific corthaty patterns, we compared the
up-regulation condition with the passive viewinghdion independent of groups using
first-level connectivity measures, with age and BddIcovariates. Moreover, we compared
the dIPFC and the control group using a 2x2 mix&ONA with the between-subjects
factor group and the within-subjects factor comditiIn all second-level analyses, only

FDR-correcte@-values were considered significant.
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3 Results

3.1 Feasibility and self-regulation performance

More than two thirds of the participants who atehdhe screening session were eligible
for the study; only a few participants quit the dstuafter screening or during
neurofeedback, and all participants who finishedrokeedback also took part in the
follow-up session (Figure 1), indicating high fdalsiy of our approach (see also 3.7).
Participants of both groups successfully up-regalaactivity in the individual
training ROIs (Figure 5). There was a significantet effect £(1, 33) = 4.407p < 0.01),
indicating an increase in P& from the localizer session to the neurofeedbacis.ru
There was no significant group effect and no repednteraction | > 0.05). Contrast
analyses revealed a significant difference betwdba localizer and the three
neurofeedback rung (< 0.05), but no significant difference between tleirofeedback

runs, neither across nor for the individual groups.

Regulation performance
*

0.25 | | .
0.20
0.15
0.10
0.05

-0.05
-0.10
-0.15
-0.20

dIPFC group
M VC group

Loc Run 1 Run 2 Run 3

Figure 5. Regulation performance. Bars depict mean BOLD percent signal change (£ SEM) in the individual
training ROIs of the two groups for the localizer session and the neurofeedback runs; * p < 0.05.

Debriefing questionnaires indicated that neitheeatly after neurofeedback (52.94%) nor
in the follow-up session (55.88%) participants wabde to detect above chance levels if

they were in the dIPFC or the VC group.
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3.2 Brain activation during neurofeedback (offline asa)

The main effect of regulation (up-regulation — vieg) revealed a large significant cluster
in the bilateral anterior insula extending to katal inferior frontal gyrus, thalamus and
dorsal striatum and the right dIPFC. In additior, found significant clusters in temporo-
occipital areas comprising the right superior terapgyrus and bilateral middle temporal
gyrus, extending to the middle occipital gyrus,,ithe training ROI of the VC group.
Moreover, a significant effect was observed inldgfedIPFC, i.e., the training ROI of the
dIPFC group. When comparing passive viewing withregulation, activation in the
vmPFC as well as in the bilateral precuneus andilangyrus (allp < 0.05, FWE-
corrected, k > 10 voxel) was observed. Howeveretlieere no significant group, time or
interaction effects. Explorative group-specific lgsas indicated that only the VC group,
but not the dIPFC group showed a significant effie¢he middle occipital gyrus, i.e., the
training ROI of the VC group. Figure 6 and Tables4Sdepict the main effect of up-
regulation and simple main effects for both groopapsed across all neurofeedback runs

in a random-effects whole-brain analysis.
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Figure 6. Main effect of rt-fMRI up-regulation training. Activation maps of up-regulation vs. passive
viewing (orange-yellow) and the reversed contrast (blue-green) collapsed across all neurofeedback runs (p<
0.05, FWE-corrected; k > 10) plotted on a high-resolution anatomical T1-weighted template and displayed in
neurological convention. Bottom panels depict average beta estimates and standard errors of the contrast
up-regulation vs. passive viewing for all neurofeedback runs in dIPFC, visual cortex, insula and striatum.
Coordinates in MNI; * p < 0.05 FWE-corrected and Bonferroni-corrected for number of tests (i.e., 36).
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— Insert Supplementary Tables S2-4 around here —

3.3 Functional connectivity during neurofeedback (o#lianalysis)

Across groups, we found significantly increasednamtivity between the left dIPFC and
vmPFC during up-regulation compared to passing wmigw(t(30) = 3.60,p = 0.003).
Further significant positive connectivities weresetved between left dIPFC and ACC
(t(30) = 4.42,p = 0.0005) and between left dIPFC and ventral siniaft(30) = 2.57p =
0.024). A negative relationship was found betwedhdIPFC and inferior parietal cortex
(t(30) = -5.03,p = 0.0003), superior parietal cortex (t(30) = -2.83; 0.011), right BA46
(t(30) = -4.75,p = 0.0003), lateral occipital cortex (t(30) = -3.%= 0.003), and right
insula (t(30) = -3.23p = 0.006; see Figure 7). Comparisons between grdigpbaot yield
significant differences in connectivity. Althoughewfound a trend towards stronger
negative functional connectivity between dIPFC agtt insula in the dIPFC compared to
the VC group (r = -0.33 vs. r = -0.1ft,= 0.10), these results indicate similar network

patterns in both groups.
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Figure 7. Task-based functional connectivity during up-regulation versus passive viewing independent of
group. (A) h-values (h) correspond to Fisher-z transformed pairwise correlations, (B) p values (p) correspond
to FDR-corrected p values.

3.4 Food selection task

On a behavioral level, participants of both groozsie less high-calorie selections directly
after the neurofeedback training (dIPFC group: 224.22%6; VC group: 19.42 4.88%)
compared to before the training (dIPFC group: 42 4872%6; VC group: 43.7% 5.3%%0),

as confirmed by a significant effect of time({, 30) = 33.875p < 0.05). There was no
significant group effect and only a trend-wise timgroup interactionf(1, 30) = 3.324p
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= 0.10) suggesting that the decrease was slighiyger in the VC group (Figure 8A).
Due to technical problems data of three participarere missing for this task.

On the neural level, we did not find a group orugranteraction effect. However,
we identified stronger activation within the veh@aterior cingulate cortex extending to
the dorsomedial PFC for the differential effechagh- vs. low-calorie food choices after
neurofeedback training compared to before, as atelicby a significant time x choice
interaction F(1,118) = 16.03p < 0.05, FWE-corrected, k = 176) and a significsffect of
high-calorie compared to low-calorie food choiaeshie post-training measurement,
(T(1,118) = 4.96p < 0.00001, FWE-corrected, k = 755). Moreover, #dusvation
extended into the vmPFC (Figure 8B).
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Figure 8. Results of the food selection task. (A) Percentage of high-calorie food choices before and after
neurofeedback (* p < 0.05). (B) fMRI results showing the time x calorie interaction effect. For the purpose
of presentation, activation of both groups is shown at an uncorrected p < 0.001 and plotted on a high-
resolution anatomical T1-weighted template and displayed in neurological convention. Bottom panels show
average beta estimates and standard errors for the anterior cingulate cortex (ACC);* p < 0.05 FWE-
corrected.

3.5 Food rating task

Across both sessions participants of both groufesiraigh-calorie pictures as less healthy
than low-calorie picturesF(1, 33) = 1479.106p < 0.001). No other main effects or
interactions were significant with regard to healdss ratings.
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Both groups rated high-calorie items as less palatduring the follow-up session (dIPFC
group: 3.30+ 0.11; VC-group: 3.16 0.11) compared to the screening session (dIPFC
group: 3.62+ 0.12; VC group: 3.4& 0.08; Figure 9A), as also indicated by a signiftcan
main effect of timeF(1, 33) = 32.573p < 0.0001, a significant main effect of calorie
content,F(1, 33) = 40.056p < 0.0001, and a significant time x calorie confetgraction,
F(1, 33) = 21.637p < .0001. Simple main effects confirmed that tineetix calorie content
interaction was driven by a significant time efféat high-calorie food itemsH(1, 33) =
4.990,p < 0.05). No group effects and no interactions i factor group were observed.

With regard to food choices, both groups chose hegls-calorie items during the
follow-up session (dIPFC group: 42.504.96%; VC-group: 33.82 4.54%) compared to
the screening session (dIPFC-group: 46t63.48%; VC-group: 42.84 4.68%; Figure
9B), as confirmed by a significant main effect afarie contentK(1, 33) = 58.557p <
0.001), a significant time x calorie content intgian (F(1, 33) = 10.527p < 0.005), and
simple main effects showing that the interactiors vdaiven by a time effect for high-
calorie food itemsK(1, 33) = 5.843p < 0.05). There were no significant time effects or
group effects, no significant interactions betwdéleese factors, and no significant three-
way interactions. As there were almost no yes-amussfor non-preferred low-calorie food
items, only percentages of yes-decisions for prederhigh-calorie food items were
analyzed. Both groups made less yes-decisions ifgit-dalorie food items that they
preferred during the follow-up session (dIPFC-gro6p.19+ 6.50%; VC-group: 51.26
7.24 %) compared to the screening session (dIPBGpgr 70.63t 6.60%; VC-group:
69.03+ 5.45%;F(1, 33) = 10.826p < 0.005 for time). No group effects or interaction
effects were found.

In exploratory post-hoc analyses, we calculatedetation coefficients between
training-induced changes in functional connectiatyd effects on food ratings and food
intake. We found that across groups, the changestéad palatability of high-calorie food
items in the follow-up session and in functionahigectivity of dIPFC and insula activity
during regulation were significantly correlated #r -0.506, p = 0.003; Bonferroni-
corrected), indicating that the stronger the coupletween dIPFC and right insula, the

stronger the decrease in rated palatability of tuglorie food items.
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Figure 9. Results of the food rating task. Mean (A) palatability ratings and (B) percentages of yes-decisions
for high and low-calorie food items during screening and the follow-up session; * p < 0.05.

3.6 Food intake

As snack intake results were not normally distlolitwe calculated a mixed ANOVA on
ranks with the between-factor group and the wifators time and taste. We found that
across the three sessions, participants ate mameolate cookies than neutral and salty
shacks [F(2, 62) = 99.464p < 0.0001 for main effect of taste in contrast gsas$). There
were no other significant main effects or interaes with regard to snack intake.
Participants also rated the palatability and howerofthey would choose the
respective snack if asked to. Directly after neeedback and at follow-up compared to
screening, they rated the chocolate cookies agkdasable F(2, 60) = 5.455p < 0.01 for
taste and=(4, 120) = 4.714p < 0.005 for time x taste interaction). The samiepa was
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observed for the choice rating(, 64) = 6.752p < 0.01 and~(4, 128) = 5.749 < 0.005,

all Greenhouse-Geisser-corrected). Simple mainceffeonfirmed that the interaction
effects were driven by the chocolate cooki€g2( 62) = 7.066,p < 0.005, and,
respectively,F(2, 64) = 6.864p < 0.005, for time). Moreover, participants wouldvik
chosen less of the chocolate and more of the neeks after neurofeedback compared to
screening (2, 66) = 3.468p < 0.05, for simple main effect of rice snacks; $able S5).

— Insert Supplementary Table S5 here —

3.7 Body composition and eating-related questionnaires

Table 1 summarizes body composition and questiomnegsults of both groups at
screening and the follow-up session. There wergigraficant differences between groups,
and neither the VC nor the dIPFC group showed mifesgnt change over time in any of
these measures (@b 0.05).

24



Table 1. Body composition and questionnaire results of both groups.

dIPFC group  VC group t p
(M = SEM) (M = SEM)

N 16 (4 male) 19 (5 male)
Age (years) 29.25+1.93 32.58 £2.85 -0.93 0.360
Height (cm) 170£2.34 170.9 + 2.06 -0.29 0.775
Weight (kg) 91.03 £2.58 91.5+2.44 -0.13 0.897
Weight (kg; follow-up) 91.38+2.89 91.37 %247 0D. 0.999
BMI (kg/m?) 31.63+0.91 31.25+0.56 0.37 0.715
BMI (kg/m?; follow-up) 31.64+0.94 31.32+0.53 0. 0.756
Body fat (%) 38.43+1.64 37.15+1.40 0.60 0.555
Body fat (%; follow-up) 38.76 £+1.54 37.23+1.39 .70 0.466
FEV: Cognitive restraint 8.63 +1.02 8.16 +1.01 3. 0.748
FEV: Disinhibition 7.44 £0.72 8.78+0.94 -1.11 208
FEV: Hunger 7.06 £0.82 7.26 £0.98 -0.15 0.879
FEV: Total 23.13+£1.86 23.94+1.19 -0.28 0.748
PFS: Food available 1556+1.29 14.26+1.19 0.74 0.464
PFS: Food present 13.31 £ 0.68 11.63 £0.90 1.45 1580.
PFS: Food tasted 17.63+0.83 15.68+0.83 1.65 092.1
PFS: Total 46.50+2.32 41.58 +2.68 1.36 0.182
EDE: restraint 1.36 £0.29 1.40 £ 0.29 -0.91 0.928
EDE eating concern 0.99+0.24 1.05+0.32 -0.14 88D.
EDE weight concern 3.03+0.38 2.56 +£0.31 0.96 40.3
EDE shape concern 3.39+0.39 2.96 £0.33 0.86 80.39
EDE average 2.19+0.28 1.99+0.25 0.53 0.598
EDE restraint(follow-up) 1.48 +0.32 1.44 +0.32 0.07 0.943
EDE eating concer(follow-up) 1.06 £ 0.30 0.84 +0.26 0.56 0.579
EDE weigh concerifollow-up) 2.90£0.36 2.44 +£0.31 0.97 0.340
EDE shape conceffollow-up) 3.45+0.38 3.01+£0.34 0.85 0.403
EDE averagéfollow-up) 2.22 +0.27 1.94 +0.27 0.75 0.463

BMI, body mass index; FEV, Fragebogen zum Essverhalten; PFS, Power of food scale; EDE, Eating Disorder

Examination questionnaire; all values were obtained at screening except for those marked ‘follow-up’

(obtained during the follow-up session four weeks after the training).
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Hunger and satiety as assessed by visual analocgiles st the start of each session did not
differ between groups (af) > 0.40). Their results neither differed betweersges O >
0.09) or showed interactions between the factoosigiand time > 0.31). Analyses of
the POMS questionnaire used to assess mood beforedieectly after neurofeedback
training indicated a decrease in the schdpression/anxietfp < 0.005) that appeared to be
stronger in the dIPFC group (pre, Mdn = 0.286, plkin = 0.000p < 0.01) than the VC
group (0.143 to 0.23h= 0.096, pre, Mdn = 0.143, post, Mdn = 0.237; gust-Wilcoxon
signed-rank tests). No significant pre-post changed no differences between groups
were found for the subscalegyor, fatigueor hostility. No training effects were observed
for EDE scores (Table 1).

3.8 Motivation, expectation and evaluation questiorssir

We did not find indicators of group differencestamms of motivation to take part in the
neurofeedback training inasmuch both groups regorbebe highly motivated (dIPFC
group, 4.46 £ 0.20; VC group, 4.63 + 0.13 on a bpascale). However, there was a
significant difference regarding individual expeuias towards the training, with the VC
group reporting greater expectations than the digftip (3.57 = 0.16 vs. 2.84 £ 0.19,
t(27) = -2.97;p < 0.01). The groups did not differ in their evalaatof the neurofeedback
training at follow-up. They rated the neurofeedb&@ining to be sufficiently efficient

(dIPFC group, 2.55 = 0.16; VC group, 2.50 + 0.18&dspoint scale) and highly enjoyable
(dIPFC group, 4.31 + 0.13; VC group, 4.37 £ 0.14).

Scores on the expectation scale correlated negjativth screening vs. follow-up
differences in the choice of preferred high-caloiems (r = -0.506,p = 0.0051;
Bonferroni-corrected). Separate analyses revedhad these correlations were more
pronounced in the VC group (r = -0.67p9,= 0.0054) while correlations were not
significant, after Bonferroni-correction, for thP&C group.

Eight of the 16 participants of the dIPFC group amght of the 19 participants of
the VC group reported at follow-up to have used atsdaily life the strategies applied
during neurofeedback training. Five participantshaf dIPFC group and one participant of

the VC group reported to have used other strategies
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4 Discussion

Our study demonstrates the feasibility and efficatyt-fMRI neurofeedback to improve
food intake control in overweight and obese subjecine session of neurofeedback
training enabled participants to up-regulate dIRi€Gvity when confronted with palatable
food items. The control group exhibited successipiregulation of visual areas, the
respective target region, but moreover also ine@a#PFC activation. In both groups, we
observed an increase in functional connectivityirduup-regulation between dIPFC and
areas involved in food value representation andardwrocessing. After training, both
groups rated pictures of high-, but not low-calddeds as less palatable and chose them
less frequently compared to baseline. Actual snatéke remained unchanged, but
chocolate cookies were rated as less palatabléeasdlesirable. Self-reported expectations
towards the neurofeedback training correlated vhin decrease in preference for high-
calorie foods in the control group, which might agontributed to the behavioral

improvements seen in this group.

4.1 Effects of neurofeedback training on brain acgfivit

During up-regulation training, participants showactivation of their target ROIs that,
however, did not increase across training runs. a® found widespread activation
changes during the regulation task in both grotgfiecting the effort to process feedback
and reinforcement and apply and dynamically updasntal strategiesA network of
different brain areas was active during self-regoihg including anterior insula and dorsal
striatum. The striatum is involved in skill as wali neurofeedback learning (Birbaumer et
al., 2013; Sitaram et al., 2017) and respectivaviactincreases may reflect learning
aspects of successful neurofeedback-triggered reglffation. The anterior insula is
involved in a multitude of tasks including interptien and emotional awareness (Craig,
2009), and may also take part in reward processuring neurofeedback (Sitaram et al.,
2017). Recent studies indicate that this strugbuimarily contributes to monitoring rather
than self-regulating the feedback signal (Parel.e2018), which is in line with its role in
the salience network and, consequently, for integraof information.

The dIPFC belongs to the left central executivewnet; it processes working
memory contents (Bressler and Menon, 2010) and adssidered a part of the
neurofeedback control network (Sitaram et al., 20litleed, a broad fronto-parietal and
cingulo-opercular network of cognitive control istimated already during simple control
tasks (Ninaus et al., 2013). Activation of the dIPiR the VC and the dIPFC group alike
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may have been due to increased efforts to follostrutions and accomplish the task in
the former in comparison to the latter group. liaiso to note that alterations of visual
networks such as increased global connectivityhan YC have been observed in obese
individuals (Geha et al., 2017), along with inceshgesting state connectivity between
dIPFC and VC (Moreno-Lopez et al., 2016), i.e., tteening ROIs of our study. It is
therefore conceivable that the modulation of visurahs affected the activity of other brain
areas including the dIPFC, which would explain vt control group showed an effect of
up-regulation not only in the VC, but also the dIPFEquivocal dIPFC activation in both
groups may have triggered comparable behavioranhgds® while the absence of
incremental training effects across runs in bothugs may have been due to particular
efforts to up-regulate dIPFC activity in the begimg compared to later parts of the
session. Although the dIPFC itself belongs to tkarafeedback control network, future
studies might for example aim at down-regulationtled dIPFC as a control condition;
however, this approach may frustrate participantstherefore raise ethical concerns (see
Sorger et al., 2019; Thibault et al., 2017 forscdssion of this issue). Up to now, only few
studies (Alegria et al., 2017; Mehler et al., 20Myjung et al., 2017) have used an
approach similar to ours to assess the potentiahefrofeedback in a randomized
controlled clinical setting. That the control peipants of these studies showed indication-
specific behavioral improvements after receivingiméeedback from an unrelated brain
area is in line with our findings on neurofeedbautuced changes in food appraisal that
are discussed below.

In analyses of network patterns, up-regulation cameg to training was associated
with increased connectivity between dIPFC and vmmi®oth groups. Given that this
pattern reflects improved control of vmPFC-procdsssue signals by the dIPFC (Hare et
al., 2009; Weygandt et al., 2013, 2015), our resinticate that neurofeedback training
both of the dIPFC and of visual areas may targest ribural substrate of self-control. In
addition, we found significant increases in conivagt between dIPFC and ACC and,
respectively, ventral striatum, i.e., parts of tleurofeedback reward processing network
(Emmert et al., 2016; Sitaram et al., 2017). Irgengly, our results indicate that dIPFC-
targeting neurofeedback training yields effectconnectivity and food choices similar to
those of our previous approach that directly taaddtinctional connectivity (Spetter et al.,
2017). This finding adds to the current discussitrether results of fMRI neurofeedback
protocols based on functional connectivity, whica mcreasingly used (Kim et al., 2015;
Koush et al., 2013; Megumi et al., 2015; Spettearlgt2017; Yamashita et al., 2017), can
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likewise be achieved by single-ROI training apptesc(e.g., Orlov et al., 2018; Papoutsi
et al., 2018; Young et al., 2018).

4.2 Behavioral effects

Immediately after neurofeedback (in the food sédectask) as well as at follow-up (food
rating task), participants reported reduced prefedor high-calorie food items compared
to baseline; they also rated chocolate cookiegss desirable. This pattern was reflected
by a reduction in the number of “yes” decisions Hagh-calorie food items that received
very high palatability ratings. Taken together, sieresults, which are in line with
beneficial effects on eating behavior of transahulirect current stimulation of dIPFC
activity in obese subjects (Gluck et al., 2015;rieiet al., 2017; Montenegro et al., 2012),
suggest improved self-control during food choicterahe neurofeedback intervention in
our obese and overweight individuals. While we dat observe significant correlations
between self-regulation performance in individualrting ROIs with pre-post differences
in body weight, body fat, or behavioral outcomdse strong correlation between the
decrease in palatability ratings and functional namtivity-derived dIPFC-right insula
regulation provides a direct link between traininduced neural changes and
improvements in food intake control. Future neuedfegack studies may therefore
specifically target this connectivity pattern. ltighmt also be argued that behavioral
outcomes emerged as an unspecific effect of thecipants’ effort to achieve the training
goals. We found distinct differences in BOLD activa between high- and low-calorie
food items in the ACC extending into the vmPFC raftaining, possibly reflecting the
conflict between the two response alternatives \(iBatk et al., 2004). After
neurofeedback training, selection of high-caloned images therefore might have been
associated with greater cognitive effort during tthecision phase. However, higher
activities in this region can be also related te ¢neater salience and reward expectance
assigned to high-calorie food items (van der Laaal.e 2011) or their greater subjective
stimulus value (Rangel, 2013), especially of itetingt the participants do not want to
discard.

Surprisingly, these changes did not translate netduced calorie intake in our
covert assessment of snacking behavior when conhpargaseline. Effects of anticipation
might have masked potential outcomes of neurofegdtraining. While subjects were not
familiar with this task in the screening sessiarpjscts had reason to anticipate the same

test later on (based on the repetition of otherabiemal tests across sessions). In
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conjunction with physiological anticipatory respess(Power and Schulkin, 2011),
increased hunger might have counteracted any tigi@ifect in this regard. Alternatively,
although the test was performed under the assumpfia taste assessment, subjects may
have attenuated snack intake to comply with normd social desirability, yielding
relatively comparable intake across sessions asdily also affecting subjective ratings
of food palatability. Mere placebo effects of treurofeedback interventions are less likely
considering that in both groups, only around hdilftree subjects assumed to undergo
efficient training.

Unspecific psychological factors play an importesie in any kind of intervention
or training. It has recently been shown for EEGrofedback that in blinded, placebo-
controlled studies sham in comparison to genuineddack can yield comparable
behavioral effects and subjective changes (Schargndt al., 2017; Schabus et al, 2017).
Therefore, we took care to detect the influencexgiectation and motivation on behavioral
outcomes. While both groups were highly motivatedparticipate, participants of the
control group showed even greater expectationsrttswhie neurofeedback training. Post-
hoc correlations indeed suggest that the relatiezlijanced expectance effects in the
control group might have yielded behavioral improests on par with the effects
obtained in the dIPFC group. Of course, this exgian is tentative and underlines the
need to control for unspecific psychological fastan rt-fMRI neurofeedback studies,

particularly when considering potential clinicaldipations.

4.3 Limitations and future directions

The relatively limited duration of our interventionay have curbed its impact. However,
while some clinical studies showed behavioral improents only after three to four
training sessions (Ruiz et al., 2011), others fosindng training effects after a single day
(Paret et al., 2014) or two days of training (Youwtgal., 2017). Also considering self-
regulation performance, which in some cases evéerideated after prolonged training
(Hohenfeld et al., 2017), optimal training duratisnn need of further investigation and,
of course, may also depend on the particular tasggon or disorder. We did not include a
separate transfer session without feedback to ateattaining success, instead relying on a
food selection task to detect behavioral changesldgistical reasons, the researchers in
charge of neurofeedback training were not blindegarding the subject's group
assignment, but behavioral assessments were ceaadogia separate, blinded investigator.

As outlined above, our VC control group approachymhave been too conservative
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considering that obese individuals show alterationgisual networks (Geha et al., 2017;
Moreno-Lopez et al., 2016). Alternatively, the cargble results in the dIPFC and the VC
group may indicate that it is the experience ofceasful neural regulation rather than
changes in a specific target region that drivesabenal improvements (Alegria et al.,

2017; Mehler et al., 2018).

Alternative neurofeedback target regions to impreating behavior in obesity
include emotion- and reward-processing areas hieestriatum, although many of these
regions contribute to the neurofeedback learniracgss per se (Birbaumer et al., 2013;
Emmert et al.,, 2017; Sitaram et al., 2017). Morepweereating in obesity may derive
from hyper-responsivity or diminished sensitivity eward-processing areas (Kenny,
2011), so that such approaches bear the risk otemded effects. In this context, a non-
controlled feasibility study in young healthy femslby Ihssen and colleagues (2017) is
worth mentioning that relied on ‘motivational nefgedback’ from individually
determined target areas, i.e., participants wes&uated to downregulate brain activity
elicited by high-calorie food cues that decreasedize if they succeeded. The authors
found significant reductions in hunger ratings afteurofeedback but did not report any
follow-up effects. Finally, less expensive formsnafurofeedback, such as EEG (Schmidt
and Martin, 2016) or near-infrared spectroscopyR®S!I Barth et al., 2017; Hudak et al.,
2017) might be promising approaches to improveamitrol in obesity and accelerate the
transfer into the clinical context. In sum, theules of this randomized controlled clinical
study suggest that neurofeedback training to im@rmmhibitory self-control of eating
behavior could be beneficial in multimodal straésgin the treatment of obesity.
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