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Abstract

Objective: Knowledge on predictors for treatment response to psychotherapy in

binge-eating disorder (BED) is mixed and not yet available for increasingly popular

neurofeedback (NF) treatment targeting self-regulation of aberrant brain activity.

This study examined eating disorder- and psychopathology-related predictors for NF

treatment success in BED.

Method: Patients with BED (N = 78) were randomized to 12 sessions of real-time

functional near-infrared spectroscopy (rtfNIRS)-NF, targeting individual prefrontal

cortex signal up-regulation, electroencephalography (EEG)-NF, targeting down-

regulation of fronto-central beta activity, or waitlist (WL). The few studies assessing

predictors for clinical outcomes after NF and evidenced predictors for psychotherapy

guided the selection of baseline eating disorder-related predictors, including objec-

tive binge-eating (OBE) frequency, eating disorder psychopathology (EDP), food crav-

ings, and body mass index (BMI), and general psychopathology-related predictors,

including depressive and anxiety symptoms, impulsivity, emotion dysregulation, and

self-efficacy. These questionnaire-based or objectively assessed (BMI) predictors

were regressed on outcomes OBE frequency and EDP as key features of BED at

post-treatment (t1) and 6-month follow-up (t2) in preregistered generalized mixed

models (https://osf.io/4aktp).

Results: Higher EDP, food cravings, and BMI predicted worse outcomes across all

groups at t1 and t2. General psychopathology-related predictors did not predict out-

comes at t1 and t2. Explorative analyses indicated that lower OBE frequency and

higher self-efficacy predicted lower OBE frequency, and lower EDP predicted lower

EDP after the waiting period in WL.

Discussion: Consistent with findings for psychotherapy, higher eating disorder-

related predictors were associated with higher EDP and OBE frequency. The specific-

ity of psychopathological predictors for NF treatment success warrants further

examination.

Public Significance: This exploratory study firstly assessed eating disorder- and

psychopathology-related predictors for neurofeedback treatment outcome in

binge-eating disorder and overweight. Findings showed an association between
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higher eating disorder symptoms and worse neurofeedback outcomes, indicating

special needs to be considered in neurofeedback treatment for patients with a higher

binge-eating disorder symptom burden. In general, outcomes and assignment to

neurofeedback treatment may be improved upon consideration of baseline psycho-

logical variables.
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1 | INTRODUCTION

Binge-eating disorder (BED), characterized by recurrent binge-eating

episodes without inappropriate weight control behavior (American

Psychiatric Association, 2013), is the most prevalent eating disorder,

with European lifetime prevalence estimates between 1% and 4%

(Keski-Rahkonen & Mustelin, 2016). BED is associated with obesity,

physical and mental disorder comorbidity as well as eating disorder

and general psychopathology (Udo & Grilo, 2019; Wilfley et al., 2016).

Extant cross-sectional and longitudinal self-report and behavioral

studies linked BED to emotion dysregulation (Mikhail et al., 2020;

Prefit et al., 2019) and trait (Gerlach et al., 2015) and food-specific

impulsivity (Kittel et al., 2015, 2017; Svaldi et al., 2014) relative to

weight-matched and normal-weight controls (Lavagnino et al., 2016;

Leehr et al., 2018; Svaldi et al., 2014). Accordingly, alterations in the

prefrontal cortex (PFC), a brain area subserving cognitive control and

affective functioning essential for behavioral and cognitive aspects of

dietary self-regulation, were described in BED and obesity relative to

groups with normal weight (Giel et al., 2022; Lowe et al., 2019), in par-

ticular toward food stimuli (Rösch et al., 2021; Veit et al., 2021).

Mostly based on functional magnet resonance imaging (fMRI), previ-

ous research indicated the diminished recruitment of the dorsolateral

prefrontal cortex (DLPFC) and the inferior frontal gyrus (IFG) as key

hubs of the prefrontal control network in BED and obesity compared

with normal weight (Giel et al., 2022; Lowe et al., 2019). These studies

were recently complemented by electroencephalography (EEG)-based

reports of elevated fronto-central beta activity in the resting state and

in response to food cues in BED and obesity versus obesity only and

versus normal weight (Blume et al., 2019).

These findings have stimulated the development of neurofeed-

back (NF), a novel treatment approach uniquely seeking to train

patients to gain control over brain pathways underlying dysfunc-

tional eating behaviors (Bartholdy et al., 2013; Forcano et al., 2018)

in the hopes that the alteration of brain activity produces clinical

symptom relief. Borrowing elements from cognitive and neuromo-

dulatory treatments, NF possibly fills the apparent treatment gaps

left by the most common psychological treatments for EDs

(Bartholdy et al., 2013). Specifically, NF permits a detailed user-

specific analysis to empower cortical activation necessary for food-

related self-regulation and/or to target brain signals which are (re-)

activated during the occurrence of specific symptoms (Arns

et al., 2017), such as the putatively deactivated PFC signals during

binge-eating episodes (Berner et al., 2022). The resulting changes

may cause structural changes in the brain, with accompanying

symptom improvements (Krell et al., 2019). NF as a treatment

adjunct could further enhance learning experiences (e.g., functional

regulation strategies) acquired during traditional treatments

(MacDuffie et al., 2018; Unterrainer et al., 2014) and benefit

patients through the observation of neuronal changes during psy-

chological treatments (Adcock et al., 2005). Pioneering NF studies

indeed showed reductions in binge-eating or overeating episodes,

food cravings, anxiety symptoms, body mass index (BMI), or hunger

ratings after food-specific NF in BED (Blume et al., 2022; Hilbert

et al., 2023), individuals with overweight and obesity (Kohl

et al., 2019), and restrained eaters (J. Schmidt & Martin, 2015,

2016, 2020). Most of these latter studies used EEG as a well-

established NF technique, which, inter alia, aimed to down-regulate

high beta activity linked to increased food cue awareness.

NF studies recently tried to overcome the apparent drawbacks of

EEG-NF (e.g., its limited spatial resolution) through real-time func-

tional near-infrared spectroscopy (rtfNIRS) as a more patient-friendly

compromise regarding temporal and spatial resolution that uniquely

targets the up-regulation of PFC signals associated with cognitive

control over foods (Soekadar et al., 2021; Val-Laillet et al., 2015). In

this context, the present study is a secondary analysis of a

randomized-controlled trial in BED that documented decreases in

binge-eating episodes and improvements in secondary symptoms and

executive functions after rtfNIRS-NF and EEG-NF at post-treatment

and 6-month-follow-up (Hilbert et al., 2023). Both NF paradigms out-

performed waitlist (WL) in reducing food cravings (β = �0.42), anxiety

symptoms (β = 0.47), and BMI (β = 0.12), but co-occurring highly

favorable changes in WL deserve mention. Of note is that only one

third of patients with BED abstained from binge eating after food-

specific EEG-NF (Blume et al., 2022) and rtfNIRS-NF (Hilbert

et al., 2023) at post-treatment, but further improvement to ≥50% was

found at follow-up, indicating an apparent variability in NF treatment

response. Regarding comparative assessment, rtfNIRS-NF versus

EEG-NF tended to improve eating disorder psychopathology (EDP),

and EEG-NF versus rtfNIRS-NF tended to ameliorate general mental

health.
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Regarding predictors, the only study assessing predictors for NF

outcomes in eating disturbances found a non-significant trend for

lower somatic self-efficacy to predict more post-treatment overeating

tendencies after 10 EEG-NF sessions in female restrained eaters

(J. Schmidt & Martin, 2020). Likewise, a systematic review

(Linden, 2014) suggested a predictive role of higher self-efficacy for

NF success in depression. EEG-NF studies in adults and children with

attention-deficit/hyperactivity disorder (ADHD), paralleling BED in

impulsive behavior (Nickel et al., 2019), identified a lower baseline

symptom severity as predictor for beneficial treatment outcomes,

including higher remission rates (Goth, 2006; Krepel et al., 2020).

Moreover, more anxiety and depressive symptoms, and higher sus-

ceptibility to anger and lower attention abilities as proxies for emotion

regulation and impulsivity, were linked to worse NF brain-based learn-

ing outcomes across diverse populations and paradigms in a system-

atic literature review (Kadosh & Staunton, 2019). Age, sex, and

education did not predict favorable symptom outcomes according to

another systematic review including EEG- and fMRI-NF studies in

mental disorders (e.g., ADHD) or epilepsy (Weber et al., 2020).

In contrast to the scarce evidence on predictors for NF outcomes

in general and specifically for NF in the context of eating disorders,

ample studies examined predictors for psychological treatments, but

remained largely inconclusive. A higher symptom severity was most

consistently linked to impaired success of psychological treatments

for BED in diverse formats (Haynos et al., 2021; Lydecker, Ivezaj, &

Grilo, 2020; Vall & Wade, 2015). Better emotion regulation, higher

self-efficacy, and a higher age were anecdotally associated with favor-

able treatment outcomes for BED after diverse psychological treat-

ments (Anderson et al., 2020; Grilo et al., 2021; Thompson-Brenner

et al., 2013; Vall & Wade, 2015). In contrast, findings were controver-

sial regarding the predictive role of comorbid psychopathology and

depression (Castellini et al., 2011; Dingemans et al., 2020; Lydecker &

Grilo, 2021; Serra et al., 2020; Vall & Wade, 2015; Wilson

et al., 2010), impulsivity (Boswell et al., 2021; Castellini et al., 2011;

Manasse et al., 2016), BMI (Dingemans et al., 2020; Grilo et al., 2012,

2021; Thompson-Brenner et al., 2013), education (Dingemans

et al., 2020; Grilo et al., 2012, 2021; Thompson-Brenner et al., 2013;

Wilson et al., 2010), and sex (Dingemans et al., 2020; Grilo

et al., 2012, 2021) for outcomes following diverse psychological treat-

ments of BED.

In summary, there is an important knowledge gap regarding psy-

chological pretreatment predictors for favorable treatment response

in BED, in particular for NF studies. This pre-registered exploratory

study (Rösch et al., 2022) sought to examine the relationship between

baseline psychological variables and NF treatment success based on a

randomized-controlled NF trial for BED (Hilbert et al., 2023), offering

12 sessions of rtNIRS-NF, EEG-NF, or delayed rtfNIRS-NF following

WL or to patients with BED. Eating disorder-related predictors

(i.e., objective binge-eating [OBE] frequency, EDP, food cravings, and

BMI), general psychopathology-related predictors (i.e., depressive

and anxiety symptoms, impulsivity, emotion dysregulation and

self-efficacy), were considered for NF treatment success, defined by

reductions in OBE frequency and EDP assessed at post-treatment (t1;

8 weeks after randomization) and 6-month follow-up (t2; Table 1).

Age and sex were control variables across predictors against possible

effects on treatment outcomes (Grilo et al., 2021; Lydecker,

Gueorguieva, et al., 2020). Differences in predictors for success of

rtfNIRS-NF versus EEG-NF were considered through interactions

between all predictors and the NF group.

2 | METHOD

2.1 | Design and patients

N = 78 patients with BED provided written informed consent to par-

ticipate in the study “Near Infrared Spectroscopy Neurofeedback for

Binge-Eating Disorder and Obesity” (Hilbert et al., 2023), approved by

the Ethical Committee of the University of Leipzig (476/17-ek). A

diagnosis of BED or BED of low frequency and/or limited duration

(i.e., meeting all criteria for BED except that the binge eating occurs,

on average, less than once a week and/or for less than 3 months)

according to the Diagnostic and Statistical Manual of Mental Disor-

ders, Fifth Edition (American Psychiatric Association, 2013) was

required for inclusion. Furthermore, inclusion criteria encompassed

25 kg/m2 ≤ BMI < 45 kg/m2 (to prevent variability caused by hetero-

geneous weight status) and completion of ≥ 6 NF sessions, building

on the well-established dose–response effect in psychotherapy for

mental disorders (Howard et al., 1986; Steenbarger, 1994). A mini-

mum number of sessions was chosen considering that higher intense

treatments are likely suited to initiate treatment response in patients

with BED (Chyurlia et al., 2019; Iacovino et al., 2012). Exclusion of

n = 10 patients who did not finalize ≥ 6 NF sessions (rtfNIRS-NF, n = 6,

[n = 3 programming problems, n = 2 COVID-19, n = 1 other reasons];

EEG-NF, n = 4 [n = 2 COVID-19, n = 2 other reasons]) yielded an anal-

ysis set of N = 43 patients with BED. Exclusion criteria included serious

somatic (e.g., stroke) and/or mental (e.g., substance use disorder) disor-

ders, prior or planned bariatric surgery, ongoing eating behavior-related

psychotherapy, pregnancy or lactating, impediments in hearing, vision,

or language possibly affecting testing, and medication with an effect on

weight or executive functioning (e.g., antipsychotics), unless stable.

Recruitment encompassed an in-house research database, information

events for a behavioral weight loss treatment program at the Obesity

Outpatient Unit at Leipzig University Medical Center, and the popula-

tion (i.e., Internet advertisements).

2.2 | Procedure

At t0, patients provided information regarding age and sex, were

interviewed by trained master- or doctoral-level research assistants

with the Eating Disorder Examination (EDE; Fairburn et al., 2008;

Hilbert & Tuschen-Caffier, 2016b) to derive BED diagnosis, and

underwent an objective measurement of weight and height to derive

BMI (kg/m2). They filled in validated questionnaires on eating disorder-

and psychopathology-related variables. After ascertaining eligibility,
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patients with BED were randomized to 12 sessions of rtfNIRS-NF or

EEG-NF or WL, in which patients underwent rtfNIRS-NF after an

8-week waiting period. Additional assessments were at t1 and t2.

2.3 | Treatment

Food-specific NF treatment was described previously (Hilbert

et al., 2023). In brief, rtfNIRS- and EEG-NF comprised 12 individual

sessions provided over 8 weeks. Feedback stimuli included 12 person-

ally appetitive food pictures based on a rating task at t0. Trained PhD

or master's-level clinicians receiving regular supervision by AH imple-

mented the rtfNIRS- and EEG-NF sessions. EEG-NF was derived from

four electrodes (Cz, Fz, Fc1, Fc2) and targeted BED-specific increased

awareness and attentional bias toward food-specific stimuli through

the down-regulation of high beta activity in fronto-central areas dur-

ing regulation versus preceding baseline trials. Patients were

instructed to decrease a bar displayed on the screen, showing their

neural activity, below a line, corresponding to their baseline, after they

were presented personally appetizing food pictures. rtfNIRS-NF aimed

to increase patients' ability to exert voluntary control over food stim-

uli through the up-regulation of neural activity in an individually

selected region of interest in the PFC compared with passive watch-

ing of food pictures (Supporting Information Methods in Data S1).

Patients in rtfNIRS-NF were instructed to minimize the picture size of

the personally appetitive food picture on the screen, corresponding to

their neural activity, with decreasing picture sizes reflecting increasing

activity.

2.4 | Measures

Table 1 provides an overview of measures.

2.4.1 | Outcomes

The German version of the Eating Disorder Examination (Fairburn

et al., 2008; Hilbert & Tuschen-Caffier, 2016b), conducted by trained

interviewers blind to randomization at t0, t1, and t2, was used to

assess OBE frequency, defined as the cumulative number of OBEs

over the past 28 days.

EDP at t0, t1, and t2, was assessed through the German version

of the EDE-Questionnaire (EDE-Q; Fairburn & Beglin, 2008; Hilbert &

TABLE 1 Overview of variables.

Construct Measure Computation Assessment

Cronbach's

α at t0a
McDonald's

ω at t0a

Eating disorder-related variables

Binge-eating frequency EDE Cumulative number of objective binge-eating

episodes over the past 28 days

t0, t1, t2

Eating disorder

psychopathology

EDE-Q Mean global score (range 0–6*) t0, t1, t2 0.88 0.88

Food cravings FCQ-T-r Sum score (range 15–75*) t0 0.90 0.91

Body mass index BMI Calculated from objectively measured height and

weight (kg/m2)

t0

Psychopathology-related predictors

Depressive symptoms PHQ-D Sum score (range 0–27*) t0 0.77 0.78

Anxiety symptoms GAD-7 Sum score (range 0–21*) t0 0.86 0.85

Impulsivity BIS/BAS Mean scores for the BIS and the BAS (range 1–4*) t0 BIS: 0.76 BIS: 0.78

BAS: 0.71 BAS: 0.73

Difficulties in emotion

regulation

DERS Global sum score (range 36–180*) t0 0.94 0.94

Self-efficacy GSES Sum score (range 10* – 40) t0 0.89 0.90

Demographic control variables

Age Questionnaire Years t0

Sex Questionnaire Male, female t0

Note: Less favorable scores are asterisked.

Abbreviations: BIS/BAS, Behavioral Inhibition/Behavioral Approach System Scales; DERS, Difficulties in Emotion regulation Scale; EDE, Eating Disorder

Examination; EDE-Q, Eating Disorder Examination-Questionnaire; FCQ-T-r, Food Cravings Questionnaire – Trait reduced; GAD-7, Generalized Anxiety

Disorder 7-Item Scale; GSES, General Self-Efficacy Scale; PHQ-D, Patient Health Questionnaire-Depression Scale; t0, baseline; t1, 8 weeks after

randomization; t2, 6-month follow up after treatment.
aBased on the sample of N = 41 patients randomized to rtfNIRS-NF or EEG-NF who provided valid data at t0.
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Tuschen-Caffier, 2016a). The frequency with which a statement was

endorsed in the past 28 days was assessed through 22 of the 28 items,

rated on a 7-point Likert scale ranging from 0 = never or not at all to

6 = always or to an extreme degree. Higher global mean scores of

these 22 items indicated higher EDP.

2.4.2 | Predictors

Predictors at t0, measured via patient-report questionnaires, included

food cravings (Food Cravings Questionnaire-Trait Reduced [FCQ-T-r];

Meule et al., 2014), current symptoms of depression (9-item Patient

Health Questionnaire [PHQ-D]; Gräfe et al., 2004; Spitzer et al., 1999)

and anxiety (7-item Generalized Anxiety Disorder scale [GAD-7];

Löwe et al., 2008; Spitzer et al., 2006), impulsivity (German Version of

the 24-item Behavioral Inhibition System/Behavioral Activation Sys-

tem [BIS/BAS] scales (Carver & White, 1994; Müller et al., 2013;

Strobel et al., 2006), emotion dysregulation (Difficulties in Emotion

Regulation Questionnaire [DERS]; Gratz & Roemer, 2004), and self-

efficacy (Generalized Self-Efficacy Scale [GSES]; Schwarzer &

Jerusalem, 1995).

2.5 | Statistical analysis

All analyses were pre-registered (Rösch et al., 2022; Supporting Infor-

mation Materials for deviations in Data S1) and performed using R

version 4.0.2 (R Core Team, 2020) with a two-tailed α < .05. Multiplic-

ity adjustment was not applicable in this exploratory study (Bender &

Lange, 2001; Rubin, 2017). Continuous predictor variables were

mean-centered, the dichotomous predictor sex was dummy-coded

�0.5 and +0.5 based on recommendations before creating interaction

terms (Kraemer et al., 2002). Univariate outliers were defined as

observations ±3 SD of the mean and were winsorized to the respec-

tive upper or lower boundary of 3 SD (n = 4 values: n = 1 for OBE

frequency at t0 and t1, respectively; and n = 2 for OBE fre-

quency at t2).

Baseline predictors for OBE frequency at t1 and t2 were deter-

mined using generalized linear models, modeled as negative binomial

with a log link. Baseline predictors for EDP at t1 and t2 were assessed

via linear mixed models, assuming a Gaussian response and an identity

function. Both model sets included a Predictor � Group interaction

term, a Predictor � Group Mean interaction term to examine differen-

tial predictors between rtfNIRS-NF and EEG-NF and differential pre-

dictors depending on differing NF groups' baseline levels, and

covariates age, sex, and the baseline value of the respective outcome.

Additional analyses included patients in WL while accounting for dif-

ferences in baseline diagnosis, and determined general predictors for

symptom change over time in WL (Supporting Information Materials

in Data S1).

All models were simplified via backward stepwise elimination

(Table S3), retaining a random intercept for patient. Results apply to

t1 and t2. Across models, collinearity between predictors was

calculated by the variance inflation factors via the vif function of the

car package (Fox & Weisberg, 2019). For negative binomial models

(OBE frequency), incidence rate ratios (IRRs), and χ2 values for main

effects of ANOVA type III were reported based on the ANOVA func-

tion of the car package (Fox & Weisberg, 2019). For linear mixed

models (EDP), F-values, degrees of freedom and mean squared errors

were calculated using the Satterthwaite method via the anova func-

tion of the lmerTest package (Kuznetsova et al., 2017). If analyses

indicated significant interactions, post hoc analyses were conducted,

estimating marginal means, and comparing simple slopes of covariates

between groups using the emtrends function of the emmeans pack-

age (Lenth, 2022).

As measures of effect size, model-explained variance was

reported, specifically, marginal R2m, explaining the variance accounted

for by fixed effects in the model (small, R2m ≥ .02, medium, R2m ≥ .13,

large, R2m ≥ .26 [Cohen, 1988; Sotirchos et al., 2019; S. Nakagawa,

personal communication, April 1, 2022]), and conditional R2c, explain-

ing the joint variance of fixed and random effects (Johnson, 2014;

Nakagawa & Schielzeth, 2013). In addition, semi-partial r (Jaeger, 2017)

was reported and interpreted relying on common benchmarks of 0.10,

0.30, and 0.50, representing small, medium, and large effects

(Cohen, 1988).

3 | RESULTS

3.1 | Descriptives

At t0, the analysis set (N = 43, rtfNIRS-NF n = 22, EEG-NF n = 21)

was predominantly female (n = 36, 84%), had a mean age of

47.56 years (SD = 13.31), and mostly had obesity (n = 37, 86%). The

rtfNIRS-NF and EEG-NF groups did not differ significantly on socio-

demographic and clinical baseline characteristics (Table 2).

3.2 | Predictors of OBE frequency: Eating
disorder-related predictors

Food cravings were a small-sized, χ2(1) = 11.02, IRR = 1.08, 95% CI

[1.02, 1.09], rs = 0.15, p = .001, and BMI was a less-than-small-sized

positive predictor for OBE frequency at t1 and t2, χ2(1) = 5.47,

IRR = 1.05, 95% CI [1.01, 1.15], rs = 0.09, p = .015. No further pre-

dictors or interactions were found (R2m = 0.292, R2c = 0.506; large

effect).

3.3 | Predictors of OBE frequency:
Psychopathology-related predictors

The covariates higher OBE frequency, χ2(1) = 5.90, IRR = 1.17, 95%

CI [1.03, 1.33], rs = .069, p = .015, and lower age, χ2(1) = 5.55,

IRR = 0.97, 95% CI [0.95, 0.99], rs = .08, p = .003, were less-than-

small-sized predictors for higher OBE frequency at t1 and t2
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(R2m = 0.197, R2c = 0.509; large effect). Self-efficacy at t0, χ2(1)

= 0.84, IRR = 0.97, 95% CI [0.90, 1.04], rs = .01, p = .359, did not

predict OBE frequency at t1 and t2.

3.4 | Predictors of EDP: Eating disorder-related
predictors

Higher EDP (R2m = 0.519, R2c = 0.743; large effect) was a large-sized,

F(1, 60.91) = 74.16, rs = .47, p < .001, and female sex was a less-

than-small-sized predictor, F(1, 57.67) = 4.46, rs = .05, p = .038, for

higher EDP at t1 and t2.

3.5 | Predictors of EDP: Psychopathology-Related
Predictors

Control variables EDP, F(1,12.27) = 48.81, rs = .50, p < .001 and

female sex, F(1,1.12) = 4.45, rs = .09, p = .026, emerged as large-

sized or less-than-small-sized, respectively, predictors for higher EDP

at t1 and t2 (R2m = 0.555, R2c = 0.728; large effect). Impulsivity/

behavioral approach did not significantly predict higher EDP at t1 and

t2, F(1,0.02) = 0.05, rs = .41, p = .412.

The interaction between anxiety symptoms and treatment group,

F(1,1.05) = 4.19, p = .050, was not significant, indicating that anxiety

symptoms score did not predict EDP at t1 and t2 in EEG-NF,

EMM = 0.00, 95% CI [�0.06, 0.05], p = .935, but significantly pre-

dicted lower EDP in rtfNIRS-NF, EMM = �0.09, 95% CI [�0.17,

�0.02], p = .013. The difference between groups was not significant,

difference = �0.09, 95% CI [�0.18, 0.00], p = .050.

4 | DISCUSSION

This study investigated eating disorder- and general psychopathology-

related predictors of rtfNIRS- or EEG-NF outcome for BED at post-

treatment (t1) and at 6-month follow-up (t2). Eating disorder-related

characteristics of lower food cravings, a higher BMI, and higher EDP

were most consistent baseline predictors of favorable treatment

responses, that is, lower OBE frequency and lower EDP. Findings for

psychopathology-related predictors were inconclusive, while anxiety

symptoms were descriptively associated with lower EDP after

rtfNIRS-NF at t1 and t2.

Overall, the findings highlighted the relevance of BED- versus

general psychopathology-related symptoms for NF treatment success,

consistent with predictors for diverse psychological treatments in

BED (Forrest et al., 2021) and meta-analytical predictors for diverse

treatment options across EDs (Vall & Wade, 2015). Differential pre-

dictors emerged for OBE frequency and EDP, composed of restraint,

eating, weight, and shape concern, indicating that the improvement of

core symptoms versus EDP was associated with different baseline

eating disorder- and general psychopathology-related characteristics

of patients with BED. Previous studies demonstrated a faster

behavioral remission (abstinence from binge eating) than psychologi-

cal recovery of cognitive symptoms (EDE-Q mean global score within

the healthy range) in BED after group (Dingemans et al., 2020) or indi-

vidual cognitive–behavioral therapy (Hilbert et al., 2012). In the pre-

sent study, higher baseline EDP predicted higher EDP up to 6 months

after NF, in accordance with previous notions that higher EDP pre-

dicted higher EDP and poor treatment outcome in adult and adoles-

cent BED after cognitive–behavioral therapy (Romero et al., 2019;

R. Schmidt & Hilbert, 2022). In this context, the inclusion of EDP in

addition to the behavioral remission (i.e., abstinence from binge eat-

ing) has been proposed in a potential comprehensive definition of

remission from BED (Bardone-Cone et al., 2018). However, the pre-

sent findings were qualified by the repeated measurement of OBE

and EDP causing regression to the mean that likely contributed to the

observed associations.

Considering eating disorder related-predictors, building on the

addiction model (Franken, 2003), the association between higher food

cravings at baseline and higher OBE frequency after NF may have mir-

rored difficulties to resist tempting foods arising from an automatic con-

tingency between appetitive foods and patients' attention. The

modulation of PFC responses toward appetitive food stimuli during NF

possibly pronounced this attentional bias and promoted appetitive

behaviors (Kessler et al., 2016; Stojek et al., 2018; Stott et al., 2021),

while hampering concurrent abilities to draw attention to competing

physiological cues (e.g., satiety; Hargrave et al., 2016; Sample

et al., 2015). The positive association between baseline BMI and OBE

frequency after NF in the present study is consistent with the previously

reported cross-sectional link between more OBEs and higher BMI in

BED (Dakanalis et al., 2017). Besides higher OBE, higher EDP and more

food cravings, a higher BMI possibly reflected a greater chronicity

and/or a higher symptom severity and was linked to an increased risk

for sequelae like metabolic syndrome (Dakanalis et al., 2017). Thus,

patients with BED who show relatively high baseline levels of OBE

and/or EDP and/or food cravings and/or a higher BMI represent a

group with special needs to be considered in clinical decision making.

Furthermore, our findings implied younger patients as a vulnerable

group, possibly due to an earlier disorder onset and greater symptom

severity and accompanying psychopathology for younger patients with

various EDs (Fernández-Aranda et al., 2021; Romero et al., 2019).

The interaction between anxiety symptoms and treatment group

did not reach significance, but anxiety symptoms were surprisingly

linked to lower EDP in rtfNIRS-NF in follow-up analyses. This vague

finding resembled the inconclusive evidence on the predictive role of

anxiety symptoms for outcomes of diverse BED treatments (Forrest

et al., 2021; Lydecker & Grilo, 2021). Specifically, the presence of

comorbid anxiety disorders was linked to higher EDP after psychologi-

cal and pharmacological treatment for BED (Lydecker & Grilo, 2021).

The relatively low and—in contrast to EEG-NF less variable—baseline

anxiety levels in rtfNIRS-NF (Table 2) could thus indicate that only

clinically significant anxiety symptoms impact symptom deterioration

after treatment. Alternatively, improvements in anxiety symptoms

throughout psychological treatments predicted favorable responses in

bulimia nervosa (Matherne et al., 2022), suggesting the need for
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mechanistic research to disentangle anxiety as a baseline predictor

versus mediator for favorable treatment response. In general, the

unexpected responses in the rtfNIRS-NF group underline the need to

examine the validity of the present findings in future NF research.

The lacking link between baseline impulsivity and OBE frequency

or EDP after NF treatment at first contradicted the documented

food-related impulsivity in BED compared with groups with normal

weight or overweight (Kittel et al., 2015, 2017; Svaldi et al., 2014),

although a recent study similarly found no link between general impulsiv-

ity and ED outcomes or BMI after psychological and pharmacological

treatment in BED (Boswell et al., 2021). A previous study only linked

behaviorally assessed, but not self-reported, food-specific inhibitory con-

trol to the outcomes of a group psychological treatment in BED (Manasse

et al., 2016). Future evidence that scrutinizes the impact of different

dimensions of impulsivity, ideally with self-report and behavioral measures,

on NF outcomes in BED remains consequently imperative.

Overall, the present findings indicated that a careful assessment

of baseline patient factors may inform individualized treatment with

the highest expectable success, in line with a recently proposed inte-

grative clinical decision-making models for BED (Chyurlia et al., 2019).

Possibly different predictors for EEG- versus rtfNIRS-NF (Supporting

Information Results in Data S1) may be explained through differential

mechanisms depending on the processes targeted by the respective

modality. EEG-NF targeted high beta down-regulation presumably

linked to decreased appetitive food-evoked responses (Blume

et al., 2019), whereas rtfNIRS-NF aimed to modulate food cue reactiv-

ity through the up-regulation of individual PFC control regions. While

patients with higher binge-eating frequency possibly benefit more

from rtfNIRS-NF due to the intended enhanced cognitive control

toward foods, a decrease in food-cue attentional bias and distress

intended through high-beta EEG-NF may possibly enhance treatment

success of patients with higher comorbid psychopathology. Future

investigations of both imaging modalities applied simultaneously may

shed light on the validity of each imaging modality and a potential

added values of bimodal NF (Perronnet et al., 2017; Zich et al., 2015).

Regarding clinical translation, the evidenced pervasive impact of

baseline psychological variables, in particular eating disorder-related var-

iables, for worse NF treatment outcomes, is important for clinicians to

consider in treatment decisions and planning. If future research supports

the premise that patients with BED with higher OBE frequency and/or

EDP show less symptom alleviation after NF interventions, tailored

interventions warrant consistent clinical implementation.

Our study's strengths included the careful consideration of numer-

ous psychological variables, taking into account eating disorder- and

general psychopathology symptoms, all assessed via validated question-

naires or a validated clinical interview conducted by blind assessors, and

standardized treatment protocols for rtfNIRS- and EEG-NF. However,

some limitations must be acknowledged. The unexpectedly high sponta-

neous remission (Hilbert et al., 2023) and subsequent exclusion of the

WL group from the analyses may have diminished the power of the pre-

sent findings. The current sample was composed of predominantly

female, white, treatment-seeking patients with BED, which limits gener-

alizability of findings. Twelve individually appetitive food stimuli

enhanced the salience of the presented food cues, and

cognitive-behavioral therapy-based homework assigned after each NF

session aimed to promote the transfer of NF skills to everyday live.

However, the indirect assessment of this intended generalization

through OBE frequency after the NF intervention prevents conclusions

about food cues not targeted through the intervention.

5 | CONCLUSIONS

This study uniquely assessed eating disorder- and general

psychopathology-related predictors for NF treatment response in

BED, complementing previous research on treatment predictors for

psychotherapy. We confirmed the key importance of eating disorder-

related predictors for NF treatment response, indicating specific treat-

ment needs for heavily burdened patients with BED. These findings

paved the way for optimized treatment assignment based on underly-

ing psychopathology in the future, while investigations of an incre-

mental value of NF in addition to other interventions such as

psychotherapy are warranted. Further mechanistic research for possi-

bly divergent psychopathology-related predictors for EEG- versus

rtfNIRS-NF depending on the targeted brain region and targeted pro-

cesses is outstanding. Future investigations of brain-based predictors

for NF treatment outcomes may assist NF protocol optimization by

possibly enabling NF tailored to individual neurophysiological profiles.
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