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Increased anterior cingulate cortex response precedes behavioural adaptation in anorexia nervosa
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Supplementary Information (SI)
1 Methods
1.1 Participants

AN participants were recruited from specialised eating disorder programs of university child and adolescent psychiatry and psychosomatic medicine departments within 96 hours of initiating nutritional rehabilitation. Since nutritional rehabilitation has to be carried out with caution at the beginning of the treatment due to possible complications such as refeeding syndrome1,2 our patients had at that stage of treatment a calorie intake of about 1000 to 1500kcal per day. 

BMI cut offs for AN patients were defined according to Kromeyer-Hauschild et al.3 and Hebebrand et al4.
HCs were recruited through advertisement among middle school, high school, and university students. For pairwise case-control age-matching an implementation of the Munkres algorithm was used5 resulting in a maximum difference of 1.7 years between the individuals within one pair. 

HC participants were excluded prior to fMRI scanning if they had any history of psychiatric illness, a lifetime BMI below the 10th age percentile (if younger than 18 years)/BMI below 18.5kg/m2 (if older than 18 years), or were currently obese (BMI not over 97th age percentile if younger than 18 years; BMI not over 30kg/m² if older than 18 years). 

Participants of all study groups were excluded if they had a lifetime history of any of the following clinical diagnoses: organic brain syndrome, schizophrenia, substance dependence, psychosis NOS, bipolar disorder. Further exclusion criteria for all participants were IQ lower than 85; current inflammatory, neurologic or metabolic illness; chronic medical or neurological illness that could affect appetite, eating behaviour, or body weight (e.g. diabetes); clinical relevant anaemia; pregnancy; breast feeding.
1.2 Psychiatric and psychological assessments

Exclusion criteria and possible confounding variables, e.g. the use of psychotropic medications and medical comorbidities, were obtained using the expert version of the Structured interview for anorexia and bulimia nervosa for DSM-IV (SIAB-Ex)6 and our own semi-structured interview. SIAB-EX is a well-validated 87-item semi-standardised interview that assesses the prevalence and severity of specific eating-related psychopathology over the past three months. The interview provides diagnoses according to the ICD-10 and DSM-IV and is suitable for adolescents as well as adults. It has been used widely in eating disorder research7–9. A good inter-rater reliability (k=.81) for the diagnostic interview has been demonstrated10. Interviews were conducted by clinically experienced and trained research assistants under the supervision of the attending child and adolescent psychiatrist. 
For AN patients, comorbid psychiatric diagnoses other than eating disorders were derived from medical records and confirmed by an expert clinician with over 10 years of experience after careful chart review (including consideration of medical and psychiatric history, physical examination, routine blood tests, urine analysis, and a range of psychiatric screening instruments). All diagnostic information was ascertained at the time of treatment and the principal investigator of this study is also the chief consultant of the eating disorder treatment centre.

Psychiatric conditions in potential HC were ascertained using the same instruments as in patients. All interviews were carried out by trained graduate students (psychology or medicine). If there were any indications of psychiatric symptoms each case was discussed with a fully board-certified expert clinician and assessments were extended if necessary.

We used a short version of the German adaptation of the Wechsler Intelligence Scale for Children11–13 which included the following subtests: vocabulary, letter number sequencing, matrix reasoning, and symbol search. The short version of the German adaptation of the Wechsler Adult Intelligence Scale14,15 included the following subtests: picture completion, digit symbol coding, similarities and arithmetics.
The used BMI standard deviation score (BMI-SDS) provides an index of weight to height ratio that is corrected for age and gender16,17.

Handedness was assessed using a short version of the Annett Scale of Hand Preference18 as previously implemented in Gollub et al.19. This questionnaire asks for handedness in typical daily life situations as writing or brushing teeth. Response categories range from 0 ‘right hand’, 1 ‘both hands’ to 2 ‘left hand’. A mean score for handedness was calculated.

Study data were collected and managed using secure, web-based electronic data capture tools REDCap (Research Electronic Data Capture)20. 
1.3 Experimental Paradigm

Before entering the scanner, participants performed a training run to become acquainted with probabilistic errors. After a short instruction, they were confronted with the task as described above, but without any reversal of contingencies. The practice session was completed after 8 consecutive choices of the ‘correct’ stimulus or after a maximum of 30 trials. 

To prevent confusion instructions were displayed again (after training) right before the scanner task started and participants were informed that the paradigm had been changed in a subtle way. Participants were instructed to maximize their gain and were informed that they will receive their total monetary win in addition to a fixed monetary compensation immediately after completing the experiments. 

An adaptive mechanism was used to ensure that probabilistic feedback occurs in 20% of correct stimulus and 20% of incorrect stimulus choices for all subjects.
1.4 Behavioural Data Analysis & Quality Control
To ensure data quality, we verified that no participant had a hit ratio (number of decisions for the ‘wrong’ figure divided by total number of trials) below or equal to 50% (performance below chance). 

All statistical analysis of demographic and behavioural data were carried out using R21.

1.5 MRI Data acquisition

Images were acquired using standard sequences with a 3T whole-body MRI scanner (TRIO; Siemens, Erlangen, Germany) equipped with a standard head coil.

The T1-weighted structural brain scans were acquired with rapid acquisition gradient echo (MP-RAGE) sequence with the following parameters: number of slices=176; repetition time=1900ms; echo time=2.26ms; flip angle (FA) of 9°; slice thickness of 1mm; voxel size of 1x1x1mm³; field-of-view (FoV) of 256 x 224mm²; bandwidth of 200 Hz/pixel.
The functional images were acquired by using a gradient-echo T2*-weighted echo planar imaging (EPI) with the following parameters: tilted 30° towards AC–PC line (to reduce signal dropout in orbitofrontal regions); number of volumes=656; number of slices=42; repetition time=2410ms; echo time=25ms; FA of 80°; 3mm in-plane resolution; slice thickness of 2 mm (1mm gap resulting in a voxel size of 3 x 3 x 2mm³); FoV of 192 x 192 mm²; bandwidth of 2112 Hz/pixel.

In the scanner, all stimuli were presented via a head-coil-mounted display system based on LCD technology (NordicNeuroLab AS, Bergen, Norway). Participants responded with two LUMItouch

 keypads (Lightwave Medical Industries, Vancouver, Canada). Stimuli were presented using Presentation® software (v11.1, Neurobehavioral Systems, Berkeley, CA , USA). 

1.6 MRI Data Analysis
GLM_flex is a Matlab script that implements a standard partitioned error GLM that is different from the corrected pooled approach used in SPM8. Thus, GLM_flex is preferable for multifactorial repeated measures and testing of interactions since the standard partitioned error approach makes fewer assumptions with regard to equality of variance, independence, and the stability of covariance patterns across voxels.

The mask of the ventral striatum was specified by binarising a probabilistic map22 with a threshold value of 0.4. The vmPFC mask was created by merging the left and right frontal medial orbital cortex label from the Automated Anatomical Labelling (AAL) atlas provided in the Wake Forest University (WFU) PickAtlas for SPM23,24. For the lDLPFC and rDLPFC masks we merged the regions of superior and middle frontal gyrus in the WFU PickAtlas for the left and the right hemisphere, respectively, but excluded posterior parts with y<24 in MNI-space (as in our previous work25,26) The mask of the ACC was created by intersecting a sphere (centred at x=-2, y=22, z=34, radius=32mm) and a binarised probabilistic map (>0) from the Harvard-Oxford atlas27. The ROIs (SI Figure 1.1) were created using the AAL and the Harvard-Oxford atlases24,27.
All results were corrected based on permutations using 3DClustSim (http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html) for each ROI (small volume correction, SVC). This tool runs Monte Carlo simulations to estimate the cluster size at which the false positive probability is below a given alpha level (α=.01) for a given voxelwise p-value level (p=.001). The simulations resulted in the following thresholds for minimal cluster size (k): for ACC k=97, for lDLPFC k=99, for rDLPFC k=97, for VS k=34, and for vmPFC k=32. 
1.7 Additional Analyses using Extracted BOLD data

To investigate the direction of changes in BOLD responses, the extracted beta values were subjected to a linear mixed model using the lmer procedure in the lme4 package in R21,28,29.
Predictors in the model included the fixed effects group, feedback, and their interaction, and a by-subject random adjustment for the intercept. The p-values for post-hoc tests were adjusted using the single-step method.
1.8 Additional Analyses - PPI

On the first level, the physiological activity was obtained by calculating the first eigen-variate across the voxel within the seed region and adjusting for the effects of interest. For every participant a whole-brain GLM analysis was performed using the following regressors: the deconvolved physiological activity of the seed region, the three psychological factors (win, lose-stay, lose-shift), and the three products of the physiological activity and each psychological factor (referred as “PPI regressors”). On the second level, the estimates of the three PPI regressors were subjected to a whole brain group analysis using GLM_flex (see above). We conducted an F-test to explore the interaction of group and the PPI regressors. Due to the exploratory purpose of the PPI connectivity analysis we report results with a voxelwise threshold of p<0.001. We extracted the feedback specific beta values of the voxels belonging to clusters (voxelwise p<0.001, cluster extend of k>=30).

1.9 Additional Analyses – Cortical Thickness

For measuring cortical thickness (CT) and grey matter volumes the structural data were registered, motion corrected, realigned, averaged and analysed in an automated manner with the FreeSurfer software suite (http://surfer.nmr.mgh.harvard.edu, version 5.1.0), a well-documented program for volumetric segmentation and cortical surface reconstruction30–35.
Using standard FreeSurfer procedures to measure CT, surface reconstruction was first performed for each hemisphere and included tessellation of the grey matter-white matter boundary, automated topology correction, and surface deformation following intensity gradients to optimally place the grey-white and grey-cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class. The resulting surfaces were then used to calculate CT at each vertex as the closest distance from the grey-white boundary to the pial surface. The quality of the surface reconstruction and segmentation was assured according to FreeSurfer user guidelines by visual inspection of the resulting output and, if necessary, edited with minor manual intervention.

We extracted the CT values for the dACC cluster as follows: First, we created a surface-based ROI by mapping the volume of the dACC cluster on the surface of the FreeSurfer standard brain. Second, for every subject the surface-based ROI was mapped into native space and the average CT of all vertices within the ROI was extracted.
Associations between neural activity of the dACC cluster during lose-shift and CT were analysed in each group. Bonferroni correction was applied for the total number of tests. 
2 Results
2.1 Additional Analyses – Cortical Thickness

The CT of the dACC cluster was reduced in AN vs. HC (AN: mean 2.9mm ± 0.2 SD; HC: mean 3.1mm ± 0.2 SD; t(67.6)=3.9, p<0.001). In the control group the extracted CT and the BOLD in the dACC during lose-shift were not correlated (r=-0.17, p=0.31). In the AN group, a trend towards a positive correlation was revealed (r=0.35, p=0.08). The fact that the trend was positive (and not negative as one would expect) weakens the speculation that our main finding might be an artifact of the brain atrophy in the patients.
SI Table 2.1. Additional task performance measures compared between groups. One-way ANCOVAs controlling for IQ were used. Means and standard deviations (SD) are given. 

	
	
	AN
	HC
	test statistics

	
	
	Mean
	SD
	Mean
	SD
	
	

	Task relevant variables
	F
	p

	Lose
	
	47.5
	5.4
	46.8
	6.1
	0.3
	0.61

	Win
	
	72.5
	5.4
	73.2
	6.1
	0.3
	0.61

	Correct choices
	
	81.2
	7.1
	82.0
	7.9
	0.2
	0.65

	RT after lose [ms]
	
	638.2
	116.4
	659.1
	118.0
	0.6
	0.45

	RT after lose (stay) [ms]
	
	647.3
	132.1
	663.3
	134.0
	0.3
	0.60

	RT after lose (shift) [ms]
	
	635.9
	123.8
	653.3
	125.5
	0.4
	0.54

	RT after win [ms]
	
	629.9
	112.6
	640.2
	114.2
	0.2
	0.69


AN=anorexia nervosa patients; HC=healthy controls; lose=occurrence of negative feedbacks; win=occurrence of positive feedbacks; Correct choices=number of trials in which participants chose the correct stimulus (independent of feedback type). P-values below .05 indicate a significant group difference.
SI Table 2.2. Main effect of feedback. Peak voxels of clusters within the a priori ROIs surviving FWE-correction.

	ROI
	Peak Voxel MNI Coordinates
	F

	
	x
	y
	z
	

	dACC
	-6
	16
	40
	29.42

	dACC
	8
	22
	36
	27.64

	dACC
	8
	18
	48
	24.54

	lDLPFC
	-28
	32
	36
	12.64

	lDLPFC
	-28
	52
	26
	12.54

	lDLPFC
	-42
	44
	24
	11.31

	rDLPFC
	38
	42
	32
	14.79

	rDLPFC
	50
	30
	32
	11.72

	rDLPFC
	24
	48
	22
	10.59

	VS
	-10
	-4
	2
	22.86

	VS
	16
	10
	0
	23.72


dACC=dorsal anterior cingulate cortex, lDLPFC=left dorso-lateral prefrontal cortex, rDLPFC=right dorso-lateral prefrontal cortex, VS=ventral striatum.
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SI Figure 1.1. Regions of interest. (a) ventromedial prefrontal cortex - vmPFC, (b) ventral striatum - VS, (c) anterior cingulate cortex - ACC, (d) left dorsolateral prefrontal cortex – lDLPFC and (e) right dorsolateral prefrontal cortex – rDLPFC.
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SI Figure 2.1. Effects of Feedback. Brain maps showing brain regions that are modulated by the feedback-condition (pFWE < 0.05). The ROIs VS, vmPFC and ACC are highlighted in light grey.
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SI Figure 2.2. Additional analysis of the amygdala cluster. Identified during gPPI analysis based on beta value extraction with the MarsBaR toolbox for SPM36. Changes in functional connectivity of dACC and amygdala across groups and feedback conditions are displayed in bar charts.
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