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Background. Previous studies have highlighted the role of the brain reward and cognitive control systems in the eti-
ology of anorexia nervosa (AN). In an attempt to disentangle the relative contribution of these systems to the disorder,
we used functional magnetic resonance imaging (fMRI) to investigate hemodynamic responses to reward-related stimuli
presented both subliminally and supraliminally in acutely underweight AN patients and age-matched healthy controls
(HC).

Methods. fMRI data were collected from a total of 35 AN patients and 35 HC, while they passively viewed subliminally
and supraliminally presented streams of food, positive social, and neutral stimuli. Activation patterns of the group ×
stimulation condition × stimulus type interaction were interrogated to investigate potential group differences in processing
different stimulus types under the two stimulation conditions. Moreover, changes in functional connectivity were inves-
tigated using generalized psychophysiological interaction analysis.

Results. AN patients showed a generally increased response to supraliminally presented stimuli in the inferior frontal
junction (IFJ), but no alterations within the reward system. Increased activation during supraliminal stimulation with
food stimuli was observed in the AN group in visual regions including superior occipital gyrus and the fusiform
gyrus/parahippocampal gyrus. No group difference was found with respect to the subliminal stimulation condition
and functional connectivity.

Conclusion. Increased IFJ activation in AN during supraliminal stimulation may indicate hyperactive cognitive control,
which resonates with clinical presentation of excessive self-control in AN patients. Increased activation to food stimuli in
visual regions may be interpreted in light of an attentional food bias in AN.
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Introduction

Anorexia nervosa (AN) is characterized by extreme
restriction of caloric intake despite severe bodily ema-
ciation. This asceticism is not limited to food, but also
expressed in denial of other primary needs and desires,
such as intimate and personal relationships (Schmidt &
Treasure, 2006). In search for neurobiological mechan-
isms underlying these puzzling behaviors, researchers

have begun to focus on the reward system (O’Hara
et al. 2015). The reward system, encompassing cortical
as well as subcortical structures including striatum,
amygdala, hypothalamus, insula, and orbitofrontal
cortex (OFC), processes (incentive) salience, (dis)
pleasure, and positive reinforcement (Berridge &
Kringelbach, 2015). However, when investigating the
processing of reward-related stimuli, the reward sys-
tem should not be considered in isolation. Several
studies using an array of tasks suggest that cognitive
processes can modulate (enhance or inhibit) the experi-
ence of reward-related stimuli (Goschke, 2014;
Botvinick & Braver, 2015). Brain regions that have
been associated with such processes including atten-
tion and inhibition are the lateral prefrontal cortex
(lPFC) and the parietal cortex (Botvinick & Cohen,
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2014; Cole et al. 2014). When choosing between healthy
and tasty food, the neural integration of competing
goal values in OFC has been shown to be modulated
by activity in the lPFC (Hare et al. 2009); a brain region
broadly implicated in top–down biasing (Miller &
Cohen, 2001) and self-control (Heatherton & Wagner,
2011). Its role as a key regulator in the control of
food choice is also underlined by a transcranial mag-
netic stimulation study, which demonstrated changed
preference ratings for high-caloric food items after
inhibitory stimulation to the lPFC (Camus et al. 2009).

Previous studies on reward processing in AN have
reported alterations in reward-related brain regions
(Wagner et al. 2007b; Wierenga et al. 2015) but also in
the cognitive control system (Ehrlich et al. 2015; King
et al. 2016). While some of these studies have focused
on monetary rewards, neuroimaging studies applying
taste- or food-related stimuli in AN confirmed altera-
tions in both networks, albeit as increased and
decreased activation (Joos et al. 2011; Kim et al. 2012;
Frank et al. 2013; Sanders et al. 2015). A recent study
(Foerde et al. 2015) suggested that alterations in the cir-
cuit between lPFC and dorsal striatum may underpin
maladaptive food choice in AN. Although processing
of social reward in AN has received relatively less
attention, two recent functional imaging studies
reported reduced blood oxygenation level-dependent
(BOLD) responses in the prefrontal (Via et al. 2015)
and parietal (McAdams et al. 2015) regions when pro-
cessing positive social feedback. In summary, these
findings remain inconclusive and we lack a clear
understanding of reward-related processes in AN.

Despite the relative lack of substantiated findings,
different etiological models have been developed to
create a comprehensive framework describing interac-
tions between the reward system and the cognitive
control system and their contribution to the pathogen-
esis of AN. A recent model by O’Hara et al. (2015) pro-
poses increased reward responsiveness in the striatal
dopamine system toward AN-related cues and beha-
viors. As in other models (Walsh, 2013; Steinglass &
Walsh, 2016), it is postulated that a hyper-responsive
striatal dopamine system promotes a learning process
of pathological behavior. Over time, these learned
behaviors may turn into robust habits and impede
the treatment of the illness. In contrast, others (Kaye
et al. 2009; Brooks et al. 2011a) have emphasized the
role of an overactive prefrontal control system in AN
and hypothesize that this system inhibits motivational
drives or compensates for primary deficits in limbic
regions.

To gain a deeper understanding of reward and cog-
nitive control processes in AN, it would be helpful to
examine the role of the reward system uncoupled
from modulation by the cognitive control system

during reward processing. One opportunity that may
offer a certain degree of decoupling is subliminal
stimulation (Zedelius et al. 2011; Mudrik et al. 2014).
By definition, subliminal processing is a condition
where bottom–up stimulation is less likely to provoke
robust and outlasting fronto-parietal responses
(Dehaene et al. 2006). In line with that, research using
masked priming paradigms suggests that primarily
supraliminal stimuli gain access to a ‘global work-
space’, which can be used as input for a variety of
higher cognitive processes such as inhibition (Baars,
2002; Dehaene et al. 2006). Meta-analytic data of
healthy and clinical samples (Brooks et al. 2012b) indi-
cate that subliminal stimulation with arousing stimuli
provokes activation in subcortical regions including
the amygdala and thalamus independently from
higher order cortical regions, but also the
cingulo-insular network thought to integrate auto-
nomic and sensory information to determine their
relevance (Seeley et al. 2007). However, another
meta-analysis unexpectedly did not find subcortical
regions to be associated with subliminal processing
(Meneguzzo et al. 2014). Subliminal stimulation never-
theless remains a potentially powerful tool for investi-
gating the early response of the reward system without
strong modulating influence of the fronto-parietal con-
trol system in health and disease (Childress et al. 2008;
Brooks et al. 2012b). Accordingly, previous work in AN
showed that supraliminal but not subliminal distractor
stimuli interfered with working memory task perform-
ance (Dickson et al. 2008) as well as performance in a
Stroop task (Sackville et al. 1998). In a new paradigm,
we present subliminal and supraliminal reward-
related stimuli to differentiate early bottom–up subcor-
tical responses from later, top–down cortical responses.
If AN patients were predominantly characterized by
abnormalities in the reward system, one would expect
alterations in the corresponding brain regions during
subliminal stimulation, while alterations in conse-
quence of a regulation mechanism of the cognitive
control system would only be evident under the supra-
liminal stimulation. In the latter case, modulating
influence of the cognitive control system, which is
hypothesized to be hyperactive during the supralim-
inal processing of reward-related stimuli in AN,
would become visible by increased functional connect-
ivity between brain areas of the cognitive control and
reward system.

Methods

Participants

The sample of the current study consisted of a total of
70 female volunteers: 35 patients with acute AN
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according to the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-V) (12–29 years
old) and 35 female healthy controls (HC) (12–29
years old). Within the AN group, 33 were of the
restrictive and two of the binge/purging subtype;
three had comorbid psychiatric disorders (one patient
with depressive disorders, one with anxiety disorder,
and one with obsessive compulsive disorder). All
patients were admitted to eating disorder programs
of a university child and adolescent psychiatry and
psychosomatic medicine department and were
assessed within 96 h after beginning a behaviorally
oriented nutritional rehabilitation program. HC parti-
cipants had to be of normal weight and eumenorrheic
and without any history of psychiatric illness. HC were
recruited through advertisement among pupils and
university students.

We applied several additional exclusion criteria for
each group (see online Supplementary Material 1.1) –
most importantly psychotropic medication within 4
weeks prior to the study, binge eating, or diagnosis
of bulimia nervosa, substance abuse, neurologic or
medical conditions.

This study was approved by the local Institutional
Review Board, and all participants (and if underage
their guardians) gave written informed consent.

Clinical measures

For all participants, current diagnoses of eating disor-
ders were ascertained by evaluation of the expert
form of the Structured Interview of AN and Bulimia
Nervosa (Fichter & Quadflieg, 1999). Eating disorder-
specific psychopathology was assessed with the short
version of the Eating Disorders Inventory (EDI-2;
Paul & Thiel, 2005).

Self-reported appetite, including the subscale ‘hun-
ger’, was measured with the use of a visual analog
scale (Blundell et al. 2010; see online Supplementary
Material 1.2).

Task

During functional magnetic resonance imaging (fMRI),
participants passively viewed streams of food stimuli,
social stimuli, and neutral stimuli presented either sub-
liminally or supraliminally (referred to as ‘condition’)
with an Acer projector P5290DLP capable of present-
ing stimuli for 17 ms. The paradigm was divided into
four equally long blocks in which the first two
involved subliminal stimulation and the last two
supraliminal stimulation. Subliminal blocks were
shown first as familiarity of the stimuli may promote
conscious processing even under subliminal stimula-
tion condition (Mudrik et al. 2014). Every block con-
sisted of nine mini-blocks (three of each stimulus

category in pseudo-randomized order), each com-
posed of 10 trials. In the subliminal trials, the stimuli
were presented for 17 ms, followed by a mask for
150 ms, and a cross-hair (fixation) for 1309 ms. In the
supraliminal trials, stimuli were presented for 500 ms,
followed by a cross-hair presented for 973 ms (see
online Supplementary Material 1.3).

Stimuli

Thirty neutral and 30 social stimuli were selected from
the International Affective Picture System (Lang et al.
1999) and the database EmoPics (Wessa et al. 2010).
Neutral stimuli showed, e.g. plants or household
items, while social stimuli showed happy social sce-
neries (e.g. playing children). The 30 food stimuli
employed in this study originated from a dataset by
Kroemer et al. (2013). The picture selection was based
on the following criteria: (1) social stimuli needed to
be free of eating disorder-relevant content (e.g. pictures
showing women in bikini were excluded), (2) only neu-
tral and social stimuli with valence and arousal ratings
that were similar in AN patients and HC (established
in an independent pilot study) were selected, (3) the
stimuli of all three conditions had to be similar regard-
ing entropy of intensity distribution and brightness to
exclude that the perception is biased by differing
stimulus properties. The mask used in the subliminal
trials was created by scrambling fractioned pieces of
the original stimuli and were similar with respect to
entropy and brightness to the original stimuli.

Visibility test

After a short break, a second task was carried out in
the scanner during structural scanning (to simulate
similar conditions to those during the main task) to
measure the participant’s ability to recognize sublim-
inal stimuli. This visibility test adapts the structure of
the above described subliminal trial, but was followed
by a forced choice, where the participants had to iden-
tify by button press the preceding subliminally pre-
sented stimulus (target) out of three distractor
stimuli, which were displayed at the same time for
3000 ms.

Structural and functional image acquisition

Data were acquired between 8:00 and 9:00 after an
overnight fast using a standard 3 T Siemens Trio,
equipped with a standard 12-channel head coil. T1-
weighted structural brain scans were acquired with
rapid acquisition gradient echo sequence with the fol-
lowing parameters: number of slices = 176; repetition
time = 1900 ms; echo time = 2.26 ms; flip angle = 9°;
slice thickness = 1 mm; voxel size = 1 mm × 1 mm × 1
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mm; field-of-view (FoV) = 256 mm × 224 mm; band-
width = 2004 Hz/pixel.

Functional images were acquired by using a
gradient-echo T2*-weighted echo planar imaging
with the following parameters: tilted 30° toward
AC–PC line (to reduce signal dropout in orbitofrontal
regions); number of volumes = 190; number of slices =
40; repetition time = 2410 ms; echo time = 25 ms; flip
angle of 80°; 3.4 mm in-plane resolution; slice thick-
ness of 2 mm (1 mm gap resulting in a voxel size
of 3 × 3 × 2 mm); FoV = 192 × 192 mm; bandwidth of
2112 Hz/pixel.

Image data preprocessing

Functional and structural images were processed us-
ing SPM8 toolbox (http://www.fil.ion.ucl.ac.uk/spm/)
within the Nipype framework (http://nipy.source-
forge.net/nipype/). The slice time corrected functional
data were realigned and registered to their mean.
The realigned files were coregistered to the subject’s
structural brain image. A DARTEL template was cre-
ated using structural images from all subjects
(Ashburner, 2007). The echo planar image (EPI) volumes
were then normalized to Montreal Neurological Institute
(MNI) space using the DARTEL template and corre-
sponding flow field. The resulting data were smoothed
with an isotropic 8 mm full-width at half maximum
(FWHM) Gaussian kernel.

We evaluated the quality of the fMRI data by man-
ual inspection and using artifact detection tools
(Whitfield-Gabrieli et al. 2009). Volumes that exceed
an intensity threshold of three standard deviations or
a threshold of 2 mm normalized movement in any dir-
ection were classified as outliers [motion outlier: AN
patients = 3.21 (6.96), HC = 8.35 (19.85); intensity out-
lier: AN patients = 6.73 (3.90), HC = 8.35 (4.89)]. The
two groups did not differ regarding numbers of
motion and intensity outliers [motion outlier: T(65) =
1.41, p = 0.17; intensity outlier: T(65) = 1.50, p = 0.14].

Statistical analyses

On the first level, a general linear model was fitted to
the hemodynamic response to each of the six combina-
tions of stimulation conditions and stimulus types:
supraliminal food stimuli (foodsupra), subliminal food
stimuli (foodsublim), supraliminal social stimuli
(socialsupra), subliminal social stimuli (socialsublim),
supraliminal neutral stimuli (neutralsupra), and sublim-
inal neutral stimuli (neutralsublim) using boxcar func-
tions with duration of 15 s (epoch-related design).
Additionally, six realignment parameters and outlier
volumes identified by quality control as described
above were included as nuisance regressors of no inter-
est. On the second level, a linear mixed model

including a two-level within-subject variable (stimula-
tion condition: supraliminal and subliminal), a three-
level within-subject variable (stimulus type: food, neu-
tral, and social), and a binary between-subject variable
(group: AN patients, HC) were estimated using the
GLMflex toolbox (http://mrtools.mgh.harvard.edu/
index.php/GLM_Flex). To confirm that the task
worked as intended, we first examined stimulus type-
specific activation patterns within both the supraliminal
and the subliminal stimulation conditions by calculating
the contrasts socialsublim > neutralsublim, foodsublim >
neutralsublim as well as socialsupra > neutralsupra and
foodsupra > neutralsupra in HC. To address our main
research question regarding differences between the
groups when processing the different stimulus types
under the two stimulation conditions, we examined
the group × stimulation condition × stimulus type inter-
action effect. If AN patients were predominantly char-
acterized by abnormalities in the reward system, we
would predict alterations in those brain regions during
subliminal stimulation condition, while alterations in
consequence of top–down regulation mechanisms
would be expected to be mirrored by alterations in cog-
nitive control areas under the supraliminal stimulation
condition.

To guard against type I errors, results were corrected
based on permutations using the updated version of
3DClustSim, released August 2016 (http://afni.nimh.nih.
gov/pub/dist/doc/program_help/3dClustSim.html). This
tool runs Monte Carlo simulations to estimate the
cluster size at which the false-positive probability is
below an α level of 0.05 for a voxelwise p value level,
which was set at p = 0.005. The simulations resulted in a
threshold forminimal cluster size ofκ = 468 (whole-brain).

Region-of-interest (ROI) analyses

To further specify group differences revealed by the
whole-brain analysis of the group × stimulation condi-
tion × stimulus type interaction, we extracted condition-
specific β values for each participant from all voxels
belonging to significant clusters using MarsBaR tool-
box for SPM (Brett, Anton, Valabregue, & Poline,
2002). To explore what factors contribute to the
group differences revealed by the whole-brain analysis
of the group × stimulation condition × stimulus type inter-
action effect, extracted β values were subjected to a lin-
ear mixed model using SPSS. Predictors in the model
included the fixed-effects group, stimulation condition,
stimulus type and their interaction, and a by-subject
random adjustment for the intercept. Bonferroni cor-
rection for multiple comparisons was used for post
hoc tests.

The individual sensitivity toward subliminal stimuli
in the visibility test was estimated using d′, a measure
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of the ability to discriminate between target items and
distractor items in a four-alternative forced choice task
(Hacker & Ratcliff, 1979).

Associations between BOLD activity and clinical
variables, as well as the individual sensitivity (d′) to
detect subliminal targets were investigated using
Pearson’s r separately in each group. The latter associ-
ation is of interest, as one might assume that the neural
response during subliminal stimulation might be
modulated by the individual ability to perceive sub-
liminal targets.

Connectivity analysis

To follow-up on results revealed by the analysis
described above, we investigated changes in functional
connectivity between a brain region identified as a
putative source of top–down control signals, the infer-
ior frontal junction (IFJ; see results), using the general-
ized psychophysiological interaction approach (gPPI;
McLaren et al. 2012). This approach allowed us to
assess whether the effect of stimulus type (psycho-
logical factors: foodsupra, neutralsupra, socialsupra) is
modulated by the activity of a source region (physio-
logical factor). We chose to investigate the supraliminal
condition only since potential modulating effects of
prefrontal brain regions were only evident during
this condition. The investigation of alterations in func-
tional connectivity comprised two steps: First, based
on existing hypothesis of hyperactive cognitive control
over limbic brain regions in AN (Kaye et al. 2009), we
explored changes in functional connectivity between
the source region IFJ and limbic target regions: ventral
striatum, amygdala, OFC, and insula. Second, an
exploratory approach with no a priori defined target
regions of the top–down control signal (see online
Supplementary Material 1.4).

Results

Sample characteristics

As shown in Table 1, there were no group differences
for age, IQ, and d′ (parameter of the visibility test).
As expected, AN patients had a lower body mass
index, higher EDI-2 total scores, and reported less hun-
ger at the time of the scanning session than HC.

Imaging results

Stimulus-specific activation patterns were found for
both, the supraliminal as well as the subliminal stimu-
lation condition, i.e. increased BOLD responses in
reward-related brain regions, such as the ventral stri-
atum for social v. neutral stimuli types in HC (see
online Supplementary Material 2.1).

Analysis of the critical group × stimulation condition ×
stimulus type interaction showed significant clusters in
a region of lPFC centered at the IFJ (Fig. 1a), the super-
ior occipital gyrus (SOG; Fig. 1b) and the fusiform
gyrus/parahippocampal gyrus (FFG/PG; Fig. 1c). To
explore what factors contribute to the group differ-
ences, parameter estimates (β values) were extracted
and subjected to a linear mixed model. Analysis of acti-
vation within these clusters revealed that the three-way
interaction was driven by distinct factors in the respect-
ive ROIs. In the IFJ, while a two-way group × stimulation
condition interaction (see Table 2) driven by increased
activity in AN v. HC in the supraliminal condition
was evident [T(96.37) =−3.14; p = 0.001], the three-way
interaction effect was driven by a differential influence
of stimulus type in HC. Specifically, HC showed an
increased activity of the IFJ for socialsupra in compari-
son to neutralsupra stimuli [T(340) = 6.27; p < 0.001]
and foodsupra [T(340) = 8.93; p < 0.001]. In sum, this
indicates that, within the given task context, in HC
the IFJ responds stronger to social stimuli, while this
brain region is strongly active irrespectively of the
stimulus type in patients with AN.

In the SOG, the three-way interaction was driven by
a differential influence of the stimulus type under
supraliminal stimulation within AN, while no

Table 1. Sociodemographic and clinical variables of the two groups

AN (n = 35) HC (n = 35) t P

Age 16.25 ± 3.46 16.31 ± 3.39 −0.08 0.94
BMI 14.59 ± 1.50 20.46 ± 2.06 −13.62 <0.001
BMI-SDS −3.23 ± 1.18 −0.05 ± 0.72 −13.62 <0.001
IQ 114.70 ± 11.57 112.86 ± 7.64 0.77 0.45
Age of onset 14.38 ± 1.93 N.A. – –

Duration of
current episode
(in month)

12.83 ± 19.47 N.A.

EDI-2 total 211.95 ± 42.94 143.77 ± 30.49 7.66 <0.001
d′ 0.08 ± 0.34 0.09 ± 0.17 0.13 0.90
Hunger
(subjective)

3.84 ± 3.01 6.61 ± 2.20 4.33 <0.001

d′ = index of sensitivity toward subliminal stimuli (a value
of zero indicates a performance at chance level; d′ values of
HC are not different from zero [T(34) = 1.451; p = 0.153] but
d′ values of AN patients [T(34) = 3.242; p = 0.003)], Hunger
was assessed with the use of a visual analogue scale ranging
from ‘not at all’ (value of 0) to ‘extremely’ (value of 10).
Group differences were tested using Student’s t tests.
Displayed are means ± standard deviations; AN, anorexia
nervosa; HC, healthy controls; BMI, body mass index;
BMI-SDS, body mass index standard deviation score; IQ,
intelligence quotient; EDI-2, Eating Disorder Inventory 2.
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differential effect of stimulus type under supraliminal
stimulation was evident in HC. In detail, AN patients
showed an increased response to foodsupra in compari-
son to neutralsupra [T(340) = 3.27; p = 0.004] and
socialsupra [T(340) = 6.75; p < 0.001] as well as to
socialsupra in comparison to neutralsupra [T(340)
=−4.02; p = 0.004]. A similar pattern was found for
the FFG/PHG, the three-way interaction was modu-
lated by the type of stimulus under supraliminal
stimulation in AN, while HC showed no differential
response to stimulus type under supraliminal

stimulation condition. Within the AN group, the
FFG/PHG showed increased activity for foodsupra in
comparison to neutralsupra [T(340) = 4.98; p < 0.001]
and socialsupra [T(340) = 5.52; p < 0.001] but not for
socialsupra in comparison to neutralsupra. Control ana-
lyses accounting for (1) the relatively broad age range
(online Supplementary Material 2.2) and (2) patients
comorbidities (n = 3; online Supplementary Material
2.3) and (3) AN binge/purge subtype (n = 2; online
Supplementary Material 2.4), revealed statistically
identical results.

Fig. 1. Left, significant (family-wise error-corrected) clusters revealed by the whole-brain three-way group × stimulation
condition × stimulus type interaction analysis: (a) cluster at IFJ [46, 6, 26]; (b) cluster at SOG [−30, −90, 28]; (c) cluster at FFG/
PHG [−26, −90, 28]; right mean activation (β-estimates ± S.E.M.) extracted from the respective significant clusters identified by
the whole-brain analysis are plotted for both groups under each stimulation condition and for each stimulus type; ** =
significant difference of extracted β estimates at p = 0.001; IFJ, inferior frontal junction; SOG, superior occipital gyrus; FFG/
PHG, fusiform gyrus/parahippocampal gyrus.

Table 2. Main effects and interaction effect of the linear mixed model (based on extracted ß-values for each relevant cluster)

IFJ
F (p)

SOG
F (p)

FFG/PHG
F (p)

Group 5.07 (0.028) 0.10 (0.756) 0.30 (0.585)
Stimulation condition 85.89 (<0.001) 558.00 (<0.001) 974.241 (<0.001)
Stimulus type 12.40 (<0.001) 8.07 (<0.001) 10.907 (<0.001)
Group×stimulation condition 12.07 (0.001) 0.73 (0.394) 0.55 (0.459)
Group×stimulus type 8.85 (<0.001) 3.45 (0.033) 3.36 (0.036)
Stimulation condition×stimulus type 2.18 (0.115) 6.35 (0.002) 2.80 (0.062)
Group×stimulation condition×stimulus type 11.722 (<0.001) 6.073 (0.003) 10.907 (<0.001)

IFJ, inferior frontal junction; SOG, superior occipital gyrus; FFG/PHG, fusiform gyrus/parahippocampal gyrus.
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Association of hemodynamic activity, clinical
variables, and sensitivity index (d′)

Given the broad role of the IFJ in executive functions
(Brass et al. 2005; Derrfuss et al. 2005) and the hypoth-
esis of elevated cognitive control in AN (Kaye et al.
2009), we next inspected relationships between neural
responses in this region and eating disorder symptoms
as gauged by the EDI-2. Since we established a group
difference in hemodynamic activity during supralim-
inal stimulation condition irrespectively of stimulus
type, we explored the association between the average
BOLD activity and EDI-2 in patients with AN, which
was found to be significant (r = 0.402, p = 0.017).

Next, we tested for a potential association between d′
and the IFJ response during each stimulus type under
subliminal stimulation condition. Interestingly, IFJ acti-
vation during subliminal stimulation condition of
social stimuli was associated with the probability to
detect subliminal targets (r = 0.496, p = 0.002) in HC.
This indicates that with increasing individual visibility
under subliminal stimulation condition neural pattern
indicative for supraliminal processing emerge.

Connectivity analyses

To explore whether the IFJ serves as a putative source
region of top-down control during the supraliminal
stimulation condition, we conducted a gPPI analysis
using the IFJ as seed region and foodsupra, socialsupra,
and neutralsupra as psychological factors. The explora-
tory approach with no a priori defined target regions,
as well as the hypothesis-based approach with the
four limbic target regions revealed no significant
group differences in functional connectivity.

Discussion

The present study analyzed neural responses to sub-
liminally and supraliminally presented reward-related
food and social stimuli in AN. The objective of our
experimental design and analysis strategy was to
determine whether differences in brain response to
these stimuli are predominantly present in subcortical
(bottom-up) or cortical (top-down) networks. As a
first step, we confirmed that the subliminal and supra-
liminal processing of rewarding stimuli elicited the
expected reward-related neural activation pattern in
HC (Dehaene et al. 2006; Brooks et al. 2011b; Zedelius
et al. 2011; Mudrik et al. 2014; Wang et al. 2016).

Contrasting the two groups, we found no difference
under the subliminal stimulation condition, suggesting
that adolescent (non-chronic) AN patients may not
have particularly strong alterations in the bottom–up
neural response to rewarding stimuli. In response to
the supraliminal stimulation condition, we found

activation to be elevated in the AN group in a region
of lPFC associated with cognitive control, the IFJ
(Brass et al. 2005; Derrfuss et al. 2005). IFJ activation
was increased in the AN group irrespective of stimulus
type – suggestive of a sustained response – which was
associated with the level of eating disorder symptoms.
HC, however, showed comparably elevated activity in
this region only to social stimuli. These findings are in
accordance with studies reporting no interference with
working memory or performance monitoring when
distracting food stimuli are presented subliminally
(Brooks et al. 2012a), while supraliminal distractors,
irrespective of salience, seem to interfere with working
memory performance in patients with AN (Dickson
et al. 2008). The authors of the latter study argued
that this might indicate that AN patients are more eas-
ily distracted due to their extreme attention to details –
an interpretation which dovetails with our finding of a
sustained elevated IFJ activation.

In contrast to the notion of altered reward processing
in AN (O’Hara et al. 2015), no group differences were
evident in the reward system, neither during sublim-
inal nor supraliminal stimulation. This seems surpris-
ing given that previous studies using food stimuli or
monetary rewards in AN demonstrate alterations in
those brain areas (Wagner et al. 2007a; Cowdrey et al.
2011). A potential explanation for this discrepancy
might be that alterations in the reward system evolve
with the chronic manifestation of the disorder and
potential alterations in this system have not (yet)
developed in our primarily young non-chronic sample
(85% younger than 18 years; 74% with a duration of ill-
ness shorter than 1 year). Indeed, other studies investi-
gating adolescent AN reported no difference in the
reward system during processing of monetary rewards
(Bischoff-Grethe et al. 2013; Ehrlich et al. 2015; King
et al. 2016). This resonates with the argument postu-
lated by the reward-centered model of AN that
patients do not suffer from a generalized inability to
experience reward, but that processes within this sys-
tem change with the progress of the disorder
(O’Hara et al. 2015). However, to investigate this notion
in more detail, future studies contrasting chronic and
non-chronic patients are needed.

As mentioned above, we found a neural pattern sug-
gestive of sustained increased IFJ responsivity in AN
during supraliminal processing, which was associated
with eating disorder psychopathology. The IFJ, a
region located at the junction of the inferior frontal sul-
cus and the inferior precentral sulcus (Derrfuss et al.
2005), plays a pivotal role in a variety of cognitive con-
trol functions, including selective attention (Baldauf &
Desimone, 2014) and updating task representations
(Derrfuss et al. 2005). This finding provides support
for the notion of AN as model disorder for excessive
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cognitive control (Kaye et al. 2009). However, accord-
ing to the framework of Kaye et al. (2009) and Brooks
et al. (2011a), one could have expected that an
overactive cognitive control system in AN has a top–
down modulatory effect on limbic brain regions impli-
cated in motivational drives. In this study, we found:
(1) no alteration in functional connectivity between
the IFJ and the reward system and (2) the elevated
neural response of the IFJ in patients with AN was
not limited to reward-related stimuli. The unspecific
response of the IFJ may indicate an attempt of sus-
tained control in AN patients once a meaningful pic-
ture is presented, while in HC such a cognitive
control reaction is only evident in response to emotion-
ally salient stimuli. One might also speculate that AN
patients are less able to disengage cognitive control
reactions.

The IFJ has also been associated with attentional
allocation. Studies have demonstrated neural syn-
chrony between the IFJ and posterior sensory brain
areas (Zanto et al. 2010; Sundermann & Pfleiderer,
2012). Within this network, the IFJ is proposed as the
source of attentional modulation, facilitated by long-
distance projections, linking the frontal cortex with
the visual association areas. By this means, top–down
modulation facilitates neural excitability toward
selected stimuli, thus forming perceptual biases
(Baldauf & Desimone, 2014; Xu, 2014). Interestingly,
we found increased activity in brain areas associated
with visual processing, namely the SOG (dorsal visual
stream) and the FFA/PHG (ventral visual stream), dur-
ing supraliminal processing of food stimuli in AN
patients. These findings can be interpreted in light of
an attentional bias to food stimuli that has been argued
to be a maintenance factor for AN (Shafran et al. 2007).
Nevertheless, we found no evidence for altered coup-
ling between the IFJ and these brain areas when pro-
cessing food stimuli. Second, although we discovered
increased activation in visual areas in AN when pro-
cessing supraliminally presented food stimuli, BOLD
activity in the IFJ was elevated when processing all
stimulus types.

Limitations

Our study has to be interpreted in light of the follow-
ing limitations. First, it is plausible that the lack of
group differences in the subliminal stimulation condi-
tion may be due to a relative insufficiency of our task
to evoke reward-related neural processes. This possi-
bility seems unlikely, given that subliminal stimulation
did elicit an expected pattern of stimulus-specific acti-
vation in HC (see online Supplementary Material 2.1).
Second, when studying AN patients, we cannot distin-
guish between predisposing factors and consequences

of the acute undernutrition. Future studies will need
to investigate recovered patients or apply longitudinal
study designs. Third, HC were scanned at different
phases of their menstrual cycle. Variance in sex hor-
mone levels could have influenced our ability to
uncover potential group differences in reward-related
brain regions (Toffoletto et al. 2014).

A strength of our study, however, is the large homo-
genous sample of young acute AN patients, who have
had a short duration of illness.

Conclusions

In summary, this study suggests that adolescent AN
patients may not (yet) show alterations in the brain
reward system, while we found a hyperactivity of a
brain region implicated in cognitive control during
the supraliminal processing of all stimulus types. The
latter finding is remarkable, since the passive viewing
task does not require any control functions per se.
These findings thus lend further support for the
hypothesis of sustained and elevated (self-) control in
AN (Kaye et al. 2009; Brooks et al. 2011a). Since we
also found increased neural response in visual brain
areas to food stimuli in patients, our findings may
also be interpreted in light of biased attention toward
food stimuli or increased attention to details (weak
central coherence; Lopez et al. 2008). These findings
open up new avenues for cognitive behavioral or neu-
romodulatory therapeutic approaches which try to tar-
get the tendency of AN patients to ‘stay in control’
even when it is not necessary (Pop-Jordanova, 2000;
Wildes & Marcus, 2011; McClelland et al. 2013).

Supplementary material

The supplementary material for this article can be
found at https://doi.org/10.1017/S0033291717002161.
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