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1 | INTRODUCTION

Anorexia nervosa (AN) is a severe psychiatric illness with alarming
mortality rates, especially in the restrictive type of the eating disor-
der (Arcelus et al., 2011). The characteristics of AN patients are low
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Abstract

Introduction: Anorexia nervosa (AN) is a severe psychiatric illness with alarming mor-
tality rates. Nevertheless, despite former and recent research results, the etiology
of AN is still poorly understood. Of particular interest is that, despite exaggerated
response control and increased perfectionism scores, patients with AN seem not to
perform better that those unaffected in tasks that require inhibitory control. One rea-
son might be aberrant processing of errors. The objective of our study was thus to
obtain further insight into the pathopsychology of AN. We were particularly interested
in neuronal and autonomic responses during error processing and their association
with behavior.

Methods: We analyzed 16 acute patients suffering from restrictive type AN and 21
healthy controls using functional magnetic resonance imaging (fMRI) with simultane-
ous physiological recordings during a Go/Nogo response inhibition task. Data were
corrected for noise due to cardiac and respiratory influence.

Results: Patients and controls had similarly successful response inhibition in Nogo tri-
als. However, in failed Nogo trials, controls had significantly greater skin conductance
responses (SCR) than in correct Nogo trials. Patients did not exhibit elevated SCR to
errors. Furthermore, we found significantly increased neuronal responses, especially
in the amygdala and hippocampus, in controls compared to patients during error trials.
We also found significant positive correlations in controls but not in patients between
Nogo performance and activation in the salience network core regions after errors.
Conclusion: Acute restrictive type AN patients seem to lack neuronal and autonomic

responses to errors that might impede a flexible behavior adaption.
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bodyweight, starvation to prevent weight gain and an enormous fear
of being or becoming fat. A core feature is the highly distorted body
image and various irrational beliefs about their own body (Treasure
et al., 2015; Zipfel et al., 2015). Patients suffering from AN are char-
acterized by increased self-control and impaired set-shifting abilities
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(Geisler et al.,2017). Moreover, Buzzichelli et al. (2018) found high cog-
nitive rigidity in AN patients and identified perfectionism as an essen-
tial mediator of the relationship between set-shifting abilities and eat-
ing psychopathology.

Although being the subject of considerable research, the etiology
of AN is still poorly understood. Despite current psychological inter-
ventions, the disorder has poor remission rates and high levels of
relapse (Jagielska & Kacperska, 2017). However, grad electrophys-
iological investigations and functional magnetic resonance imaging
(fMRI) have gradually provided insights into the neuronal abnormali-
ties of AN. A major topic of investigation is inhibitory cognitive because
patients tend to be over-controlled and perfectionistic. For instance,
Oberndorfer et al. (2011) applied a response inhibition task during
fMRI. They found lower medial prefrontal cortex (PFC) activation with
increased task demands in AN patients than in healthy controls. Inter-
estingly, however, patients and controls did not differ in performance.
In the same kind of task, Wierenga et al. (2014) likewise found no group
difference in performance between AN patients and control subjects.
However, during error processing, patients had less activation in medial
frontal regions (Wierenga et al., 2014). In an electrophysiological study,
Pieters et al. (2007) found evidence for distorted processing of errors
in AN. They reported diminished brain responses to errors and error-
related negativity, accompanied by increased perfectionism scores in
patients. It seems that AN patients recruit fewer cognitive resources in
response to errors indicating reduced error monitoring. They manage
to perform equally well as healthy controls due to effortful supervisory
cognitive control supporting cognitive rigidity (Wierenga et al., 2014;
Zastrow et al., 2009).

Response errors or other salient stimuli activate a fronto-limbic sys-
tem, which is also called salience network, including the anterior insula
(aIN), dorsal anterior cingulate cortex (dACC) and the amygdala. Fol-
lowing salience detection, the salience network promotes brain net-
work switching and initiates further processing steps (Goulden et al.,
2014; Menon, 2011; Seeley et al., 2007). The intact ability to switch
between networks is crucial for optimal brain function (Pedersen et al.,
2018).

In patients with AN, salience network function seems to be affected
(Bang et al., 2016; Menon, 2011; Phillips et al., 2003). For instance,
Bang et al. (2016) investigated recovered AN patients using fMRI and
an emotional conflict task. They found patients to exhibit attenuated
BOLD responses in the amygdala and hippocampus during significant
stimuli processing. Insula malfunctions in AN patients are also sup-
ported by reduced activity in the insula during visceral interoception
in AN patients (Kerr et al., 2016).

This brain network also elicits physiological responses to salient
stimuli that facilitate affective processing (Damasio, 2003; Schachter &
Singer, 1962). For instance, skin electrical conductance increases due
to the accumulation of sweat in response to salient emotional stimuli
or cognitive demand (K&hler, et al., 2018; Schumann et al., 2018; Zhang
et al., 2012). It is of interest, however, that these autonomic responses
seem to be blunted in patients with AN. Tchanturia et al. (2007) found
reduced affective reactions indicated by diminished skin conductance
responses (SCR) after losses in an lowa gambling task. They argue that
impaired decision-making is a consequence of lack of bodily alarm sig-
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nals. However, it is still unclear how physiological reactions to errors
are related to exaggerated response control and perfectionism in AN
patients.

The objective of our study was to obtain further insight into the
cognitive processing of AN. In particular, we were interested in neu-
ronal and autonomic responses to errors. We used fMRI with simulta-
neous skin conductance recordings during a response inhibition task.
According to previous findings, we stated the following hypotheses: (1)
Patients and controls do not differ in behavioral performance during
the task. (2) In AN patients, errors reduce SCR and (3) reduce BOLD
activation in core regions of the salience network, i.e., dACC and alN,
compared to controls. (4) Brain activation and SCR are associated with

task performance.

2 | METHODS

2.1 | Subjects

A total of 21 healthy controls (2 male, 19 female; age M = 26.29 years;
SD = 6.9 years) were recruited from the local community and inter-
viewed by a medical research assistant. Individuals with past or cur-
rent drug use, any medical condition, neurological or psychiatric dis-
eases and/or first-degree relatives with Axis | psychiatric disorders
were excluded from participation.

Sixteen patients (2 male, 14 female; age M = 24.88 years; SD = 7.85
years) meeting the DSM-|V criteriafor restrictive type AN according to
the Structured Clinical Interview (SCID) were recruited from the inpa-
tient service of the department of psychosomatic medicine and psy-
chotherapy in Jena. Patients with a current comorbid Axis | or neuro-
logical disorder were excluded from this study. The mean age at onset
of AN was 14.7 years (SD = 3.6 years).

Descriptive sample characteristics are summarized in Table 1.
Mann-Whitney U-tests were calculated to determine if there were
significant differences in education, body weight, eating pathology,
state/trait anxiety, and overall impulsivity between healthy controls
and AN patients. To account for the problem of multiple comparisons,
we adjusted the statistical significance level using the false discovery
rate (FDR) approach (Benjamini & Hochberg, 1995).

All subjects were German native speakers, right-handed according
to the modified version of the Annetts Handedness Inventory (Briggs
& Nebes, 1975) and provided written informed consent before partic-
ipation. The Ethics Committee of the University of Jena approved the
study protocol. All subjects were paid eight Euros per hour for their

participation.

2.2 | Experimental paradigm

The Go/Nogo paradigm is used to measure the ability to inhibit a pre-
potent response tendency. The Nogo-signal, which triggers inhibitory
processes, is presented unexpectedly following a Go-signal, measuring
the ability to inhibit an intended response. Our research group devel-
oped a modified version of the task previously published by Kéhler
et al. (2018). In short, at the beginning of the experiment, participants
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TABLE 1 Sample characteristics

Healthy controls

(N=21)
Education level M=1191
(in years) (SD=0.44)
Body-mass-index (BMI) M=243

(SD=3.27)
Eating disorder inventory M=159.53
(EDI-11 short) (SD =32.23)
State-anxiety M=23548
(STAIl-state) (SD =8.54)
Trait-anxiety M =36.85
(STAI-trait) (SD = 6.64)
Overall impulsivity (BIS-11) M=58.3

(SD=5.47)

Anorexia nervosa

patients (N = 16) U(Z; pepr)
M=10.63 80.5
(SD=1.41) (—3.46;0.0007)
M=14.97 0

(SD=1.41) (—5.15;0.0001)
M=2148 21

(SD = 34.26) (—3.8;0.0003)
M=4794 50

(SD =7.64) (—3.62;0.0004)
M=52 50

(SD =9.33) (—4.1;0.0001)
M=61.19 121.5

(SD =10.29) (—1.23;0.2196)

Abbreviations: f, female; FDR, false discovery rate; m, male; M, mean value; N, number of subjects; SD, standard deviation; U, indicates Mann-Whitney U-tests.

saw the word ‘READY’ in the middle of a screen. The ‘READY’ was
replaced by a clay jug, in which water was dropping much frequented,
representing our baseline measure. After varying time intervals, a stim-
ulus appeared, which was either a Go or a Nogo trial. The Go stimuli
are two kinds of transverse cracks, starting either from the left-handed
side or from the right-handed side of the jug. The Nogo stimuli are two
kinds of vertical cracks, starting either from the upper end or from the
jug’s bottom end. The stimuli were presented for 600 ms. The inter-
stimulus-intervals (ISI) were 3800, 6000, and 8200 ms, which were
presented one after the other and in equal parts, where the related
stimulus-onset asynchronies (SOAs) were 4400, 6600, and 8800 ms.
Moreover, stimulus presentation onsets were jittered to prevent any
signaling function of the water drops regarding the stimulus timing and
to have a better time resolution of the hemodynamic responses. All
subjects were asked to indicate which type of crack was presented by
either pressing a button (with the right index finger) as fast as possi-
ble when a Go stimulus appeared or restraining their response when a
Nogo stimulus appeared. Immediately after the stimulus presentation,
water kept on dropping into the jug. There were more Go stimuli (in
~74% of cases) than Nogo stimuli (in ~26% of cases) to create a pre-
potent response tendency

In the present study, we adapted the experiment in total dura-
tion and length. Thus, the Go-Nogo experiment now lasted for about
23 minutes, comprising 160 Go and 42 Nogo stimuli. Performance was
assessed by the number of correct reactions in the Go and Nogo condi-

tion.

2.3 | Assessment scales

Impulsivity was assessed by the Barratt Impulsivity Scale comprising
attentional, motor and non-planning subscales (BIS-11; Patton et al,,
1995). The purpose of the State-Trait Anxiety Inventory (STAI; Laux
et al., 1981) is to measure the presence and severity of current symp-
toms of anxiety as well as a general tendency to be anxious. More-

over, the Eating Disorder Inventory (EDI-II, Garner, 1991) was used
that evaluates symptoms and psychopathologic features of eating dis-
orders. It consists of 91 items subdivided into 11 subscales.

2.4 | MRI parameters

Data were collected on a 3T whole body-system equipped with
a 64-element receive-only head matrix coil. T2*-weighted images
were obtained using a gradient-echo EPI sequence (TR = 2120 ms,
TE = 36 ms, TA= 2100 ms, FOV = 224 mm?, acquisition matrix = 160
x 160 mm?2, flip angle = 90°) with 104 interleaved transverse slices of
1.4 mm thickness, a multi-band acceleration factor of 4 and with an in-
plane resolution of 1.4 x 1.4 mmZ2. A series of 606 whole-brain volume
sets were acquired in one session lasting approximately 23 minutes.
High-resolution anatomical T1-weighted volume scans (MP-RAGE)
were obtained in sagittal orientation (TR = 2300 ms, TE = 3.03 ms,
Tl = 900 ms, flip angle = 9°, FOV = 256 mm x 256 mm, matrix 256 x
256, number of sagittal slices = 192, acceleration factor (PAT = 2) with

an isotropic resolution of (1x 1 x 1) mm3.

2.5 | Physiological recordings during fMRI

During the fMRI scan, respiratory and cardiac signals were recorded
simultaneously using an MR-compatible BIOPAC MP150 polygraph
(BIOPAC Systems Inc., Goleta, CA, USA) and digitized at 500 Hz. Respi-
ratory activity was assessed by a strain gauge transducer incorporated
in a belt tied around the chest, approximately at the level of the proces-
sus xiphoideus. The cardiac signal (photoplethysmograph (PPG) signal)
was recorded using a pulse oximeter attached to the proximal phalanx
of the index finger of the subject’s left hand.

To remove MRI-related or movement artifacts, the PPG signal was
band-pass filtered (0.05—3 Hz), and the respiratory signal was low-
pass filtered with a cutoff frequency of 10 Hz. Pulse-wave onsets were
automatically extracted by detecting peaks of the temporal derivative
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of the filtered PPG signal (Schumann et al., 2018). The quality of
peak detection was visually inspected by an expert and corrected
when necessary. SC was measured continuously (constant voltage
technique) at the left hands’ palm with Ag/AgCl electrodes placed
at the thenar and hypothenar eminence. All signals were sampled at
500 Hz and amplified in a frequency range of 0.05—3 Hz for PPG,
0.05-10 Hz for respiration and 0-10 Hz for SC. Respiration and SC
were offline median filtered (window of 250 samples) and smoothed
(over 500 samples) to reduce MRI-related artifacts.

2.6 | fMRI preprocessing

Data analysis was performed using SPM12 (https://www.fil.ion.ucl.ac.
uk/spm) and AFNI software package (https://afni.nimh.nih.gov/). The
first four images were discarded to ensure a steady-state tissue mag-
netization condition. Time-locked cardiac and respiratory artifacts, as
well as slow blood oxygenation level fluctuations, were removed using
RETROICOR (Glover et al., 2000) and respiration volumes per time
regressors (Birn et al., 2008). RETROICOR and RVT regressors were
generated on a slice-wise basis by AFNI’s
2010).

Further preprocessing steps of the fMRI data included slice timing

RetroTS.m” script (Jo et al.,

correction, rigid body realignment to the mean of all images, and func-
tional and anatomical data alignment. Afterwards, images were nor-
malized to the MNI space using the DARTEL procedure integrated into
SPM12 (Ashburner, 2007) and smoothed with a Gaussian kernel of
6 mm full-width at half-maximum.

2.7 | Physiological data analysis

Event-related skin conductance (SC) responses (SCR) were estimated
on SC signals after removing the slowly varying component (SC
smoothed over 10.000 samples). SC time courses at the onset of each
Go/Nogo stimulus (reference time t = 0, lasting 6 s) were extracted
and normalized to baseline (mean SC in 1's before stimulus-onset). We
averaged responses per subject in C and IC Nogo trials. Reactions of SC
were quantified in terms of area under the curve by integrating subject-
specific responses (Bach et al., 2010). SCR is given in normalized units
(n.u.) and was compared between trials using the Wilcoxon signed-rank
test (ICvs. C).

2.8 | fMRI data analysis

An ANOVA design with the within-subject factor task (correct Go, cor-
rect Nogo, incorrect Nogo) and the between-subject factor group (con-
trols, patients) was performed.

Using the SPM12 software, a fixed-effects model with an event-
related design including correct Go, correct Nogo as well as incorrect
Nogo responses at the single-subject level was built to create contrast
images of parameter estimates. The remaining stimuli, i.e. misses on
Go trials, as well as the individual movement parameters, were also
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entered in the single-subject fixed-effects model as covariates of no
interest. Further, one additional regressor of no interest was included
to modulate response speed in the Go condition to control reaction
time and improve the model’s accuracy.

Final contrast estimates were entered into a second-level analysis.
At the second level, a random-effects full-factorial design was used to
investigate neuronal activation in the groups (i.e. patients and controls)
and conditions (Go, C Nogo and IC Nogo). To get insight in error pro-
cessing, a one-way ANOVA with group (patients vs. controls) as the
between-subjects factor was performed for the C Nogo and IC Nogo
condition. Thus, we compared unsuccessful response inhibition (IC
Nogo) with successful response inhibition (C Nogo) within and between
groups. The statistical comparisons were thresholded on the voxel-
level at p < 0.005 (uncorrected) and p < 0.05 FWE corrected at the
cluster-level.

For correlational analysis, a regression model was built at the sec-
ond level, including activation maps in the error processing contrast (IC
Nogo > C Nogo). Individual performance and averaged increases SCR
(IC Nogo - C Nogo) in patients and controls.

If not indicated, within- and between-group analyses were based on
a voxel-based threshold of 0.005 (uncorrected) and were false discov-

ery rate (FDR; Benjamini & Hochberg, 1995) cluster corrected.

2.9 | Behavioral data analysis

Behavioral data analyses were performed using SPSS Statistics V24
(IBM Corp., Released 2016). The non-parametric Mann-Whitney U-
test was used to test for between-group differences in performance.
Within group, differences were analyzed using the Wilcoxon signed-
rank test. To account for the problem of multiple comparisons, we
adjusted the statistical significance level using the FDR approach (Ben-
jamini & Hochberg, 1995).

3 | RESULTS

3.1 | Task performance

There were no statistically significant differences in Go accuracy, Go
response times or Nogo accuracy (Table 2). Within groups there were
significantly slower responses after error commission than after pre-
error responses (HC § = 420.46 ms, SD = 4152 ms, Z = —3.53,
p < 0.001; AN 6§ = 486.88 ms, SD = 413.26 ms, Wilcoxon signed-rank
test: Z = —3.15, p = 0.002). However, there was no significant differ-

ence between groups in post-error slowing.

32 |
system

Indices of the peripheral autonomic nervous

No difference was observed in skin conductance between groups

(Table 3). However, SCR during correct Nogo trials (C Nogo), during
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TABLE 2 Behavioral performance

Healthy controls
(N=21)

Go accuracy M=159.38
(SD=1.16)

Nogo accuracy M=234.38
(SD =4.46)

Go response time M=4753

(in ms) (SD=85.19)

Post-error slowing M=42046

(in ms) (SD=415.21)

Anorexia nervosa
patients (N = 16)

M=1575
(SD=2.81)
M=33.25
(SD =4.54)
M =490.54
(SD =36.16)

M =486.88
(SD =413.24)

WILEY- >

U(Z, pepr)
97.5(-2.39,0.068)

144.5(-0.72,0.5)

100 (—2.09,0.074)

146 (—0.67,0.5)

Abbreviations: FDR, false discovery rate; M, mean value; ms, milliseconds; N, number of subjects; SD, standard deviation; U, indicates Mann-Whitney U-tests.

TABLE 3 Indices of the peripheral autonomic nervous system

Skin conductance level in uS

Skin conductance responses (C Nogo) in n.u.

Skin conductance responses (IC Nogo) in n.u.

Skin conductance responses (IC Nogo vs. C Nogo) in n.u.

Healthy controls
(N=21)

M=0.95
(SD=0.7)
M =3088.22
(SD=153.81)

M =4050.1
(SD=916.84)

M=961.85
(SD=897.1)

Anorexia nervosa
patients (N = 16)

M=1.23
(SD=1.36)
M=3576.23
(SD =797.98)
M =3387.59
(SD=499.1)
M=-188.65

(SD =1096.24)

Group difference
U(Z, prpr)
163(-0.15,0.878)
88(—2.45,0.021)

86(—2.51,0.021)

75(—2.85,0.015)

Abbreviations: C, correct Nogo; FDR, false discovery rate; IC, incorrect Nogo; M, mean value; N, number of subjects; n.u., normalized units; SD, standard

deviation; U, indicates Mann-Whitney U-tests.

incorrect Nogo trials (IC Nogo) as well as their difference were signif-
icantly lower in AN patients. In Figure 1, averaged SCR are depicted
for correct and incorrect Nogo trials, normalized to baseline. In HC,
SCR were significantly higher in incorrect compared to correct trials
(Z=-3.77,p < 0.001), but not in AN patients (Z=0,p=n.s.).

3.3 | Analyses of neuronal response patterns

To test for overall group differences, we performed an analysis of vari-
ance without proposing effect directions. In this analysis, we found
differences in neuronal activations in key regions comprising the
salience network, e.g., the ACC, and alN (Figure 2, Table S1; voxel-level:
p < 0.005 uncorrected; cluster-level p < 0.05, FDR corrected).

We then used post-hoc t-tests to analyze neuronal activation pat-
terns in response to errors. More precisely, to examine error process-
ing, we compared mistakenly answered (incorrect (IC) Nogo) to cor-
rectly inhibited (correct (C) Nogo) trials of the Go/Nogo paradigm.

We found increased BOLD activations, especially in medial and lat-
eral prefrontal regions, amygdala, hippocampus, dACC, alN, and occip-
ital cortex, in response to errors in HC (Figure 3; Table 4).

In contrast, there were no significant BOLD activations during error
processing in AN patients. Particularly interesting, however, is that the

between-group t-contrast revealed significantly increased neuronal

responses in the amygdala (x = 26,y = 1,z = —18, t = 3.38) and hip-
pocampus (x = 24,y = —16, z = —15, t = 3.54) in HC compared to
patients (Figure 4).

3.4 | Relations between performance, core regions
of the salience network and skin conductance indices

We investigated response behavior associated with neuronal activa-
tion patterns during the task and SCR in healthy controls and AN
patients. The regression analysis revealed a pattern of significant clus-
ters correlated with achieved performance, including the anterior
insula, cingulate cortex, and amygdala (Figure 5). In addition, striatal,
as well as medial and lateral prefrontal regions, showed activation pro-
portional to performance (Table 5). At this statistical level, there were
no significant associations to SCR in controls. In patients, there were no

correlations with either performance or to SCR.

4 | DISCUSSION

In the present study, we investigated response inhibition in acute AN
patients. In the Go/Nogo task, patients and healthy controls performed

equally well. Healthy subjects elicited stronger SCR after failed Nogo
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FIGURE 1

FIGURE 1 Linking physiological indices to behavioral performance: Mean skin conductance responses in the correct Nogo (green)

and incorrect Nogo (blue) trials are shown (areas under the curve indicate standard deviations). Abbreviations: n. u., normalized units; SC, skin

conductance.

The overall effect of error processing

FIGURE 2

FIGURE 2 Main effect of group: voxel-level p < 0.005 uncorrected, cluster-level p < 0.05, FDR corrected. Abbreviations: aIN,

anterior insula; Caud, nucleus caudatus; Cereb, Cerebellum; dACC, dorsal anterior cingulate cortex; OCx, occipital cortex; PCx, parietal cortex; R,

right.

trials indicating sympathetic arousal on errors. In contrast, patients did
not differ in SCR between correct and incorrect Nogo trials. Accord-
ingly, we observed diminished neuronal responses during error pro-
cessing in the amygdala and hippocampus in patients compared to con-
trols. Finally, we found significant positive correlations between Nogo
performance and activations of core regions of the salience network
during errors in controls but not in patients. Results of this study indi-

cate disturbed error processing in AN patients.

4.1 | Error processing in AN

When a person is presented with a stimulus, they must decide whether
a response is required and which response is appropriate. Proactive
inhibitory control encompasses response withholding or behavioral
adjustments when the need for aresponse is uncertain (Bartholdy et al.,
2016). Thus, it is probable that the degree to which proactive inhibi-

tion is applied is related to how much a person tolerates uncertainty.
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The salience of errors in healthy controls

FIGURE 3

FIGURE 3 Error processing in healthy controls: voxel-level p < 0.001 uncorrected, cluster-level p < 0.05, FDR corrected.

Abbreviations: alN, anterior insula; Caud, nucleus caudatus; Cereb, Cerebellum; dACC, dorsal anterior cingulate cortex; DLPFC, dorsolateral
prefrontal cortex; OCx, occipital cortex; PCx, parietal cortex; PFC, prefrontal cortex; R, right; SMA, supplementary motor area; VLPFC,

ventrolateral prefrontal cortex.

TABLE 4 Response to errors in healthy controls

Region of activation Right/left Brodmann area
Precentral gyrus R 4
Anterior cingulate gyrus R 32
Supplementary motor area R 6
Cingulate gyrus L 24
Precuneus L 31
Caudate nucleus R

Anterior insula L 13
Thalamus L

Brainstem L

Anterior insula R 13
Occipital gyrus L 17
Thalamus R

Caudate nucleus L

Middle frontal gyrus L 9
Cerebellum R

MNI coordinates

Cluster size X y z T value
124997 45 -13 40 8.76
2 11 40 8.47
1 10 39 8.45
-3 35 41 8.26
-5 —42 53 6.74
17 17 -3 6.46
-32 26 5 6.10
0 -7 7 5.97
-3 —28 -19 5.94
35 26 2 5.67
-5 -85 17 5.37
9 -13 2 5.29
-2 13 1 4.73
-26 41 40 3.67
364 23 —45 —49 441

Note: Maxima of regions showing significant BOLD activation differences when comparing incorrect and correct Nogo trials (error processing contrast) in
healthy controls at the whole-brain level (voxel-level p < 0.001 uncorr., cluster-level, p < 0.05, FDR corr.).

Abbreviations: L, left; M, middle; R, right.

Thus the perfectionism and intolerance of uncertainty in AN (Brown
et al,, 2017), the decision making of AN patients is likely dominated
by proactive inhibition. For instance, Bartholdy et al. (2017) investi-
gated whether proactive and reactive inhibitory control differed across
eating disorders. Whereas there were no group differences in reactive
inhibitory, AN patients showed greater proactive inhibition than HC.
In healthy (reactive) controls, adaption of behavior after error indi-
cates cognitive flexibility. Thus, adequate error processing is essential

to good performance and cognitive flexibility. However, patients do not
show clearer neuronal activation on error trials than correct trials as
do control subjects. Accordingly, in the group comparison regarding
the error processing contrast, we found significantly increased neu-
ronal responses in the amygdala and hippocampus in HC compared
to patients. This result is in line with the finding of Bang et al. (2016),
who investigated AN patients using fMRI and an emotional conflict task
and found that patients had fewer BOLD responses than controls in
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Error processing: Healthy controls > Anorexia patients

FIGURE 4 FIGURE 4 Between-group comparison in the error processing contrast: voxel-level p < 0.005 uncorrected, cluster-level p < 0.05,
FDR corrected. Abbreviations: AMY, amygdala; AN, anorexia nervosa patients; C, correct; HC, healthy controls; HIPP, hippocampus; IC, incorrect;

R, right.
Correlation of error processing with performance in healthy controls
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FIGURE 5 FIGURE 5 Correlation of activations during error processing and task performance in healthy controls: voxel-level p < 0.005

uncorrected, cluster-level p < 0.05, FDR corrected. Abbreviations: alN, anterior insula; dACC, dorsal anterior cingulate cortex; DLPFC,
dorsolateral prefrontal cortex; PFC, prefrontal cortex; PCC, posterior cingulate cortex; Prec, precuneus; R, right; SMA, supplementary motor area;

VLPFC, ventrolateral prefrontal cortex.

the amygdala and hippocampus during the processing of salient stim-
uli. In general, limbic brain structures are the neuronal basis of emo-
tions and include the amygdala and hippocampus (Yang & Wang, 2017).
Thus, in regard to our findings, we assume that AN patients compared
to HC show enhanced cognitive control during the whole response con-
trol task but show less emotional responses to salient, i.e., erroneous,
stimuli.

Moreover, correlational analyses revealed that healthy partici-
pants who showed stronger neuronal reactions to errors in the
salience network performed better in the task. Thus, successful par-
ticipants adjusted their behavior according to their response failures.

In patients, performance was not dependent on neuronal error pro-

cessing. Hence, correlational findings align with the identified neuronal
and autonomic response patterns, where no relation between perfor-
mance, core regions of the salience network and skin conductance

indices were found in AN patients.

4.2 | Role of the salience network in error
processing

Errors are salient stimuli that lead to activation of the salience net-
work. This network initiates switches between other functional neu-

ronal networks facilitating access to memory resources and attention.
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TABLE 5 Correlation of activations during error processing and task performance in healthy controls

Region of activation Right/left Brodmann area
Lateral frontal gyrus L 6
Middle temporal gyrus L 21
Putamen L

Middle frontal gyrus R/L 8
Cingulate gyrus R/L 24
Lateral frontal gyrus R 45
Angular gyrus L 40
Nucleus accumbens R 25
Amygdala R

Precuneus L/R 7
Middle temporal gyrus R 21

MNI coordinates

Cluster size X y z T value
2117 -36 8 49 8.55
2426 —63 -33 -9 7.39

21680 -20 16 -1 6.76

3 35 52 6.71

5 10 28 6.66

805 56 34 5 6.08
1286 -53 -52 31 6.06
562 12 10 -13 5.36
21 -7 -12 4.97

1600 0 —66 47 5.09
1235 50 -34 -3 5.05

Note: Correlation of activations during error processing and task performance in healthy controls at the whole-brain level (voxel-level p < 0.005 uncorr.,

cluster-level, p < 0.05, FDR corr.); Abbreviations: L, left; R, right.

The insula seems to be involved especially in the detection of salient
stimuli, whereas the dACC induces the preparation of motor readiness
(Menon, 2011). Switching between functional networks is crucial for
cognitive flexibility (Pedersen et al., 2018).

In a review by Steward et al. (2018), the maintenance of restricted
eating behavior in AN patients was associated with increased neu-
ronal activations in the executive control network. Executive control
becomes relevant in, for instance, response inhibition and performance
monitoring (Braver & Ruge, 2006). The persistent hyper-activation of
the executive control network seems to be the central correlate of the

overregulated and inflexible response control in anorexia patients.

4.3 | Physiological responses to errors

The present study results extend the finding of attenuated responses
to errorsin AN to include autonomic physiological reactions. We found
that SCR in failed Nogo-trials were lower in patients than in controls.
The fact that patients showed increased SCR in correct Nogo trials
compared to controls supported our impression that patients engaged
in the task with motivation. However, failed trials did not increase
SCR, indicating a damped affective sympathetic reaction to behavioral
errors.

That patients are physiologically able to elicit normal SCR has been
demonstrated in previous studies. For instance, orienting restrictive
type patient responses to loud tones are similar to controls (Calloway
et al., 1983). Significantly stronger SCR occur to food-related stimuli
(Léonard et, al.,1998; Gorini et al., 2010). Analyses of skin conductance
during cognitive processing are rare. Tchanturia et al. (2007) found that
losses in a gambling task induced attenuated SCR in AN compared to
controls. Nandrino et al. (2012) found that AN patients made more
errors categorizing emotional pictures, especially for neural content
that were not associated with SCR increases. Furthermore, the authors
reported a dissociation of SCR and the cognitive evaluation of emo-

tional pictures and concluded that the sensitivity to emotional stimuli
is modulated by controlled processes (Soussignan et al., 2010).

While AN patients had normal electrodermal responses for positive
cues, their subjective ratings and the number of classification errors
were higher than for the control participants. These results support the
idea that AN patients have difficulty evaluating positive stimulus inten-
sity and that they present a dissociation between objective and sub-
jective measures of hedonic processes. These findings are partially in
accordance with Miller et al. (2003), who observed that AN patients
lacked a relationship with affective self-appraisal, unlike the control
participants. Such a dissociation was also observed by Soussignan et al.
(2010) using visual and olfactory cues. The authors show that, although
the automatic processing of pleasantness is altered in anorexia, sensi-
tivity to pleasant stimuli is modulated by controlled processes. It can
thus be hypothesized that, as AN patients identify the pleasant stim-
uli less frequently, they are likely to over-estimate the intensity of
pleasant stimuli when seeking to adjust to social learning processes
or expectations. This evaluation would correspond to controlled pro-
cesses that are not related to physiological responses.

Moreover, correlational analyses revealed that healthy partici-
pants, who showed stronger neuronal reactions in the salience net-
work to errors, performed better in the task. Thus, successful partic-
ipants adjusted their behavior according to their response failures. In
patients, performance was not dependent on neuronal error process-
ing. Hence, the correlational findings are in line with the identified neu-
ronal and autonomic response patterns where no relations between
performance, core regions of the salience network and skin conduc-
tance indices were found in AN patients.

In conclusion, we propose that peripheral response behavior related
to error processing and the associated neuronal processes are more
inflexible and detached from each other in AN patients. This is very
likely to be of consequence as patients seem to be over-regulated at
behavioral and neuronal levels, with an accompanying rigid peripheral

autonomic nervous system.



. Brain and Behavior
L | WILEY fOpen Access)

4.4 | Limitations and outlook

One limitation of our study is the small sample size. In consequence,
the findings should be generalized with care. Furthermore, we did not
analyze the reactions of other parts of the autonomic nervous system,
e.g. cardiac or pupillary responses. Thus, these should be included in
future studies.

Our study aimed to shed further light on neuronal and autonomic
responses during error processing in patients suffering from AN. With
our research, we made an essential contribution to current research
regarding error processing in this fatal disease. It seems that AN
patients lack neuronal and autonomic responses to errors that might
impede flexible adaption of behavior. In future studies, we want to test
whether cognitive rigidity is able to predict the probability of remis-
sion from AN. Understanding the neuro-cognitive underpinnings of
affective dysregulation in the brain of patients with AN might even
also guide the development of additional treatment strategies. For
instance, biofeedback of skin conductance is able to enhance sympa-
thetic arousal by modulating brain activity, especially in the PF (Nagai
et al., 2004). Therefore, biofeedback-assisted training to improve emo-
tional skills might be a useful therapeutic add-on and a promising dis-

ease prevention strategy.
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