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Metabolic state and value-based decision-making
in acute and recovered female patients with
anorexia nervosa
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Background: Patients with anorexia nervosa forgo eating despite emaciation and severe health consequences. Such dysfunctional
decision-making might be explained by an excessive level of self-control, alterations in homeostatic and hedonic regulation, or an inter-
play between these processes. We aimed to understand value-based decision-making in anorexia nervosa and its association with the
gut hormone ghrelin. Besides its homeostatic function, ghrelin has been implicated in the hedonic regulation of appetite and reward via
the modulation of phasic dopamine signalling. Methods: In a cross-sectional design, we studied acutely underweight (n = 94) and recov-
ered (n = 37) patients with anorexia nervosa of the restrictive subtype, as well as healthy control participants (n = 119). We assessed
plasma concentrations of desacyl ghrelin and parameters of delay discounting, probability discounting for gains and losses, and loss
aversion. Results: Recovered patients displayed higher risk aversion for gains, but we observed no group differences for the remaining
decision-making parameters. Desacyl ghrelin was higher in acutely underweight and recovered participants with anorexia nervosa rela-
tive to healthy controls. Moreover, we found a significant group x desacyl ghrelin interaction in delay discounting, indicating that in con-
trast to healthy controls, acutely underweight patients with anorexia nervosa who had high desacyl ghrelin concentrations preferably
chose the delayed reward option. Limitations: We probed decision-making using monetary rewards, but patients with anorexia nervosa
may react differently to disorder-relevant stimuli. Furthermore, in contrast to acyl ghrelin, the functions of desacyl ghrelin are unclear.
Therefore, the interpretation of the results is preliminary. Conclusion: The propensity for risk aversion as found in recovered patients
with anorexia nervosa could help them successfully complete therapy, or it could reflect sequelae of the disorder. Conversely, ghrelin
findings might be related to a mechanism contributing to disease maintenance; that is, in acutely underweight anorexia nervosa, a hungry

state may facilitate the ability to forgo an immediate reward to achieve a (dysfunctional) long-term goal.

Introduction

Anorexia nervosa is an eating disorder that frequently mani-
fests during adolescence and is characterized by an intense
fixation with body weight and self-starvation. Anorexia ner-
vosa often takes a chronic course, associated with severe
medical complications and high mortality rates.! Clinically, a
restricting subtype can be differentiated from a binge-eating/
purging subtype. Patients of the latter group eat large
amounts of food in a short time period (“bingeing”) or at-
tempt to counteract weight gain by vomiting or the use of

certain medications (“purging”). All patients severely reduce
food intake, despite their knowledge or experience of the
serious health consequences.? Such behaviour may be the re-
sult of impaired decision-making. However, the subcompo-
nents and underlying mechanisms of impaired decision-
making in anorexia nervosa remain elusive.

The unusual ability to resist hunger in anorexia nervosa
might indicate relatively elevated and sustained self-control,
or low levels of impulsivity.> One behavioural index of im-
pulsivity in the decision-making context is delay discounting,
which characterizes how quickly a reward loses its value as a
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function of time and is linked to the ability to delay gratifica-
tion.* Patients of the restrictive anorexia nervosa subtype
have been reported to discount delayed rewards less than
healthy controls,>” but others®® have reported negative
findings. Such an internal disposition to choose delayed
rewards may contribute to maladaptive eating choices or
present a maintenance factor for anorexia nervosa.'’ In con-
trast, overly steep discounting is observed in disorders asso-
ciated with failures of impulse control (e.g., substance use,
attention-deficit/hyperactivity disorder, binge-eating disor-
der or obesity).’

Decision-making in daily life can be characterized by op-
tions with temporally delayed rewards (e.g., saving and in-
vesting money in the stock market instead of spending what
is immediately available), but most decisions involve a de-
gree of uncertainty with respect to the likelihood of the ex-
pected outcome (e.g., what if the stocks do not rise in value?).
It has been proposed that delay and risk are psychologically
analogous, but not equivalent.! Individual risk-taking pro-
pensities can be assessed via probability discounting, the de-
gree to which the value of a reward (or loss) decreases as a
function of the odds of receiving it when making choices
between certain and probabilistic rewards.'> More recently,
decision-making under risk has also been studied in the con-
cept of loss aversion, initially derived from the framework of
prospect theory in economics.”® Loss aversion can be de-
scribed by the phrase “losses loom larger” than gains and re-
flects people’s tendency to prefer avoiding losses over acquir-
ing equivalent gains. Although reports have shown altered
probability discounting and unusual low or high rates of loss
aversion for a range of psychiatric conditions,*® such meas-
ures of risky decision-making are understudied in anorexia
nervosa research.

Owing to its high evolutionary relevance for survival, food
intake and deprivation can profoundly alter decision-making
processes. Accordingly, decision-making for delayed and
probabilistic rewards has been shown to vary as a function of
metabolic state.'”!® These associations are thought to be medi-
ated via hormonal regulation of neural networks, in particu-
lar the gut-brain axis, implicated in reward and decision-
making.”? Ghrelin is a hormone produced predominantly
in the stomach. In peripheral blood, 2 major subforms are
present: acyl and desacyl ghrelin. Due to the biochemical in-
stability and pharmacokinetics of acyl ghrelin, the majority of
circulating ghrelin is desacylated. Ghrelin levels show a pre-
prandial rise,?' and acyl ghrelin facilitates food intake via ac-
tivation of the growth hormone secretagogue receptor 1a.?>%
The orexigenic effects arise from activation of hypothalamic
circuitry. However, the effects of ghrelin are not limited to
the control of basic food intake; they also include the modula-
tion of other reward-related behaviour via the mesocortico-
limbic dopamine system. In particular, ghrelin administra-
tion to the ventral tegmental area increases extracellular
dopamine in the nucleus accumbens® and, presumably via
this mechanism, also increases food-motivated behaviour®
and food intake.?** In turn, dopamine mediates reward
learning® and has been implicated in the pathophysiology
of anorexia nervosa.”’ Indeed, previous studies in anorexia

nervosa have found decreased cerebrospinal fluid levels of
homovanillic acid, a major dopamine metabolite,*® and al-
tered D2 receptor sensitivity during apomorphine stimula-
tion.®! Positron emission tomography data showed increased
striatal D2/D3 receptor binding, which was also related to
striatal responses during monetary choices and self-reported
trait anxiety.®

Severe food restriction in anorexia nervosa is accompanied
by significant changes in endocrine and metabolic signal-
ling.® Plasma concentrations of ghrelin are consistently ele-
vated® and differ between clinical subtypes,* while at the
same time a reduced endocrine response, possibly reflecting
an adaptive diminished sensitivity to ghrelin signalling, has
been suggested.*® In line with this, patients with anorexia ner-
vosa were reported to exhibit altered reward processing
and seemed to lack normal brain responses to food, which
may suggest a failure to integrate the homeostatic state into
decision-making.” Thus, altered central ghrelin function may
help to explain altered decision-making in anorexia nervosa.

In particular, given the modulatory role of ghrelin for both
internal state/food intake, as well as general reward-related be-
haviour and previously reported ghrelin dysfunction in an-
orexia nervosa, we hypothesized that the association between
ghrelin plasma concentrations and value-based decision-
making would be altered in anorexia nervosa. Given the above-
mentioned differences between the anorexia nervosa sub-
types®* and the predominance of the restrictive subtype in
predominantly adolescent samples (such as ours), the current
study focused on restrictive anorexia nervosa. To system-
atically characterize subcomponents of value-based decision-
making in anorexia nervosa, we used a validated test battery**
that reliably measures choice behaviour related to immediate
versus delayed rewards, as well as under risk (probabilistic
gains or losses and mixed gambles). To disentangle the acute
effect of undernutrition from possible trait markers of risk for
anorexia nervosa (or resilience against a chronic or fatal course),
we also included patients who had recovered from anorexia
nervosa as a patient control group.

Methods
Participants

The sample consisted of 263 female volunteers: 94 under-
weight patients with acute anorexia nervosa of the restrictive
subtype (anorexia nervosa) according to DSM-V (12.1-
28.6 years old), 37 patients successfully recovered from an-
orexia nervosa (15.5-29.7 years old) and 119 healthy con-
trols (12.1-29 years old). Given previously reported
differences in decision-making>'® and ghrelin signalling* be-
tween patients of the different anorexia nervosa subtypes, we
focused on a sample of patients with acute and recovered an-
orexia nervosa of the restrictive subtype and did not include
participants with atypical anorexia nervosa or the binge/
purge subtype. We carefully compiled the healthy control
sample according to age in an attempt to obtain an independ-
ent age-matched case—control sample for each patient group
(acute, recovered). Then, we combined the 2 healthy control
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samples for a joint analysis of all 3 groups. This study was
approved by the local institutional review board, and all par-
ticipants (and if underage, their guardians) gave written
informed consent.

All patients with acute anorexia nervosa were admitted to
eating disorder programs of a university child and adoles-
cent psychiatry and psychosomatic medicine department and
were assessed within 96 hours after the beginning of a behav-
iourally oriented nutritional rehabilitation program. To be in-
cluded in the acute group, participants needed to have a
body mass index (BMI) less than 17.5 kg/m? if they were
older than 15.5 years, or a BMI in the 10th percentile (i.e.,
lower than at least 90% of the population of that age) if they
were younger than 15.5 years. To be considered recovered,
patients with anorexia nervosa had to maintain a BMI greater
than 18.5 kg/m?if they were older than 18 years, or a BMI
above the 10th percentile if they were younger than 18 years
for at least 6 months before the study; menstruate; and not
engage in significant restrictive eating patterns. In fact, most
of our recovered participants had been recovered for much
longer than 6 months (mean + standard deviation 60.2 +
47.6 mo; range 9-168 mo). We assessed exclusion criteria, co-
morbid psychiatric diagnoses and possible confounding vari-
ables as in our previous studies,®* using the expert form of
the Structured Interview for Anorexia and Bulimia Ner-
vosa for DSM-IV (SIAB-EX),* medical records and our own
semi-structured research interview. Interviews were con-
ducted by clinically experienced and trained research assis-
tants under the supervision of the attending child and ado-
lescent psychiatrist.

We recruited participants who had a normal weight and were
eumenorrheic for inclusion in the healthy control group using
advertisements among middle school, high school and univer-
sity students. Participants in the healthy control group were
excluded if they had any history of psychiatric illness; a life-
time BMI below the 10th percentile (if younger than 18 years)
or a BMI less than 18.5 kg/m? (if older than 18 years); or were
currently obese (BMI > 94th percentile if younger than
18 years or BMI > 28 kg /m? if older than 18 years).

Exclusion criteria that applied to participants in all study
groups were IQ less than 85; psychotropic medication within
2 weeks before the study (except 4 recovered and 4 acute
patients who were taking selective serotonin reuptake in-
hibitors); current substance abuse; current inflammatory,
neurologic or metabolic illness; chronic medical or neurologic
illness that could affect appetite, eating behaviour or body
weight (e.g., diabetes); clinically relevant anemia; pregnancy;
breastfeeding; or lifetime history of any of the following diag-
noses: organic brain syndrome, schizophrenia, substance de-
pendence, psychosis not otherwise specified, bipolar disor-
der, bulimia nervosa or binge-eating disorder (or “regular”
binge eating, defined as bingeing at least once weekly for 3 or
more consecutive months).

Clinical measures

We assessed psychopathology specific to eating disorders us-
ing the short version of the Eating Disorders Inventory (EDI-

2).2 We examined depressive symptoms using the Beck De-
pression Inventory (BDI-II).** We used a proxy measure of
socioeconomic status (SES), the ISCO 08.* Finally, we used
BMI standard deviation score (BMI-SDS) instead of BMI for
statistical analysis (Appendix 1, available at jpn.ca/190031-al).

Study protocol

After participants fasted overnight, blood samples were
drawn into tubes containing EDTA (1.6 mg/mL) and apro-
tinin (270 KIU/mL) between 0730 h and 0800 h. Then, partici-
pants underwent a 1 h MRI scan. Afterward, they had break-
fast and started the value-based decision-making battery at
0930 h. Patients with acute anorexia nervosa ate a standard-
ized breakfast consisting of a sandwich and tea under super-
vision; patients recovered from anorexia nervosa and healthy
controls ate a sandwich and water. Although the sandwiches
were similar in caloric and nutrient content, they were not
identical.

Ghrelin measurements

We assessed desacyl ghrelin (pg/mL) in 61 patients with
acute anorexia nervosa, 32 patients recovered from anorexia
nervosa and 102 healthy controls (Appendix 1, Figure S1)
using the Ghrelin Human ELISA Kit (BioVendor GmbH) fol-
lowing standard procedures. We chose desacyl ghrelin to
minimize measurement errors, because acyl ghrelin is highly
unstable? and quickly hydrolyzed to desacyl ghrelin.®
Therefore, whenever we discuss the findings of the present
study, we are referring to desacyl ghrelin. Because we de-
tected significant deviations from normality (Shapiro test:
healthy controls < 0.001; recovered = 0.003; acute = 0.16), we
applied a log-transformation before analysis of variance com-
paring ghrelin between groups and before Pearson correla-
tions with clinical variables.

Value-based decision-making

We used an established task battery to estimate behavioural
measures of value-based decision-making.#* The battery
relies on classical forced-choice decisions with a trial-by-trial
adaptive Bayesian approach. We assessed estimates of delay
discounting (kp) using a delay discounting (DD) task, in
which participants repeatedly needed to choose between
receiving a smaller amount of money right away or a larger
amount after a delay (e.g., €3 now or €8 in 1 wk). Higher
kop values reflect steeper discounting of delayed outcomes
and, hence, a preference for immediate rewards.

We assessed estimates of probability discounting (k,p; and
kopi) using tasks that tested risk aversion for probabilistic
gains (PDG) and probabilistic losses (PDL). Here, partici-
pants needed to choose between a smaller but certain mone-
tary win or loss and the probability of winning or losing a
larger amount (e.g., winning €2 for sure or €5 with a 75%
probability, or losing €3 for sure or €8 with a 50% probabil-
ity). Higher k,p; values reflect a tendency to favour smaller
but more certain rewards, which is considered a risk-averse
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behaviour. In contrast, higher k;,, values reflect a preference
for probabilistic outcomes (larger monetary losses with a
lower probability), and hence a more risk-seeking behaviour.

Finally, we obtained estimates of loss aversion (A) from a
mixed gambles task in which participants needed to accept
or reject an offer with a 50/50 chance of gaining or losing
another amount (e.g., refusing or accepting a gamble to
either win €15 or lose €8). Higher A values reflect higher loss
aversion.

Further information on task settings, estimation of param-
eters and efficiency of inference are provided in Appendix 1
(methods and Figure S2); for details of the mathematical
framework, see Pooseh and colleagues.®

Statistical analysis

We evaluated the differences between groups in terms of
demographic and clinical variables using 1-way analysis of
variance and post hoc f tests with Bonferroni correction.
We employed histograms, box plots and Shapiro tests to
verify that decision-making parameters were normally dis-
tributed (Appendix 1, Figure S3). We detected no signifi-
cant violations from normality. To compare decision-making
between groups, we implemented 4 general linear mod-
els with the parameters k;p, kppe, kpp, and A as independent
variables and age as a covariate. To test our main hypothesis
of ghrelin effects on decision-making in anorexia nervosa
compared with healthy controls, we considered 4 addi-
tional general linear models with age and ghrelin concen-
tration as covariates, while also including group x ghrelin

interactions. For significant main or interaction effects, we
computed Dunnett post hoc t tests. We tested associations
between decision-making parameters and clinical variables
using Spearman correlations.

Results

Demographic and clinical variables are summarized in
Table 1. As expected, patients with acute anorexia nervosa
had lower BMI and BMI-SDS than the patients recovered
from anorexia nervosa and the healthy controls. The latter
2 groups did not differ in BMI, but the patients recovered
from anorexia nervosa had a somewhat lower BMI-SDS than
the healthy controls. Groups also differed with respect to eat-
ing disorder and depressive symptoms: patients with acute
anorexia nervosa scored higher on the EDI-2 and BDI-II
scales than patients recovered from anorexia nervosa, and
patients recovered from anorexia nervosa scored higher than
the healthy controls. Finally, patients with acute anorexia
nervosa and patients recovered from anorexia nervosa had
significantly higher log-transformed ghrelin concentrations
than the healthy controls. We found no correlations between
log-transformed ghrelin and BMI-SDS, EDI-2 or BDI-II scores
in any of the groups (all p > 0.10).

Mean decision-making estimates for all tasks and
groups are shown in Table 2. General linear model analy-
sis showed a group effect for probabilistic gains: patients
recovered from anorexia nervosa had significantly higher
kpe estimates, indicating that this patient group chose the
safe option more often and thus were more risk-averse to

Table 1: Demographic and clinical variables of the sample and their differences between groups*

Group; mean + SD

Group comparison

Acute anorexia Recovered

Characteristic Control nervosa anorexia nervosa F(p) Post hoc

Age, yr 186 +45 16.1 £ 3.1 222 +3.8 < 0.001 Control > acutet
Control < recoveredt
Acute < recoveredt

BMI, kg/m? 209+2.2 14614 206+1.6 < 0.001 Control > acutet
Acute < recoveredt

BMI-SDS -0.14 £ 0.65 -3.19+1.16 -0.54 + 0.58 < 0.001 Control > acutet
Control > recoveredf
Acute < recoveredt

SES (ISCO) 162 + 366 172 + 376 138 + 345 0.89 NA

BDI-II score 45+50 23.4+10.4 8879 < 0.001 Control < acutet
Control < recoveredt
Acute < recoveredt

EDI-2 score 139 + 27 212+ 43 176 = 50 < 0.001 Control < acutet
Control < recoveredt
Acute < recoveredt

Ghrelin, pg/mL 259 = 121 417 + 181 341 + 162 < 0.001 Control < acutet

Control < recoveredt

BDI-Il = Beck Depression Inventory II; BMI = body mass index; BMI-SDS = body mass index standard deviation score; EDI-2 = Eating Disorder
Inventory 2; ISCO = International Standard Classification of Occupations; NA = not applicable; SD = standard deviation; SES = socioeconomic status.
*Descriptive statistics and results of 1-way ANOVA and post hoc t tests (Bonferroni corrected for multiple comparisons). Of the patients
with acute anorexia nervosa, 14 (14.9%) had an associated psychiatric comorbidity (4 depressive disorder, 4 obsessive compulsive
disorder, 2 anxiety disorder, 6 other disorder; Appendix 1). Of the patients recovered from anorexia nervosa, 10 (27%) had an associated
psychiatric comorbidity at the time of treatment (6 depressive disorder, 1 obsessive compulsive disorder, 3 anxiety disorder, 4 other
disorder; Appendix 1). Additional characteristics can be found in Appendix 1, Table S1.

p < 0.001.
p < 0.05.
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probabilistic gains (Table 2 and Appendix 1, Figure S4).
We found no other significant differences between groups.
However, we also observed an expected age effect indicat-
ing lower delay discounting in older participants (Table 2;
Appendix 1, Figure S4). Associations with clinical vari-
ables did not survive corrections for multiple testing
(Appendix 1, Figure S5), except for a positive correlation
between A and EDI-2 in patients recovered from anorexia
nervosa.

The results of the general linear model testing for main
and interaction effects of ghrelin on decision-making are
summarized in Table 3. For delay discounting, we found a
significant group x ghrelin interaction. The linear coefficient
relating ghrelin and k,, was decreased in patients with
acute anorexia nervosa compared with healthy controls,
resisting at the trend level when corrected for multiple test-
ing. In other words, with increasing ghrelin concentrations,
delay discounting seemed to decrease in patients with acute
anorexia nervosa and increase in healthy controls (Figure 1).
We found no further main effects or interactions of ghrelin
on decision-making (Table 3). Inspection of quantile-quantile
and residual plots revealed no significant deviations from
normality (Appendix 1, Figure S6). To rule out the possibil-
ity that these results were driven by acute or recovered par-
ticipants with psychiatric comorbidities, we repeated the
same analyses after excluding these participants and found
that the results were unchanged (Appendix 1, Tables S1 and
S2). Furthermore, we tested the robustness of our findings
for patients recovered from anorexia nervosa by excluding
participants who had been recovered for less than
12 months. Again, the results were unchanged (Appendix 1,
Table S3).

Discussion

The present study investigated value-based decision-making
in patients with acutely underweight anorexia nervosa and
recovered from anorexia nervosa, as well as its modulation
by the energy- and reward system-related gut hormone
ghrelin. Two separate key findings were revealed. First, pa-
tients recovered from anorexia nervosa showed a higher
risk aversion related to probabilistic monetary rewards.
Second, although no general group differences in delay dis-
counting were evident, ghrelin was increased in patients
with acute anorexia nervosa and patients recovered from
anorexia nervosa compared with healthy controls; most
importantly, patients with acute anorexia nervosa who
had high ghrelin levels showed less delay discounting
than healthy controls with comparable ghrelin levels. To-
gether, these results suggest a link between a dysfunctional
metabolic/endocrine modulation and unique alterations in
self-regulatory decision-making in anorexia nervosa.
Patients recovered from anorexia nervosa were character-
ized by a more conservative choice behaviour for probabilis-
tic rewards (i.e., they tend to choose the safe option), which
theoretically could be driven by enhanced aversion to uncer-
tainty (a construct related to risk that plays a crucial role in
theoretical models of anorexia nervosa*) or aversion to nega-
tive outcomes (e.g., loss). However, loss aversion as meas-
ured with the mixed gambles task, and choice behaviour re-
garding probabilistic losses, were not altered in anorexia
nervosa. Interestingly, patients with alcohol dependence
seem to be characterized by a pattern of decision-making
parameters that are somewhat the opposite of patients with
anorexia nervosa. Specifically, in a previous study using the

Table 2: Descriptive statistics and group differences in decision-making parameters*

Acute anorexia Recovered Group, Age,
Task Control nervosa anorexia nervosa p value Post hoc t p value
Delay discounting -4.30 + 1.22 -3.92+1.48 —4.36 + 1.39 0.39 NA 0.022
Probability discounting for gains —-0.37 + 0.69 —-0.26 + 0.64 0.08 + 0.91 0.007 Recovered > controlt 0.78
Probability discounting for losses —-0.60 + 0.62 -0.52 + 0.63 -0.45+0.73 0.41 NA 0.22
Mixed gamble 0.42 £ 0.42 0.37 + 0.46 0.51 £ 0.46 0.53 NA 0.46

NA = not applicable.

*For each group and task, the mean + standard deviation of the logarithmic decision-making parameter is reported. Further presented are the p values of F tests on general linear models

containing group as the factor and mean subtracted age as a covariate.
1p < 0.01.

Table 3: Ghrelin effect on decision-making parameters*

p value
Task Group Age Ghrelin Ghrelin x group
Delay discounting 0.60 0.024 0.17 0.036
Probability discounting for gains 0.005 0.82 0.20 0.74
Probability discounting for losses 0.26 0.29 0.49 0.15
Mixed gamble 0.16 0.43 0.32 0.07

*Findings are presented as the p values of F tests on general linear models containing group as the factor, age and ghrelin as covariates,
and the group x ghrelin interaction. The group x ghrelin interaction was significant for delay discounting (DD). The linear coefficient relating
ghrelin and k,,, was decreased in patients with acute anorexia nervosa compared with healthy controls, resisting at the trend level when
correcting for multiple testing (t,., = —1.967; estimate [standard error] = -0.0029 (0.0015); p = 0.098; posthoc ¢ test, Bonferroni corrected).
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Fig. 1: Associations between the estimated delay discounting
parameter k,, and ghrelin in a general linear model, with group fac-
tor, age and ghrelin as covariates and group x ghrelin interaction.
Error bands represent 95% confidence intervals. Ghrelin in pg/mL.
DD = delay discounting.

same probabilistic gains task, we found low risk aversion for
probabilistic monetary gains but lower risk-seeking for prob-
abilistic losses and a lower degree of loss aversion.** Such de-
viant choice behaviour may thus reflect alterations underly-
ing the pathology that are specific to the patient group. In
contrast, a decision bias comparable to that observed in an-
orexia nervosa in the present study has been found in pa-
tients with generalized anxiety disorder.” Similar to patients
recovered from anorexia nervosa, patients with generalized
anxiety disorder showed a more conservative choice pattern
for probabilistic gains and also levels of loss aversion equiva-
lent to controls. The authors of that study concluded that a
reduced propensity to take risks underlies such alterations.
Patients with acute anorexia nervosa may view the mainte-
nance of weight loss as a desired but risky option. Patients
who decide against this risky reward during treatment may
be more likely to recover. Thus, a speculative interpretation
of our findings would be that the patients recovered from
anorexia nervosa represent a select group of former patients
with anorexia nervosa, because those without increased risk
aversion may have a lower probability of recovery. A dispo-
sition for risk-averse decision-making specifically in the do-
main of rewards may have served as protective factor. Alter-
natively, the observed higher discounting may reflect a result
(or scar) of the illness (i.e., patients becoming more conserva-
tive given their clinical history). Furthermore, obsessive traits
are frequently observed in anorexia nervosa,” and based on
theoretical models as well as empirical studies, such traits are
expected to covary with risk aversion.”® However, the direc-

tion of the association could be either way; obsessive traits
may underlie altered decision-making, or vice versa (i.e., al-
tered decision-making may cause obsessive behaviour).

Consistent with previous reports,® patients with acute
anorexia nervosa in our study exhibited elevated ghrelin con-
centrations. Ghrelin is known to play an important role in the
regulation of energy homeostasis, appetite and blood glucose
levels, but recent work has shown that it also modulates re-
ward processing.? In rodents, systemic or central ghrelin ad-
ministration triggered the release of dopamine in the nucleus
accumbens, enhancing hedonic and incentive value.?” Com-
parably in humans, ghrelin injection is associated with
heightened activation of reward-system structures (amyg-
dala, orbitofrontal cortex, anterior insula, striatum and ven-
tral tegmental area).* Ghrelin also increases activity in brain
areas involved in attention and memory and has been found
to reinforce behaviour by mediating and facilitating the
learning effects involved in the development of addictive
behaviour, for example.®

Although we found no group differences in discounting of
delayed rewards in a comparatively large sample of patients
with restrictive acute anorexia nervosa, patients with higher
ghrelin values showed reduced delay discounting compared
to healthy controls. This association in anorexia nervosa
stood in contrast to the suggested role of ghrelin in modulat-
ing a choice bias toward immediate rewards and the idea that
endogenous ghrelin directly promotes impulsive decision-
making.” Imaging studies in anorexia nervosa have illus-
trated altered neuronal activity related to food motivation,*
reward processing® and executive control.* In support of a
breakdown in the interaction between ghrelin signalling and
reward responsivity in anorexia nervosa, deviations in the
relationship between circulating ghrelin concentrations and
neural activity in limbic brain regions in response to food
cues have been reported.” It has been proposed that a rela-
tive resistance to ghrelin in anorexia nervosa may lead to re-
duced appetitive drive and restrictive eating.>* The current
results may further suggest a reverse effect of ghrelin on
choice behaviour in anorexia nervosa. Additional support for
the speculative role of ghrelin in decision-making in anorexia
nervosa comes from a recent study that reported an associa-
tion between higher total ghrelin levels and impulsive choice
as assessed with the Iowa gambling task.>®

Of note, a recent pilot treatment study of underweight
patients with anorexia nervosa has shown that the ghrelin
agonist relamorelin — which may help to restore ghrelin sen-
sitivity — increases hunger, leading to a trend in weight gain
after only 4 weeks.®

Although other studies have reported intermediate® or
normalized ghrelin levels after weight recovery,” patients
recovered from anorexia nervosa in the present study still
had somewhat elevated plasma ghrelin concentrations. In
contrast to our findings in patients with acute anorexia ner-
vosa, associations between delay discounting and ghrelin in
patients recovered from anorexia nervosa were similar to
healthy controls, compatible with the idea that ghrelin’s
modulatory function on decision-making in anorexia
nervosa normalizes with weight restoration. Taken together,
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our results suggest that an abnormal effect of endogenous
ghrelin in patients with acute anorexia nervosa might help
patients delay rewards. Whether or not such a mechanism
would also extend to food rewards and support disease
maintenance remains to be tested. A more complete under-
standing of ghrelin’s role in impaired decision-making in
anorexia nervosa is needed and may help to unravel the
therapeutic potential of pharmacological agents that bind to
the ghrelin receptor.

Considered independent from ghrelin, the rate of delay
discounting in our study did not differ significantly for
patients with acute or recovered anorexia nervosa compared
to healthy controls, in line with several previous reports.5*740
However a preference for larger-later over smaller-sooner
rewards in anorexia nervosa has also been found.>” Possible
explanations for these discrepancies include differences in
employed tasks, parameter inference, hyperbolic versus ex-
ponential fitting, and differences in the sample composition
and metabolic state of the patients. Decreased delay dis-
counting has been found mostly in older patients with an-
orexia nervosa and likely chronic disease progression, as op-
posed to null findings in younger nonchronic (adolescent)
anorexia nervosa.®*’ Indeed, there is compelling evidence
that delay discounting is not a stable trait but can be affected
within an individual by current physiologic needs, emotional
state or external contextual influences.’

Limitations

Our results should be interpreted in the light of the follow-
ing limitations. First, the cross-sectional design limits our
ability to differentiate trait markers from scar effects of pro-
longed undernutrition. Longitudinal studies are warranted
to further evaluate the predictive value of the different
measures of decision-making on treatment outcome (in
particular k).

Second, we employed a relatively new adaptive assess-
ment of decision-making. Nonetheless, results for delay dis-
counting are comparable to those of previous studies in pa-
tients with anorexia nervosa from our laboratory obtained
with a standard amount-adjusting procedure.®* Further-
more, the expected association with age and the correlation
between discounting of delayed and probabilistic rewards®
were reproduced (Appendix 1, Figure S5). As in previous
studies, participants weighed the risk for monetary losses
2-fold higher on average than for monetary gains."

Third, we employed monetary rewards based on the as-
sumption that all rewards can be translated to a universal
scale of value. However, patients with eating disorders may
ascribe very different (i.e., negative) values to disorder-specific
stimuli such as food rewards. Therefore, although our results
cannot be easily generalized to all reward categories in this
population, using food stimuli may have its own challenges
(e.g., food may not be perceived as rewarding by many
anorexia nervosa patients).

Fourth, we measured the biochemically stable desacyl ghre-
lin. Although it acts as a growth hormone secretagogue recep-
tor la agonist at supraphysiological levels,* its physiologic

functions are still a matter of debate.” Consequently, our in-
terpretations of the results are preliminary and future studies
should aim to measure both forms.

Fifth, because patients with acute anorexia nervosa took
part in the study within 96 h of admission to intensive treat-
ment, nutritional state differed between groups, and it would
be very difficult to appraise metabolic need. Furthermore, de-
spite close supervision, we cannot guarantee that all patients
were fully adherent during breakfast. Finally, we focused on
ghrelin because of its demonstrated effect on the dopaminer-
gic reward system. Other hormones (e.g., orexins and pep-
tide YY) may also play important roles in this context,* but
the associations with brain networks are less clear.

Conclusion

We found that higher ghrelin levels did not increase choice im-
pulsivity as measured using delay discounting in patients with
acute anorexia nervosa, contrary to healthy controls. There-
fore, an improved understanding of altered decision-making
and its modulation by endocrine/homeostatic signals in an-
orexia nervosa might offer new avenues for the development
of innovative treatment strategies (such as partial ghrelin ago-
nists) for this chronic and devastating disorder. Furthermore,
risk aversion for probabilistic wins was increased in patients
recovered from anorexia nervosa, suggesting that psychologi-
cal interventions aimed at increasing risk awareness may fur-
ther help patients recognize that it is not worth taking (health)
risks to achieve uncertain and dangerous goals (such as an in-
creasingly thinner body).
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