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Santos Ferreira, Ruth J. F. Loos, Rachel Bryant-Waugh, Cynthia M. Bulik and Nadia Micali

Polygenic Score for Body Mass Index Is Associated with Disordered Eating in a General
Population Cohort
Reprinted from: J. Clin. Med. 2020, 9, 1187, doi:10.3390/jcm9041187 . . . . . . . . . . . . . . . . . 7

Howard Steiger and Linda Booij

Eating Disorders, Heredity and Environmental Activation: Getting Epigenetic Concepts
into Practice
Reprinted from: J. Clin. Med. 2020, 9, 1332, doi:10.3390/jcm9051332 . . . . . . . . . . . . . . . . . 25

Philibert Duriez, Lauralee Robichon, Roland Dardennes, Guillaume Lavoisy, Dominique 
Grouselle, Jacques Epelbaum, Nicolas Ramoz, Philip Gorwood, Virginie Tolle and 
Odile Viltart

Unexpected Association of Desacyl-Ghrelin with Physical Activity and Chronic Food 
Restriction: A Translational Study on Anorexia Nervosa
Reprinted from: J. Clin. Med. 2020, 9, 2782, doi:10.3390/jcm9092782 . . . . . . . . . . . . . . . . . 39

Miriam Kemmer, Christoph U. Correll, Tobias Hofmann, Andreas Stengel, Julia Grosser and

Verena Haas

Assessment of Physical Activity Patterns in Adolescent Patients with Anorexia Nervosa and
Their Effect on Weight Gain
Reprinted from: J. Clin. Med. 2020, 9, 727, doi:10.3390/jcm9030727 . . . . . . . . . . . . . . . . . . 59
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Nuria Mallorquı́-Bagué, Marı́a Lozano-Madrid, Giulia Testa, Cristina Vintró-Alcaraz,
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Fernández-Aranda and José Gutiérrez-Maldonado
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Zaida Agüera (Ph.D.), Dr. Zaida Agüera has been a licensed psychologist at the University of

Barcelona since 2005. Shortly thereafter, she started conducting research on eating disorders at the

department of Psychiatry at the Bellvitge University Hospital-IDIBELL and CIBERobn. She received

her Ph.D. from the University of Barcelona in 2014. She is also an Associate Lecturer at the

Department of Public health, Mental Health and Perinatal Nursing, at the School of Nursing,

University of Barcelona.
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Eating disorders (EDs) are a group of mental disorders characterized by an altered food intake
and the presence of inappropriate behaviors for the control of body weight, framed as an excessive
concern regarding one’s weight and figure. Anorexia nervosa (AN), bulimia nervosa (BN), binge-eating
disorder (BED), and other specified feeding or eating disorders (OSFEDs) are the specific EDs defined
in the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5) [1]. All EDs lead to
physical and psychosocial functioning impairments in the patients which, in turn, may contribute to
the persistence of the disease (for example, the effects of starvation on the brain, social isolation or
emotional dysregulation, among others) [2]. Furthermore, the severity of EDs has been highlighted
by their chronicity [3], medical complications [4], comorbidity [5]), and the high rates of mortality
presented by these patients [6].

To address this important health issue, the current Special Issue collected 21 articles examining the
most recent and relevant scientific findings regarding advances in ED. The published articles comprised
three reviews and 18 research articles focusing on different aspects, such as genetic [7] and epigenetic
factors [8], biomarkers [9], comorbidity [10–14], clinical phenotypes [15,16], neurocognition [12,17–21],
treatment predictors [22], and treatment models and therapeutic targets [19,23–27]. Altogether, these studies
may provide increased knowledge about the pathogenesis, the risk factors, the maintenance factors,
and the most appropriate treatments tools for ED. These articles represented contributions from a
diverse group of researchers from multiple countries, including France, Austria, Germany, Belgium,
Switzerland, Italy, Spain, the United Kingdom, the United States, Canada, and Japan.

Several relevant findings were observed from this collective body of work. Starting with genetics,
Abdulkadir et al. [7] found that genetic factors that underlie body mass index (BMI) are associated
with disordered eating behaviors and related cognitions, and that this association is also mediated
by BMI. These findings suggest that disordered eating and related cognitions should be considered
in a broader context that includes anthropometry as well as behavioral and developmental factors.
Regarding epigenetic factors, the review carried out by Steiger and Booij [8] highlights that epigenetic
processes link malnutrition and life stresses to risk of ED development. Moreover, differences in
the direction of methylation effects have been described in recovered and acute patients with AN.
Therefore, authors conclude that DNA methylation could serve as a marker of disease staging or
therapeutic response.

The identification of biomarkers was also a relevant topic addressed in this issue. Duriez et al. [9],
in a translational study, aimed to determine whether some biomarkers, such as acyl-ghrelin (AG)
and desacyl-ghrelin (DAG) plasma concentrations, reflect the level of physical activity during food
restriction and after renutrition. Authors found that, in experimental models of mice, AG and DAG both
increased during food restriction. They also observed that patients with AN showed a rapid decrease
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of AG and DAG during weight recovery. However, at one-month post-discharge, AG increased,
but only DAG plasma concentrations correlated negatively with BMI and positively with physical
activity. Overall, the results highlight the potential role of DAG in the recovery process of AN and
suggest a potential negative impact of DAG on weight recovery.

Several included studies also focused on identifying clinical phenotypes in ED. For example,
Alvero-Cruz et al. [16] aimed to examine whether somatotype components are predictors of disordered
eating in female dance students. The risk of presenting disordered eating was higher in the beginner
than in the advanced training group. Authors concluded that somatotype components (ectomorphy
and mesomorphy) were predictors of disordered eating in the younger dance student group (beginner
training). On the other hand, Matsui et al. [15] focused on identifying the factors related to nocturnal
eating syndrome (NES) and sleep-related ED in Japanese young adults. Results showed that the
prevalence of NES and sleep-related ED was 2% and almost 5%, respectively. The factors associated
with both were smoking, sleepwalking, and use of hypnotic medication. In conclusion, NES, but not
sleep-related ED, was associated with a delayed sleep-wake rhythm and sleep disturbances. Meanwhile,
Kemmer et al. [22] focused on characterizing physical activity patterns and their effect on weight
recovery in patients with AN, and concluded that increased light physical activity in AN decreased
after inpatient treatment, and was linked to a greater change in the BMI.

As previously noted, comorbidity is one of the factors that is widely related to the severity
and prognosis of ED. In this regard, Buelens et al. [10] investigated whether personality may act
as a transdiagnostic mechanism underlying both EDs and non-suicidal self-injury (NSSI) behaviors.
The findings of this study revealed an alarmingly high prevalence of NSSI in patients with ED.
The patients with ED and NSSI lifetime reported low self-directedness and high harm avoidance, and only
those who recently engaged in NSSI showed less novelty seeking. Likewise, Lozano-Madrid et al. [12]
aimed to examine the clinical features and neuropsychological performance of ED patients with
and without substance use disorder (SUD). Authors found that approximately 19% of patients
with ED presented SUD symptoms. Patients with ED and comorbid SUD symptoms displayed a
specific phenotype characterized by greater impulsive traits, emotional dysregulation, and more
impaired executive control. Testa et al. [11] explored whether attention deficit and hyperactivity
disorder (ADHD)-related symptoms may influence the treatment outcome in patients with EDs.
Authors found poor treatment outcomes in patients with more severe ED symptoms but an indirect
effect of ADHD-related symptomatology. In addition, understanding the role that comorbid autistic
features play in patients with AN is also interesting. Therefore, Kerr-Gaffney et al. [13] compared the
emotion recognition abilities and attention to faces using eye-tracking in patients with AN and healthy
control, concluding that difficulties in emotion recognition appear to be associated with high comorbid
autistic traits rather than with a phenotypic feature of AN, independent of illness state. In the same
vein, Kinnaird et al. [14] explored the use of a brief sensory sensitivity screener in patients with AN,
to assess whether self-rated sensory sensitivity is related to autistic traits. The results of this study
showed that patients with AN and high autistic traits scored themselves as more sensitive in the areas
of smell, vision, texture, and overall total screening scores, compared to those with low autistic traits.

This collection also includes a set of studies that analyze the role of implicit–explicit emotion in
patients with ED and their families, supporting the important role of the emotion recognition [13,14],
the expressed emotion [27] or the emotion regulation strategies [12,17] in the development and
maintenance of these disorders.

The majority of research of this Special Issue focuses on neurosciences and EDs. There are several
studies examining and reviewing a variety of relevant topics such as neuropsychology (especially
executive functions) [12,17], structural alterations of the brain [18], neurometabolic alterations [20],
neuroimaging studies, and the use and efficacy of invasive and non-invasive brain stimulation
techniques [19,21]. Specifically, Mallorquí-Bagué et al. [17] used electrophysiological techniques to
explore emotion regulation and food craving regulation in patients with AN. The main findings from
this study suggest that patients with AN showed reduced P300 amplitudes and exhibited greater
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food addiction, emotional dysregulation, and greater use of maladaptive techniques (i.e., suppression
strategies) to manage negative emotions than healthy controls. Research with neuroimaging techniques
to assess morphological complexity of cortical brain structures from Collantoni et al. [18] provided
evidence that cortical fractal dimension (FD) may be a feasible and sensitive method to assess the
negative effects of severity and duration of malnutrition in patients with AN. In addition, Maier et al. [20]
investigated the metabolic signals in the anterior insular cortex by means of magnetic resonance
spectroscopy (MRS). Authors analyzed both acute and recovered patients with AN, as well as healthy
controls, and found that metabolic alterations in patients with AN (i.e., lower NAA and Glx signals)
seem to be state-related symptoms rather than traits. Villaba-Martínez et al. [19] assessed the efficacy
and safety of deep brain stimulation (DBS) applied to chronic, severe, and refractory patients with
AN. The findings revealed that DBS was effective for some patients with AN and was associated
with self-reported improvements in quality of life. However, almost 40% of the patients presented
adverse cutaneous complications. In sum, the review from Duriez et al. [21] concluded that there is not
sufficient evidence to support the use of brain stimulation in the treatment of EDs, but that further
research on this topic is needed.

Lastly, despite having evidence-based treatments for clinical practice that is well recognized by
clinical guidelines, these treatments have proven not to be the panacea. Scientific understanding
of the treatment of ED has developed significantly in recent years. Some of these advances in the
management of ED have included the complementary use of nutritional protocols, new technologies,
brain stimulation techniques, and interventions of support for caregivers of adolescents with ED,
among others. For example, Koerner at el. [25] describe the effectiveness and safety of a rapid clinical
high-caloric refeeding strategy for patients with AN. Regarding the use of new technologies as an
adjuvant therapeutic tool, the findings from Porras-García et al. [24] provide evidence about the
usefulness of virtual reality-based body exposure to elicit fear of gaining weight and other body-related
disturbances in patients with AN. On the other hand, Philipp et al. [27] demonstrated that parental
expressed emotion (associated with higher distress and a lack of skills) was reduced after interventions
for caregivers (namely the SUCCEAT program), and that this reduction positively influenced patients’
outcomes. Likewise, the results from the study of Truttmann et al. [26] provide support for the efficacy
of the same interventions for caregivers (i.e., SUCCEAT) reducing parental burden, distress and
psychopathology. Last but not least, Treasure et al. [23] reviewed the underpinnings of the Cognitive
Interpersonal Model for AN and how this can be targeted to treatment. This model encourages the use
of treatments targeting changeable elements, such as: increasing social connection and collaborative
recovery, using neuromodulation techniques, and augmenting treatment through digital technology.

The purpose of this Special Issue is to address a wide range of topics and contribute to a greater
understanding of advances in ED. We believe that the articles contained in the issue have largely
achieved this objective. In addition, we would like to thank the various authors and reviewers for their
help in amassing this excellent body of work.
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Abstract: Background: Disordered eating (DE) is common and is associated with body mass index
(BMI). We investigated whether genetic variants for BMI were associated with DE. Methods: BMI
polygenic scores (PGS) were calculated for participants of the Avon Longitudinal Study of Parents
and Children (ALSPAC; N = 8654) and their association with DE tested. Data on DE behaviors (e.g.,
binge eating and compensatory behaviors) were collected at ages 14, 16, 18 years, and DE cognitions
(e.g., body dissatisfaction) at 14 years. Mediation analyses determined whether BMI mediated the
association between the BMI-PGS and DE. Results: The BMI-PGS was positively associated with fasting
(OR = 1.42, 95% CI = 1.25, 1.61), binge eating (OR = 1.28, 95% CI = 1.12, 1.46), purging (OR = 1.20,
95% CI = 1.02, 1.42), body dissatisfaction (Beta = 0.99, 95% CI = 0.77, 1.22), restrained eating (Beta
= 0.14, 95% CI = 0.10, 1.17), emotional eating (Beta = 0.21, 95% CI = 0.052, 0.38), and negatively
associated with thin ideal internalization (Beta = −0.15, 95% CI = −0.23, −0.07) and external eating
(Beta = −0.19, 95% CI = −0.30, −0.09). These associations were mainly mediated by BMI. Conclusions:
Genetic variants associated with BMI are also associated with DE. This association was mediated
through BMI suggesting that weight potentially sits on the pathway from genetic liability to DE.

Keywords: Avon Longitudinal Study of Parents and Children (ALSPAC); body mass index; disordered
eating behaviors; disordered eating cognitions; polygenic scores
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1. Introduction

Disordered eating (DE) behaviors [1–3], including fasting, binge eating, and related cognitions
(such as body dissatisfaction) are widely prevalent in the general population (14–22%) and are considered
behavioral and psychological features of a clinical diagnosis of anorexia nervosa (AN), bulimia nervosa
(BN), and binge-eating disorder (BED) [1,4–7]. DE typically arises during pre-adolescence and
adolescence [1,7,8] and individuals with DE are at greater risk for mood disorders, psychosocial
impairment, and suicidal behavior, as well as at elevated risk for developing a full eating disorder [9,10].
Identification of risk factors that may contribute to DE is an active area of inquiry and may offer new
prevention and therapeutic interventions as the current treatment strategies for eating disorders (ED)
are limited in their efficacy [11,12].

DE and related cognitions are moderate to highly heritable, with estimates from twin studies
ranging between 20–85% making it suitable for genetic analyses [13,14]. Polygenic score (PGS) analyses
are an effective method that allow for direct testing of whether common genetic variants associated
with one trait are also associated with another [15,16]. PGS approaches to understand DE are of
interest as they allow interrogation of the shared genetic etiology of two traits that are associated at the
phenotypic level, such as DE and body mass index (BMI) [17,18]. Previous research has highlighted
that DE and related cognitions are present across the entire weight spectrum, including AN (at one
extreme of the weight spectrum) and BED (often at the other extreme of the weight spectrum) [19].
In addition, children who develop an ED have been shown to follow different BMI trajectories prior
to diagnosis [20–22]. More specifically, children who go on to develop AN show consistently lower
childhood BMI, whereas children who later develop BED show higher premorbid childhood BMIs [20].

It is well established that BMI has a substantial genetic component [23] with the SNP-based
heritability ranging between 17–27% [24]. Recent studies have shown a negative genetic correlation
between AN and BMI (rg ~ −0.24) suggesting shared genetic etiology between AN and BMI,
whereby genetic variants associated with higher BMI were associated with lower risk for AN [25,26].
However, less is known about the extent to which DE shares genetic etiology with BMI.

The first study to investigate the association between DE and a BMI-PGS found that a BMI-PGS is
associated with weight loss behaviors [27]. Nagata et al. reported that the BMI-PGS was associated
with a higher odds of weight loss behaviors (e.g., dieting, vomiting) and a lower odds of weight
gain behaviors (e.g., eating more or different foods than normal). In addition, Nagata et al. found
that the association between the BMI-PGS and weight loss behaviors was mediated by measured
BMI; a higher BMI-PGS was associated with a higher measured BMI, which in turn was associated
with higher odds of engaging in weight loss behaviors. However, this study [27] investigated the
association only in a sample of young adults and evidence is currently lacking in adolescence—a critical
period for the development of EDs and DE. Furthermore, this study failed to include pre-morbid BMI
(measurement of BMI prior to DE) in the mediation analyses, which complicates establishing potential
causal pathways that lead from measured BMI to DE.

In the current study, we investigated whether a BMI-PGS is longitudinally associated with a broad
range of DE behaviors and cognitions in a large UK-based population study across adolescence.
We hypothesized that the BMI-PGS will be positively correlated with binge eating, emotional eating,
and inappropriate compensatory behaviors, such as purging and fasting for weight loss. Based on
a previous positive correlation of higher body weight with higher adolescent body dissatisfaction [1]
and restrained eating [27,28], we hypothesized that the BMI-PGS will positively correlate with later
body dissatisfaction and restrained eating. We also expected a negative association between BMI-PGS
and both thin ideal internalization and high external eating—both of which have been found to be
negatively correlated with weight or BMI in population-based studies [28,29]. One possible pathway
that genetic risk could lead to DE could be through changes in measured BMI which then could lead to
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increased risk for DE; therefore, we aimed to determine the role of measured BMI as a mediator of
these associations. Considering the prospective nature of the data, we also examined developmental
differences, determining whether the strength of the association between the BMI-PGS and DE differs
across the three time-points during adolescence.

2. Methods and Materials

2.1. Participants

The Avon Longitudinal Study of Parents and Children (ALSPAC) study is an ongoing
population-based birth cohort study of 15,454 mothers and their children (that were born between
1 April 1991 and 31 December 1992) residing in the south west of England (UK) [30–33]. From the
15,454 pregnancies, 13,988 were alive at 1 year. At age 7 years this sample was bolstered with
an additional 913 children. Participants are assessed at regular intervals using clinical interviews,
self-report questionnaires, medical records, and physical examinations. We included children
based on three waves of data collection which were at age 14 (wave 14, N = 10,581), 16 (wave
16, N = 9702), and 18 years (wave 18, N = 9505). Further details on ALSPAC are available in
previous publications [30,32] and the study website contains details of available data through a fully
searchable data dictionary: http://www.bristol.ac.uk/alspac/researchers/our-data/. To avoid potential
confounding due to relatedness, one sibling per set of multiple births was randomly selected to
guarantee independence of participants (N = 75). Furthermore, individuals who were closely related
to each other, defined as a phi hat > 0.2 (calculated using PLINK v1.90b), were removed; this meant
removal of any duplicates or monozygotic twins, first-degree relatives (i.e., parent-offspring and full
siblings), and second-degree relatives (i.e., half-siblings, uncles, aunts, grandparents, and double
cousins). The authors assert that all procedures contributing to this work comply with the ethical
standards of the relevant national and institutional committees on human experimentation and with
the Helsinki Declaration of 1975, as revised in 2008.Ethical approval for the study was obtained from
the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees (Bristol and Weston
Health Authority: E1808 Children of the Nineties: ALSPAC. 28th November 1989. for details see:
http://www.bristol.ac.uk/alspac/researchers/research-ethics/). Informed consent for the use of data
collected via questionnaires and clinics was obtained from participants following the recommendations
of the ALSPAC Ethics and Law Committee at the time. The main caregiver initially provided consent
for child participation and from the age 16 years the offspring themselves have provided informed
written consent.

2.2. Measures

2.2.1. Binary Outcomes

Information on fasting, binge eating, and purging, were assessed at ages 14, 16, and 18 years using
questions modified from the Youth Risk Behavior Surveillance System questionnaire [34]. For fasting
(N age 14 = 4584, N age 16 = 3844, N age 18 = 2586), participants were asked, “During the past year,
how often did you fast (not eat for at least a day) to lose weight or avoid gaining weight?” with the
response options “Never”, “Less than once a month”, “1–3 times a month”, “Once a week”, and “2 or
more times a week”. This variable was dichotomized as fasting at least once a month in the previous
year versus no fasting [8]. For binge eating (N age 14 = 4144, N age 16 = 3336, N age 18 = 1910),
participants were asked how often they engaged in overeating (eating a very large amount of food)
in the previous year. Participants who answered this question positively were subsequently asked
whether they felt out of control during these episodes. We dichotomized the binge eating variable
as eating a very large of amount of food at least once a month (with the feeling of loss of control)
versus no binge eating. Regarding purging (N age 14 = 4588, N age 16 = 3871, N age 18 = 2582),
participants were asked how often they self-induced vomiting or had taken laxatives (or other weight
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loss medications) to lose weight or avoid weight gain in the previous year; this variable was then
dichotomized as purging at least once a month versus no purging.

2.2.2. Continuous Outcomes

All continuous DE outcomes were assessed at age 14 years and included thin ideal internalization,
body dissatisfaction, emotional eating, external eating, and restrained eating. Thin ideal internalization
(N = 4496) was assessed using the Ideal-Body Stereotype Scale-Revised with gender-specific items
used to assess different aspects of appearance-ideal internalization for boys (six items) and girls
(five items) [8,35,36]. The responses were rated on a five-point Likert scale from “strongly agree”
to “strongly disagree” and the items from this scale were summed to obtain a total score; a higher
score corresponded with increased internalization of the thin ideal Body dissatisfaction (N = 4625)
was assessed using the Body Dissatisfaction Scale [36,37]. Participants were asked gender-specific
questions rating their satisfaction with nine body parts with responses on a six-point Likert scale
ranging from ‘extremely satisfied’ to ‘extremely dissatisfied’. We constructed a continuous score from
this scale with a higher score corresponding to higher body dissatisfaction [8,36]. Restrained eating
(N = 4530), emotional eating (N = 4345), and external eating (N = 3995) were assessed using a modified
version of the Dutch Eating Behavior Questionnaire (DEBQ; [38]). The restrained eating subscale was
assessed with two questions, the emotional eating subscale with 14, and the external eating subscale
with seven [36,39].

2.2.3. Body Mass Index.

BMI (weight/height2) was calculated using objectively measured weight and height obtained
during a face-to-face assessment at age 11 years (N = 5902) [30–32]. Height was measured to the nearest
millimeter using a Harpenden Stadiometer (Holtain Ltd., Crymych, UK) and weight was measured
using the Tanita Body Fat analyzer (Tanita TBF UK Ltd., Middlesex, UK) to the nearest 50 g. Age- and
sex-standardized BMI z-scores (zBMI) were calculated according to UK reference data, indicating the
degree to which a child is heavier (>0) or lighter than expected according to his/her age and sex [40].

2.3. Genotyping

Genotype data were available for 9915 children out of the total of 15,247 ALSPAC participants.
Participants were genome-wide genotyped on the Illumina HumanHap550 quad chip. Details of the
quality control checks are described in the Supplementary Information.

2.4. PGS Calculations

PGS were derived from summary statistics of the Genetic Investigation of Anthropometric
Traits (GIANT) consortium, referred to as the discovery cohort [41]. The calculation,
application, and evaluation of the PGS was carried out with PRSice (2.1.3 beta;
github.com/choishingwan/PRSice/) [42,43]. PRSice relies on PLINK to carry out necessary cleaning
steps prior to PGS calculation [42,44]. Strand-ambiguous SNPs were removed prior to the scoring.
A total of 1,488,001 SNPs were present in both the discovery and in the target cohort. Clumping was
applied to extract independent SNPs according to linkage disequilibrium and p-value: the SNP with
the smallest p-value in each 250 kilobase window was retained and all those in linkage disequilibrium
(r2 > 0.1) with this SNP were removed. To calculate the PGS, for each participant the sum of the
risk alleles was taken and was then weighted by the effect size estimated from the discovery cohort.
The PGS were calculated using the high-resolution scoring (PGS calculated across a large number of
p-value thresholds) option in PRSice, to identify an optimal p-value threshold at which the PGS is
optimally associated with the outcome.
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2.5. Statistical Analyses

2.5.1. Sensitivity Analyses (Linkage Disequilibrium Score Regression)

The discovery genome-wide association study (GWAS) from which the BMI-PGS was derived
included participants from the UK Biobank [41]. Considering a potential overlap in participants
between ALSPAC and the UK Biobank we performed a BMI GWAS with biological sex as a covariate
using PLINK in the ALSPAC sample [44]. Subsequently we determined the genetic covariance with
the BMI GWAS [41] using linkage disequilibrium score regression (LDSC) v1.0.0. [45].

2.5.2. Regression Analyses

Logistic regressions models were applied for binary outcomes (e.g., fasting at age 14, 16,
and 18 years) and linear regression models were used for continuous variables (e.g., thin ideal
internalization) with biological sex and the first four ancestry-informative principal components as
covariate in all models. We also tested for an interaction between the BMI-PGS and sex and conducted
gender stratified analyses.

As confirmatory analyses, we investigated the association between the BMI-PGS and BMI at age
11 and 18 years and the association between the BMI-PGS and the age and sex standardized BMI (i.e.,
BMI z-scores) measured at age 11 years. We then investigated the association of DE symptoms at
age 14 years, except for purging due to its low endorsement and hence exclusion from our analyses
(N purging at age 14 years = 74). We repeated the same analyses at age 16 and 18 years for fasting,
binge eating, and purging. We report the regression models that explain the largest R2 or Nagelkerke’s
pseudo-R2 at the optimal BMI-PGS p-value threshold. For the binary outcome measures we report
the Nagelkerke’s pseudo-R2 on the liability scale [46]. Empirical p-values were calculated through
permutation (N = 11,000) that account for multiple testing (i.e., number of p-value thresholds tested)
and overfitting [42]. We additionally calculated False Discovery Rate-corrected Q-values adjusting
for the number of phenotypes tested [47]. The significance threshold was met if the False Discovery
Rate-adjusted Q was <0.05.

2.5.3. Generalized Linear Mixed Models (GLMM)

To understand whether the association of the BMI-PGS with DE differs across the ages (i.e.,
developmental differences), we used generalized linear mixed models, including BMI-PGS, biological
sex, the first four ancestry-informative principal components as fixed effects, and age at self-report
as an interaction term. We included random intercepts for each individual in the model, to take into
account variance in DE that is due to inter-individual differences. To generate comparable results across
the ages, we calculated the PGS at a p-value threshold (Pt) of 1 for each behavioral trait at each age.

2.5.4. Exploratory Causal Mediation Analysis

The association between BMI-PGS and adolescent DE could be explained through childhood BMI
prior to assessment of DE. We used sex- and age-adjusted BMI z-scores (zBMI) measured around the
age of 11 years (prior to assessment of DE and related cognitions) to capture a possible pathway linking
genetic liability measured by the standardized BMI-PGS to DE (Figure S1). We estimated the BMI-PGS
effects that are mediated and not mediated by childhood zBMI scores using concepts proposed in
modern causal inference; the natural direct and indirect effects [48]. The natural direct effect (also
known as the “average direct effect”, ADE) measures the expected risk difference of the binary outcome
measures (e.g., fasting) had the BMI-PGS been hypothetically set to change by 1 SD from 0 to 1, while at
the same time childhood zBMI scores had been set to take their natural value (i.e., the zBMI value that
would be experienced had the BMI-PGS been set at the reference value of 0, i.e., under no exposure).
For the continuous outcome measures (e.g., thin ideal internalization), the ADE measured as the mean
difference of the outcome had the BMI-PGS been set to change by 1 SD while childhood zBMI scores
were set to take their natural value under no exposure. The natural indirect effect (“average causal
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mediated effect”, ACME) measures the expected risk difference in binary outcome measures had the
BMI-PGS been hypothetically set to take the value 1, while at the same time childhood zBMI scores
had been set to take their potential values had BMI-PGS been set to 0 or 1. The ADE was defined in
a similar fashion for the continuous outcome measures except that the ACME measured the expected
mean difference of the outcome. When summed together, these direct and indirect effects give the total
causal effects and therefore are useful measures of the contribution made by a particular pathway to
a causal relationship.

We estimated these effects, expressed as risk differences/mean differences, using the R package
’mediation’ (version 4.4.6; [49]). Our analyses were controlled for biological sex, and the first four
ancestry-informative principal components. Furthermore, we assumed that there were no additional
unaccounted confounders nor any intermediate confounders [48].

2.5.5. Missing Data

Considering the longitudinal nature of ALSPAC, study participants tend to drop out as time goes
on leading to missing data. In our analyses we carried out complete cases analyses (CCA) and to
counter potential bias introduced by carrying out CCA we included relevant confounders (sex), as well
as BMI-PGS, both of which are related to missingness in our data [50]. Hence estimates are unbiased
under the missing at random (MAR) assumption.

3. Results

3.1. Sample Description

Following quality control of the genetic data, a total of 8654 children with genotyping data and at
least one outcome measure were included in the analyses (Table 1). Information regarding age, sex,
and ancestry for each timepoint can be found in Table S1. Our sensitivity analyses did not find evidence
of sample overlap between our discovery (i.e., BMI GWAS; 25) and target cohort (i.e., ALSPAC) using
LDSC, as the intercept from the genetic covariance (0.0068) was less than one standard error (0.0103)
from zero, suggesting no sample overlap.
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3.2. PGS Analyses

3.2.1. BMI

In our confirmatory analyses we found that the BMI-PGS was significantly associated with BMI at
age 11 years and 18 years and to zBMI measured at age 11 years (Table S2).

3.2.2. DE Behaviors

The BMI-PGS was positively associated with fasting and binge eating at the ages 14, 16, and 18 years
and with purging at age 16 years but not at age 18 years (Table 2, Figure 1). There was no significant
interaction between the BMI-PGS and sex. When female participants were investigated separately we
found similar effect sizes (Table S3). The effect of the best-fit BMI-PGS on fasting was fairly consistent;
for one SD increase in the BMI-PGS children were 1.42 (95% CI 1.25, 1.61), 1.29 (95% CI 1.17, 1.42),
and 1.26 (95% CI 1.06, 1.51) times more likely to engage in fasting behavior at age 14, 16, and 18 years,
respectively. We did not find evidence for a significant interaction between the PGS-BMI and fasting
across the three ages indicating that the effect of the BMI-PGS is not age-dependent.

Table 2. Associations of body mass index polygenic score (BMI-PGS) with disordered eating behaviors
and cognitions correcting for biological sex in the Avon Longitudinal Study of Parents and Children.

Binary Outcomes
Age Outcome

Measured (Years)
Threshold a N SNPs R2 OR (95% CI) b Q c

Fasting 14 0.085 33,379 0.021 1.42 (1.25, 1.61) <0.001
Fasting 16 0.17 43,956 0.012 1.29 (1.17, 1.42) <0.001
Fasting 18 0.1 36,088 0.008 1.26 (1.06, 1.51) 0.045

Binge eating 14 0.014 17,929 0.010 1.28 (1.12, 1.46) 0.003
Binge eating 16 0.0016 9523 0.006 1.20 (1.08, 1.34) 0.006
Binge eating 18 0.0047 12,708 0.008 1.23 (1.09, 1.39) 0.008

Purging 16 0.00025 6115 0.007 1.22 (1.07, 1.41) 0.02
Purging 18 0.033 23,731 0.005 1.20 (1.02, 1.42) 0.10

Continuous Outcomes
Age Outcome

Measured (Years)
Threshold a N SNPs R2 β (95% CI) d Q c

Thin ideal
internalization 14 0.5 66,077 0.003 −0.15 (−0.23, −0.07) 0.003

Body dissatisfaction 14 0.0013 9075 0.015 0.99 (0.77, 1.22) <0.001
Restrained eating 14 0.1 36,088 0.015 0.14 (0.10, 0.17) <0.001
Emotional eating 14 0.0091 15,467 0.001 0.21 (0.052, 0.38) 0.046
External eating 14 0.0026 10,780 0.003 −0.19 (−0.30, −0.09) 0.003

SNP = single nucleotide polymorphism; R2, Nagelkerke’s Pseudo squared multiple correlation on the liability scale
for the binary outcome measures and the squared multiple correlation for the continuous outcomes; OR, odds ratio;
CI, confidence interval. a The optimal p-value threshold for the inclusion of SNPs in the calculation of the body mass
index (BMI) polygenic score (PGS) as determined by PRSice’s high-resolution scoring [42]. b Odds ratios reflect one
standard deviation change in the standardized (to mean zero and standard deviation of one) BMI-PGS. c Benjamini
& Hochberg False Discovery Rate adjustment for the number of phenotypes tested [47]. d Standardized betas reflect
one standard deviation increase in the standardized (to mean zero and standard deviation of one) BMI-PGS.
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Figure 1. Association between the body mass index polygenic score (BMI-PGS) and disordered
eating (DE) behaviors and cognitions in the Avon Longitudinal Study of Parents and Children using
generalized linear models [30–33]. Analyses were corrected for biological sex. Age is measured in
years. Sample sizes per outcome were fasting (age 14, n cases = 300, n controls = 4284; age 16, n cases =
516, n controls = 3328; age 18, n cases =143, n controls = 2443;), binge eating (age 14, n cases = 257,
n controls = 3887; age 16, n cases = 434, n controls = 2902; age 18, n cases =365, n controls = 1545;),
and purging (age 16, n cases = 237, n controls = 3634; age 18, n cases= 166, n controls = 2416), thin ideal
internalization (n = 4496), body dissatisfaction (n = 4625), restrained eating (n = 4530), emotional eating
(n = 4345), external eating (n = 3995). (A) Explained variance as measured by Nagelkerke’s Pseudo
squared multiple correlation (R2) for the DE phenotypes. All associations were statistically significant
(False Discovery Rate-corrected Q-values < 0.05) except for purging at age 18 years. (B) Effect size
of the association between the standardized BMI-PGS (to mean zero and standard deviation of one)
as measured by odds ratios (ORs) and the DE behaviors. The dots represent the point estimates of
the ORs for an increase of one standard deviation in the BMI-PGS and the lines represent the 95%
confidence interval of the point estimate. (C) Effect size of the association between the standardized
BMI-PGS (to mean zero and standard deviation of one) as measured by standardized betas and the
DE cognitions. The dots represent the point estimates of the standardized betas for an increase of
one standard deviation in the BM-PGS and the lines represent the 95% confidence interval of the
point estimate.
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Children with higher BMI-PGS were also more likely to report binge eating at all three ages with
ORs of 1.28 (95% CI 1.12, 1.46), 1.20 (95% CI 1.08, 1.34), and 1.23 (95% CI: 1.09, 1.39), for the ages 14,
16, and 18 years, respectively. Furthermore, the effect of the BMI-PGS on binge eating did not differ
across the three ages. Individuals with higher BMI-PGS were 1.22 (95% CI 1.07, 1.41) times more likely
to report purging at age 16 years. We did not find an interaction between the BMI-PGS and age at
reporting suggesting that the effect of the BMI-PGS did not differ across the reported ages (Table S4).

3.2.3. DE Cognitions

The BMI-PGS was positively correlated with body dissatisfaction and with the DEBQ restrained
and emotional eating scale (Table 2). The effect of this association was strongest for body dissatisfaction;
children with a higher BMI-PGS (an increase of 1 SD) were more likely to have higher scores on body
dissatisfaction at age 14 years (β = 0.99, 95% CI 0.77, 1.22). This effect was less pronounced for the
restrained (β = 0.14, 95% CI: 0.10, 1.17) and emotional eating (β = 0.21, 95% CI: 0.05, 0.38) scale of the
DEBQ in which a higher BMI-PGS corresponded with lower scores for both behaviors.

In contrast to all other DE outcomes, we found that the BMI-PGS was negatively correlated
with thin ideal internalization and with external eating; i.e., individuals with a higher BMI-PGS
reported lower scores for thin ideal internalization (β = −0.15, 95% CI: −0.23, −0.07) and external eating
(β = −0.19, 95% CI: −0.30, −0.09). There was no significant interaction between the BMI-PGS and sex
in relation to the DE cognitions. Furthermore, the effect sizes of the association between the BMI-PGS
and DE cognitions did not differ (95% confidence intervals overlapped) when female participants were
analyzed separately (Table S3).

3.3. Exploratory Causal Mediation Analyses

Causal mediation analyses indicated that the zBMI scores mediated the association between the
BMI-PGS and DE except for thin ideal internalization (Table 3). Estimate (βACME) of the average causal
mediation effect ranged between −0.11 (external eating) and 0.93 (body dissatisfaction). For almost all
mediation models, one standard deviation (SD) increase in the BMI-PGS corresponded to an increase in
zBMI scores at age 11 years, which in turn led to an increased probability of endorsing DE. The exception
to this direction of effect was external eating; one standard deviation increase in the BMI-PGS led
to an increase in zBMI scores at age 11 years, which corresponded to lower external eating scores at
14 years.
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4. Discussion

To our knowledge this is the largest study to date that has investigated whether a BMI-PGS is
longitudinally associated with DE in a general population cohort (N = 8654). We demonstrate that
genetic factors that underlie BMI are also associated with DE suggesting possible shared genetic
etiology between BMI and DE. This association was mainly mediated through measured age- and
sex-adjusted BMI (i.e., zBMI at age 11 years). Our results mirror findings from epidemiological studies
that report higher BMI to be positively correlated with binge eating, emotional eating, restrained eating,
purging, fasting, and body dissatisfaction, and negatively correlated with external eating [28,51–55].
The negative genetic correlation between the BMI-PGS and thin ideal internalization is also consistent
with findings for AN, reported to be negatively genetically correlated (rg = −0.32) with BMI [25,26].
The non-significant association between the BMI-PGS and purging at age 18 years was likely due
to the relatively rare endorsement of purging behavior (N = 166) emphasizing the need for larger
samples. Furthermore, we did not find evidence for developmental differences; i.e., the strength of the
association between the BMI-PGS and DE did not differ across ages.

It is important to emphasize that our study focused on DE as present in a general population
cohort, which has important implications in interpreting our findings. Given the high incidence of
overweight and obesity [56] in the general population, more individuals than ever could be at risk of
developing DE and particularly those with elevated BMI-PGS could be at greater risk. Consistent with
our findings, Nagata et al. reported that higher BMI-PGS is positively correlated with weight loss
behaviors (e.g., fasting, use of laxatives) in a population cohort [27]. Findings from our group have also
previously implicated BMI-related genes in adolescent binge eating in this sample [51]. Taken together,
our data and those of others support the notion of a shared genetic etiology between DE and propensity
for higher BMI [27,51,57].

Results from our mediation analyses extend previous findings from Reed et al. that reported
a causal effect of higher BMI in childhood on increased risk of DE at age 13 years using Mendelian
randomization [52]. The importance of BMI in predicting ED has also been highlighted in prospective
studies in which BMI trajectories of children who develop an ED during adolescence were found to
significantly deviate from children without an eating disorder [20]. We found differences in the estimates
of the mediated effect by age- and sex-corrected BMI (zBMI) in the association between the BMI-PGS
and DE; suggesting that the effect of actual BMI in late childhood is important for body dissatisfaction,
but less for DE behaviors (e.g., purging and fasting for weight loss). As previously shown [1],
cognitions such as body dissatisfaction are likely to be influenced by body image distortion and might
be more influenced by environmental factors (e.g., comments and teasing about shape and weight).
Furthermore, it is important to note that the zBMI scores did not mediate the association between the
BMI-PGS and thin ideal internalization. The non-significant mediation for thin ideal internalization
might suggest that other pathways apart from prior BMI might account for this association (e.g.,
environmental factors such as exposure to family or peer factors; [58]). Overall, our findings add to the
considerable wealth of literature suggesting an important role for BMI in DE [1,20,25–27,52].

This study benefitted from a large discovery sample (N ~ 789,224) that included participants from
the GIANT consortium and the UK Biobank [41,59] and a relatively large target sample (N = 8654).
In addition, the availability of a wide range of DE outcomes collected at different time points enriched
our analyses. The availability of objectively measured BMI at age 11 years allowed us to investigate
the possible role that BMI plays in the association between the BMI-PGS and DE.

Findings from this study should be interpreted in the context of some limitations. Participants were all
recruited from the same geographical region in the southwest of England and therefore the results of this
study might not be broadly generalizable to other populations. However, the homogeneity of the sample
lends itself to genetic analyses as bias from population stratification is expected to be less pronounced [60].
It is important to note that ED symptoms included in this study were derived from self-reports and the
questions asked pertained to the previous year, which may have resulted in misclassification and recall
bias. However, we emphasize that observational measures on eating behaviors are not feasible in large
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cohort studies such as ALSPAC. We did not have information on DE behaviors and related cognitions in late
childhood; occurrence of these behaviors prior to the measurement of BMI at age 11 years could have biased
estimates of our mediation analysis. However, it is likely that prevalence of these behaviors and cognitions
would have been very low in late childhood. We also highlight that the focus of our study was on DE as
present in the general population and while this information could improve our understanding of threshold
ED, caution should be taken when interpreting these results in the context of threshold ED; a proportion of
the individuals endorsing DE do not go on to develop an ED. The dichotomizing of categorical behaviors
(fasting, binge eating, and purging) might have resulted in grouping less severe cases with more severe cases
and in a loss of variance in the outcome which could have weakened our findings. Furthermore, considering
the longitudinal nature of the study, participants tend to drop out as time goes on leading to missing data.
Attrition (i.e., loss to follow up) in longitudinal studies such as ALSPAC was reported to be associated
with higher BMI-PGS [61]. Given what is known about this cohort, we have assumed that the missingness
observed in our data was at random, given certain individual characteristics, including the BMI-PGS; for
this reason we do not expect substantial bias affecting our complete cases analyses because they included
covariates that were related to missingness in our dataset. We acknowledge that some remaining bias might
result from selective attrition (i.e., more severe cases dropping out from the study) [50].

The results of our mediation analyses are promising and suggest that joint approaches to the
prevention of both obesity and DE might yield better clinical outcomes than those targeting the former
or the latter independently [7]. Furthermore, increased awareness amongst pediatricians or general
practitioners that children who have overweight or obesity are at increased risk of DE might aid in early
screening, detection, and prevention of DE potentially mitigating the development of threshold ED [3].
BMI-PGS can also be used in conjunction with other PGS (e.g., eating disorder PGS) and environmental
risk factors in constructing clinical risk prediction models for ED. A robust clinical risk prediction model
could for example aid in prediction and guide personalization of treatment, an approach that has shown
to be fruitful in many somatic illnesses including coronary artery diseases [62]. However, given the
effect sizes observed in this study, the utility of PGS for clinical application for DE is premature.

In conclusion, our results suggest that genetic propensity for higher BMI is associated with DE,
and that this association is mediated by actual measured BMI. Our findings add to the consistent
epidemiological literature that implicates BMI in DE. The current study has demonstrated that DE and
related cognitions need to be understood in a broad context that includes anthropometry as well as
behavioral and developmental components. Future research should focus on multifactorial risk and
consider the role of environment as well as genetic predisposition to other DE-related traits.
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Abstract: Epigenetic mechanisms are believed to link environmental exposures to alterations in
gene expression, and in so doing, to provide a physical substrate for the activation of hereditary
potentials by life experiences. In keeping with this idea, accumulating data suggest that epigenetic
processes are implicated in eating-disorder (ED) etiology. This paper reviews literature on putative
links between epigenetic factors and EDs, and examines ways in which epigenetic programming of
gene expression could account for gene-environment interactions acting in the EDs. The paper also
presents evidence suggesting that epigenetic processes link malnutrition and life stresses (gestational,
perinatal, childhood, and adult) to risk of ED development. Drawing from empirical evidence
and clinical experience, we propose that an epigenetically informed understanding of ED etiology
can benefit patients, caregivers, and clinicians alike, in the sense that the perspective can reduce
judgmental or blameful attitudes on the part of clinicians and caregivers, and increase self-acceptance
and optimism about recovery on the part of those affected.

Keywords: epigenetics; anorexia nervosa; bulimia nervosa; eating disorders; DNA methylation;
gene-environment interactions

1. Introduction

Anorexia nervosa (AN), bulimia nervosa (BN), and related eating disorders (EDs) have traditionally
been viewed as “sociocultural creations,” or as products of disturbed family environments [1,2]. Not
to downplay social and family influences in certain instances of ED, empirical evidence suggests that
environmental “impacts” influence ED development by acting upon an environmentally malleable,
heritable biology. In this paper, we review evidence for the concept that EDs involve the environmental
regulation (through epigenetic processes) of hereditary susceptibilities, and discuss various potential
benefits of providing patients, caregivers, and clinicians with a good understanding of a putative
causal interplay, in the EDs, between genetic and environmental processes. Our intention with this
paper is not to conduct a systematic review on epigenetics in the eating disorders (as such reviews
exist elsewhere (e.g., [3,4]), but rather to provide an informed update on the latest findings, along with
a discussion of clinical implications. Nonetheless, our review covers important recent articles related
to the topic, as identified using PubMED and Google Scholar.

2. What are Eating Disorders (EDs)?

Eating disorders (EDs) are characterized by intense preoccupations with eating, weight, and body
image, and such maladaptive eating practices as excessive caloric restraint, binge eating, self-induced

J. Clin. Med. 2020, 9, 1332; doi:10.3390/jcm9051332 www.mdpi.com/journal/jcm25



J. Clin. Med. 2020, 9, 1332

vomiting, and compulsive exercise [5]. These disorders are often associated with marked morbidity
and mortality [6,7], and high personal and social costs, including lower educational and vocational
achievement, decreased quality of life, and social isolation [7–9]. The current version of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-5) refers to EDs as “Feeding and Eating Disorders”
(FEDs), and recognizes six subtypes: anorexia nervosa (AN), bulimia nervosa (BN), binge eating
disorder (BED), avoidant/restrictive food intake disorder (ARFID), rumination disorder (RD), and pica.
Two residual diagnoses (other specified feeding or eating disorder and unspecified feeding or eating
disorder) capture ED variants that have clinical significance without fulfilling criteria for full-threshold
syndromes [5].

AN is defined by restriction of energy intake and persistent avoidance of weight gain, resulting
in subnormal body weight. The disorder has two sub-types: AN-restricting type, characterized by
restriction of food intake without binging or purging; and AN-binge-eating/purging type, in which
individuals regularly engage in binge-eating followed by compensatory behaviors (like self-induced
vomiting or misuse of laxatives). People with BN also display recurrent binge-eating and compensatory
behaviors, but in the absence of marked weight loss [5]. Individuals with BED, roughly 40% of whom
are obese [10], show recurrent binge-eating without compensatory behaviors [5]. Newly introduced in
DSM-5, ARFID is characterized by restriction of food intake for reasons unrelated to weight and body
image—for instance, compulsive avoidance of foods judged to be impure or unhealthy, or that elicit
disgust or aversion [5]. People affected by RD bring already swallowed foods back up and re-chew,
whereas pica is a disorder in which people eat non-food items [5]. To date, there are no genetic or
epigenetic studies involving ARFID, RD, or pica and, thus, our review does not address these entities.

3. Etiology

EDs are understood to be multiply determined by genetic factors (that shape emotion regulation,
reward sensitivity, energy metabolism, appetite, and other variations), environmental triggers
(including perinatal insults, developmental stressors, later-life stressors), state-related effects (owing
to the nutritional and mental status) and ultimately, social inducements toward intensive caloric
restraint [11,12].

3.1. Heredity

Multiple sources of evidence point to the importance of heredity in the EDs. Family aggregation
studies have shown that AN and BN are substantially more common in female first-degree relatives of
people who themselves have AN or BN (e.g., Strober, et al. [13]), and one study shows that levels of
eating and body-image concerns correspond in biological sister pairs, but not in adoptive pairs [14].
Even more convincingly, studies comparing concordance rates for EDs between mono- and dizygotic
twin pairs reveal heritability coefficients for AN, BN, and BED ranging from 32% to 76% [15], 28%
to 83% [15], and 39% to 45% [15], respectively. Aside from emphasizing unique genetic effects, these
studies generally indicate non-shared environmental factors (e.g., a particular stressor experienced by
one twin) to be more influential in ED development than are shared environmental factors (e.g., living
in the same family environment) [15]. The preceding tends to refute ED formulations that are couched
strongly in terms of family dynamics.

3.2. Genetics

There have been various efforts to identify gene variants that may be associated with risk of
an ED. Candidate-gene approaches (which examine single gene variants) are generally driven by a
theory-based “guess” about which of the tens of thousands of genes may be an important contributor
to risk for a disorder—something akin to guessing around which star in the night sky might there
be a life-harboring planet. Nonetheless, some findings point to associations between EDs and
polymorphisms of genes regulating key neurotransmitters (e.g., serotonin [16]), neuromodulators (e.g.,
brain-derived neurotropic factor (BDNF) [17]), hormones (e.g., estrogen [18]), or eating behavior (e.g.,
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ghrelin [19]). Despite some leads, the candidate approach has not yielded many replicable findings.
Detailed reviews of findings from candidate-gene studies in EDs can be found in several previous
reviews (e.g., [3,20]).

Recent technologies support genome-wide association studies (GWASs), which allow for
hypothesis-free investigations aimed at uncovering novel genetic markers that reach what is called
“genome-wide statistical significance” for association with a phenotype of interest. Given that
genome-wide methods test thousands of common human gene variant markers at a time, a strict
threshold for significance (p < 5 × 10−8) has been established to correct for chance associations that
could occur when conducting large numbers of simultaneous comparisons. The cost of maintaining
such stringency, however, is that genome-wide studies require enormous sample sizes.

To date, GWASs in the field have been completed only for AN—although studies examining BN
and BED are underway. The earliest published GWASs in AN were underpowered, and hence failed to
yield findings of genome-wide significance [21–24]. However, two recently published GWASs, both
conducted by the Eating Disorders Work Group of the Psychiatric Genomics Consortium (PGC-ED),
have yielded intriguing findings reaching genome-wide significance. The first of these, involving DNA
from 3,495 people with AN and 10,982 normal-eater controls, associated a locus on chromosome 12 with
AN, at a site linked to type-1 diabetes and autoimmune diseases [25]. In addition, genetic correlations
(computed using linkage disequilibrium scores) associated AN with mental-illness phenotypes (e.g.,
neuroticism) and physical-health phenotypes (rapid glucose and lipid metabolism, low body mass
index (BMI)). In other words, in addition to expected psychiatric components, findings characterized
AN as having important metabolic and autoimmune components. The autoimmune aspect of these
findings, incidentally, corroborates a report from a study in more than 930,000 Swedish hospital records
showing that children having a parent with an auto-immune disorder are unusually likely to develop
an ED [26].

The second GWAS, involving data from 16,992 people with AN and 55,525 controls [27], identified
eight significant genetic loci, and again implicated psychiatric traits (e.g., obsessive-compulsive
and major depressive disorders), metabolic traits (e.g., insulin resistance, lipid metabolism) and
anthropometric traits (e.g., low BMI, low fat mass). According to these studies, the genetic architecture
of AN not only implicates psychiatric traits, but also metabolic factors and particular physical
(anthropometric) characteristics.

4. Genes and Environmental Activation

It is an intuitive point that the genetic contribution to many mental-health problems acts only
when triggered by the environment—and the preceding is very likely to be true of EDs. As we
have already noted, twin data have shown that EDs involve a strong genetic diathesis, but also a
contribution from the non-shared environment [15]. In other words, ED development is likely to
implicate gene-environment interaction effects. Supporting this point, animal data suggest that genetic
susceptibility, in combination with adolescent social stress and caloric restraint can produce a mouse
“analog” to AN—mice that let themselves starve [28]. Similarly, clinical data show risk of AN to
be increased in genetically disposed individuals when subjected to familial distress [29]. Diverse
environmental influences have been postulated to act in AN, including obstetric insults, gestational
stress, childhood trauma, familial conflict, adult victimization experiences, social inducement towards
caloric restraint, and one’s actual nutritional state [30].

Epigenetic Processes

Epigenetic processes influence gene expression (and corresponding phenotypic variations)
in the absence of actual DNA sequence changes, and are believed to act in an environmentally
responsive fashion [31,32]. Mechanisms involved include DNA methylation/demethylation and
hydroxylmethylation, histone acetylation/deacetylation, histone phosphorylation/ dephosphorylation,
noncoding RNA and microRNAs, as well as transcriptome actions [32]. The most widely studied
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of these, DNA methylation, involves the addition of methyl groups to regions of the gene referred
to as CpG sites—at which cytocine is followed by guanine [32]. Methylation in certain CpGs can
silence or suppress gene expression—in theory, allowing for environmental programming of gene
expression [31,32]. Available findings provide compelling evidence of a role of DNA methylation in
rendering gene expression responsive to environmental exposures. However, these findings are not
without limitations—from both methodological and conceptual standpoints. As a full discussion of
such limitations is beyond the scope of this paper, the interested reader is referred to full treatments of
such questions presented elsewhere [4,33].

Environments of Concern

The Prenatal Environment

A famous study, capitalizing on a “natural experiment” in malnutrition, showed that Dutch
children born to starving mothers (due to a World War II induced food blockade) showed altered
physical stature and emotional adjustment and, after six decades, altered DNA methylation in genes
regulating growth and metabolism compared to those of their siblings [34]. In a similar vein, studies
have linked maternal depression during gestation to altered methylation of the glucocorticoid receptor
(NR3C1) gene and altered stress reactivity in the offspring [35]. Likewise, Suarez et al. [36] observed that
maternal antenatal depression was associated with an epigenetic marker (lower epigenetic gestational
age) associated with mental-health problems in pre-school age boys. Fathers matter, too. Germ
cells in the sperm line convey epigenetic information, meaning that fathers can also influence fetal
programming in their offspring [37]. There is a now-sizable literature demonstrating that stress
in parents of both sexes can impact neurodevelopment in their offspring via epigenetic processes
(see [38] for a thorough review). Also of relevance are findings of a recent study associating fathers’
periconception BMI with DNA methylation patterns in their children at age 3 and 7 years, independently
of mothers’ BMI [39].

One of our group’s recent studies showed that children of mothers who were exposed to intense,
third-trimester gestational distress during very-severe weather conditions—the 1998 Quebec Ice Storm
(regarded as Canada’s worst natural disaster)—showed more ED symptoms at age 13 1

2 than did
children of mothers who had less environmental-stress exposure [40]. Indicating the effect to have
likely epigenetic origins, in a separate study, degree of in utero stress exposure in the same children
was associated with extent of alteration of methylation in genes involved in Type-1 and -2 diabetes
mellitus [41]. Interestingly, children who had higher methylation levels at age 13 concurrently had
a lower BMI and lower central adiposity [41]. Investigating possible epigenetic effects of maternal
EDs upon their offspring, Kazmi and colleagues [42] measured genome-wide methylation of cord
blood DNA in 21 babies of women with active AN, 43 with a past AN, and 126 normal-eater controls.
Infants of women with AN had lower global methylation levels than did controls. In addition, babies
of women who were actively eating-disordered during pregnancy had altered methylation in genes
implicated in biosynthesis of cholesterol and neuronal survival, whereas those whose mothers once
had AN showed altered methylation in a gene linked to inflammation and immune response.

The Childhood Environment

Although it is uncertain to what extent findings obtained in animal studies inform processes in
humans, animal studies have one advantage when studying possible epigenetic effects of early-life
stress—as environmental stress exposures can be randomized across animals and experimentally
manipulated and controlled in a way that could never be done in studies on developing humans. The
preceding allows for differentiation of gene-environment correlations (in which the actor, because of a
particular trait, induces an environmental effect) from gene-environment interactions (in which the
environment has an action that is fully independent of the actor). There are many demonstrations
that animals raised in stressful conditions show altered DNA methylation in systems associated with
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stress accommodation (e.g., [43–45]. Studies by Roth and colleagues indicate that infant rats exposed
to adverse rearing experiences evinced lasting changes in the methylation status of the BDNF gene,
and corresponding behavioral alterations [45]. Likewise, studies by Meaney and colleagues showed
that rat pups receiving low maternal care compared to pups, that received high maternal care had
greater hippocampal DNA methylation of the glucocorticoid receptor gene (NR3C1) and decreased
hippocampal glucocorticoid receptor messenger RNA (mRNA) expression (e.g., [43,46]). In parallel, in
a postmortem study, human suicide victims who had experienced childhood abuse have been shown to
display higher methylation of the NR3C1 gene promoter and decreased levels of glucocorticoid receptor
mRNA in the hippocampus relative to non-abused suicide victims and controls [44]. Numerous
other observations in humans associate early-life stress exposures (such as physical or sexual abuse,
deprivation from parental care, or natural disasters), with epigenetic alterations and later behavioral
and mental-health outcomes [33,47–51].

Suggesting that comparable effects apply in EDs, we previously found that women with BN
who report a history of suicidality have greater methylation of specific CpG sites in the NR3C1 gene
promoter region [52]. We also observed hypermethylation of specific CpG sites in the promoter region
of the BDNF gene in bulimic women who report a history of childhood sexual or physical abuse [53].
BDNF is thought to play a role in neural plasticity, learning of traumatic memory and binge eating [54].
Furthermore, we reported that women with BN and comorbid borderline personality disorder, who
tend to report high levels of childhood adversity, show hypermethylation of the dopamine DRD2
receptor gene promoter region [55].

The Nutritional Environment

Since EDs profoundly affect nutritional status, an important question is “How do ED-induced
nutritional deficits affect the epigenome?” An even more important question may be: “Does nutritional
rehabilitation during ED recovery reverse disorder-linked epigenetic alterations?”. Central to the
preceding questions is that nutrients, such as folate, B12, and choline, influence the functioning of one
carbon metabolism—a physiological process crucial for generating methyl-transfer reactions upon
which DNA methylation depends [56]. While most of the evidence for the influence of nutrients on
DNA methylation comes from animal studies, there is now increasing evidence in humans that dietary
intake of folate, choline, and B-vitamins also affect DNA methylation and brain function across the
life-cycle [56,57]. Furthermore, numerous studies suggest that peoples’ nutritional state can make
epigenetically mediated contributions to psychiatric disorders [58]. Our group is presently studying
pathways, in people with AN, linking self-reported eating behaviors, plasma levels of nutrients
involved in one-carbon metabolism, and DNA methylation levels. At the time of this writing, results
are in a preliminary state. However, initial indices suggest that nutritional factors do impinge directly
upon DNA methylation levels [59].

5. Findings on DNA Methylation in People with EDs

5.1. Methylation Studies in Candidate Genes

We emphasize from the start that candidate-gene methylation studies are subject to all of the
limitations inherent in any candidate study—including problems of power and stability of results.
Nonetheless, interpreted judiciously, available studies offer some intriguing indications: Available
studies in AN have reported altered methylation of genes regulating expression of alpha-synuclein
(involved in neurotransmitter release) [60], dopamine [61] (implicated in mood, impulse-control, reward
sensitivity and binge-like eating), oxytocin [62,63] (linked to social attachment), histone deacetylase [64]
(broadly influencing gene expression), and leptin [65] (which inhibits hunger). Combining measures
of serotonin transporter (SLC6A4) gene methylation with resting-state functional connectivity data,
Boehm, et al. [66] associated epigenetic variation in the SLC6A4 gene with neural connectivity in
the salience network—an important brain circuit for emotion regulation. Another research group
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reported that individuals with BN had greater methylation of the atrial natriuretic peptide (ANP) gene
promoter (involved in cardiovascular homeostasis) than controls [67]. Similarly, studies noted earlier
have documented alterations in the methylation of candidate genes that might, in theory, be relevant to
bulimic ED variants—including glucocorticoid receptor [52] and dopamine DRD2 receptor genes [55].
However, we note that available findings seem to indicate that the epigenetic variations noted may be
more pertinent to comorbidity (e.g., suicidality or personality disorders) than to BN itself.

We identified no studies investigating methylation differences between patients with a primary
diagnosis of BED and normal-eater controls. However, one study reported that patients who showed
concurrent bipolar disorders and binge-eating had hypomethylation of the SLC1A2 gene (involved in
removing glutamate from the synaptic cleft) relative to patients with bipolar disorder who displayed
no binge eating [68].

5.2. Global Methylation Level Studies

A handful of recent studies has attempted to quantify global methylation across the whole genome.
Such studies allow for the evaluation of hypotheses about global variations in methylation levels,
but are “blind” to possibly more meaningful variations in methylation acting at specific genomic
loci. Studies of this type have tended to produce inconsistent results, largely (we suspect) because of
small samples and a diversity of methods involved. Across available studies comparing participants
with AN to those with no ED, we find one reporting no global differences [69], two reporting global
hypomethylation in AN [60,70], and one reporting hypermethylation [71].

5.3. Epigenome-Wide Methylation Studies

Superior to either candidate-gene or global methylation measures, genome-wide methylation
measures allow for the analysis of site-specific alterations at multiple genomic loci. A first study of
this kind, performed by our group, used a high-throughput (Illumina 450K) technology to perform
a genome-wide comparison of methylation levels in DNA obtained from leukocytes in 30 women
with active AN and 15 normal-weight, normal eaters [71]. False discovery rate corrected comparisons
identified differentially methylated CpG probes corresponding to genes associated with histone
acetylation, cholesterol storage, lipid transport, and dopamine and glutamate signaling. Findings also
linked chronicity of illness to DNA methylation levels at probes that mapped onto genes associated
with anxiety, immunity, and central nervous system functioning. An independent study (using
the same technology) reported on methylation in 47 females with AN and 100 population-based
control females [72]. Intriguingly, two of the differentially methylated genes identified in case-control
comparisons—NR1H3 (involved in lipid metabolism and inflammation) and TNXB (associated with
connective-tissue disorders)—corresponded to those identified by our group. TNXB encodes an
extracellular matrix glycoprotein, absence of which has been associated with Ehlers–Danlos syndrome,
a connective tissue disorder characterized by joint hypermobility that is noted to co-occur with AN [73].

Our group subsequently reported on an expanded methylome-wide study, involving enlarged
samples of participants with active AN or no ED, and a new sample of individuals in whom AN had
remitted for at least one year [74]. Methylation levels in members of the remitted group differed from
those in the active group on probes that, among others, isolated genes associated with serotonin and
insulin activity, glucose metabolism, and immunity. Intriguingly, the direction of methylation effects in
remitted participants tended to be opposite to that seen in individuals with active AN, suggesting
that epigenetic alterations in actively ill individuals may be reversible. If so, DNA methylation could
serve as a marker of disease staging or therapeutic response. Furthermore, we find it intriguing that
altered methylation findings seem to parallel results of the GWASs described earlier [25]—i.e., they
also implicate psychiatric, metabolic, and immune functions.
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6. Clinical Applications

Traditional etiological models are replete with blameful and pathologizing innuendos concerning
roles in ED development of “maladaptive personality traits” in affected individuals and “problematic
interaction patterns” in their families. As our review has shown, contemporary conceptualizations
refute such notions—promoting instead the point that people do not develop EDs because of “character
weaknesses,” “stubbornness,” “superficial concern with appearance,” or “bad parenting” but because
they carry real genetic susceptibilities that get “switched on” by a lifetime of environmental exposures.
In other words, EDs are understood to result from factors that are far beyond the willful control of
those affected. It is our belief that perspectives on ED development that properly accommodate genetic
and epigenetic influences improve clinicians’ sensitivity to their patients’ realities, and help make
treatment more palatable and humane.

We take inspiration from several recent efforts to apply gene x environment interaction concepts
clinically in the ED area. One recent study showed that an approach to ED psychoeducation that
was couched in epigenetic terms (referred to as “malleable biology”), when compared to approaches
framed in purely biological or cognitive terms, led to greater recovery optimism and felt self-efficacy
on ED patients’ part [75]. A recent paper makes a similar point, that when counseling for people
affected by EDs places causal responsibility upon interacting genetic and environmental influences,
it has potential to relieve blame and to legitimize patients’ experiences [76]. One of the co-authors
of the paper in question, Jehannine Austin, has been a strong proponent of the application, across a
variety of mental-health contexts, of a new “breed” of genetic counseling. She and her colleagues
have shown that counseling that informs patients and those close to them about gene-environment
interactions helps empower and increase self-efficacy in individuals with mental illness [77]. In one of
their studies, patients reported that this style of counseling made them better able to manage their
illnesses, and more open to talking about them with family and friends [77]. We have similarly argued
that epigenetically informed models improve clinicians’ empathy surrounding the ways in which
EDs can become entrenched and difficult to overcome [30]. Encouragingly (and a bit paradoxically),
formulations of ED development that accommodate neuroscience concepts actually seem to “humanize”
the understanding of ED illness and recovery. Arguably, genetically and epigenetically informed
models of ED development contribute positively to efforts of clinicians and carers in various ways:

1. They blame affected individuals less. Since the causes of EDs are increasingly understood to
involve the activation of real physical susceptibilities by real environmental exposures, it becomes
possible to trace with patients the sequence of life events (that may include perinatal insults,
childhood adversities, school-related stresses and, invariably, the effects of prolonged caloric
restraint) that served to activate inherited susceptibilities toward ED development. Likewise,
because they take into account multiple causal factors (and complex interactions among them),
informed models do less “finger pointing” at parents and other caregivers. It is never a single event
or action (e.g., parents’ divorce, or a care-taker’s depressive episode) that caused someone’s ED.

2. They help promote greater self-acceptance. Clinical experience dictates that a common “symptom”
of an ED is shame. People invariably feel stupid to have developed their disorder, weak to not yet
have overcome it, and guilty for the distress their disorder causes relatives and friends. When with
someone experiencing shame around his/her ED, and speaking from an epigenetically informed
understanding, we might often say something like: “You didn’t ask to have an ED. At the end of
the day, when you fully understand why you developed this disorder, you won’t have to feel
ashamed. You’ll just say, ‘I see why I got an ED’”. This stance on therapists’ part, when sincere,
helps promote self-acceptance in people who are prone instead to self-disparagement. Likewise,
especially when afflicted by an ED after several rounds of therapy, or decades of suffering, it is
natural for affected people to feel inadequate, and perhaps deserving of messages they may have
received from uninformed carers or therapists that “you aren’t trying hard enough” or “You’re
choosing to keep your ED”. Findings from the epigenetic literature suggest that chronic exposure
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to malnutrition and dietary distress amplify psychological tendencies (e.g., compulsivity, anxiety)
and metabolic adaptations (e.g., altered lipid metabolism) that help “lock” the ED into place. The
difficulty one may experience in recovering from an ED becomes understood, not as an index of
character weakness or obstinacy, but of the extent to which biological processes anchor symptoms
and behaviors into place.

3. They help patients (and therapists) accept “incremental response.” Epigenetic data in AN suggest
that there are many disorder-induced alterations in the expression of genes that affect mental
status, metabolism, and immune/inflammatory processes—and that such alterations become
more pronounced with increasing chronicity of illness (see [71,74]). It is likely that these same
factors need to be “reset” before someone affected can take back control. Encouragingly, some
findings show that nutritional rehabilitation does help undo problematic changes—but it remains
unclear over what span of time such alterations take place.

4. They assign proper importance to nutritional factors. It is clear that malnutrition and dietary
distress amplify physical and psychological problems in ED patients, and help lock the disorder
into place. Various recent findings suggest that epigenetic processes may contribute to ED
entrenchment through nutritionally-induced alterations in gene expression [71,72,74]. An implicit
message is that: ”Your ED was triggered by too much caloric restraint and, logically, recovery will
depend upon re-establishing a healthy nutritional state”. Although further research is required to
establish parameters, a related concern may help moderate messages aimed at preventing obesity
that encourage dietary restraint.

5. They help separate the person affected from his/her illness. “Externalizing the illness” is an explicit
operation in family-based treatment approaches [78], and an implicit one in Cognitive Behavioral
Therapy [79] and other established ED treatments. Recognizing that one is separate from one’s
disorder (and the behaviors that it drives) helps affected people overcome shame, and increases
empathy on the part of family members, partners, and friends. A genetically/epigenetically
informed model implicitly separates individuals from the factors that caused and perpetuate their
illnesses—in the sense that the model makes explicit the point that EDs represent the activation
of heritable physical susceptibilities by real-life experiences. We often say: “You did not ask to
have this disorder. You are responsible for repairing the damage and recovering, but not for what
caused the illness in the first place”. In a related vein, because of its ego-syntonic nature, people
with AN sometimes identify positively with their disorder, or assume it as an identity. We believe
that an epigenetically informed perspective helps counteract such tendencies. It helps people
affected by the disorder recognize that “you are not ‘an anorexic’. Rather, you are someone in
whom a vulnerability has been switched on by too much dieting. And the effect is that restricting
food intake feels good in a bit the same way that abusing drugs feels good to a person with an
addiction.”

The following clinical vignette illustrates the potential value of an epigenetically informed stance:
Some time ago, we admitted a woman with severe anorexia nervosa onto our inpatient unit. She was
bewildered and frightened in the early days of her stay on our unit. A voluntary patient, after only a
few days she took essentially the stance: “Thank you, I’m feeling much better and would like to go
home.” This was not a plan that could be safe for her. As a program invested in practices governed
by notions of autonomy support (See [80,81]), we made efforts to avoid involuntary admission. But
rational arguments aimed at helping this woman opt to stay voluntarily failed to be convincing, and
she became increasingly adamant about returning home. Thankfully, serendipity made involuntary
admission unnecessary. This woman spontaneously asked why she felt so bloated after eating, and we
explained that this was a symptom of delayed stomach emptying time typical in AN. She replied: “You
mean it’s not in my head”. We replied: “No. It’s not in your head; it’s in your stomach. There’s a real
physical cause”. We explained further. “And speaking of real physical causes, you know that study
on epigenetics in which we asked you to take part? Can we talk about that a bit?” We elaborated on
what epigenetics is, how it is a science that promises to explain how genetic tendencies get activated
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by the environment. How life stresses and too much dieting seem to be among the factors that cause
epigenetic changes in AN. After a brief discussion, and after addressing the patient’s various questions
and confusions, she stated: “That’s so interesting”. Signs of indignity fell away. She not only consented
to take part in the study, but agreed to stay longer on the unit.
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Abstract: Anorexia nervosa (AN) is a severe metabopsychiatric disorder characterised by caloric
intake restriction and often excessive physical exercise. Our aim is to assess in female AN patients and
in a rodent model, the co-evolution of physical activity and potential dysregulation of acyl—(AG) and
desacyl—(DAG) ghrelin plasma concentrations during denutrition and weight recovery. AN inpatients
were evaluated at inclusion (T0, n = 29), half—(T1) and total (T2) weight recovery, and one month
after discharge (T3, n = 13). C57/Bl6 mice with access to a running wheel, were fed ad libitum or
submitted to short—(15 days) or long—(50 days) term quantitative food restriction, followed by
refeeding (20 days). In AN patients, AG and DAG rapidly decreased during weight recovery (T0 to
T2), AG increased significantly one-month post discharge (T3), but only DAG plasma concentrations
at T3 correlated negatively with BMI and positively with physical activity. In mice, AG and DAG both
increased during short- and long-term food restriction. After 20 days of ad libitum feeding, DAG was
associated to persistence of exercise alteration. The positive association of DAG with physical activity
during caloric restriction and after weight recovery questions its role in the adaptation mechanisms
to energy deprivation that need to be considered in recovery process in AN.

Keywords: restrictive anorexia nervosa; weight recovery; animal models; acyl-ghrelin; desacyl-ghrelin;
physical activity; chronic food restriction

1. Introduction

Anorexia nervosa (AN) is a psychiatric disorder where the severe weight loss due to a reduction
on food intake is associated with high levels of physical activity. Indeed, 31% to 80% of AN patients
display inappropriate quantity of exercise with respect to their energy resources [1,2]. Hyperactivity has
been associated with an increase in the length of hospitalisation stay [3], a poor treatment outcome
both interfering with refeeding therapies and increasing the risk of relapse [4]. One out of two patients
relapses within a year following inpatient treatment and approximately 20% of patients experience
recurrent patterns of remission and relapse or chronic disease [5,6]. The disorder affects predominantly
women and girls, with female to male ratios of approximately 10/1 to 15/1 [7]. The etiology of AN is

J. Clin. Med. 2020, 9, 2782; doi:10.3390/jcm9092782 www.mdpi.com/journal/jcm39



J. Clin. Med. 2020, 9, 2782

complex, but recent evidences emphasise metabolic and endocrine aspects as key pathophysiological
determinants of the disorder [8–12].

Amongst many metabolic and endocrine factors, ghrelin a 28-amino-acid peptide orexigenic gut
hormone produced by the X/A-like endocrine cells in the oxyntic glands of the gastric fundus [13–15],
is involved in many physiological processes associated with feeding and exercise including the
regulation of energy metabolism and appetite [16], the cardiovascular system as autonomic nervous
system [17–20], and the modulation of reward and motivation [11,21,22]. Ghrelin has rapidly been
considered as a biomarker of AN since its plasma concentrations are significantly increased in
AN patients and return to control values after renutrition as also observed in animal models
mimicking several symptoms of AN [23–25]. Acylation (on its third serine residue) by ghrelin O-acyl
transferase allows acyl-ghrelin (AG) to bind to its receptor, the growth hormone secretagogue receptor
(GHSR) type 1a that is widely distributed within the central nervous system [13,26]. Desacyl-ghrelin
(DAG) is also present in the blood circulation [27]. Original studies using competition assays
showed that DAG accounts for 80–90% of total circulating ghrelin [28]. More recently, using very
selective sandwich immunoassays for AG and DAG, DAG accounted for 76% of the total circulating
ghrelin (i.e., AG+DAG) [29]. Despite a number of studies reporting a physiological role for DAG,
usually opposite to AG [27,30–32], its role remains elusive.

Beside appetite, many clinical and preclinical studies support an association of ghrelin with
physical exercise. More particularly, in healthy subjects, acute or short-term exercise duration is
associated with a decrease in ghrelin plasma concentrations while chronic physical activity is correlated
with increased concentrations of ghrelin [33–35]. Increased ghrelin plasma concentrations are also
described in rodents performing chronic treadmill exercise [36]. In pathological situations associated
with excessive physical activity such as AN, total ghrelin is positively correlated with physical activity,
measured by daily step counts [37]. In the activity-based anorexia (ABA) model, where time-restriction
in food access is associated with running activity, mice display excessive daytime physical activity in
the context of limited access to food [38,39]. Interestingly, in ABA mice, a single intracerebroventricular
injection or chronic peripheral treatment with a GHS-R1a antagonist lead to a significant decrease
of daytime activity [38]. Moreover, GHS-R KO mice show a more rapid exhaustion in an endurance
exercise as compared to wild-type mice [40]. However, the differential effect or association of AG
and DAG with chronic physical activity, in clinical or preclinical studies is controversial, because of
the kind of exercise considered (acute, endurance, etc. . . . ) or the sex of the participants (usually
males, in human or rodents). Furthermore, in healthy conditions, only plasma AG concentrations were
modulated by exercise [41–43]. Finally, most of the studies that investigated the role of ghrelin in AN
have focused on variations in plasma total ghrelin or AG, neglecting the potential involvement of DAG.
To our knowledge, longitudinal data are not yet available on AG and DAG levels during a refeeding
hospital program and after body weight recovery associated with physical activity. A standardised
definition of remission, recovery and relapse is still lacking [44]. We thus hypothesised that in long-term
food restriction and in nutritional recovery, AG and DAG plasma concentrations evolve differentially
according to the level of physical activity. For this purpose, we first assessed the evolution of plasma
concentrations of AG and DAG in ill- and recovered-AN patients, in relation with their physical activity.
Then, we used a modified mouse ABA model of chronic quantitative food restriction associated with
a voluntary running activity in a wheel, to determine whether AG and DAG plasma concentrations
reflect the level of physical activity during the periods of chronic food restriction and nutritional
recovery [45,46]. Here, “nutritional recovery” is used to identify patients or rodents that followed a
program of refeeding and included weight restoration.
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2. Materials and Methods

2.1. Experiment 1. Clinical Investigation

Participants. Twenty-nine female patients suffering from anorexia nervosa (AN) in undernourished
state were included in the study (Table 1). Thirteen patients had full weight recovery during intensive
in-patient program and were evaluated one-month post discharge. Participants, aged 18–37 years,
fulfilled DSM-V criteria for AN (APA, 2013). All patients attended a structured in-patient program
in the Eating Disorders Unit of Clinique des Maladies Mentales et de l’Encéphale (CMME, Sainte-Anne
Hospital, Paris, France) and received behavioural nutritional rehabilitation program with progressive
and controlled access to physical activity and were discharged after reaching their target weight and
maintaining it for at least 2 weeks. We excluded patients with active malignancies, active inflammatory
or infectious diseases, epilepsy, and other psychiatric disorders. Several clinical parameters were
recorded at the different time-points. Patients were weighted at every inpatient and follow-up
assessment, size was measured and corresponding body mass indexes (BMIs) were calculated.
Physical activity was assessed with the self-reported International Physical Activity Questionnaire
(IPAQ) [47]. The study protocol was approved by Comité de Protection des Personnes Ile de France III
(EUDRACT N: 2008-A008 17–48; CPP N Am5355-2-2592). All patients gave written informed consent
prior to participation. All data were recorded anonymously.

Table 1. Demographic, anthropometric and socio-economic characteristics of anorexia nervosa in the
clinical samples. Data are presented as mean +/− SD. T0: at admission; T1: 50–70% of target BMI
reached; T2-T3: weight recovered patients with evaluation one month post discharge; AN: anorexia
nervosa; AN-R: anorexia nervosa restrictive type; AN-BP: anorexia nervosa binge-eating/purging type;
BMI: body mass index; EDI2: Eating Disorder Inventory version 2.

T0 (n = 29) T1 (n = 28) T2-T3 (n = 13)

Mean +/−SD % Mean +/−SD % % %

Age (years) 25.8+/−6.8 26.2 +/−6.44 26+/−7

AN-Duration (years) 7.4+/−5.4 7.4+/−5.5 8.8+/−6.5

Age of onset 18.4+/−3.8 18.4 +/−3.9 17.2+/−1.9

AN Subtype
AN-R 59% 57% 60%

AN-BP 41% 43% 40%

BMI at inclusion (kg/m2) 14.6+/−1.3 14.6+/−1.4 14.8+/−1.2

Partner ship
Single 79% 78% 69%

In a relationship 21% 22% 31%
Daily psychiatric drugs 62% 62% 62%

EDI-2 at inclusion
Total 116+/−5 118+/−52 114+/−53.7

Drive for thinness 11.9+/−7.4 12.2+/−7.3 11.5+/−8.6
Bulimia 4.9+/−7 5.1+/−7.1 5+/−7.62

Body dissatisfaction 17+/−6.9 17.1+/−7 17+/−6.7
Ineffectiveness 16+/−8.9 16.5+/−8.7 15.5+/−9.3
Perfectionism 7.5+/−4.4 7.3+/−4.4 7.7+/−4.6

Interpersonal distrust 9.4+/−4.8 9.3+/−4.9 9.4+/−4.5
Interoceptive awareness 14.7+/−7.3 14.8+/−7.4 14.2+/−5.9

Maturity fears 8.3+/−6.5 8.6+/−6.4 8.2+/−7.5
Asceticism 9+/−5.74 9.3+/−5.8 9+/−6.32

Impulse Regulation 7+/−7.25 7+/−7.3 6+/−7.4
Social Insecurity 11+/−5.52 10.8+/−5.4 11+/−6.3
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In order to assay hormonal longitudinal variations in different nutritional conditions,
blood samplings were performed in undernourished conditions (T0) (5–8 days after the arrival
at the Hospital) during the acute phase of the disorder, in the course of the refeeding process
(T1: 50–70% target BMI of 20 kg/m2), after complete weight recovery (T2: 90–100% target BMI) or
during the stabilisation process (T3: 1 month following discharge).

Conditions of Blood Sampling, Processing and Storage of Blood. Blood sampling was performed
after an overnight fast. Blood was collected on tubes containing 15% EDTA and Aprotinin 250 KIU
(tube BD vacutainer EDTA K3 Aprotinin). Blood samples were immediately centrifuged at 4 ◦C
(1000× g for 15 min). In addition, plasma samples were aliquoted and supplemented with HCl at a
final concentration of 0.1 N immediately after collection in order to preserve acylation and frozen
at −80 ◦C.

Acyl—and Desacyl-Ghrelin Immunoassays. Acyl- (AG) and desacyl-ghrelin (DAG) concentrations
were assayed in duplicates with selective two-sites sandwich enzyme-immunoassays (EIA) using two
different monoclonal antibodies for capture and revelation (human AG and DAG EIA Easy Sampling
Elisa kits, Ref A05306 and Ref A05319, respectively, Bertin Bioreagent, Montigny-le-Bretonneaux,
France). For AG, the limit of detection is 4 pg/mL. Intra- and inter-assay coefficients of variation are
9 and 16%, respectively. For DAG, the limit of detection is 10 pg/mL. Intra- and inter-assay coefficients
of variation are 6 and 16%, respectively.

2.2. Experiment 2. Preclinical Investigation

Animals. Seven-week old C57BL/6J female mice (Charles River Laboratories, L′Arbresle, France)
weighing 18.3 ± 0.1 g were housed by cages of two to avoid isolation stress and hypothermia [45].
They were kept in a pathogen-free barrier facility maintained at 22–24 ◦C with a 12:12-h dark-light
cycle (lights on at 07:00 a.m.). During one week of habituation, mice were weighted every day to get
acclimatised to handling. Mice within the same cage had a similar initial body weight. They had
free access to water and to standard chow diet (3% fat, 16% protein, 60% carbohydrate, 4% fibres,
2.79 kcal/g; Safe A04). All experiments were carried out in accordance with the European Communities
Council Directive (86/609/EEC) and approved by the Regional ethical committed of Paris Descartes
University France.

Short-Term Food Restriction Protocol. In this first set of experiments, mice were randomised into two
experimental groups according to their initial body weight. Mice of the group “ad libitum and wheel”
(group ALW, n = 12) were placed in a cage equipped with a free running wheel (ActiviWheel Software;
Intellibio, Seichamps, France) and had free access to food. In the group “food restriction and wheel”
(group FRW, n = 12), mice were placed in a cage equipped with a free running wheel and exposed to a
30% quantitative food restriction for three days followed by 50% quantitative food restriction through
the end of the protocol. This restriction was calculated every day from the total food consumed by
each mouse in the ALW group the previous day, by weighing the whole pellets in the feeder. Food (on
pellet per mouse) was distributed directly into the cage every day at 6:30 p.m. Body weight was
monitored daily at the same time. In 8 out of the 12 cages, the locomotor activity was assessed daily
with a running wheel (diameter: 230 mm; width: 50 mm; 1 revolution = 0.72 m) linked to a computer
system that measured interval counts (10 min) per mean wheel revolution (ActiviWheel Software;
Intellibio, Seichamps, France). In 4 out of the 6 cages of ALW mice, the physical activity was measured
with a manual counter (Sigma Germany BC 9.16 ATS), which indicated total distance, mean speed,
and maximum speed in 12-h periods. Manual counters were read twice per day: between 7:30 and
8:00 a.m. to evaluate ALW nocturnal activity and around 6:00 p.m., before the food distribution, for the
diurnal activity. The wheel running activity was measured per cage, because ethologically speaking
and for the welfare of the animals, we decided to avoid stress isolation and the hypothermia induced by
our long-term caloric restriction protocol. The recording of physical activity thus reflected the activity
of two mice that usually run two by two in the wheel (personal observation), resulting in 6 ALW and
6 FRW cages. Since we measured each animal body weight daily, we were able to detect changes
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in feeding or running activity and thus avoided the cage-effect of these analyses. As mentioned,
weight loss in a same cage is usually similar (considering the standard deviation) leading us to consider
the cage value of physical activity in wheel for each mouse. Data were extracted with an excel macro
(Microsoft Office Standard, 2016) to obtain cumulative activity or day/night activity. To establish a link
between plasma concentrations of AG and DAG with physical activity, blood samples were collected
twice: in the morning (D11) at 9:00 a.m. and before food distribution (at D10) at 5:00 p.m., when the
anticipatory food activity was developed in the FRW mice (see results).

Long-Term Food Restriction and Nutritional Recovery Protocols. In the second set of experiments,
mice were randomised according to their initial body weight into two experimental groups FRW
(n = 6) and ALW (n = 6) as described above. The experimental protocol was exactly similar to the
short-term food restriction, except that we maintained the groups of mice in this protocol for 8 weeks.
Body weight was monitored three times a week. The locomotor activity was assessed daily with a
running wheel linked to a computer system that measured interval counts (10 min) per mean wheel
revolution (ActiviWheel Software; Intellibio, Seichamps, France). After 8 weeks of this protocol,
nutritional recovery was achieved by giving ad libitum access to standard diet to all FRW mice while
free access to the running wheel was maintained. As mentioned above, the activity was evaluated
per cage. Data were extracted with an Excel® macro (Microsoft Office Standard, 2016) to obtain
cumulative activity or day/night activity. To evaluate the kinetic of plasma ghrelin concentrations
during the refeeding period, two blood samples were withdrawn at 5:00 p.m.: on day 51, one day after
the beginning of the refeeding, and on day 70, at sacrifice (after two weeks of nutritional recovery).

Blood Samples Collection. AG and DAG Plasma Assays. Blood samples were collected from the
caudal vein with a 1-mL syringe in EDTA coated tubes (1 mg/mL final, Microvette® CB 300 μL,
Sarstedt, Germany) containing p-hydroxy-mercuribenzoic acid (PHMB 0.4 mM final), which is a serine
protease inhibitor, and kept at 4 ◦C until processing. At the end of the short- and long-term protocols,
mice were deeply anesthetised with an overdose of ketamine (100 mg/kg) and xylazine (20 mg/kg) mix.
Blood was collected through cardiac puncture with a 1-mL syringue and transferred into EDTA coated
tubes. Samples were rapidly centrifuged (1000× g for 10 min, 4 ◦C), to collect plasma (around 80 μL),
which was immediately acidified with HCl (0.1 N final) to preserve ghrelin acylation. Plasma aliquots
were frozen in dry ice before being stored at −80 ◦C until they were assayed. Plasma AG and DAG
concentrations were evaluated by specific EIA (A05118 for the acylated form and A05117 for the
des-acylated form; Bertin Bioreagents, Montigny le Bretonneux, France). All samples were analysed in
duplicates. Intra- and inter-assay coefficients of variations were 6.1% and 5.7% for AG and 5.5% and
4.8% for DAG, respectively.

Statistical Analysis. Analysis of normality and equality of variances were tested by Shapiro-Wilk
test. Statistical analysis were performed using one-way ANOVA followed by a Fisher post-hoc test
when the p value of the ANOVA was significant (p < 0.05) or a non-parametric ANOVA followed by
Tukey or Bonferroni post hoc test was used when appropriate, using Statview® software (SAS institute
Inc., Cary, NC, USA).

Clinical values are given as mean ±SD. Preclinical values are given as mean ±SEM. For both
clinical and preclinical values correlations we used Pearson correlation test if normality is respected
(Shapiro-Wilk p > 0.05) or Spearman’s rank correlation coefficient if not (Shapiro-Wilk p < 0.05).
We used Jamovi Softare (Version 1.1; R Core Team 2018). The level for significance was established at
5%. We considered a tendency at 0.1 > p > 0.05. Graphs were generated using GraphPad Prism® 5.01
(Abacus Concepts, Berkeley, CA, USA).
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3. Results

3.1. Experiment 1. Clinical Investigation

3.1.1. Longitudinal Evolution of BMI and Physical Activity during Inpatient Weight Recovery and
One-Month Post Discharge

At inclusion (T0), 29 female patients were evaluated. Only one patient left the protocol before
T1. Thirteen patients out of the 29 were re-evaluated both at T2 (90–100% target BMI) and one-month
post-discharge (T3). Our analysis focused on recovery and early modifications of metabolic parameters
after discharge (Time T3). We thus considered only patients who succeeded in obtaining “full” weight
recovery during treatment in our clinical unit, namely the 13 patients presented in our study. The
other patients (n = 16) did not fulfil the criteria and left hospital mainly after “partial” weight recovery
(about 16 kg/m2). Table 1 describes the clinical sample.

Between T0 and T2, patients increased their BMI according to the strict clinical protocol with
weight therapeutic contract (U = 51, p < 0.001) and reduced their physical activity (U = 53.5, p = 0.002).
The BMI significantly increased between T0 and T2 (F(2-75) = 186, p < 0.001; Figure 1A). More specifically,
post-hoc analysis revealed a significant increase between T0 and T1 (p < 0.001) and between T1 and T2
(p < 0.001). Physical activity was permitted after 50% of total expected weight gain, explaining no
physical activity reported at T1 (Figure 1B).

Figure 1. Longitudinal evolution of acyl-ghrelin (AG) and desacyl-ghrelin (DAG) during inpatient
weight restoration and one-month post discharge. One-month post hospitalisation (T3), BMI (A) and
physical activity (B) significantly decreased and plasma concentrations of AG (C) increased but not
DAG (D). Plasma concentrations of DAG at the end of hospitalisation (T2) were negatively correlated to
BMI one month later (T3,F), but not AG (E) and positively correlated to the increase of physical activity
between the end of hospitalisation and one month later (H), but not AG (G). Only statistical differences
between two consecutive time-points are reported. T0 = 1-week post-admission; T1 = 50–70% of target
BMI reached; T2 = discharge BMI (close to target BMI); T3 = 1-month post-discharge visit. BMI: body
mass index. MET: metabolic equivalent of task. ** p < 0.01; *** p < 0.001.

3.1.2. Rapid Decrease of Circulating AG and DAG during Refeeding Period

Both AG and DAG plasma concentrations significantly decreased during weight recovery
(respectively F(2-75) = 7.68, p < 0.001; F(2-75) = 6.86, p = 0.002, Figure 1C,D). More specifically,
post-hoc analysis revealed a significant decrease of these two forms of ghrelin between T0 and
T1 (AG: p = 0.006; DAG: p = 0.005), T0 and T2 (AG: p = 0.003; DAG: p = 0.009) and T1 and T2 (AG: n.s.;
DAG: n.s.). The AG/DAG ratio was calculated, and ANOVA analysis did not show any significant
effect of time (F(2-75) = 0.04, p = 0.963).
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3.1.3. Early Increase of Circulating AG but Not DAG One Month after Discharge

One month after discharge (T3), patients BMI globally decreased (20.1 ± 0.09 vs. 19.1 ± 0.24;
T2 vs. T3, U = 51, p < 0.001, Figure 1A). Physical activity was significantly increased (T2 vs. T3,
U = 53.5, p = 0.002, Figure 1B). Plasma concentrations of AG were significantly increased (73.2 ± 30.9
vs. 111 ± 43.6; T2 vs. T3, U = 79, p = 0.011, Figure 1C), with mean circulating DAG at T3 was 153% of
that at T2 (U = 08, p = 0.058, Figure 1D). The AG/DAG ratio was calculated and no significant difference
was noted between T2 vs. T3 (U = 146, p = 0.727).

3.1.4. Correlations between Circulating DAG after Weight Recovery (T2) and BMI at T3

The correlations are presented in Table 2. At T2, AG and DAG plasma concentrations were not
correlated to BMI (respectively: r = 0.107, p = 0.73; r = −0.378, p = 0.202). DAG plasma concentrations,
but not AG, were positively correlated with physical activity (respectively: rho = −0.609, p = 0.027;
rho = -0.322, p = 0.283). Furthermore, DAG value at T2 was negatively correlated with BMI at T3
(r = −0.607, p = 0.028, Figure 1F), while it was not the case for the AG value (r = −0.264, p = 0.383,
Figure 1E). Finally, the increase of physical activity between T2 and T3 was significantly correlated to
DAG value at T2 (r = 0.587, p = 0.035 Figure 1H), but not AG value at T2 (r = 0.468, p = 0.107, Figure 1G).

3.2. Experiment 2. Preclinical Investigation

3.2.1. Short Term Food Restriction Protocol: Link between AG, DAG and Physical Activity

At D0, the body weight was not significantly different between ALW and FRW mice (17.3 ±
0.25 vs. 17.0 ± 0.19 g). At D14, the body weight of FRW mice was significantly decreased (12.92 ±
0.21 g) compared to ALW mice (17.89 ± 0.27; t = 14.63, p < 0.0001; Figure 2A). Physical activity was
evaluated per cage (2 mice per cage). Total 24 h activity was similar between ALW and FRW at D0
(U = 71, p = 0.96; ALW vs. FRW: 564,302 ± 196,102 vs. 348,602 ± 113,549) and at D14 (U = 50, p =
0.22; ALW vs. FRW: 1,032,292 ± 308,989 vs. 564,872 ± 183,051). From D8, only FRW mice developed a
food anticipatory activity (FAA, p < 0.01 FRW vs. ALW; Figure 2B) 4 h 30 before the distribution of
food (2:00 p.m. to 6:30 p.m.). From D10 to D14, ANOVA analysis for repeated measures revealed an
interaction between group and day/night activity (F(1-160) = 8.86, p = 0.049). When considering the
cumulative activity between D10 and D14, post-hoc analysis indicated that ALW showed the highest
activity during the night (day vs. night: 52,178 ± 18,874 cm vs. 4,850,005 ± 1,358,516 cm, p = 0.008),
and FRW mice did not show any significant differences between day and night activity (day vs. night:
877,885 ± 189,871 cm vs. 1,026,869 ± 189,585 cm, p = 0.61) reflecting the FAA.

Plasma ghrelin concentrations were measured when the FAA was clearly developed:
before distribution of food for FRW (at 5:00 p.m.) and when mice were fed (at 9:00 a.m.). At 9:00 a.m.
AG plasma concentrations in fed mice were not different between ALW and FRW (p = 0.15), but were
significantly increased only for FRW mice at 5:00 p.m. as compared to ALW mice (U = 79.5, p < 0.0001,
Figure 2C). DAG plasma concentrations were significantly higher in FRW mice both at 9:00 a.m.
(U = 151, p = 0.0041) and at 5:00 p.m. (U = 32, p < 0.0001) than in ALW mice (Figure 2D). Finally,
AG and DAG were significantly increased between morning and afternoon (p < 0.0001, Figure 2C,D).
The AG/DAG ratio was significantly different between ALW and FRW at 9:00 a.m. (0.22 ± 0.02 vs.
0.13 ± 0.01, U = 140, p = 0.0018), but not at 5:00 p.m. (0.25 ± 0.04 vs. 0.24 ± 0.03, U = 250.5, p = 0.44).

The high quantity of physical activity performed by FRW mice during FAA (day 12) was correlated
with high plasma concentrations of AG (Figure 2E, rho = 0.661, p = 0.001) and DAG (Figure 2F;
rho = 0.614, p = 0.002).
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Figure 2. Short-term food restriction protocol. (A) Body weight evolution with a significant decrease
from D2 to D14 for FRW vs. ALW mice. (B) Implementation of the food anticipatory activity (FAA,
day activity) in the FRW mice from D6 to D14. (C) Mean plasma concentrations of acyl- (AG) and
(D) desacyl-ghrelin (DAG) sampled at D10 (5:00 p.m.) and D11 (9:00 a.m.). Significant increases
of AG and DAG were observed between morning and late afternoon samples only for FRW mice.
(E,F) Plasma concentrations of AG (E) and DAG (F) were positively correlated with food anticipatory
activity. Data are expressed as mean ± SEM; n = 24/group. ◦◦◦ p < 0.001 9 h vs. 17 h; ** p < 0.01,
*** p < 0.001 ALW vs. FRW. ALW: ad libitum and wheel; FRW: food restriction and wheel.

3.2.2. Long Term Food Restriction Protocol and Refeeding

Fifty days after the beginning of quantitative food restriction for the FRW group, ad libitum food
regimen was fully restored. The body weight of the FRW mice was rapidly restored after one day of
refeeding (Figure 3A). In 4 days, FRW mice exhibited higher food intake as compared to the ALW
group (D1: 213% of ALW food intake, D2: 167%, D3: 147%, Figure 3B).

It was not possible to properly measure physical activity during early refeeding from D51,
because of the high binge-eating-like behaviour that interfered with FRW mice daily exercise. However,
at D70, when FRW mice body weight was completely restored, activity in running wheels was
significantly lower as compared to ALW mice during night-time only (U = 0, p = 0.007, Figure 3C).

On the first day of the refeeding period (D51), AG and DAG plasma concentrations were
significantly decreased in FRW mice compared to ALW mice (respectively U = 3, p = 0.015; U = 3,
p = 0.015, Figure 3D,E), whereas at D70, no difference was noted between the two groups for AG
(U = 13, p = 0.792, Figure 3F) and DAG (U = 10, p = 0.429, Figure 3G).

At D70, night and total activities in ALW mice were positively correlated to AG (respectively,
rho = 0.887, p = 0.018; rho = 0.888, p = 0.018), but not DAG. In contrast, total activity in FRW mice was
positively correlated to DAG (rho = 0.96, p = 0.01) with a tendency only for day activity (rho = 0.820,
p = 0.089) but not AG (Table 3).
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Food restriction Refeeding 

Figure 3. Long-term food restriction protocol and nutritional recovery (refeeding). (A) Longitudinal
evolution of body weight during long term protocol. (B) Evolution of food intake during the refeeding
period. (C) Total, day and night voluntary exercise in wheel at the end of the refeeding period;
FRW mice showed an alteration in the daily distribution of their physical activity. (D,E) Acyl- (D) and
desacyl-ghrelin (E) after one day of refeeding (D51). (F,G) Acyl- (F) and desacyl-ghrelin (G) after
20 days of refeeding (D70). Data are expressed as mean ± SEM; n = 6/group. Dotted lines in B

represent the percentage value corresponding to the food eaten by ALW mice. * p < 0.05; ** p < 0.01.
ALW: ad libitum and wheel; FRW: food restriction and wheel.

Table 3. Correlation between physical activity in wheel (total, day and night) and acyl- and
desacyl-ghrelin plasma concentrations, in FRW and ALW mice at D70 (20 days of refeeding).
Spearman’s rank correlation coefficient is indicated by rho.

ALW FRW

AG DAG AG DAG

Activity in Wheel
Total 0.887 * 0.609 0.699 0.960 *
Day −0.297 −0.407 0.569 0.820

Night 0.888 * 0.614 0.117 0.049

* p < 0.05. Significant values are indicated in bold. AG: acyl-ghrelin; DAG: desacyl-ghrelin; ALW: ad libitum and
wheel; FRW: food restriction and wheel.

4. Discussion

In the present study, we aimed to improve our understanding of the link between plasma
concentrations of the two isoforms of ghrelin and the level of physical activity in condition of
chronic food restriction and during nutritional recovery. In AN patients, under an inpatient therapeutic
program, we observed that one month after discharge only plasma DAG concentrations were negatively
correlated to BMI and positively to the level of physical activity. In keeping with this observation
in AN patients, we also showed in mice that after two weeks of nutritional recovery, plasma DAG
concentrations were positively correlated with diurnal physical activity.

In AN, refeeding is accompanied by a significant reduction in plasma ghrelin concentrations [23,48].
To our knowledge, only one study reported a differential evolution of plasma AG and DAG
concentrations during nutritional recovery in five women with restrictive-type AN [49]. Plasma DAG
concentrations decreased more rapidly than AG in the early stage of hospitalisation and after 8 weeks
they remained significantly lower than in ten control subjects [49].

Relapse after hospitalisation is a major clinical challenge, especially within the first year following
treatment [44,50]. Thus, the identification of factors influencing recovery is a research priority for
AN [51]. During hospitalisation, the therapeutic program followed by our AN patients involves
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reduction of exercise and physical activity limitations and both quantitative and qualitative food intake
modifications. During this period, we observed that plasma concentrations of total ghrelin, AG and
DAG decreased rapidly, as previously demonstrated in longitudinal studies [23,49]. The therapeutic
program includes a progressive exposure to home after weight recovery and before discharge,
with regular home visits. However, the period following weight recovery remains a challenge both for
patients and caregivers, most patients losing weight one month after discharge and resuming their
physical hyperactivity routine. In the present study plasma AG concentrations increase faster than DAG
after return in an ecological environment. More specifically, BMI and DAG are negatively correlated.
Recent data showed that physical activity correlated positively with total plasma ghrelin levels in acute
state of AN [37]. Here, only DAG plasma concentrations at discharge were associated with increased
physical activity one month later. Although the follow-up was too short to conclude about a possible
relapse, our data further support that early variations of body weight and physical activity may be
influenced by metabolic factors at discharge. Length of hospitalisation and balance between inpatient
and intensive outpatient treatment might benefit from objective metabolic biomarkers, such as AG
and DAG.

To better decipher the potential interaction between daily physical activity and metabolic
alterations, we used a preclinical mouse model of chronic food restriction associated with voluntary
physical activity, in which metabolic parameters have been characterised previously following either a
short- (2 weeks) or long-term (8 weeks) protocol [45,46]. In the present study, AG and DAG plasma
concentrations were assessed at different key stages of the protocol, using selective and sensitive
immunoassays [29]. We first assessed such variations in mice submitted to a two-week food restriction
that had the ability to run in a wheel. The association between ghrelin and exercise had previously
been demonstrated in the “activity-based anorexia” (ABA) model. Indeed during 5 days of ABA
protocol, GHRS-R1a antagonism inhibited food anticipatory activity (FAA) in mice [38] and the
motivational drive to eat in rats [52]. Moreover, ghrelin knockout mice exhibited a lower FAA in wheel
during a time-restricted feeding protocol and acute administration of GHRP-6, a GHSR-1a agonist,
was sufficient to enhance the amount of voluntary exercise in ghrelin KO mice [53]. This increase
of FAA induced by GHRP-6 is mediated by an increase of dopaminergic activity in the nucleus
accumbens [53]. These data are of importance since they emphasise how ghrelin, usually studied
for its involvement in the modulation of food intake [54], is essential to initiate voluntary exercise in
parallel to feeding behaviour. Here, in our quantitative food-restricted model, we consolidated the data
obtained by Mifune et al. in their time-food restricted model [53]. Indeed, only the food-restricted mice
that developed the highest FAA displayed the highest plasma concentrations of both AG and DAG.
The mechanisms by which animals anticipate feeding remain yet unresolved (see. Mistlberger (1994)
for review) [55]. Food anticipatory activity might be induced by both food-inducible oscillators—the
precise location into the brain of which remains to be determined [56,57]—and circadian-clocks located
in the suprachiasmatic nucleus [58]. LeSauter et al. (2009) suggested that stomach-producing ghrelin
cells contain food-entrainable oscillators [59]. They showed that intraperitoneal ghrelin administration
in non-deprived mice, but in the absence of food, induced an increase in the locomotor activity while
mice lacking ghrelin receptors displayed a significant reduction of FAA. Acylated ghrelin appears to
stimulate both the appetitive (anticipatory locomotor behaviour) and the consummatory component
(food intake) of feeding behaviour. However, AG does not appear to be necessary for FAA although
anticipatory activity rhythms may exhibit a reduced peak level or duration in ghsr −/−mice; supporting
a modulatory influence of ghrelin rather than a full food-inducible oscillator role [56,60–63]. Although
the potential role of DAG as a hormone remains a matter of debate, DAG is suggested to be a
signalling molecule that has specific targets, including the brain, with mostly opposite and independent
effects to AG on food intake and glucose homeostasis [27,30,64,65]. To our knowledge, a relation
between DAG and physical activity anticipatory to feeding had not been previously demonstrated in
food-restricted rodents. An elegant study on bird migratory behaviours demonstrated that injections
of DAG decrease food intake and increase migratory restlessness [66]. Indeed, ethologic condition of
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migration associates voluntary exercise to voluntary immediate food renunciation permitting long-term
gain for the species [67]. As mentioned by Guisinger et al. (2003) “AN’s distinctive symptoms of
restricting food, denial of starvation, and hyperactivity are likely to be evolved adaptive mechanisms
that facilitated ancestral nomadic foragers leaving depleted environments; genetically susceptible
individuals who lose too much weight may trigger these archaic adaptations.” [67]. Although highly
speculative and lacking enough empirical substantiation, these findings prompted us to determine
whether the evolution of AG and DAG in relation with physical activity during and after feeding
evolved similarly to establish them as reliable post-remission predictors.

The food restriction protocol was thus extended to 50 days followed by a long-term nutritional
recovery protocol. Such a protocol better mimicked the physiological changes that occur during
weight recovery in AN patients. In this perspective, our preclinical model may fulfil face validity
(phenomenological similarities for the physiological alterations) and predictive validity, criteria that are
essential to model pathology [68]. After long-term food restriction, plasma AG and DAG concentrations
remained elevated. Then, the prolongation of the protocol impacted the day-night exercise setting
out even after 20 days of nutritional recovery, despite the technical necessity of maintaining two mice
per cage to limit social stress. Nevertheless, this suggested that after 20 days of nutritional recovery,
the voluntary physical activity remained differentially correlated with AG or DAG, in control or food
restricted mice respectively. Indeed, DAG positively correlated with exercise performed during the
day, only in the FRW group.

The effects of exercise on plasma total or AG plasma ghrelin levels have been investigated in
multiple human and rodent studies although the results have been inconsistent, demonstrating either
a decrease, increase, or no change [40,69]. Only total and AG concentrations have been measured.
To our knowledge, no study described the impact of physical activity on DAG. Here, we benefited
from the development of selective and sensitive assays, validated both in humans (personal data) and
rodents [29]. Our results converge in both rodents and humans and highlight the importance of the
balance between AG and DAG. Indeed on one side, AG is rapidly converted into a DAG because of
the rapid action of blood esterases [70]. On the other side, the ghrelin O-acyl transferase (GOAT) that
permits the octanoylation of ghrelin (AG) is now considered to be a key regulator in energy metabolism
and hedonic feeding [71–73]. DAG has long been considered to be an inactive product of degradation of
AG but subsequent data suggest that it is a metabolically active peptide acting through a yet unknown
receptor [27]. Mostly, DAG antagonises but sometimes acts synergistically with AG, since it can bind
and activate the AG receptor but with a lower affinity in vitro and in vivo [74]. However, DAG does
not reach the necessary concentrations in tissues to do so, at least under physiological conditions [27].
Overall, studies in rodents and humans support a role of DAG to decrease body weight, food intake
and body fat [75,76]. Indeed, DAG overexpressing mice exhibit a decrease in body weight, food intake,
fat pad mass weight accompanied by a modest decrease in linear growth [76]. These physiological
changes are attributable to (1) the decrease in gastric emptying and (2) an anorexigenic effect of
DAG mediated by a specific activation of hypothalamic neurons [76,77]. In the present FRW model,
intraperitoneal injection of DAG increased physical activity [78]. Therefore, we hypothesise an indirect
action of DAG on physical activity. Indeed, GOAT activity has been detected in the hypothalamus
and pituitary and its hypothalamic expression is nutritionally regulated [73,79]. Thus, increased DAG
plasma concentrations during chronic food restriction might indirectly activate GHS-R via a local
hypothalamic conversion into AG, leading to an adaptive increase of physical activity [80].

The present clinical data enlightened the potential role of DAG in recovery processes in AN and
suggested a potential negative impact of DAG on weight recovery. Such interpretation might be
paralleled with data obtained from the mouse model where increased plasma DAG correlated with
an unusual physical activity during daytime, since rodents are used to exercise during night-time.
This may reflect a sustainable alteration of physiological regulation of feeding-relative behaviours away
from a long- period of caloric restriction that can interfere with a proper recovery. DAG has also been
implicated in myogenesis and thus may protect the muscle integrity along weight loss [54,81]. Finally,
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we cannot exclude the role of elevated DAG plasma concentrations in the development of osteopenia
and osteoporosis even if DAG effects on bone physiology are currently very limited and contradictory.
On one side, DAG stimulates human osteoblasts proliferation in the absence of GHS-R1a [82]. On the
other side, mice overexpressing DAG show a moderate decrease in their linear growth suggesting an
impairment of the skeletal integrity [76]. Further mechanistic studies will help to decipher how AG
and DAG modulate both muscle and bone integrity and functioning.

Translational data might be a prerequisite to stress the mechanisms that support a successful
recovery in AN. On one hand, ghrelin agonists induced motivation to exercise through activation
of the central reward circuit [53]. Furthermore, central administration of ghrelin enhances exercise
through dopamine release in the nucleus accumbens [83]. In AN, an alteration of the reward circuit
is now well accepted [11]. Further studies are needed to determine the action of DAG on this brain
circuit. On the other hand, several data have linked the body temperature with the level of activity
both in mice, in rats and in AN patients [84,85]. Thus, increasing physical activity through a direct or
indirect action of AG or DAG could maintain appropriate body temperature in AN.

Limitations and perspectives. There are several limitations to this study. First, the small size of
the clinical sample prevents generalisation and calls for replication. Second, we need to be cautious
with the interpretation of data related to physical activity measurement in clinical and preclinical
experiments. In the clinical sample, we used an internationally valid self-report assessment (IPAQ).
Actimetry, heart rate monitoring, and recent progress on portable devices would allow investigating
physical activity based on objective measures, which would be more accurate. Indeed, physical activity
in AN patients is underestimated by subjective assessment (IPAQ) when compared with objective
(Actiheart) measurement [86]. We also confirmed that objective assessment of physical activity could
be more informative than subjective ratings, to reflect for example cognitive specificities of anorexia
nervosa [87]. As surprising as it may seem, physical activity assessment in AN is so far not well defined,
and there is currently no real consensus on how to measure it. In future research, it seems necessary
to assess the different aspects of physical exercise conjointly (obligatory exercise, addiction exercise,
commitment for exercise, reasons for exercise, isometry. . . ) [88]. Recent studies support the need to
investigate more in depth this unsuitable behaviour in a condition of reduced energy supplies [2,89].
Third, the choice to maintain as long as possible two restricted mice in a cage equipped with a wheel
to avoid social stress and hypothermia, could limit the measurement of physical activity. However,
separate experiments done in metabolic cages (where the ALW and FRW mice were singly housed for
5 to 6 days), validated that singly housed FRW mice exhibited similar FAA after 15 days of protocol
(Duriez et al., unpublished data, [45]). For the welfare of the animals and to avoid stress isolation
and hypothermia induced by a long-term caloric restriction, mice were maintained as two per cage.
The recording of physical activity reflected the activity of two mice that usually run two by two in
the wheel (ALW or FRW, personal observation). We also observed that the nutritional recovery was
extremely rapid in our animal experiment, with a rapid body weight gain, that is consistent with a
faster metabolism observed in rodents than in human. It might be interesting to validate another
protocol of slow nutritional refeeding monitored by the investigator. Altogether, this reflects the
limitations of animal modelling of psychiatric disorders. The rapid decrease of AG and DAG plasma
concentrations, rapid weight gain and binge-eating like behaviour in the first three days of nutritional
recovery suggest the persistence of food directed motivation after a long caloric restriction period.
However, our conclusion asks the question to compare progressive to rapid weight recovery in mice.
Indeed, clinical practice reported in some cases a rapid weight recovery in AN, especially in the case of
clinical switch from AN to bulimia nervosa [90,91]. Ghrelin gene variants may also predict crossover
rate from restricting-type AN to binge-purging subtype or bulimia nervosa [92]. We need to know
whether the changes in AG and DAG during a rapid or a progressive weight recovery associated or not
with binge-eating crisis forecast sustainable altered eating behaviour. Finally, weight gain cannot be
considered as the unique remission factor. Preclinical models appear then to be crucial tools to decipher
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long-term metabolic alterations after full weight recovery and despite their limitations, they could
permit to test pharmacological options. Shall DAG-signalling be a pharmacological target in AN?
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Abstract: (1) Background: Altered physical activity (PA) affects weight recovery in anorexia nervosa
(AN) patients. The study aimed to objectively characterize PA patterns and their effect on weight
trajectory in adolescent AN patients. (2) Methods: PA was assessed in 47 patients on admission to
inpatient treatment, in n = 25 of these patients again 4 weeks after discharge (follow-up, FU), as well
as in 20 adolescent healthy controls using the Sense Wear™ armband. The following PA categories
were defined by metabolic equivalent (MET) ranges: sedentary behavior (SB), light (LPA), moderate
(MPA), vigorous (VPA), and high-level PA (HLPA=MPA + VPA). (3) Results: LPA on admission was
significantly higher in AN patients than in controls (103 vs. 55 min/d, p < 0.001), and LPA in AN
decreased over time to 90 min/d (p = 0.006). Patients with higher admission LPA (n = 12) still had
elevated LPA at FU (p = 0.003). High admission LPA was associated with a higher inpatient BMI
percentage gain (ΔBMI%; 18.2% ± 10.0% vs. 12.0% ± 9.7%, p = 0.037) but with a loss of ΔBMI% at FU
(−2.3% ± 3.6% vs. 0.8% ± 3.6%, p = 0.045). HLPA at baseline was associated with a lower inpatient
ΔBMI% (p = 0.045). (4) Conclusion: Elevated LPA in AN patients decreased after inpatient treatment,
and PA patterns had an impact on weight trajectory.

Keywords: anorexia nervosa; physical activity; accelerometry; weight gain

1. Introduction

Anorexia nervosa (AN) is characterized by the restriction of energy intake, low body weight, fear of
weight gain, and distorted body image [1]. Increased physical activity (PA) has been observed in 31–80%
of patients suffering from AN [2], yet varying definitions and terminology, such as hyperactivity [3],
excessive activity, and problematic exercise [4], are used in the literature to describe this phenomenon.
These definitions include different types of PA, ranging from light PA, such as standing and walking,
to high-level PA, such as running or biking. Due to the lack of a common definition, the AN-specific
PA patterns as well as the effect of these PA patterns on the illness course are difficult to discern [4].
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Additionally, when assessing PA in AN patients, there is a discrepancy between self-reported and
objectively measured PA; patients tend to both either over- or underestimate their PA [5–7]. Despite
the high clinical relevance of objectively measured PA in AN patients, considering its impact on weight
recovery [8,9], few studies have objectively assessed PA in AN patients.

In the present study, the terms high-level PA and light PA will be used to distinguish between
high and low intensity PA. In previous studies, average total PA did not vary between AN patients and
healthy controls [5,10], but high-level PA was both higher [11] and lower [12] than in healthy controls.
Several studies demonstrated increased light PA in AN patients, such as more time on feet during
daytime [8], more time spent in PA intensities of between 1.8 and 3 metabolic equivalents (METs) [12],
and more time ‘fidgeting’ compared to healthy controls [8,13]. However, varying definitions for
fidgeting have been used, such as changes in body position while seated per time unit, and average
acceleration from both feet in meters/second2/minute. There is high interpersonal variation in PA
patterns among AN patients [11,12]. Longitudinal PA assessment indicated a link between pre-hospital
exercise behavior and objectively measured total PA at the time of admission [14]. The findings on
long-term patterns of the PA behavior of AN patients during and after treatment are controversial,
as some studies state that total PA increased during weight restoration [8,15], while in others total PA
decreased [16]. After discharge from inpatient treatment, both light PA and high-level PA remained
constant [16], and, overall, PA did not vary between recovered AN patients and healthy controls [17].
Little data exist on how objectively measured PA affects weight trajectory. One study found no
association between light PA (<3 METs) and BMI trajectory in adult AN patients [18], while others
found that BMI trajectories were associated with time on feet when weight restored [8], the number
of steps per day, the time spent in light PA (1.8–3.0 METs) [12], and the time spent in high-level PA
(3–6 METs) [12,19]. In an outpatient setting, higher levels of total PA were associated with higher BMI
values [20]. While this finding is somewhat counterintuitive, i.e., more PA that may have been driven
by the desire to lose weight did not reduce BMI, it also highlights the bidirectional interdependence of
BMI and PA, as it is also possible that a higher BMI reflects a healthier state that can result in higher
and healthy activity.

Prior studies in an inpatient setting have shown that even under PA restricted inpatient conditions,
there is a high variance in regards to PA amongst AN patients [11,12,16]. In one study, steps ranged
from 2479 to 31,876 per day [12]. This variance is observable even when PA is specifically restricted as
part of the treatment program [16]. Our study aims to better characterize these PA patterns and to
assess their impact on weight trajectory in order to identify subgroups of patients at risk for a poorer
treatment outcome. Identifying these patients at the beginning of treatment may allow for future
studies to explore new approaches to treatment tailored to the needs of patients with specific types
of hyperactivity.

We propose that PA levels impact weight trajectory, while not all physical activity levels will have
the same impact on the weight recovery of patients. Based on our prior research [12], we hypothesize
that high light physical activity will correlate with a poorer weight trajectory while increased high
level physical activity will not have this same impact. We also propose that physical activity patterns
are closely linked to the phenotype of AN; therefore, PA patterns will vary between adolescent AN
patients and healthy controls. To pursue these aims, the following hypotheses were tested:

• Similar to adults, inpatient adolescent AN patients spend more time in light PA than age-matched
healthy controls, while moderate PA and vigorous PA will be lower in AN patients.

• Within AN patients, different subgroups exist with respect to PA patterns (i.e., increased light PA
or high-level PA defined as moderate PA + vigorous PA), and this PA pattern is an individual trait
that remains constant over time, irrespective of therapy.

• More time spent in light PA, but not in high-level PA, on admission is a significant risk factor for
lower inpatient weight gain and greater weight loss between discharge and outpatient follow-up.
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2. Experimental Section

2.1. Study Populations

Adolescent female patients (age 12–18 years) hospitalized between 2014–2018 in the
Department of Child and Adolescent Psychiatry, Psychosomatic Medicine and Psychotherapy at
Charité-Universitätsmedizin Berlin were enrolled in this study. The inclusion criteria were: AN
diagnosis (restricting, purging, and atypical subtype) according to International Statistical Classification
of Diseases and Related Health Problems, 10th Revision (ICD-10). Patients diagnosed with a condition
in addition to AN, which might significantly affect PA behavior (e.g., half-sided paralysis) were
excluded. During the inpatient stay aimed at medical stabilization and weight recovery, all patients
received psychotherapy, nutrition counselling, and body-oriented therapy. According to current
German guidelines, target weight for discharge was set at the 25th BMI percentile, with an expected
rate of weekly weight gain between 500 and 1000 g/week. PA was limited as part of the treatment
program. Patients under the 3rd BMI percentile were given strict resting hours, one hour of sitting
still after each mealtime and half an hour after each in-between meal. Resting times may have been
prolonged based on individual treatment decisions. PA was limited to a 15-min walk a day and a
one-hour yoga class per week focusing on relaxation techniques. Patients over the 3rd percentile were
allowed to attend hospital school on an hourly basis. There was no mandatory bed rest, no one-on-one
surveillance of patients, and patients were able to move freely in the ward. Patients over the 15th
percentile were not given specific resting times and were able to attend a physical therapy group once
a week. Additionally, patients who were clinically stable had the possibility to be granted a two-day
leave. Patients were given dietary plans at the beginning of the program that they were instructed
to adhere to, and mealtimes were supervised by clinical staff. On average, patients were given a
plan of 1860 kilocalories (kcal) per day (range: 800–2600 kcal). The daily intake was increased by
200 kcal/week in order to enable the targeted weight gain of 500g/week. Once patients achieved this
weight gain, the meal plan was adjusted accordingly. In the patients participating in the study, no
feeding tubes were used during the treatment. By the end of treatment program patients were free
to make their own decisions about meals and did not have a specific dietary plan. Instead, patients
were encouraged to stabilize their weight by making healthy choices about their food intake based on
the nutritional training they had received during the treatment program. Information about illness
duration, medication, admission weight and height, comorbidities, and length of stay was obtained
from medical records.

We also recruited sex- and age-matched healthy controls between 2017–2018. The Sick, Control,
One stone (14 lbs./6.5 kg.), Fat, Food (SCOFF) questionnaire was used in the screening process to
identify and exclude all possible participants that exhibited early signs of altered eating behavior
and/or negative body perception linked to body weight. Further exclusion criteria for healthy controls
were any other physical or psychiatric diseases with a significant impact on PA behavior.

In total, 106 patients were approached about participating in the study, and 56 agreed to participate.
Four patients were excluded retrospectively from analysis, because they were male, 5 datasets were
excluded due to being incomplete. Forty-seven patient data sets were included in this analysis.

Forty-five possible participants for the control group responded to our informational online
pamphlet. All of them received the screening questionnaire and 35 returned screening questionnaires
to the study office. Of the healthy participants who completed the screening, 11 were excluded as part
of the screening process. Twenty-five girls participated in the study assessment and in total 20 data
sets were complete and included in the data analysis.

All participants and their legal guardians (if patients were <18 years old) provided written
informed consent before participating in this study. The study was approved by the institutional ethics
committee of the Charité-Universitätsmedizin Berlin (Identification code: EA2/034/14; date of approval
06/24/2014) and is in accordance with the Declaration of Helsinki on ‘Ethical Principles for Medical
Research Involving Human Subjects’.
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2.2. Anthropometry

Height and weight were measured in undergarments and empty-stomached during morning
weigh-ins (7–8 a.m.) for patients at admission/discharge, and during the afternoon at follow-up, and
similarly for healthy controls using a digital scale (KERN, MCB, Berlin, Germany) and a stadiometer
(Sicca 2016, Hamburg, Germany).

2.3. Physical Activity Assessment

The SenseWear™ Pro3 Armband was used to assess PA. The SenseWear™ Pro3 is a two-axis
accelerometer that also measures skin temperature, galvanic skin response and heat flux in order to
calculate PA. It has been previously used in several studies to assess PA objectively both in controlled
and free-range settings [21–23]. PA was assessed for three consecutive days, with recordings always
taking place on Friday to Sunday, at the first study assessment and at outpatient follow-up. The same
patients were given the SenseWear™ Pro3 within an average of 21 days of admission (first study
assessment) and at the post- discharge outpatient follow-up visit, as described before [24], in order to
assess longitudinal changes in activity; at both time points, patients were asked to wear the SenseWear™
Pro3 device on their dominant arm continuously for three consecutive days (data admissible if worn
>20, 5 h on at least two out of the three days), except when showering, bathing, or swimming. As
part of the inpatient treatment program, PA was limited; meanwhile, during post-discharge follow-up,
PA was unrestricted. Healthy controls were given the SenseWear™ Pro3 Armband on one occasion on
the day of their assessment and were instructed to wear the device for three consecutive days (Friday
to Sunday) continuously except when showering, bathing, or swimming. PA was unrestricted in the
control group.

In accordance with previous work [12,19], we defined PA intensity levels as follows:

• Sedentary behavior: ≥ 1.1 to ≤ 1.8 METs
• Light-intensity PA: > 1.8 and < 3 METs
• Moderate-intensity PA: ≥ 3 to < 6 METs
• Vigorous-intensity PA: ≥ 6 METs

For the purpose of this paper, the category very light PA used previously was renamed as sedentary
behavior, as new research suggests that 1.1–1.8 METs are more in line with this terminology [25]. The
following activities are associated with each category. Sedentary behavior (SB) includes behavior such
as lying down, watching television, eating, sitting, reading, and standing. LPA includes light physical
work, walking slowly (less than 2.0 miles per hour), household errands and activities of daily life such
as getting ready for bed. MPA involves activities such as descending stairs, walking for pleasure,
dance practice, low impact aerobics, and bicycling (less than 10 miles per hour). Vigorous PA (VPA)
includes running (<15 min/mile), competitive football or dance and high intensity cycling [26].

2.4. Statistical Analysis

A p-value of 0.05 was set as the significance threshold. All variables were tested two-sided.
Analyses were conducted using R version 3.5.3 (2019-03-11). Comparing high vs. low physical activity
was limited to AN patients and was calculated via median split. Descriptive statistics were selected
according to scale level as absolute and relative frequencies for categories, median, the 25th/75th
percentile, and extreme values for ordinal data, and the mean, standard deviation, and extreme values
for normally distributed continuous measures. Group comparisons were performed using Fisher’s
exact test, the Wilcoxon rank sum test, and a t-test, accordingly. Correlations between measures were
computed using the Spearman rank correlation. Range-based variability was calculated using the
Siegel-Tukey test for equality in variability with adjustments for the median.
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3. Results

3.1. Characterization of the Study Population

Within the study population of 47 patients, 25 patients (53%) were diagnosed with restrictive,
11 (23%) with purging, and 11 (23%) with atypical AN. Twenty-eight patients (60%) had their first
inpatient admission, and, for the remaining patients, the number of prior inpatient therapies varied
from 1 to 4. The mean illness duration was 11 months, ranging from 6.2–16.8 months. Thirty patients
(64%) had comorbidities, including major depression (n = 9; 19%), borderline personality disorder
(n = 3; 6%), anxiety disorders (n = 5; 11%), and obsessive-compulsive disorder (n = 5; 11%). Only
eight patients (17%) received psychopharmacological medications, i.e., stimulating antidepressants
(n = 4; 9%) and antipsychotics (n = 2; 4%). Three patients received oral contraceptives (6%). None of
the healthy controls took any psychopharmacological medication, and 4 participants (20%) took oral
contraceptives. The time between admission and first study assessment was on average 21 (2–50) days,
and during this time, the patients’ weight had increased by 0.9 ± 1.1 (−2.6–3.5) kilogram (kg). Table 1
shows the clinical characteristics and PA parameters of the AN patients on admission compared to
healthy controls. The number of steps was significantly lower in AN patients (p = 0.048), but there was
no between-group difference in the range of steps. AN patients spent significantly more time in light
PA (p < 0.001) and less in moderate PA (p = 0.009) than healthy controls.

Table 1. General characteristics and physical activity parameters of patients with AN at first study
assessment compared to healthy controls.

Participant
Characteristics and PA

AN Total
(n = 47)

Healthy Controls
(n = 20)

p-Value

Age, years 15.70 (14.68/16.64)
(12.44–17.85)

15.02 (13.59/15.84)
(12.07–17.86) 0.139

Height, centimeters 164.3 ± 6.4
(150.2–183.0)

165.1 ± 7.1
(153.0–178.0) 0.672

Weight, kilograms 42.2 ± 6.0
(31.3–58.2)

57.3 ± 9.4
(38.8–70.8) <0.001

BMI, kilogram/meter2 15.60 ± 1.78
(12.80–20.40)

20.96 ± 2.88
(16.00–27.60) <0.001

BMI, percentile 4.6 ± 9.9
(0.0–43.0)

51.8 ± 25.5
(7.0–93.0) <0.001

Steps 8430 (6522/10398)
(2026–26439)

11390 (8261/13680)
(4427–23139) 0.048

Sedentary behavior (min)
(≥1.1 to ≤1.8 METs)

705 (624/765)
(189–868)

647 (557/732)
(386–853) 0.118

Light PA (min)
(>1.8 and <3 METs)

105 (73/204)
(41–530)

55 (42/88)
(14–303) <0.001

Moderate PA (min)
(≥3 to <6 METs)

77.0 (44.3/114.2)
(3.0–268.0)

121.5 (82.3/188.2)
(25.0–302.0) 0.009

Vigorous PA (min)
(≥6 METs)

2.0 (0.0/10.2)
(0.0–212.0)

2.0 (0.4/15.8)
(0.0–55.0) 0.697

Values are means ± SDs (range) (first quartile/ third quartile). AN, anorexia nervosa; BMI, body mass index; MET,
metabolic equivalent of task; PA, physical activity.

3.2. General Parameters and Physical Activity of AN Patients and Healthy Controls

The median length of stay for all patients was 17.0 weeks (range: 9.0 to 28.4 weeks), with a
weight change from admission to discharge from 42.2 ± 6.0 to 48.1 ± 4.8 kg (total weight gain: 5.96 ±
3.62 kg; rate of weight gain: 391 ± 245 g/week). Of the 47 patients, 25 (53%) returned for outpatient
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follow-up, 36 days (range: 27–119 days) after discharge. This subgroup had a body weight increase
from 41.9 ± 4.4 kg to 48.9 ± 3.1 kg during hospitalization that lasted 17.0 (9.0 to 28.4) weeks, which
translates into an increase of 6.98 ± 3.45 kg and a rate of weight gain of 445 ± 241 g/week. Compared
to the patients who returned, the patients not returning for a follow-up visit had similar admission
BMI and PA parameters, but were significantly younger (p = 0.006). On average, weight between
discharge and follow-up remained constant at 48.3 ± 3.8 kg (p = 0.102; range: −3.8 to +3.4). However,
at follow-up, body weight and BMI of the AN patients remained significantly lower than in healthy
controls (p < 0.001).

Clinical characteristics and PA of the patient subgroup returning for their follow-up in comparison
with healthy controls are shown in Table 2. At the first study assessment, AN patients had significantly
lower body weight (p < 0.001), BMI (p < 0.001), and BMI percentile (p < 0.001), and spent significantly
more time in light PA than healthy controls (p < 0.001). At outpatient follow-up, AN patients were
significantly older (p < 0.001), had a significantly lower body weight (p < 0.001), BMI (p < 0.001), BMI
percentile (p < 0.001), and spent more time in light PA (p = 0.039) and vigorous PA (p = 0.006) than
healthy controls. From admission to follow-up, AN patients gained significant weight (p < 0.001), BMI
(p < 0.001) and BMI percentile (p < 0.001), had higher number of daily steps (p = 0.037), and spent
significantly less time in light PA (p = 0.008) and more time in vigorous PA (p < 0.001).

Table 2. General characteristics and PA parameters for AN patients at first study assessment, AN
patients at outpatient follow-up and healthy controls ◦.

Participant
Characteristics and PA

AN (First Study Assessment)
(n = 25)

AN (Follow-Up)
(n = 25)

Healthy Controls
(n = 20)

Age, years 16.49 (15.08/17.38)
(12.44–17.85)

16.90 (15.49/17.82) b

(12.88–18.20)
15.02 (13.59/15.84) 2

(12.07–17.86)

Height, centimeters 165.4 ± 5.5
(156.3–183.0)

164.9 ± 5.1 a

(156.6–181.3)
165.1 ± 7.1

(153.0–178.0)

Weight, kilograms 41.9 ± 4.4
(35.3– 53.0)

48.3 ± 3.8 b

(41.1–56.6)
57.3 ± 9.4 II 2

(38.8–70.8)

BMI, kilogram/meter2 15.34 ±1.72
(12.80–20.40)

17.87 ± 1.56 b

(14.50–21.80)
20.96 ± 2.88 II 2

(16.00–27.60)

BMI, percentile 2.8 ± 8.9
(0.0–43.0)

13.2 ± 13.7 b

(0.0–61.0)
51.8 ± 25.5 II 2

(7.0–93.0)

Steps 7821 (5948/9296)
(2753–23923)

10475 (8612/14975) a

(646–23273)
11390 (8261/13680)

(4427–23139)

Sedentary behavior (min)
(≥1.1 to ≤ 1.8 METs)

712 (634/760)
(483–868)

681 (636/747)
(499–848)

647 (557/732)
(386–853)

Light PA (min)
(>1.8 and < 3 METs)

103.0 (89.7/155.7)
(41.0–293.0)

90.0 (64.0/117.7) a

(49.0–162.0)
55.0 (41.8/88.1) II 2

(14.0–303.0)

Moderate PA (min)
(≥3 to < 6 METs)

73.0 (35.7/108.7)
(22.0–268.0)

96.0 (73.0/132.3)
(3.0–275.0)

121.5 (82.3/188.2)
(25.0–302.0)

Vigorous PA (min)
(≥6 METs)

1.0 (0.0/3.3)
(0.0–23.0)

13.0 (5.0/33.3) b

(0.0–116.0)
2.0 (0.4/15.8) 1

(0.0–55.0)
◦ The values are means ± SDs (range) (first quartile/ third quartile). AN, anorexia nervosa; BMI, body mass index;
MET, metabolic equivalent of task; PA, physical activity; AN (first study assessment) vs. AN (follow-up): a, p < 0.05;
b, p < 0.01; AN (first study assessment) vs. healthy controls: II, p < 0.01; AN (follow-up) vs. healthy controls: 1, p <
0.05; 2, p < 0.01.

3.3. Light PA in AN Patients Over Time

As shown in Figure 1, total time spent in light PA in AN patients decreased significantly between
the first study assessment and follow-up (p = 0.008). Nevertheless, at follow-up a significant difference
between low light PA and high light PA patients remained, as high light PA patients continued to
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show higher levels of light PA at follow-up (p = 0.003). When analyzing the subgroups separately, the
decrease in light PA over time was only significant in the group with high baseline light PA (n = 12,
p < 0.001), and not in the low light PA group (n = 13, p = 0.147).

 
Figure 1. Light physical activity (PA) patterns in anorexia nervosa (AN) patients over time grouped by
median split based on light PA at first study assessment (low light PA, n = 13; high light PA, n = 12).

3.4. Impact of light PA/ High-Level PA at Admission on Weight Trajectory

Compared to patients with low baseline light PA (n = 13), those with high baseline light PA
(n = 12) showed a significantly higher inpatient BMI percentage increase, but less significant outpatient
BMI percentage improvement (Table 3). Although the average time spent in high-level PA was short,
increased high-level PA had a negative impact on inpatient BMI percentage change, as patients with
higher baseline levels of high-level PA (n = 11) had significantly lower inpatient BMI percentage change
than those with lower baseline levels of high-level PA (n = 14). Nevertheless, there were no differences
in BMI percentage change in the outpatient setting (Table 3).
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Table 3. Impact of light PA and high-level PA in anorexia nervosa patients at admission on BMI trajectory
(BMI percentage change) from admission to discharge and from discharge to outpatient follow-up.

Weight Trajectory
in PA Subgroups

Low Light PA
(n = 13)

High Light PA
(n = 12)

p-value
Low HLPA

(n = 14)
High HLPA

(n = 11)
p-value

Inpatient BMI
percentage change

(admission to
discharge)

12.0 ± 9.7
(−3.6–33.6)

18.2 ± 10.0
(−0.5–38.6) 0.037 21.3 ± 9.7

(7.7–38.6)
13.43 ± 8.50

(−0.52–25.83) 0.045

Outpatient BMI
percentage change

(discharge to
follow-up)

0.80 ± 3.61
(−3.70–9.42)

−2.28 ± 3.63
(−7.59–4.49) 0.045 −0.91 ± 3.90

(−6.25–9.42)
−0.38 ± 4.02
(−7.59–5.96) 0.740

Values are means ± SDs (range) (first quartile/ third quartile); unit =%; BMI, body mass index; HLPA, high level
physical activity; PA, physical activity.

3.5. Characteristics of Patients Grouped by Low/High Levels of Light PA and Longitudinal Impact of Time Spent
in Light PA

Comparing the two subgroups of patients (low light PA, n = 23; high light PA, n = 24) at admission,
there were no differences with regards to AN subtype, comorbidities, medication, the presence of
amenorrhea, hormonal contraception, age, and duration of illness (Ref. Table A1). The two subgroups
presented a similar duration of inpatient stay and height. However, patients with high levels of light PA
did have a significantly lower weight (p = 0.015), BMI (p < 0.001), and BMI percentile (p = 0.026) than
low light PA patients. This difference was still present at discharge, where high light PA AN patients
continued to present a significantly lower weight (p < 0.001), BMI (p < 0.001), and BMI percentile
(p = 0.018). There was no significant difference in the BMI change between the first study assessment
and discharge, or in daily steps. High light PA AN patients spent less time in sedentary behavior than
low light PA AN patients (p < 0.001), but had similar levels of moderate PA and vigorous PA.

At outpatient follow-up, there was no significant difference with regards to age and height
between the two subgroups. High light PA AN had significantly lower weight (p = 0.003) and BMI
percentile (p = 0.042); but there was no significant difference in the BMI. High light PA AN patients had
a lower BMI percentage change between discharge and outpatient follow-up (p = 0.045). There was no
significant difference in daily steps and sedentary behavior. High light PA AN patients continued to
present significantly higher light PA values (p = 0.003). Moderate PA was comparable and high light
PA AN patients presented lower amounts of vigorous PA (p = 0.034).

The time spent in light PA at first study assessment showed a significant association with BMI at
admission (p = 0.041), while time spent in light PA at admission and the BMI at outpatient follow-up
were only associated trend-level significance (p = 0.059) (Figure 2).
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(a) (b) 

Figure 2. Impact of time spent in light physical activity (PA) at first study assessment (a) on admission
BMI and (b) BMI at outpatient follow-up.

4. Discussion

Objectively assessing PA patterns in adolescent AN patients compared to healthy controls and
their impact on the weight trajectories of AN patients yielded following results: (1) There was no
difference in sedentary behavior, AN inpatients exhibited more light PA, less moderate PA, and similar
vigorous PA compared to healthy controls; (2) The time spent in light PA by AN patients decreased
between admission and outpatient follow-up, but patients who had spent relatively more time in light
PA on admission continued to do so at outpatient follow-up; (3) The decrease in light PA over time
was only significant in the subgroup with high baseline light PA; (4) Contrary to our hypothesis, high
baseline light PA was associated with a higher inpatient BMI percentage change, but as expected, with
a poorer outpatient BMI percentage change; (5) High-level PA had a negative impact on inpatient but
not on outpatient BMI percentage change.

4.1. Comparison of Activity Patterns Between AN Patients and Healthy Controls

Consistent with our previous study in adult AN inpatients [19], adolescent AN patients in the
present study spent significantly more time in light PA than healthy, age-matched controls. High
light PA was not mirrored by a high daily step count, pointing out the importance of a detailed
PA assessment using intensity categories. In the literature, “fidgeting” assessed using a shoe-based
monitor was higher in AN inpatients [13] than in controls and was similar when assessed using the
Intelligent Device for Energy Expenditure and Activity (IDEEA™) accelerometer [8]. A comparison of
data is difficult due to inconsistent definitions of light PA and different PA dimensions being assessed
with varying devices. ‘Fidgeting’ in the second study may be more similar to sedentary behavior in the
present study, which was similar between the two groups. For high-level PA, controversial results
have been reported. In the present study, AN patients spent less time in moderate PA, and similar time
in vigorous PA. A previous study using the Actiwatch™ (AW7) in a day hospital setting found similar
amounts of high-level PA in AN and control subjects (no distinction was made between moderate PA
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and vigorous PA) [27], while a study using the SenseWear™ Armband in inpatient adolescent and
adult AN patients reported higher high-level PA than in controls (3–6 METs, which corresponds to the
category of moderate PA in the present study) [11]. The different amounts of high-level PA may be a
result of different treatment programs and varying approaches to PA restriction. No information about
the handling of PA during treatment was given in the cited studies. Furthermore, a variation in PA
behavior patterns within the different control groups and different recruitment locations may have
impacted the results.

4.2. Longitudinal Development of Light PA in AN Patients

The current study assessed light PA longitudinally at the beginning of inpatient treatment and at
outpatient follow-up. While on average, light PA decreased over time, there were two characteristic
subgroups: patients grouped in either high or low light PA at the first study assessment continued to
exhibit these same PA patterns at follow-up. These findings lead to the question as to whether time
spent in high or low light PA is an individual trait, which persists over time, regardless of therapy
and setting, or whether the time needed to normalize varies and takes up more than a median of
36.0 days. Casper et al. proposed a dysregulation of PA called ‘restless activation’ as a phenotype of
AN and hypothesized that it may be linked to improved self-esteem and wellbeing [28]. In rodent
models, PA has been linked to dopamine and endocannabinoid signaling networks that suggest an
addictive property [29]. Similar findings using MRI imagining in AN patients have linked altered
neurological responses in the reward system to excessive exercise [30]. We are only aware of one
comparable study, which reported a trend for increased time spent on feet between low-weight
and weight restored AN patients, while ‘fidgeting’ did not vary when using the IDEEA™ [8]. The
varying age of the study populations (adolescent and adult patients vs. only adolescents in the present
study), the different admission BMIs (16.1 ± 1.0 vs. 15.6 ± 1.8 in the current study), and the different
measurement instruments may have impacted PA behaviors and readings.

4.3. Impact of PA Patterns on Weight Trajectory

Contrary to our hypothesis, increased time spent in light PA was linked to a higher inpatient
BMI percentage change. Previous studies on the impact of light PA on inpatient weight trajectory
have yielded mixed findings. In an exploratory, non-linear model based on 50 adult AN patients,
time spent in light PA was a potential predictor for poor BMI increase during inpatient treatment [19].
In adolescent and adult AN patients, time spent in light PA was inversely linked to BMI at discharge,
while there was no significant relationship to BMI percentage change [19]. No association between
‘fidgeting’, assessed with a shoe-based accelerometer, and weight gain was found in a group of 11
adolescent and adult AN patients [13]. Age differences may have led to different results, as in healthy
participants, PA behaviors vary between adolescents and adults. Healthy adolescents are more active
and spent more time in high-level PA than adults [31,32]. Additionally, some of these previous studies
were small. In the present study, the group of patients with high light PA had a significantly lower
BMI at admission; a higher BMI increase in this group may have been caused the program’s discharge
weight target at the 25th BMI percentile requiring more weight gain in this group in order to be
discharged. There also might be a link between increased LPA and muscle gain as it has been shown
that LPA can improve muscle strength [33], which may contribute to the increased BMI percentage
change within the high LPA group. The present study found a statistical trend (p = 0.059) for an inverse
association between high light PA at admission and inpatient BMI gain, as well as a significant inverse
association with BMI percentile at follow-up. Therefore, the assessment of PA patterns at admission
might hold the potential to identify patients at risk of poor weight gain. The time spent on feet in 61
AN patients at the assessment point weight, but not at low weight, was linked to a poorer weight
trajectory at the 12 month follow-up [8]. Heterogeneous results may thus be caused either by different
time points of PA assessment during treatment or by different follow-up durations. Consistent with our
previous study [19], high-level PA was inversely associated with inpatient BMI change. Conversely,
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in a group of 88 AN patients in a day hospital setting, high-level PA assessed using an Actiwatch™
(AW7) was directly associated with achieving BMI > 18.5 and with decreased AN-specific cognitions
and reduced binge/purge behavior [27]. Different settings (inpatient vs. day hospital treatment) may
have impacted the patients’ ability to exercise at higher intensities and the impact high-level PA had
on the weight trajectory.

When assessing the impact of PA patterns on weigh status in healthy adolescents, two trends can
be observed: high levels of high-level PA (HLPA) are associated with a lower BMI and a lower body
fat mass. Additionally, more time in sedentary behavior is linked to a higher BMI and higher body
fat [34–36]. These trends are also replicable when analyzing only healthy female participants [37,38].
Further sedentary behavior in both gender-mixed groups and female-only groups was also linked to a
higher BMI increase in the long run [39,40]. However, in a sample of female secondary school students,
there was no correlation between being underweight and PA patterns (both SB and HLPA) [41].

4.4. Limitations

The limitations of this study first include the prolonged and variable times between the admission
and the first study assessment, and between discharge and the follow-up assessment. Second, a high
drop-out (n = 22) may have reduced the generalizability of the findings, yet comparable studies
had both similar (n = 26) [8] and lower (n = 3) [16] drop-outs. Third, there was a significant age
difference between the patients at follow-up and the healthy controls. Fourth, the validity of the
SenseWear™ Pro 3 Armand has not been assessed for PA parameters in underweight AN patients;
thus, the validity of the obtained data is unknown. Fifth different cutoff points for PA are used
in the literature. We used a definition for sedentary behavior (very low PA) with a cutoff point at
1.8 METs [42] to establish compatibility with our previous work [12,19], but a new definition proposed
a cutoff point at 1.5 METs [25]. Therefore, the actual activities associated with sedentary behavior in
this study may not fully represent all aspects of sedentary behavior. Sixth, it is unknown if wearing a
SenseWear™ Armand affects PA behavior. Seventh, no data about the caloric intake of patients after
discharge were obtained. Finally, potential differences in PA based on socioeconomic status were not
assessed. However, despite these limitations, this is one of the first studies to assess the longitudinal
development of light PA and its impact on weight trajectories in adolescent AN patients.

5. Conclusions

In summary, PA patterns vary between AN patients and healthy controls and impact weight
trajectories in AN patients. Our study aims to raise awareness of the different types of hyperactivity
and their impact on the weight development of AN patients. Our research may provide a foundation
for future research into the benefit of objectively measured PA patterns in AN patients and may allow
for a better understanding of PA as a disease maintaining factor as well as the identification of high risk
patients at the beginning of treatment. This could enable research into new treatment interventions
that are tailored to the different PA subgroups of patients, such as high light PA patients. An early
intervention that focuses on reducing light PA hyperactivity from the beginning of the treatment
program on may positively impact short- and long-term weight development. Our study shows that
the detailed assessment of PA patterns, rather than general PA parameters, such as steps or activity
counts, provides valuable insight into PA behavior of AN patients.
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Appendix A

Table A1. General characteristics and PA parameters of AN patients at admission, first study assessment
and discharge grouped by a low/high level of light PA (median split).

Participant Characteristics and
PA

Low Light PA
(n = 23)

High Light PA
(n = 24)

p-value

Duration of illness, months 12.0 (7.3/15.8)
(3.0–64.0)

9.0 (4.0/17.6)
(1.0–56.0) 0.176

Admission age, y 15.82 (14.87/16.64)
(13.78–17.85)

15.11 (13.89/16.70)
(12.44–17.82) 0.250

Admission height, cm 166.7 ± 6.4
(159.0–183.0)

164.1 ± 4.3
(156.3–170.0) 0.253

Admission weight, kg 43.9 ± 4.1
(39.6–53.0)

39.8 ± 3.8
(35.3–46.5) 0.015

Admission BMI, kg/m2 15.84 ± 1.73
(13.90–20.40)

14.80 ± 1.61
(12.80–19.10) 0.135

Admission BMI percentile (%) 4.1 ± 11.7
(0.0–43.0)

1.33 ± 4.31
(0.00–15.00) 0.443

Steps 8586 (7136/9735)
(2753–24536)

7870 (6159/12179)
(2026–26439) 0.882

Sedentary behavior (min)
(≥1.1 to ≤1.8 METs)

730 (698/789)
(581–856)

646 (497/715)
(189–868) <0.001

Light PA (min)
(>1.8 and <3 METs)

73.0 (54.3/93.5)
(41.0–103.0)

192 (146/273)
(105–530) <0.001

Moderate PA (min)
(≥3 to <6 METs)

73.0 (46.5/103.5)
(22.0–268.0)

89.5 (39.3/120.8)
(3.0–241.0) 0.663

Vigorous PA (min)
(≥6 METs)

2.0 (1.0/10.0)
(0.0–54.0)

1.5 (0.0/8.9)
(0.0–212.0) 0.729

Time between admission and
discharge, days

95.0 (74.8/118.8)
(47.0–225.0)

121.0 (88.8/135.6)
(41.0–171.0) 0.097

Discharge weight, kg 51.4 ± 3.3
(45.3–61.1)

45.0 ± 3.9
(36.6–52.5) <0.001

Discharge BMI, kg/m2 18.38 ± 0.96
(16.50–20.50)

17.31 ± 1.15
(15.50–19.40) <0.001

Discharge BMI percentile (%) 18.4 ± 11.1
(0.0–45.0)

11.4 ± 8.4
(0.0–36.0) 0.018

BMI change from first study
assessment to discharge kg/m2

1.85 ± 1.41
(−0.70–4.70)

2.60 ± 1.36
(−0.10–5.40) 0.072

BMI percentile change from first
study assessment to discharge (%)

12.0 ± 9.7
(−3.6–33.6)

18.2 ± 10.0
(−0.5–38.6) 0.037

Values are means ± SDs (range) (first quartile/ third quartile). AN, anorexia nervosa; BMI, body mass index; METs,
metabolic equivalents; PA, physical activity.
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Abstract: The current study used receiver operating characteristic (ROC) curve analysis to examine
the accuracy of somatotype components in correctly classifying disordered eating attitudes (DEA) in
female dance students. Participants were a sample of 81 female dancers distributed in two groups:
beginner training (BT; age (mean ± SD) = 10.09 ± 1.2 years, n = 32) and advanced training (AT;
age = 15.37 ± 2.1 years, n = 49). For evaluation of DEA, the Eating Attitudes Test- 26 (EAT-26)
questionnaire was used. We defined an EAT-26 score≥20 as positive for DEA. Somatotype components
were calculated using the Heath-Carter anthropometric method. The risk of presenting DEA was
28.1% (n = 9) in the BT group and 6.1% (n = 3) in the AT group. In the BT group, mesomorphy
demonstrated moderate–high accuracy in predicting DEA (area under the curve (AUC) = 0.82, 95%
confidence interval (CI): 0.64–0.93). The optimal cut-off of 6.34 yielded a sensitivity of 0.77 and a
specificity of 0.95. Ectomorphy showed moderate accuracy in predicting DEA (AUC = 0.768, 95% CI:
0.58–0.89). The optimal cut-off of 2.41 yielded a sensitivity of 0.78 and a specificity of 0.78. In the AT
group, none of the components demonstrated accuracy in predicting DEA. Somatotype components
were good predictors of disordered eating attitudes in the younger dance student group (beginner
training). Further research is needed to identify the determinants of these differences between the
two groups.

Keywords: dance students; disordered eating attitudes; Eating Attitudes Test-26 (EAT-26); mesomorphy;
ectomorphy; Receiver Operating Characteristics (ROC) curve analysis

1. Introduction

Eating disorders (EDs) are mental disorders defined by abnormal eating habits that negatively
affect a person’s physical or mental health. Anorexia nervosa, one of the main EDs, has two distinct
symptoms: low body weight (body mass index (BMI) less than 17.5 kg/m2 or less than 85% of the
expected weight for height, age and sex) and body image disturbance. Bulimia nervosa is defined by
three criteria: recurrent binge eating, recurrent compensatory behavior, and preoccupation with one’s
body weight or shape. Others EDs include avoidant/restrictive food intake disorder, pica, regurgitation
disorders, and other specified feeding and eating disorder [1]. In most EDs, the association with
depression and anxiety states and substance abuse is common [1,2].

The influence of cultural and social factors on the development of EDs and their manifestations
have been investigated from multiple perspectives [3]. The reasons for these rates of EDs have been
centered on elements including personality factors and traits such as perfectionism and low self-esteem.
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Epigenetic reasons are currently found in the etiology of EDs, with evidence suggesting that epigenetic
processes link malnutrition and life stresses (gestational, perinatal, childhood, and adult) to the risk of
developing EDs [4]. In dancers, it is well known that they spend countless hours practicing in front of
mirrors where their bodies are closely examined by themselves and others. In addition, high levels of
perfectionism concerning dance and a specific body shape, combined with the socio-cultural pressures
for thinness inherent in the dance profession and expectations of high performance, produce the ideal
social climate for the development of EDs [5,6].

Similarly, the Tripartite Influence Model, which is an etiological model of body image disturbance
and eating disorders, proposes that social agents, such as family, friends, and the media, promote ideals
of appearance that emphasize a slim ideal for women and a lean, muscular ideal for men [7]. EDs today
are a health problem in Western countries [8], and their incidence and prevalence are increasing.
The prevalence of EDs in female athletes appears to be high when competitive weight is important [9].
This prevalence is higher in athletes (18%) compared to non-athletes (5%) [10], and is also higher in
female athletes (20%) than in non-athletes (5%) [11]. The highest prevalence of EDs is found in aesthetic
sports, as well as in sports where athletes are classified by body weight (45%) compared to other sports
(12%) [11]. Similar to the trend in the prevalence of Eds, athletes in lean sports exhibit more disordered
eating behaviors than those in non-lean sports [12]. Female dancers, in particular, show high levels of
perfectionism and when in highly competitive environments, such as dance companies or professional
conservatories, may present a higher risk for developing an ED [13,14]. EDs are characterized by
chronicity and relapses of disordered eating behavior in which the attitudes of adolescent girls towards
body weight, as well as their perception of body shape, are frequently altered.

Numerous efforts have been made to develop instruments to improve the predictive value in the
diagnostic screening of these diseases and various tests have been developed (EAT, Children’s Eating
Attitudes Test (ChEAT), Eating Disorders Examination-Questionnaire (EDE-Q), Sick, Control, One, Fat,
Food (SCOFF), Eating Disorder Inventory (EDI), etc.). Of all these questionnaires, the Eating Attitudes
Test (EAT) has been the most extensively used because of its reliability and reproducibility in the
detection of EDs in the general population [15]; it has also been widely used in sports and dance [16–19].
EDs are complex and have an impact on both the physical and social–emotional health of adolescents
as well as young adults [20]. EDs such as anorexia nervosa and bulimia, have well-established effects
on body composition, such as decreased fat mass, fat-free mass, and total body water [21], as well as
decreased bone mineral density [22].

The somatotype is defined as the quantification of the present shape and composition of the
human body. It is expressed as a three-number rating representing the endomorphy, mesomorphy,
and ectomorphy components, respectively, always in the same order. Endomorphy is the relative
fatness; mesomorphy is the relative musculoskeletal robustness; and ectomorphy is the relative
linearity or slenderness of a physique. The Heath-Carter method uses various anthropometric
measurements including weight, height, upper arm circumference, maximal calf circumference,
femur and humerus breadths, and triceps, subscapular, supraspinal, and medial calf skinfolds [23].
Somatotype determination is useful in the characterization of body shape in contemporary dance and
sports dance [24], but the relationship between anthropometric somatotype components and EDs has
been rarely studied [25]. Mesomorphy, the second component of the anthropometric somatotype [23],
reflects the development of skeleton and muscle tissues. Studies have found associations between
body shape and muscularity and an increase in eating problems [26]. The rationale for studying the
somatotype components and their association with DEA is that this measurement is a reflection of
body shape based on the three components: endomorphy (fatness), mesomorphy (robustness), and
ectomorphy (slenderness). In addition, body dissatisfaction seems to be a determining factor for risk
behavior for EDs [2,26].

The present study therefore aimed to establish the accuracy of somatotype components using
receiver operating characteristic (ROC) curve analysis to assess disordered eating attitudes (DEA) in a
group of dance students engaged in beginner and advanced dance training.
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2. Methods

This cross-sectional and correlational study conducted in 2017 was approved by the Research
Ethics Committee of the University of Málaga, Spain (EMEFYDE 2016–011 report) and carried out
according to the principles of the Declaration of Helsinki.

2.1. Participants

A total of 81 female students between the ages of 8 and 21 years participated in this study. All were
enrolled in the Professional Conservatory of Granada, Spain, in courses from beginner training (BT)
through advanced training (AT). The students in the AT group were distributed into four dance
specialties: Flamenco, Spanish, Classical, and Contemporary. Participation in the study was voluntary,
and prior to its initiation, written informed consent was obtained from the participants or the legal
guardians of those under 18 years of age. The exclusion criteria were the inability to perform some of
the anthropometric measurements, incorrectly completing the EAT-26, and male gender.

2.2. Eating Behavior

Eating behavior was assessed with the EAT-26, which is a self-administered questionnaire used
worldwide. It has been validated for assessing symptoms, concerns, and attitudes associated with
abnormal eating behavior. The EAT-26 consists of 26 items forming three scales: dieting (related
to the avoidance of fattening foods and the preoccupation with being thinner), bulimia and food
preoccupation (involving items reflecting thoughts about food and those indicating bulimia), and
oral control (associated with the self-control of eating and the perceived pressure from others to gain
weight). A total score equal to or greater than 20 on the questionnaire is indicative of disordered eating
behavior [15]. The EAT-26 has been validated for the Spanish population [16,27,28].

2.3. Anthropometric Assessment

All anthropometric measurements were conducted after a 12-h fast. Weight was measured on a
SECA 813 electronic scale (SECA, Hamburg, Germany) accurate to 0.1 kg., and stretch stature was
measured using a wall-mounted SECA 216 stadiometer (SECA, Hamburg, Germany) accurate to 0.1 cm.
Skinfolds were measured at the following sites: triceps, subscapular, supraspinal, and medial calf
with a Holtain skinfold caliper (Holtain, Crymych, UK) accurate to 0.2 mm, computing the means for
subsequent calculations. Girths were measured at the following sites: flexed and tensed arm and calf
with a Lufkin W606PM anthropometric tape (Apex Tool Group, Lufkin, México) accurate to 0.1 cm.
Biepicondylar humerus and Bicondylar femur breadths were measured with a Holtain sliding caliper
(Holtain, Crymych, UK) accurate to 0.1 cm. BMI was calculated as weight in kilograms divided by
height in meters squared. Anthropometric measurements were performed following standardized
techniques adopted by the International Society for the Advancement of Kinanthropometry [29].
The technical error of measurement of the Level 3 anthropometrist was less than 3% for skinfolds and
less than 1% for the rest of the anthropometric measurements.

2.4. Anthropometric Somatotype

Anthropometric somatotypes were determined according to the Heath-Carter method [23] by the
following equations:

Endomorphy = −0.7182 + 0.1451 (X) − 0.00068 (X2) + 0.0000014 (X3) where X = sum of triceps,
subscapular and supraspinal skinfolds) multiplied by (170.18/height in cm).

(1)
This is called height-corrected endomorphy and is the preferred method for calculating endomorphy.

Mesomorphy = 0.858 × humerus breadth + 0.601 × femur breadth + 0.188 ×
corrected arm girth + 0.161 × corrected calf girth − 0.131 × height + 4.5

(2)

77



J. Clin. Med. 2020, 9, 2024

Three different equations are used to calculate ectomorphy according to the height–weight ratio
(HWR). If the HWR is greater than or equal to 40.75, then ectomorphy = 0.732 HWR − 28.58. If HWR is
less than 40.75 but greater than 38.25, then ectomorphy = 0.463 HWR − 17.63. If HWR is equal to or
less than 38.25, then ectomorphy = 0.1.

2.5. Statistical Analysis

Normality was analyzed using the Shapiro-Wilk test. The descriptive characteristics of the group
variables were expressed as mean ± standard deviation. Comparisons between groups were performed
using a Mann-Whitney U or one-way ANOVA test when appropriate. Associations between EAT-26
subscale scores and somatotype components were assessed by Spearman’s rank correlation coefficient
(rho) for the two groups separately. The following criteria were adopted to interpret the magnitude of
the correlations: r ≤ 0.1 = trivial; 0.1 < r ≤ 0.3 = small; 0.3 < r ≤ 0.5 =moderate; 0. < r ≤ 0.7 = large; 0.7 < r
≤ 0.9 = very large; and r > 0.9 = almost perfect [30]. Cronbach’s alpha was performed for investigating
the internal consistency of the subscales and the total score of the EAT-26 questionnaire. Test–retest
reliability was assessed by intraclass correlation coefficient (ICC). The effect size was calculated using
Rosenthal’s R-test and the power (1-β) to analyze the type II error by G*Power [31].

ROC curve analysis was used to test the performance of the somatotype components in predicting
disordered eating status and to identify a cut-off score. The ROC curve is a graphical representation
of a measure’s sensitivity plotted against its false positive rate (i.e., 1-specificity). The area under
the curve (AUC) summarizes a test’s overall accuracy, or ability to distinguish cases from non-cases,
based on the average value of sensitivity for all possible values of specificity. AUC values are defined
as non-informative (≤0.50), less accurate (0.51 to 0.70), moderately accurate (0.71 to 0.90), highly
accurate (0.91 to 0.99), or perfect (1.0) [32]. The likelihood ratios were calculated for each somatotype
component. Binary logistic regression was used to evaluate the association between independent
variables (somatotype components) and risk behaviors for DEA. The level of significance was set
at p < 0.05. The statistical analysis was performed on MedCalc Statistical Software version 19.3.1
(MedCalc Software bvba, Ostend, Belgium).

3. Results

The risk of presenting DEA was 28.1% (n = 9) in the BT group and 6.1% (n = 3) in the AT group.
Table 1 shows the comparative data of the study groups. Regarding the anthropometric variables;
significant differences were found in age, weight, height, and BMI (all p = 0.000001). Similarly,
differences were seen in both endomorphy (p = 0.003) and mesomorphy (p = 0.04). The psychometric
assessment of the EAT-26 subscales showed differences between the groups only in bulimia (p = 0.004),
although the values of the diet subscale and the total score were higher in the BT group (Table 1).

The internal consistency of the EAT-26 was assessed with Cronbach’s alpha. The results revealed
satisfactory levels for the subsample (n = 25). Cronbach’s alpha for the total EAT-26 score, bulimia, oral
control, and dieting were 0.87, 0.915, 0.89, and 0.906, respectively. The subsample of 25 participants
completed the retest after 3-week intervals. Test–retest reliability was good (ICC = 0.864, p < 0.001).
A Mann–Whitney U test showed no significant differences between the test and re-test scores for the
total EAT-26 score (p = 0.467).

Bivariate correlations in the beginner training group: bulimia correlated inversely with age
(rho = −0.37, p = 0.035) and height (rho = −0.465, p = 0.007); oral control correlated with mesomorphy
(rho = 0.46. p = 0.007); bulimia correlated inversely with height (rho = −0.39. p= 0.027) and directly with
mesomorphy (rho = 0.40, p = 0.021); and the total score correlated inversely with height (rho = −0.45,
p = 0.0089) and directly with mesomorphy (rho = 0.40, p= 0.02) (Table 2).
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Table 1. Descriptive data for anthropometrics and the Eating Attitudes Test-26 (EAT-26) subscales of
the study groups.

Variables
Beginner Training Advanced Training

p-Value Effect Size Statistical Power
(n = 32) (n = 49)

Mean SD Mean SD r 1-β

Age
(years) 10.09 1.23 15.37 2.11 <0.0001 0.84 0.99

Weight
(kg) 34.93 3.63 52.28 5.79 <0.0001 0.87 0.99

Height (m) 1.40 0.07 1.59 0.08 <0.0001 0.79 0.99
BMI

(kg/m2) 18.00 1.89 20.69 1.96 <0.0001 0.57 0.99

Endomorphy 3.85 1.23 3.19 0.64 0.003 0.32 0.81
Mesomorphy 5.64 0.95 5.17 1.04 0.041 0.23 0.51
Ectomorphy 2.77 1.27 2.62 1.29 0.60 0.09 0.08

Bulimia 0.94 1.50 0.16 0.55 0.004 0.33 0.83
Oral

control 3.44 4.06 3.10 3.05 0.66 0.05 0.07

Dieting 6.72 7.35 4.22 5.21 0.21 0.19 0.38
Total score 11.09 11.58 7.49 8.01 0.46 0.18 0.33

Table 2. Spearman’s rank correlation coefficient between body composition variables, somatotype
components and the EAT-26 subscales in the Beginner Training group.

Bulimia
Oral

Control
Dieting

Total
Score

Age Weight Height BMI Endo Meso

Oral control 0.786 **
Dieting 0.667 ** 0.60 **

Total Score 0.772 ** 0.821 ** 0.936 **
Age −0.37 * −0.243 −0.158 −0.218

Weight −0.132 −0.212 −0.093 −0.17 0.54 **
Height −0.46 ** −0.48 ** −0.39 * −0.45 ** 0.81 ** 0.528 **

BMI 0.193 0.197 0.204 0.184 −0.169 0.537 ** −0.37 *
Endo 0.254 0.206 0.116 0.121 −0.56 ** 0.058 −0.65 ** 0.63 **
Meso 0.422 * 0.466 ** 0.405 * 0.438 * −0.166 0.32 −0.43 ** 0.82 ** 0.49 **
Ecto −0.319 −0.338 −0.27 −0.294 0.415 * -0.291 0.62 ** −0.94 ** −0.73 ** −0.8 **

BMI: body mass index. Endo: endomorphy. Meso: mesomorphy. Ecto: ectomorphy. * p < 0.05. ** p < 0.001.

Bivariate correlations in the advanced training group: bulimia did not correlate with body
composition variables or somatotype components (p > 0.05); oral control correlated directly with age
(rho = 0.28, p = 0.047) and BMI (rho = 0.29, p = 0.04); the mesomorphic component correlated inversely
with height (rho = −0.75, p < 0.0001) and directly with BMI (rho = 0.62, p < 0.0001); ectomorphy also
correlated directly with diet (rho = 0.34, p = 0.016) and height (rho = 0.69, p < 0.001); and the total
EAT-26 score did not correlate with any of the body composition variables or somatotype components
(p > 0.05) (Table 3).

Analysis of ROC Curves

Ectomorphy showed moderate accuracy for the diagnosis of DEA (AUC: 0.768, p = 0.0158), and
mesomorphy showed moderately high accuracy (AUC: 0.82, p = 0.0003) in the BT group. Endomorphy
in the BT group and all three components for the AT group indicated low accuracy (p > 0.05), (Figure 1
and Table 4).
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Table 3. Spearman’s rank correlation coefficients between body composition variables, somatotype
components, and the EAT-26 subscales in the Advanced Training group.

Bulimia
Oral

Control
Dieting

Total
Score

Age Weight Height BMI Endo Meso

Oral control 0.469 **
Dieting 0.489 ** 0.141

Total Score 0.482 * 0.828 ** 0.616 **
Age 0.23 0.284 * −0.093 0.127

Weight 0.237 0.35 * −0.035 0.214 0.803 **
Height 0.187 0.066 0.258 0.219 0.414 ** 0.594 **

BMI 0.103 0.294 * −0.277 −0.011 0.474 ** 0.51 ** −0.322 *
Endo −0.016 0.066 −0.107 −0.021 −0.165 −0.213 −0.57 ** 0.431 **
Meso −0.09 0.102 −0.281 −0.112 −0.022 −0.146 −0.76 ** 0.629 ** 0.544 **
Ecto 0.026 −0.177 0.342 * 0.119 −0.127 −0.118 0.692 ** −0.88 ** −0.59 ** −0.80 **

BMI, body mass index; Endo, endomorphy; Meso, mesomorphy; Ecto, ectomorphy. * p <0.05. ** p < 0.001.

Beginner Training Advanced Training 

  

Figure 1. Receiver Operating Characteristics (ROC) curve analysis showing the area under the curve
for the prediction of disordered eating attitudes using the Eating Attitudes Test-26 (EAT-26) total score.
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Table 4. Characteristics of the ROC curves for somatotype components in the beginner training and
advanced training groups.

Beginner Training Advanced Training

Endo Meso Ecto Endo Meso Ecto

Area under the curve 0.72 0.82 0.768 0.601 0.522 0.558
Standard error 0.135 0.089 0.111 0.212 0.114 0.139

95% CI 0.53 to 0.86 0.64 to 0.93 0.58 to 0.89 0.45 to 0.74 0.37 to 0.66 0.41 to 0.70
z statistic 1.631 3.61 2.41 0.477 0.191 0.418
p-value 0.1030 0.003 0.0158 0.633 0.8483 0.6758

Youden’s J index 0.5362 0.6232 0.564 0.3406 0.3696 0.3696

ROC, receiver operating characteristic; Endo, endomorphy; Meso, mesomorphy; Ecto, ectomorphy; CI, confidence interval.

The BT group had moderate specificity values for ectomorphy (78.6%) and high values for
mesomorphy (95.6%) and endomorphy (87%). Sensitivity values were low and moderate, respectively.
In this group, of note is the cut-off point of 6.34 for mesomorphy with a very high positive likelihood
ratio value of (15.33). In the AT group, sensitivity values were moderate for endomorphy (67%) and
highest for mesomorphy and ectomorphy (both 100%) (Table 5).

Table 5. Sensitivity. specificity and likelihood ratios of somatotype components in the beginner and
advanced training groups.

Somatotype
Component

Training Cut-Off Sens 95% CI Spec 95% CI +LR 95% CI −LR 95% CI

Endomorphy
BT >4.36 66.67 29.9–92.5 86.96 66.4–97.2 5.11 1.6–16.2 0.38 0.2–1.0
AT ≤2.88 66.67 9.4–99.2 67.39 52.0–80.5 2.04 0.8–5.0 0.49 0.10–2.5

Mesomorphy
BT >6.34 66.67 29.9–92.5 95.65 78.1–99.9 15.33 2.1–110 0.35 0.1–0.9
AT ≤5.72 100 29.2–100.0 36.96 23.2–52.5 1.59 1.3–2.0 0

Ectomorphy
BT ≤2.41 77.78 40.0–97.2 78.6 56.3–92.5 3.58 1.5–8.4 0.28 0.08–1.0
AT >1.76 100 29.2–100.0 36.96 23.2–52.5 1.59 1.3–2.0 0

BT, beginner training; AT, advanced training; Sens, sensitivity; CI, confidence interval; Spec, specificity; +LR,
positive likelihood ratio; −LR, negative likelihood ratio.

A logistic regression analysis was performed to examine independent associations between
somatotype components and the probability of DEA (Table 6). The model provided a good fit for all
three components in the BT group, particularly the mesomorphic component. However, in the AT
group, none of the components achieved a significant fit.

Table 6. Associations between somatotype components and eating disorders.

Overall Model Fit Hosmer & Lemeshow

Group Variable OR 95% CI X2 p-Value X2 p-Value

BT Endo 2.44 1.1608 to 5.1493 6.878 0.0087 7.3902 0.5966
Meso 7.14 1.7214 to 29.672 12.47 0.0004 11.0945 0.2693
Ecto 0.42 0.2041 to 0.8972 6.22 0.0126 9.5698 0.3864

AT Endo Not retained in the model
Meso Not retained in the model
Ecto Not retained in the model

BT, beginner training; AT, advanced training; Endo, endomorphy; Meso, mesomorphy; Ecto, ectomorphy; OR, odds
ratio; CI, confidence interval; X2, chi-squared.

4. Discussion

This study addresses the diagnostic accuracy of somatotype components (endomorphy,
mesomorphy, and ectomorphy) to discriminate DEA in two groups of female dance students. The results
show important significant differences and indicate that the ectomorphic and mesomorphic components
in the BT group (younger students) can discriminate DEA with moderate and high accuracy, respectively;
however, none of the somatotype components can do this in the AT group.
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The emerging importance of somatotype components in predicting DEA in young female dance
students is poorly reflected in the literature. Only one recent study showed that women who
support attitudes and/or behaviors aimed at achieving the female muscle ideal may be susceptible
to experiencing symptoms of DEA and negative emotional states, such as depression, stress, and
anxiety [33].

The differences in the somatotype component associations between the study groups can be
explained by the following reasons: the shorter height in the BT group increased mesomorphy scores,
and although no significant differences in mesomorphy scores were found between groups, the levels
were slightly higher in the BT group. In other words, the musculoskeletal structure was proportionally
larger, and therefore a negative body image could have been internalized [34]. This also occurred with
ectomorphy, since higher weight in relation to shorter height resulted in a lower ectomorphy value.

Similar results were found by Bartsch et al. who associate bulimia episodes with heavier
somatotypes, such as pycnomorphic and metromorphic (similar to Heath and Carter’s endomorphic
and mesomorphic components) [25]. In the present study, we also observed a relationship between
the bulimia subscale and mesomorphy, but this was only in the BT group. It should be noted that
all the subscales of the EAT-26 as well as the total score had a significant direct association with the
mesomorphic component. The substantial increase in DEA in Western societies may be associated
with sociocultural pressures to maintain a slim body shape as well as with the combined influence of
perfectionism and learning [5]. This condition becomes more pronounced in aesthetic activities such as
dance [35].

Investigating the nature and distribution of DEA in dance students is important for several
reasons. First, these studies can provide information about the extent of DEA and weight control
in female dancers. Second, on a broader level, many dancers face specific pressures to control their
weight and body shape, and this enables us to explore the association between this type of pressure
and the development of disordered eating attitudes and behaviors [36].

Although no reference was made to the prevalence of bulimia, anorexia nervosa, or non-specific
disorders, due both to this not being an aim of the study and to the limited sample size, the prevalence of
these disorders was higher in the BT group, comprising younger students, similar to results published
by other authors. In the BT group, this prevalence was around 26% and in the AT group it was 6% [37].

In a study by Fortes et al. that sought to establish the extent to which anthropometric variables
can explain body dissatisfaction and eating behavior disturbances in teenage boys and girls, the
findings showed that body dissatisfaction was modulated by body fat percentage (R2 = 0.18), but
this modulation was low. This was also low for its interaction with BMI (R2 = 0.18). The interaction
between eating behavior disturbances and body fat percentage and between body fat percentage and
BMI were both (R2 = 0.03) [38]. In contrast, Jáuregui et al. found that although there were correlations
between BMI and EAT-40 scores, this did not result in an increased risk of developing an DEA [6].
These associations between BMI and the EAT-26 subscales were not confirmed in either of our study
groups. The study by Toro et al. also found no significant inverse correlations between BMI and
EAT-26 in dance students aged 14.4 years [39].

Another study in women found associations between BMI and DEA, and when these were
mediated by a degree of body dissatisfaction, the associations disappeared [40]. This could explain the
different associations between BMI and EAT-26 scores in our study, noting an association between BMI
and oral control in the AT group, which implies greater self-control over food intake. In young people,
being female, overweight, depressed, and having a high BMI are associated with DEA [41]. The results
of a study of athletes competing in weight categories (taekwondo and judo) demonstrated that eating
patterns and good dietary management decrease the likelihood of developing an DEA, which appears
to be a good strategy [42].

Rouzitalab et al. analyzed a group of physical education students between the ages of 18 and
25 years. They found that EAT-26 had low but significant correlations with body weight and waist
circumference in women, indicating these variables as good markers associated with an increase in
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DEA [43]. In our study, no correlations were found between weight or BMI and the total score in the
AT group, and none of these correlations were found in the BT group.

Several studies are available showing values for the subscales and total score on the EAT-26 in
dance students of various ages, with no major differences found between these scores. These studies
were performed in ballet dancers between the ages of 11 and 19, the same as those of our study. All the
subscale scores in all the studies are higher in dieting than in oral control and bulimia [3,16,44,45].

Female gender, excess weight, living in urban areas, a distorted perception of weight, and body
dissatisfaction were factors associated with DEA, suggesting that multiple factors contributed to the
development of DEA [46,47]. The highest odds ratios were attributed to factors such as distorted
perception of weight and body shape dissatisfaction [42,43]. In a study of 15- to 18-year-olds, the
analysis showed significant negative associations between the total EAT-26 score and perceived physical
appearance (rho = −0.290, p < 0.001) [37]. These data do not agree with those obtained in our study
regarding correlations, although the EAT-26 score is very similar. However, for their assessment these
differences should be compared with other determinants such as anxiety, stress, dissatisfaction, or
body image and with other psychometric instruments that could explain those differences.

The results of this study can be used for prevention and early detection of DEA among young
female dance students. Educational programs addressing adolescent eating behaviors should be
developed. Future training programs on the significance of somatotype variations with growth,
physical activity, and nutrition may be useful in preventing DEA.

5. Limitations

Several limitations of this study should be mentioned including the cross-sectional design, which
limits the interpretation of causality. In addition, there was only one study stage, with no clinical
interview performed to diagnose DEA. The EAT-26 was used as a screening tool only as the use of
a questionnaire alone is not sufficient to diagnose DEA. Another limitation was that our study had
a relatively small sample and only female students were included, although the statistical power
was acceptable.

6. Conclusions

The ROC curve analysis showed that the mesomorphy and ectomorphy components for the BT
group had a high and moderate discriminatory power for classifying DEA. This study allows the
identification of a population at risk of DEA, such as young female dance students. We believe that the
results found in the group comprising the youngest dancers should serve as an alert for greater control
in the onset of DEA.
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Abstract: Nocturnal (night) eating syndrome and sleep-related eating disorder have common
characteristics, but are considered to differ in their level of consciousness during eating behavior
and recallability. To date, there have been no large population-based studies determining their
similarities and differences. We conducted a cross-sectional web-based survey for Japanese young
adults aged 19–25 years to identify factors associated with nocturnal eating behavior and sleep-related
eating disorder-like behavior using Munich Parasomnia Screening and logistic regression. Of the
3347 participants, 160 (4.8%) reported experiencing nocturnal eating behavior and 73 (2.2%) reported
experiencing sleep-related eating disorder-like behavior. Smoking (p < 0.05), use of hypnotic
medications (p < 0.01), and previous and/or current sleepwalking (p < 0.001) were associated
with both nocturnal eating behavior and sleep-related eating disorder-like behavior. A delayed
sleep-wake schedule (p < 0.05) and sleep disturbance (p < 0.01) were associated with nocturnal eating
behavior but not with sleep-related eating disorder-like behavior. Both nocturnal eating behavior
and sleep-related eating disorder-like behavior had features consistent with eating disorders or
parasomnias. Nocturnal eating behavior but not sleep-related eating disorder-like behavior was
characterized by a sleep-awake phase delay, perhaps representing an underlying pathophysiology of
nocturnal eating syndrome.

Keywords: nocturnal eating syndrome; sleep-related eating disorder; eating disorder; parasomnia;
delayed sleep-wake phase; MUPS

1. Introduction

Nocturnal (night) eating syndrome (NES) is characterized by recurrent episodes of eating after the
evening meal or after awakening from sleep [1,2]. NES has been described as “other specified feeding
or eating disorder” in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition [1],
but its criteria are relatively unclear. Therefore, the diagnostic criteria proposed by Allison and
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colleagues [2] have been also used. Similar eating behaviors, but with total amnesia or partial
unawareness of eating or drinking, are seen in sleep-related eating disorder (SRED) [3–5]. SRED can
be distinguished from NES by its unconscious eating behavior and its inability to recall, which was
emphasized in the diagnostic criteria for SRED in the International Classification of Sleep Disorders,
Third Edition (ICSD-3) [6]. However, since NES and SRED share several features, the distinction
between the two is still controversial [7,8]. NES has been considered an eating disorder with evening
hyperphagia, eating episodes occurring upon awakening during the night and resultant morning
anorexia [9,10]; the pathology of NES is believed to be a delayed circadian pattern of food intake [11,12].
SRED is classified as parasomnia in the ICSD-3 [6] and characterized by eating while “half-awake,
half-asleep” or “asleep” [4,6]. SRED patients often experience sleepwalking [3,4], which is rare in NES
patients [13]. To date, no large population-based studies have been conducted on NES and SRED [8],
and only a few studies have addressed their similarities and differences in clinical characteristics and
pathophysiology [7,13].

Munich Parasomnia Screening (MUPS) is a self-assessment questionnaire consisting of 21 items
and is used to evaluate parasomnias and sleep-related movement disorders, including NES and
SRED [14]. The questionnaire covers past history and current frequency of abnormal nighttime
behaviors and their sensitivity and specificity [14]. Our group previously translated and validated a
Japanese version of MUPS [15]. With this questionnaire, we conducted an internet survey for Japanese
young adults from the general population and estimated the prevalence of NES and SRED in this
cohort. We then analyzed factors related to nocturnal eating behavior and SRED-like behavior in this
population to determine similarities and differences in these two disorders.

2. Experimental Section

The present study was conducted as part of a comprehensive research project on the influence of
sleep schedule on daytime functioning and depression among young adults [16,17]. This cross-sectional
web-based questionnaire for Japanese individuals aged 19–25 years was conducted in February 2012.
At that time, ICSD-3 [6] had not been published. The participants were already registered as members
of the established internet survey company’s research panel and resided throughout Japan. The study
protocol was approved by the ethics committee of the Neuropsychiatric Research Institute, Tokyo,
Japan (no. 64/2011). Informed consent was obtained from all participants via the survey website.

The questionnaire included demographic information: sex, age, body mass index, residential
status (living alone or with family), smoking status, and alcohol consumption. Sleep habits were
evaluated as sleep duration (obtained from the Pittsburgh Sleep Quality Index [PSQI], described below),
weekday bedtime, and weekday wake-up time. The questionnaire also included the Japanese version
of the PSQI for assessing sleep disturbances [18,19], the Japanese version of MUPS for identifying the
lifetime incidence of sleepwalking (i.e., walking or sitting up while still asleep), and current episodes
of nocturnal eating behavior (i.e., waking again after falling asleep to eat) and SRED-like behavior (i.e.,
while asleep, eating something or preparing a meal that contains unusual or inedible ingredients, such
as a combination of ice cream and cheese or dishwashing detergent instead of butter) [14,15].

Of 3904 participants who accessed the survey website, 3613 responded to the questionnaire.
Participants who did not complete the questionnaire (n = 219) or who provided invalid answers
(n = 47) were excluded. The responses of the remaining 3347 participants (92.6%) were included in the
analyses of the present study (Figure 1).

To investigate factors associated with nocturnal eating behavior and SRED-like behavior [14,15]),
we conducted logistic regression analyses for age, sex, body mass index, living alone,
hypnotic medication use (three or more times per week) [18,19]), smoking status, alcohol consumption,
previous and/or current sleepwalking [14,15]), typical sleep duration (categorized; see below),
sleep-wake schedule (delayed/not delayed; phase delay was defined using the midpoint between
sleep onset and sleep offset; 4:00 AM [20]), and subjective sleep quality (categorized; see below).
Typical sleep duration and sleep-wake schedule were derived from the PSQI [18,19]. Body mass
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index was categorized as < 25 kg/m2, 25–29 kg/m2, and ≥ 30 kg/m2 [21]. Typical sleep duration was
categorized as < 6 and ≥ 6 hours [22,23]. PSQI scores were grouped as < 6 and ≥ 6 points [18,19].
All variables were examined initially with univariate models, and multivariate logistic regression was
conducted for all variables that were significantly correlated in univariate models to determine the
main correlates controlling for confounding factors. Wald statistics were used to test the significance of
odds ratios (ORs) calculated from the regression analysis. SPSS version 22 (IBM SPSS, Armonk, NY,
USA) was used for analysis. Statistical significance was set at p < 0.05.

Figure 1. Subject flow diagram.

3. Results

Among the 3347 participants, 160 (4.8%) reported nocturnal eating behavior and 73 (2.2%) reported
SRED-like behavior one or more times per year. Nocturnal eating behavior and SRED-like behavior
were concomitant in 45 participants, but 72% of participants reporting nocturnal eating behavior and
38% of participants reporting SRED-like behavior did not overlap. Table 1 lists the characteristics of
study participants.

Eight factors were significantly associated with nocturnal eating behavior in univariate logistic
regression analyses: female sex, body mass index ≥ 30 kg/m2, current smoking, use of hypnotic
medication, previous and/or current sleepwalking, sleeping < 6 hours, delayed sleep-wake schedule,
and higher PSQI scores (≥ 6 points). In the multiple logistic regression model, female sex,
current smoking, use of hypnotic medication, previous and/or current sleepwalking, delayed sleep-wake
schedule, and higher PSQI scores (≥ 6 points) were associated (Table 2).
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Table 1. Characteristics of study participants.

Characteristic
Total

(n = 3347)

Nocturnal Eating
Behavior
(n = 160)

Sleep-Related Eating
Disorder-Like Behavior

(n = 73)

Age, mean (SD), year 22.9 (1.8) 22.9 (1.8) 22.8 (1.7)
Sex (percent male) 45.3 36.3 46.6

Body mass index, mean (SD), kg/m2 21.1 (3.6) 21.5 (4.4) 22.2 (4.4)
Current smoker (%) 10.5 20.0 21.9

Regular alcohol consumption (%) 35.1 34.4 47.9
Living alone (%) 34.1 35.0 35.6

Use of hypnotic medication (three or
more times per week) (%) 2.8 13.1 12.3

Previous and/or current sleepwalking (%) 8.5 35.0 71.2
Typical sleep duration, mean (SD), hours 6.8 (1.4) 6.9 (1.6) 7.0 (1.7)
Midpoint on weekdays, mean (SD), time 4:22 (1:40) 4:41 (1:51) 4:17 (1:33)

Pittsburgh Sleep Quality Index score,
mean (SD), points 5.5 (2.7) 7.6 (3.1) 7.2 (3.3)

Nocturnal eating behavior and sleep-related eating disorder-like behavior were defined as occurring at least once
per year. SD, standard deviation.

Table 2. Factors associated with nocturnal eating behavior one or more times per year.

Predictor
Univariate Relative Risk

(95% Confidence Interval) 1 p Multivariate Relative Risk
(95% Confidence Interval) 1 p

Age (years) 3347 n.s. n.s.
Sex

Male 1517
Female 1830 1.485 (1.068–2.065) <0.05 1.560 (1.103–2.206) <0.05

Body mass index
(kg/m2)
<25 3016

25–29 247 n.s. n.s.
≥30 84 2.484 (1.219–5.062) <0.05 n.s.

Living alone
No 2204
Yes 1143 n.s. n.s.

Current smoker
No 2995
Yes 352 2.240 (1.495–3.356) <0.001 1.980 (1.286–3.047) <0.01

Regular alcohol
consumption

No 2172
Yes 1175 n.s. n.s.

Use of hypnotic
medication (three or

more times per week)
No 3253
Yes 94 6.445 (3.854–10.778) <0.001 4.054 (2.306–7.129) <0.001

Previous and/or
current sleepwalking

No 3062
Yes 285 6.955 (4.894–9.886) <0.001 6.249 (4.335–9.009) <0.001

Typical sleep duration
(hours)
≥6 2723
<6 624 1.539 (1.067–2.219) <0.05 n.s.

Sleep-wake schedule2

Not delayed 1438
Delayed 1909 1.507 (1.078–2.107) <0.05 1.478 (1.042–2.096) <0.05

Pittsburgh Sleep
Quality Index score

(points)
<6 1827
≥6 1520 2.690 (1.915–3.779) <0.001 1.871 (1.304–2.684) <0.01

1 Relative risks approximated to odds ratios. 2 Phase delay was defined using 4:00 AM as the midpoint. n.s.,
not significant.
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Five factors were associated with SRED-like behavior in univariate logistic regression analyses:
body mass index of 25–29 kg/m2, current smoking, regular alcohol consumption, previous and/or
current sleepwalking, and higher PSQI scores (≥ 6 points). In the multiple logistic regression model,
current smoking, use of hypnotic medication, and previous and/or current sleepwalking were associated
(Table 3).

Table 3. Factors associated with sleep-related eating disorder-like behavior one or more times per year.

Predictor
Univariate Relative Risk

(95% Confidence Interval) 1 p Multivariate Relative Risk
(95% Confidence interval) 1 p

Age (years) 3347 n.s. n.s.
Sex

Male 1517
Female 1830 n.s. n.s.

Body mass index
(kg/m2)
<25 3016

25–29 247 2.115 (1.068–4.188) <0.05 n.s.
≥30 84 n.s. n.s.

Living alone
No 2204
Yes 1143 n.s. n.s.

Current smoker
No 2995
Yes 352 2.454 (1.394–4.322) <0.01 1.998 (1.072–3.724) <0.05

Regular alcohol
consumption

No 2172
Yes 1175 1.724 (1.083–2.744) <0.05 n.s.

Use of hypnotic
medication (three or

more times per week)
No 3253
Yes 94 5.276 (2.542–10.951) <0.001 3.750 (1.606–8.755) <0.01

Previous and/or
current sleepwalking

No 3062
Yes 285 32.318 (19.137–54.576) <0.001 30.113 (17.764–51.044) <0.001

Typical sleep duration
(hours)
≥6 2723
<6 624 n.s. n.s.

Sleep-wake schedule2

Not delayed 1438
Delayed 1909 n.s. n.s.

Pittsburgh Sleep
Quality Index (points)

<6 1827
≥6 1520 1.848 (1.151–2.969) <0.05 n.s.

1 Relative risks approximated to odds ratios. 2 Phase delay was defined using 4:00 AM as the midpoint. n.s.,
not significant.

4. Discussion

Thus far, sleepwalking has been considered rare in NES subjects [13]. However, we found a
relatively strong association between sleepwalking and nocturnal eating behavior, although it was not
as strong as the association with SRED-like behavior. This may be attributable to nocturnal eating
behavior in the present study being defined as eating behavior after falling asleep or to the overlap
reported by some participants between the two conditions. Of note, in this study, both nocturnal eating
behavior and SRED-like behavior were associated with the use of hypnotic medication, with relatively
high odds ratios. Multiple studies have reported SRED induced by hypnotic medication [24–28],
but the evidence for hypnotic medication-induced NES is scarce [29]. but both benzodiazepines and
Z-drugs can cause behavioral disinhibition [30,31], which may underlie the association between the
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use of hypnotic medication and nocturnal eating behavior. In addition, we found that nocturnal eating
behavior but not SRED-like behavior was correlated with higher PSQI scores. Although the causal
relationship is unclear, an association between insomnia and NES [7,10,32,33] should be considered.

Current smoking was also associated with both nocturnal eating behavior and SRED-like behavior.
Smoking is common in eating disorders [34], and especially in bulimia and/or binge eating rather
than anorexia [35–37]. Interestingly, NES has been reported to be more frequent in populations with
bulimia and/or binge eating disorder rather than anorexia [38]. Thus, nocturnal eating behavior and
binge eating may possibly be related to the pathology of addiction, including smoking. As for SRED,
several cases in which smoking cessation resulted in SRED have been reported [5,39]. In addition,
sleep-related smoking concomitant with NES and/or SRED has been reported [40]. Although Yahia
and colleagues did not find a relationship between smoking and NES [32], smoking, as an addiction,
may offer an opportunity for studying the pathology of NES and SRED.

Nocturnal eating behavior was associated in our study with the female sex. Just as eating disorders
typically affect females [41–43], NES has been reported to be more common in females [10]. However, in
both NES and SRED, sex differences in the prevalence are still controversial [5,33,44–50]; some studies
have reported that NES was more common in males [44,45]. Thus, our findings should be confirmed
in larger studies.

This is the first epidemiological study to indicate a relationship between a delay in the sleep-wake
rhythm and nocturnal eating behavior. One study in mice suggested that feeding behavior affects the
sleep-wake rhythm via the dopaminergic system [51]. It is still unclear whether delayed eating rhythm
results in a delay in the sleep-wake rhythm or vice versa. However, nocturnal secretion of melatonin
has been reported to decrease in NES [9]. Moreover, some preliminary studies have suggested that
therapeutic interventions that act to consolidate the circadian rhythm, such as bright light therapy [52]
and treatment with agomelatine [53,54], are effective for NES. Although these circadian-focused
treatments require validation, the findings of the present study indicate that a delay in the sleep-wake
rhythm possibly underlies the pathophysiology of NES.

This study has some limitations. First, the study was based on self-rating without face-to-face
interviews. A further very important limiting factor is that the MUPS [14] had been developed
before the publication of the ICSD-3 [6], and does not include “partial or complete loss of conscious
awareness during the eating episode”. However, nocturnal eating behavior and SRED-like behavior,
which were expressed as “nocturnal eating” and “sleep related eating” in MUPS, respectively,
were clearly distinguished by the presence/absence of consciousness [14]. This implication emphasizes
the significance of focusing on the differences between nocturnal eating behavior and SRED-like
behavior in this study. As this study was an analysis of self-reported data, there is a possibility that
we underestimated the prevalence of subjects with SRED-like behavior who could not recall eating
behavior at night. In contrast, we may have overestimated the prevalence since we required only
one incident over the preceding year. Therefore, the present study should be considered preliminary
in assessing the pathophysiology of NES and SRED. The second limitation is a possible sampling
bias. Generally, internet users have been reported to experience more sleep problems or shorter sleep
durations [55,56]. Third, this study did not confirm any questionnaires or severity scales specific to
NES for affected subjects classified only by MUPs. Lastly, we identified the use of hypnotic medication
in the survey [18,19], but did not record the type or amount. Similarly, the lack of information on the
quantity of alcohol consumed and number of cigarettes smoked is also a limitation.

5. Conclusions

The present study using MUPS suggested that a considerable number of Japanese young adults
may have NES, SRED, or both. Factors associated with both nocturnal eating behavior and SRED-like
behavior were smoking, sleepwalking, and use of hypnotic medication. Nocturnal eating behavior but
not SRED-like behavior was associated with a delayed sleep-wake schedule and sleep disturbances,
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as well as with the female sex. Confirmation of the reproducibility of these findings and prospective
research that includes face-to-face interviews are warranted.
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Abstract: Eating disorder (ED) patients show alarmingly high prevalence rates of Non-Suicidal
Self-Injury (NSSI). Adolescents seem to be particularly at risk, as EDs and NSSI both have their onset
in mid-adolescence. It has been suggested that personality could be a transdiagnostic mechanism
underlying both EDs and NSSI. However, little attention has been given to adolescent clinical samples
compared to adult and/or community samples. Therefore, the current study investigated the role
of personality in a sample of 189 female inpatients with an ED (M = 15.93, SD = 0.98). Our results
confirmed the high prevalence of NSSI in EDs, specifically in patients with bingeing/purging
behaviours (ED-BP). Temperamental differences were found between ED-BP and the restrictive ED
subtype (ED-R). Namely, ED-BP patients showed more harm avoidance and less self-directedness
compared to ED-R. Temperamental differences were found in NSSI as well, regardless of ED subtype:
ED patients who had engaged in NSSI during their lifetime reported less self-directedness and more
harm avoidance. Interestingly, only ED patients who recently engaged in NSSI showed less novelty
seeking. These temperamental profiles should be recognised as key mechanisms in the treatment of
adolescent ED patients with and without NSSI.

Keywords: non-suicidal self-injury; temperament; eating disorder; adolescence

1. Introduction

Non-Suicidal Self-Injury (NSSI) is defined as any socially unaccepted behaviour through which
individuals deliberately and directly injure their own body [1]. NSSI can serve a wide variety of
functions to the individual, but the most common self-reported function is to regulate negative
emotions [2]. Typical methods of engaging in NSSI are cutting, scratching, burning, or bruising
one’s own skin [3]. NSSI is strongly associated with internal distress, rejection by peers, rumination,
and psychopathology in general, both internalising and externalising symptoms [4–6]. Adolescents
seem to be most vulnerable, as NSSI onset peaks in mid-adolescence, around the ages of 14 and 15 [7].
The vulnerability of adolescents is also reflected in NSSI prevalence rates; epidemiological research
consistently indicates that as many as 17% of adolescents in non-clinical samples have engaged in
NSSI at least once [8–10]. Prevalence rates rise even higher in clinical samples, with young patients
with an eating disorder being particularly at risk as up to 60% of this adolescent population engages in
NSSI throughout their lifetime [11–14].
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Eating disorder (ED) symptomatology, just like NSSI, can be considered a dysfunctional coping
strategy to regulate negative affect [15,16]. Both in NSSI and EDs, the body is often perceived as
negative and can become the target of emotional dysregulation [17]. EDs include Bulimia Nervosa (BN),
characterised by recurrent binge-eating and compensatory behaviours (e.g., purging), and Anorexia
Nervosa (AN), characterised by an irrational fear of gaining weight and restricting food intake.
By definition, BN patients are at a healthy weight or slightly overweight, whereas AN patients are
underweight [18]. However, some underweight patients do show bulimia-like symptoms, such as binge
eating and purging. Consequently, AN is further divided into two subtypes: the binge-eating/purging
subtype (AN-BP) and the restrictive subtype (AN-R).

A 2007 review [16] reported that AN-BP patients were most likely to engage in self-harming
behaviour, with prevalence rates between 27.8% and 68.1% for this subtype. AN-R patients showed the
lowest occurrence with prevalence rates between 13.6% and 42.1%. BN patients were in between the
two AN subtypes, with self-harm prevalence rates ranging from 26% to 55.2%. However, this review
investigated self-harm, which typically includes suicidal behaviour, in contrast to NSSI, which explicitly
excludes suicidal thoughts and behaviours. Yet, several other studies have affirmed that AN-BP
patients are engaging more frequently in NSSI compared to AN-R patients [19–21]. For instance,
in a sample of 226 female ED patients, the lifetime prevalence of NSSI was significantly higher in
AN-BP patients compared to AN-R patients [22]. Some uncertainty remains, however, as a handful
of studies did not find any significant differences between AN-BP and AN-R [16,23]. Furthermore,
research is lacking regarding the NSSI methods that are used by subtypes of ED patients. To the best of
our knowledge, only four studies investigated differences in NSSI methods by subtypes of ED patients.
Three of these studies did not find any significant difference [19,24,25], whereas one study by Claes et
al. [26] reported that cutting was more common in female ED patients with binge/purge behaviour
(AN-BP, BN) as compared to those with restrictive behaviour.

To improve understanding regarding the interplay between EDs and NSSI, researchers have
been looking for transdiagnostic mechanisms. It has been suggested that personality could be
such a transdiagnostic mechanism, underlying both EDs and NSSI [20,27,28]. According to the
psychobiological theory of Cloninger et al. [29,30], there are seven dimensions of personality: four
genetically determined temperamental dimensions and three learned character dimensions. Novelty
seeking (NS) is the first temperamental dimension and refers to curiosity, impulsivity, enthusiasm
regarding new experiences, and rash decision-making. Second, harm avoidance (HA) is characterised
by shyness, fearfulness and inhibition in social situations. For example, one HA item reads: “When I
have to meet a group of strangers, I am more shy than most people” [31]. Moreover, HA is characterised
by excessive worrying, insecurity, and pessimism, even in situations where others would not worry or
fear. Third, reward dependence (RD) describes seeking out social approval and support, openness to
others, and a tendency to respond to signals of reward. Fourth, persistence (PS) refers to a competitive
spirit, being inclined towards perfectionism, and showing perseverance in spite of repeated setbacks,
frustration, or fatigue. Self-directedness (SD), the first of three character dimensions, is the strong
desire to achieve a set of goals and values and the ability to regulate and adapt one’s own behaviour
to reach these goals. Cloninger described SD as “willpower” [32], more recent literature linked SD
to effortful control [33]. Second, cooperativeness (CO) concerns empathy, tolerance, agreeableness,
and identification with others. Low CO is associated with a wide range of personality disorders [30].
Third and finally, self-transcendence (ST) involves spirituality and the idea of a transcendental union
with nature and the universe.

Several studies used Cloninger’s model to trace temperament and character dimensions in
psychopathology. For instance, adolescents engaging in NSSI, both patients and non-clinical controls,
are characterised by high novelty seeking and low persistence [20,34–36]. High NS and low PS both
indicate high impulsivity, which could partially explain why those who engage in NSSI struggle with
resisting the urge to self-injure [37]. Nock and Prinstein [38] corroborated the impulsive nature of
NSSI and found that many individuals contemplated the act of self-injury for less than five minutes

98



J. Clin. Med. 2020, 9, 1207

before committing it. High NS and impulsivity are linked to low self-directedness, which is also
part of the personality profile of NSSI [39,40]. Those with low SD are more likely to experience
emotion regulation difficulties and end up losing executive functions when they encounter a negative
affect [40]. These individuals tend to have lower emotional clarity and are less likely to accept their own
emotions [41]. The lack of adaptive emotion regulation strategies might push individuals with low SD
towards NSSI once they are confronted with an overwhelming negative affect [42]. Contributing to these
emotion regulation difficulties are the high harm avoidance levels in the personality profile of NSSI [34].
According to Cloninger, the combination of high NS and high HA results in an approach-avoidance
conflict that can cause further affective instability [29]. Results are less clear regarding levels of
cooperativeness in those engaging in NSSI: the scores seem to be dependent on the absence or presence
of suicidal thoughts and behaviours (STBs) [43]. Specifically, female adolescents who engaged in
self-injury and experienced STBs showed higher CO scores compared to those without STBs [43].
So far, no associations have been found between reward dependence and NSSI [34,36].

The temperament and character dimensions of EDs are similar to those of NSSI in terms of
self-directedness and harm avoidance. Namely, like NSSI, all ED types are characterised by high harm
avoidance [44–47] and low self-directedness when compared to healthy controls [44,45,47]. Within
ED subtypes, it was found that individuals with bingeing and purging behaviour (i.e., AN-BP and
BN patients) reached even lower SD levels compared to those restricting their food intake (i.e.,
AN-R patients [46]). Similar to those engaging in NSSI, individuals with bingeing and purging behaviour
show high novelty seeking [44–47] and low persistence [44,46,47]. Thus, the tendency for impulsivity
and excitableness is common in both NSSI and binge/purge EDs. However, those with restrictive eating
behaviour show the exact opposite pattern: low novelty seeking and high persistence. This combination
of characteristics is associated with perfectionism, obsessiveness, and rigidity, which may maintain
restrictive, calculated eating behaviour [44–47]. In contrast to NSSI, low cooperativeness is generally
found in all ED types [44–47]. Finally, although high reward dependence was hypothesised to be
a core characteristic of EDs [48], no associations have been found between reward dependence and
ED [49,50].

The vast majority of research on EDs and NSSI has been conducted in adult and/or community
samples [9,21]. However, the onset of EDs and NSSI occurs during adolescence and prevalence
rates peak during these teenage years, particularly so in clinical samples [7,12,13]. Furthermore,
little attention has been given to temperament and character traits in adolescent ED patients, be it
with or without NSSI, even though previous research has suggested temperament to be a potential
transdiagnostic mechanism in EDs and NSSI [20,28]. Therefore, the current study will investigate
temperament and character traits in a large sample of young patients diagnosed with an ED and
with(out) NSSI. Our first aim is to investigate the frequency and methods of lifetime and recent NSSI
across ED subtypes in this sample. Based on previous literature, we expect higher frequencies of
lifetime and recent NSSI in ED patients of the bingeing/purging subtype, compared to the restrictive
subtype [19–21]. Research is lacking regarding NSSI methods, which leaves us unable to make
strong hypotheses on frequencies of NSSI methods across ED subtypes. As a second aim, we will
examine temperament and character dimensions in the adolescent ED patients with and without
NSSI. Based on the literature summarised above, we hypothesise both ED types to show high harm
avoidance, low self-directedness and low cooperativeness. Furthermore, we hypothesise a combination
of high novelty seeking and low persistence in patients with a bingeing/purging ED and the opposite
combination, low novelty seeking and high persistence, in patients with a restrictive ED [44–47].
If patients are engaging in NSSI, we hypothesise those individuals to be characterised by high novelty
seeking, low persistence, low self-directedness, and high harm avoidance [20,34–36].
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2. Materials and Methods

2.1. Procedure and Participants.

Between 2011 and 2018, data was collected in female patients who were hospitalised at a specialised
inpatient eating disorder ward in Belgium. Shortly after admission, all patients were invited to
participate in the study. Those willing to participate provided written informed consent and completed
a series of online questionnaires. All patients under 18 years old provided additional parental consent.
The procedure of the current study was approved by both the ethical committee of the psychiatric
hospital as well as the ethical committee of the faculty of Psychology and Educational Sciences of the
first author to use the data retrospectively for research purposes.

The present study included only minor patients who filled out the Eating Disorder Evaluation
Scale [51], the Self-Injury Questionnaire-Treatment Related (SIQ-TR [52]) and the brief Dutch version
of Cloninger’s Temperament and Character Inventory (VTCI [31]). In total, our sample consisted of
189 female patients with an ED, with a mean age of 15.93 years (SD = 0.98, range 14–17 years).

ED diagnoses, as specified in the DSM-5, were diagnosed by means of an interview conducted by
experienced psychiatrists or psychologists and further validated with the Eating Disorder Evaluation
Scale [51]. AN-R diagnosis was assigned to 87 participants (46%, MadjBMI = 71.91, SD = 7.32),
while 56 participants (29.6%, MadjBMI = 74.32, SD = 6.28) were diagnosed with AN-BP, and 46
(24.3%, MadjBMI = 94.67, SD = 8.16) were diagnosed with BN. Subsequently, data of patients with
binge-eating/purging behaviours (AN-BP and BN) were merged, given that these patients show similar
temperamental profiles [47]. Thus, we performed our analyses on a group of restrictive ED patients
(ED-R; n = 87, 46%, Mage = 15.91, SD = 0.97) and a group of patients with binge-eating/purging
behaviours (ED-BP; n = 102, 54%, Mage = 15.95, SD = 0.99), with no significant age difference between
them (F(1, 187) = 0.090, ns). Additionally, we used the 13-item depression subscale of the Symptom
Checklist-90 (SCL-90-D, [53]) to further describe our sample. Patients with recent NSSI presented
with significantly higher depression scores compared to patients without recent NSSI (F (1, 188) =
13.957, p < 0.000, ηp

2 = 0.070). Similarly, patients with lifetime NSSI presented with significantly higher
depression scores compared to patients without lifetime NSSI (F(1, 188) = 9.983, p = 0.002, ηp

2 = 0.051).
ED-BP patients reported significantly higher depression scores compared to ED-R patients when
lifetime NSSI was included (F(1, 188) = 4.094, p = 0.044, ηp

2 = 0.022), but not when recent NSSI was
included in the analysis (F(1, 188) = 2.265, p = 0.134, ηp

2 = 0.012). There was no significant interaction
between ED subtype and lifetime/recent NSSI in the prediction of mean depression scores.

2.2. Adjusted Body Mass Index (BMI).

We calculated BMI as weight/height2 using the weight and height measures provided by the
adolescents. Subsequently, we compared the BMI to representative values of adolescent girls in
Belgium [54] and computed the adjusted BMI as [(BMI/Percentile 50 of BMI for age and gender) ×
100]. The adjusted BMI results in a more accurate determination of the weight status of underaged
adolescents and was therefore used throughout this study. In the current sample, 75.1% of the
participating patients were underweight (n = 142, adjusted BMI ≤ 85) and 24.9% had a normal weight
(n = 47, 85 < adjusted BMI < 120).

2.3. Non-Suicidal Self-Injury

NSSI was assessed using the Self-Injury Questionnaire-Treatment Related (SIQ-TR [55]),
a self-report questionnaire that has been proven valid and reliable in female ED patient populations [52].
Patients responded to five yes/no items regarding the absence or presence of scratching, bruising,
cutting, burning, and biting oneself. For each self-injurious behaviour, they were asked to complete
a number of multiple-choice questions regarding the last time they engaged in that behaviour, how often
it happened in certain timeframes, whether they experienced any pain during the behaviour, and which
thoughts and feelings preceded and followed the NSSI. Based on these responses, recent NSSI (i.e.,
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any form of NSSI within the last month) and lifetime NSSI (i.e., any form of NSSI throughout their life)
were calculated. The Kuder–Richardson reliability coefficient for lifetime NSSI and recent NSSI was
0.673 and 0.489, respectively.

2.4. Temperament

The brief Dutch version of Cloninger’s Temperament and Character Inventory (VTCI [31]) was
administered to assess Cloninger’s seven temperament scales; novelty seeking (NS), harm avoidance
(HA), reward dependence (RD), persistence (PS), self-directedness (SD), cooperativeness (CO),
and self-transcendence (ST) [29], [56]. Each of the seven scales contains 15 yes/no items, resulting in a
total of 105 items. The VTCI was found to be a reliable and valid instrument in adolescent patient
populations [57]. In the present study, Cronbach’s alphas for these seven scales were, respectively,
0.702, 0.763, 0.609, 0.685, 0.806, 0.750, and 0.764.

2.5. Statistical Analyses

To analyse the frequency of the different lifetime/recent NSSI behaviours, descriptive statistics
were calculated. The associations between the presence/absence of lifetime/recent NSSI and ED
subtype (ED-R, ED-BP), were investigated with cross-tabulations and the Chi-square test statistic.
Finally, to investigate temperamental differences between ED-R/ED-BP patients with and without
lifetime/recent NSSI we performed two separate MANOVAs, both with the VTCI temperament scales
as dependent variables and the ED subtype (ED-R, ED-BP) as an independent variable. In the first
MANOVA, we included lifetime NSSI as an additional independent variable. In the second MANOVA,
we included recent NSSI as an additional independent variable. In both MANOVAs, the interaction
between ED and NSSI was included as the third and final independent variable. Partial eta squared
(η2) was used as a measure of effect size.

3. Results

3.1. Frequency of Lifetime and Recent NSSI

Overall, 59.8% of the patients (n = 113) engaged in at least one act of NSSI during their lifetime
whereas 40.2% (n = 76) had never engaged in NSSI. The frequency of the reported lifetime NSSI
behaviours, when ED-BP and ED-R were examined together, was distributed as follows: cutting (41.8%,
n = 79), scratching (39.7%, n = 75), bruising (27%, n = 51), biting (16.9%, n = 32), and burning (7.9%,
n = 15). Table 1 shows the number of different NSSI behaviours (NSSI versatility score) reported
by the two ED subtypes. Patients with ED-R reported an average of 2.03 different lifetime NSSI
behaviours (SD = 1.13), which was not significantly different from the average of 2.32 different lifetime
NSSI behaviours (SD = 1.11) as reported by patients with ED-BP (F(1, 112) = 1.741, p = 0.190, partial
η2 = 0.015). However, on the level of individual NSSI behaviours, patients with ED-BP reported
significantly more lifetime scratching, bruising, cutting, burning, and biting behaviours compared to
patients with ED-R (see Table 2).

With respect to recent NSSI, 41.3% of patients (n = 78) reported at least one act of NSSI during
the last week or the last month. The frequency of the recent NSSI behaviours, when ED-BP and ED-R
were examined together, was distributed as follows: 25.4% (n = 48) reported scratching, 19.6% (n = 37)
cutting, 12.7% (n = 24) bruising, 7.4% (n = 14) biting, and 2.6% (n = 5) burning oneself during the
last week or month. The number of days one engaged in each of the five NSSI behaviours can be
found in Supplementary Table S1. Patients with ED-R reported an average of 1.41 different recent
NSSI behaviours (SD = 0.73), which was not significantly different from the average of 1.73 different
recent NSSI behaviours (SD = 0.80) reported by patients with ED-BP (F(1, 77) = 2.706, p = 0.104, partial
η2 = 0.034, see Table 1). However, on the level of individual NSSI behaviours, patients with ED-BP
reported significantly more recent scratching, bruising, cutting, and burning behaviours compared to
ED-R patients (see Table 2).

101



J. Clin. Med. 2020, 9, 1207

Table 1. The number of different lifetime and recent NSSI behaviours ED-R and ED-BP engaged in.

Lifetime NSSI
n = 113

Recent NSSI
n = 78

ED-R
n = 36

ED-BP
n = 77

ED-R
n = 22

ED-BP
n = 56

% a n % a n % a n % a n

1 behaviour 38.9% 14 28.6% 22 68.2% 15 44.6% 25
2 behaviours 36.1% 13 29.9% 23 27.3% 6 41.1% 23
3 behaviours 13.9% 5 23.4% 18 0% 0 10.7% 6
4 behaviours 5.6% 2 16.9% 13 4.5% 1 3.6% 2
5 behaviours 5.6% 2 1.3% 1 0% 0 0% 0

Note. a Percentages of NSSI behaviours within ED category; NSSI = Non-Suicidal Self-Injury; ED-R = eating
disorder of the restrictive type; ED-BP = eating disorder of the bingeing/purging type.

Table 2. Presence and absence of five NSSI behaviours in two ED subtypes.

ED-R
n = 87

ED-BP
n = 102

Present Absent Present Absent

% a n % a n % a n % a n X2
(1)

Lifetime
Scratch 28.7% 25 71.3% 62 49.0% 50 51.0% 52 8.071 **
Cut 24.1% 21 75.9% 66 56.9% 58 43.1% 44 20.669 ***
Bruise 17.2% 15 82.8% 72 35.3% 36 64.7% 66 7.766 **
Bite 10.3% 9 89.7% 78 22.5% 23 77.5% 79 4.972 *
Burn 3.4% 3 96.6% 84 11.8% 12 88.2% 90 4.444 *
Recent
Scratch 12.6% 11 87.4% 76 36.3% 37 63.7% 65 13.838 ***
Cut 11.5% 10 88.5% 77 26.5% 27 73.5% 75 6.689 **
Bruise 4.6% 4 95.4% 83 19.6% 20 80.4% 82 9.542 **
Bite 6.9% 6 93.1% 81 7.8% 8 92.2% 94 0.061
Burn 0% 0 100% 87 4.9% 5 95.1% 97 4.381 *

Note. * p < 0.05, ** p < 0.01, *** p < .001; ED-R = Eating Disorder, Restrictive Subtype; ED-BP = Eating Disorder,
Binge Eating/Purging Subtype, NSSI =Non-Suicidal Self-Injury. a Percentages of absent/present NSSI behaviour
within each ED subtype.

The Pearson correlation coefficients between recent/lifetime NSSI and each of the seven
temperament and character dimensions can be found in Table 3.

Table 3. Correlation coefficients between study variables.

Lifetime
NSSI

Recent
NSSI

NS HA RD PS SD CO

Recent NSSI 0.687 ***
NS –0.016 –0.118
HA 0.205 ** 0.252 *** –0.370 ***
RD –0.098 –0.065 0.118 –0.203 **
PS –0.049 0.084 –0.345 *** –0.024 0.121
SD –0.225 ** –0.204 ** 0.108 –0.488 *** 0.130 0.089
CO 0.043 0.103 –0.242 ** 0.026 –0.214 ** –0.232 ** –0.213 **
ST 0.093 0.087 0.089 –0.060 0.102 –0.095 –0.185 * –0.071

Note. * p < .05, ** p < .01, *** p < .001; Significant correlation coefficients are marked in bold; NS = Novelty Seeking,
HA =Harm Avoidance, RD = Reward Dependence, PS = Persistence, SD = Self-Directedness, CO = Cooperativeness,
ST = Self-Transcendence.
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3.2. Temperamental Differences between R/BP Patients with(out) Recent NSSI

With temperamental dimensions as the dependent variables, we included ED type, recent
NSSI, and the ED × NSSI interaction as the three independent variables in our first MANOVA.
Our results showed a main effect of ED subtype, indicating that there was a significant overall
difference in temperamental dimensions, based on ED subtype (Wilks’ Lambda = 0.903, F(7, 179) =
2.733, p = 0.01, partial η2 = 0.097). As reported in Table 4, the univariate results further clarified that
ED-BP patients reported significantly more novelty seeking and less persistence compared to ED-R
patients. Second, our results showed a main effect of recent NSSI, indicating a significant overall
difference in temperamental dimensions based on presence or absence of recent NSSI (Wilks’ Lambda
= 0.88, F(7, 179) = 3.478, p = 0.002, partial η2 = 0.12). Namely, the univariate results in Table 4 show
how those engaging in recent NSSI reported significantly less novelty seeking, more harm avoidance,
and less self-directedness. Finally, there was no significant interaction between ED subtype and
recent NSSI (Wilks’ Lambda = 0.985, F(7, 179) = 0.392, p = 0.906, partial η2 = 0.015) in the prediction
of temperamental differences. To control for age, we conducted an additional MANCOVA with
temperamental dimensions as the dependent variables, ED subtype, recent NSSI and the ED ×NSSI
interaction as independent variables, and age as a control variable. Age did not reach significance:
Wilks’ Lambda = 0.974, F(7, 179) = 0.682, p = 0.687, partial η2 = 0.026 and all other results remained
the same (i.e., main effect of ED subtype, main effect of recent NSSI, no interaction effect of ED
subtype × NSSI).

Table 4. Means and standard deviations of the z-scores of the brief Dutch version of
Cloninger’s Temperament and Character Inventory for ED-R/BP patients with(out) recent NSSI
(last week/last month).

Main Effect ED Subtype Main Effect Absence/Presence of NSSIR

ED-R
n = 87

ED-BP
n = 102

NSSIR = 0
n = 111

NSSIR = 1
n = 78

M SD M SD F(1, 185) M SD M SD F(1, 185)

NS –0.25 (0.91) 0.24 (1.04) 18.47 *** 0.11 (1.02) –0.13 (0.98) 9.04 **
HA –0.00 (0.96) –0.00 (1.02) 1.54 –0.21 (1.03) 0.29 (0.85) 14.23 ***
RD 0.02 (1.04) –0.01 (0.95) 0.02 0.06 (1.07) –0.07 (0.86) 0.78
PS 0.14 (.78) –0.12 (1.15) 4.45 * –0.07 (1.04) 0.10 (0.95) 2.94
SD 0.09 (1.12) –0.11 (0.90) 0.03 0.16 (1.11) –0.26 (0.78) 7.70 **
CO 0.07 (1.09) –0.07 (0.92) 1.76 –0.09 (1.06) 0.12 (0.91) 2.75
ST –0.12 (1.01) 0.08 (1.01) 1.08 –0.08 (0.93) 0.09 (1.11) 0.57

Note. * p < 0.05, ** p < 0.01, *** p < 0.001; ED-R = Eating Disorder, Restrictive Subtype; ED-BP = Eating
Disorder, Binge Eating/Purging Subtype, NSSIR = Recent Non-Suicidal Self-Injury; NS =Novelty Seeking, HA =
Harm Avoidance, RD = Reward Dependence, PS = Persistence, SD = Self-Directedness, CO = Cooperativeness,
ST = Self-Transcendence.

3.3. Temperamental Differences between R/BP Patients with(out) Lifetime NSSI

In a second MANOVA, we substituted recent NSSI for lifetime NSSI while the other variables
remained the same as in the first MANOVA. Thus, temperamental dimensions remained included as the
dependent variables, and ED subtype, recent NSSI, and the ED × NSSI interaction term were included
as the three independent variables. First, the main effect of ED subtype did not reach significance (Wilks’
Lambda = 0.93, F(7, 179) = 1.89, p = 0.073, partial η2 = 0.069). This lack of significance could potentially
be ascribed to a statistical artefact. Specifically, by substituting one independent variable with another,
the degrees of freedom and the level of explained variance might deviate slightly, which can result in
a different main effect. For completeness, we did still include the univariate level in Table 5. Second,
our results showed a main effect of NSSI, indicating a significant overall difference in temperamental
dimensions based on the presence or absence of lifetime NSSI (Wilks’ Lambda = 0.921, F(7, 179) =
2.198, p = 0.036, partial η2 = 0.079). As described in Table 5, the univariate results clarified that those
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who engaged in lifetime NSSI reported significantly more harm avoidance and less self-directedness
compared to those without lifetime NSSI. Contrasting our findings with recent NSSI, there was no
significant difference in the level of novelty seeking between those with and without lifetime NSSI.
Finally, the results did not show a significant interaction between ED subtype and lifetime NSSI (Wilks’
Lambda = 0.98, F(7, 179) = 0.49, p = 0.838, partial η2 = 0.019), indicating that the association between
temperament and NSSI is similar in both ED subtypes. To control for age, we conducted an additional
MANCOVA with temperamental dimensions as the dependent variables, ED subtype, lifetime NSSI
and the ED ×NSSI interaction as independent variables, and age as a control variable. Age did not
reach significance: Wilks’ Lambda = 0.974, F(7, 179) = 0.667, p = 0.700, partial η2 = 0.026 and all other
results remained the same (i.e., main effect of ED subtype, main effect of lifetime NSSI, no interaction
effect of ED subtype × NSSI).

Table 5. Means and standard deviations of the z-scores of the brief Dutch version of Cloninger’s
Temperament and Character Inventory for ED-R/BP patients with(out) lifetime NSSI.

Main Effect ED Subtype Main Effect Absence/Presence of NSSIL

ED-R
n = 87

ED-BP
n = 102

NSSIL = 0
n = 76

NSSIL = 1
n = 113

M SD M SD F(1, 185)1 M SD M SD F(1, 185)

NS –0.25 (0.91) 0.24 (1.04) 12.68 *** 0.03 (0.99) 0.00 (1.03) 2.16
HA 0.00 (0.96) 0.00 (1.02) 0.97 –0.25 (0.97) 0.16 (0.98) 9.19 **
RD 0.02 (1.04) –0.01 (0.95) 0.07 0.12 (1.01) –0.07 (0.97) 1.82
PS 0.14 (0.78) –0.12 (115) 1.87 0.06 (0.87) –0.04 (1.09) 0.02
SD 0.09 (1.12) –0.11 (0.90) 0.20 0.26 (1.16) –0.20 (0.84) 7.82 **
CO 0.08 (1.08) –0.08 (0.92) 1.92 –0.06 (1.05) 0.03 (0.98) 1.06
ST –0.12 (1.01) 0.08 (1.01) 0.63 –0.12 (0.93) 0.07 (1.06) 0.82

Note. ** p < 0.01, *** p < 0.001; ED-R = Eating Disorder, Restrictive Subtype; ED-BP = Eating Disorder,
Binge Eating/Purging Subtype, NSSIL = Lifetime Non-Suicidal Self-Injury; NS = Novelty Seeking, HA =
Harm Avoidance, RD = Reward Dependence, PS = Persistence, SD = Self-Directedness, CO = Cooperativeness,
ST = Self-Transcendence.

4. Discussion

The prevalence rates of NSSI in patients with any ED are alarmingly high. Both EDs and
NSSI are driven by certain temperamental vulnerabilities, which, in their turn, increase the risk
for later personality disorders [58,59]. To improve intervention of EDs and NSSI and prevention
of later personality disorders, it is crucial to develop a thorough understanding of transdiagnostic
temperamental vulnerabilities in adolescents. The vast majority of research on temperamental
dimensions in EDs and NSSI has been conducted in adult samples [9,21]. Therefore, the current study
examined temperament and character dimensions in a sample of adolescent ED patients with and
without NSSI.

As a first aim, the present study investigated the prevalence of NSSI as well as the methods used to
engage in NSSI. Our results confirmed the alarmingly high prevalence rates of NSSI previously found
in young ED patients [16]. Namely, 60% of the current sample reported lifetime NSSI (i.e., having ever
engaged in NSSI) and 40% of the sample reported recent NSSI (i.e., having engaged in NSSI in the
past month). Thus, as this information was collected shortly after admission to an inpatient treatment
facility, the latter indicates that 40% of the adolescents engaged in NSSI right before and/or during
their ED treatment at the hospital ward. Interestingly, previous phenomenological qualitative research
described how, during treatment, individuals with an ED experienced a loss of control when they
were pressured to eat [60]. To lose control in one domain, be it due to treatment or due to pressure
by parents or peers, often requires compensation in another domain [61]. Indeed, the participants
in the phenomenological study reported how NSSI functioned as a means of control over anorectic
thoughts and overwhelming emotions when they felt pressured to eat [60]. Future systematic research
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could investigate whether the high prevalence rates of NSSI found in the current study could be due to
patients attempting to regain a sense of control.

Our results confirmed cutting and scratching to be the most common forms of NSSI, with,
respectively, 42% and 40% of ED patients having engaged in these behaviours [16]. Moreover, each of
the five assessed NSSI behaviours was significantly more common in patients of the ED-BP subtype,
compared to the ED-R subtype. This ED-R/ED-BP distinction remained unchanged whether lifetime
NSSI behaviours or recent NSSI behaviours were assessed. These findings align with previous research,
which indicated that ED patients with bingeing/purging symptomatology engaged more often in NSSI
overall [19–21]. Only for “biting oneself in the last month” the difference between ED-R and ED-BP
did not reach significance, possibly due to the very low prevalence rate of “biting oneself” in both
groups. Previously, research was lacking in how the specific NSSI behaviours compared between ED
subtypes. With only four previous studies available, our results innovate by providing evidence for
higher lifetime prevalence of cutting, scratching, bruising, biting, and burning in ED-BP compared to
ED-R patients.

In search of a transdiagnostic mechanism in the ED–NSSI interplay, the current study investigated
temperament and character dimensions as a second aim. First, our results showed significant differences
in temperament and character based on ED subtype. Namely, patients with ED-BP showed significantly
more novelty seeking and less persistence compared to patients with ED-R. Thus, the ED-BP patients
had a greater tendency to seek out new, exciting experiences, possibly making impulsive decisions
while doing so (high novelty seeking). Additionally, they were less likely than the ED-R patients
to persevere and overcome setbacks or frustration, but rather felt frustrated or overwhelmed (low
persistence). The differences between ED-BP and ED-R patients as found in the present study are
consistent with ED literature [62–65]. Furthermore, both high novelty seeking and low persistence
indicate impulse dysregulation, which previous research indeed attributed to bingeing and purging
behaviours in ED patients [38]. Importantly, because NSSI too is characterised by high novelty
seeking and low persistence [20,34–36], this temperamental profile might function as a transdiagnostic
mechanism explaining the high comorbidity between NSSI and ED-BP specifically.

Second, our results showed significant differences in temperament and character based on the
presence or absence of NSSI, regardless of the ED subtype. Specifically, ED patients with recent and/or
lifetime NSSI reported less self-directedness and more harm avoidance compared to patients who
were not engaging in NSSI. Thus, ED patients engaging in NSSI experience less control over their
own emotions, they struggle to regulate themselves to set and reach goals (low self-directedness).
They lack emotion regulation skills in comparison to adolescent ED patients who do not engage in NSSI.
Moreover, NSSI in ED patients was associated with high harm avoidance, which indicates shyness
and anxiety in social situations as well as excessive worrying and insecurity regarding interactions
with others. These findings align with previous research indicating that emotion dysregulation and
an increased amount of negative thoughts and feelings are common in those engaging in NSSI [5,61,66].
Specifically in ED patient populations, high harm avoidance can be related to self-punishment and
rumination for those who self-injure. Patients with an ED who additionally engage in NSSI tend to be
more concerned about meeting expectations of themselves and others, compared to patients with and
ED who do not engage in NSSI [67]. In a qualitative study, ED patients in treatment facilities described
how they would use NSSI to punish themselves when they failed to meet their own standards or felt
that they had disappointed healthcare workers [60]. In conclusion, the temperamental profile of low
self-directedness and high harm avoidance characterises patients with any ED who engage in NSSI.

Interestingly, when studying temperament in ED patients with recent NSSI, one more dimension
besides low self-directedness and high harm avoidance showed up as significantly different in those
with and without recent NSSI, regardless of ED subtype. Namely, ED patients engaging in recent
NSSI reported significantly less novelty seeking. This stands for less curiosity and less impulsivity
in those with recent NSSI, as they were less likely to seek out or be interested in new experiences,
compared to ED patients without recent NSSI. Previous research, however, typically reported high
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levels of novelty seeking in adolescent patients engaging in NSSI [20,34–36]. Remarkably, these studies
generally assessed lifetime, rather than recent, NSSI. A tentative suggestion as to why we found low
novelty seeking in those with recent NSSI, could be the comorbidity of NSSI with depression at the
time of assessment.

Depression is typified by high harm avoidance and low self-directedness and, importantly,
low novelty seeking; a lack of interest, enthusiasm, and curiosity in one’s surroundings [68]. At the time
of assessment, those engaging in recent NSSI might have presented with more outspoken depressive
symptoms, resulting in lower levels of novelty seeking compared to those without recent NSSI. Previous
studies have indeed shown that at NSSI onset, impulsivity and high novelty seeking are common [34,69].
When individuals first start engaging in NSSI, often by experimenting once or twice with a certain
method of self-injury, they are more likely to be looking for sensation or a new experience. Consequently,
studies investigating lifetime NSSI report high novelty seeking [20,34–36]. However, research on
various addictive behaviours suggested that, once the behaviour goes beyond mere experimenting
and becomes a coping strategy in response to psychiatric distress, the impulsive, sensation-seeking
function loses ground [70]. Rather, the emotion regulation function might become more salient as those
with severe, persistent addiction(s) and comorbid psychopathology report engaging in the behaviour
to avoid and regulate overwhelming negative affect [70]. Although future research should assess if this
parallel with research on addiction is justified, our results on NSSI in ED patients do suggest a similar
pattern. Namely, ED patients who present at a treatment facility with recent NSSI show temperamental
and character dimensions resembling depression: low self-directedness, high harm avoidance, and,
contrasting previous research, low novelty seeking.

The results of the current study support the focus on emotion and impulse dysregulation in
evidence-based treatment of NSSI in ED patients. For instance, Dialectical Behavioural Therapy [71]
and the Cutting Down treatment programme [72] have been proven effective in this specific patient
population. High levels of harm avoidance could be related to serotonergic dysfunction [73] and could,
therefore, be targeted by pharmacological treatments, for instance by the use of SSRI to focus on binge
eating and self-harm in depressed ED patients [73]. Low levels of self-directedness could be treated by
executive function training (e.g., by means of the “Playmancer” computer game [74]).

Although the present study contributes to the understanding of temperament ED patients with
and without NSSI, our research is not without limitations. First, our findings are based solely on
adolescent self-report questionnaires. Collecting self-report data from a single piece of information
could result in reporting bias [75]. However, while we could have assessed peers, parents, or teachers
about NSSI and its correlates, research has shown that people do not always observe internalising
behaviours accurately in others [76], making NSSI and temperament often difficult to assess by other
informants. Additionally, NSSI is often secretive [77] and people close to the adolescent who engages
in NSSI, such as parents, are often unaware of the presence or severity of the NSSI [78]. Future research
could embrace a multi-method approach and include structured or semi-structured interviews with
the adolescents and/or use behavioural measures. Second, because the present study sample solely
consists of adolescent girls in an eating disorder treatment facility, we cannot generalise the reported
findings to male populations, younger or older individuals, or those receiving ambulatory care. Third,
our conclusions are restricted by the cross-sectional nature of our study. As the field moves forward,
longitudinal studies will be necessary to examine the developmental course and directionality of effects
of temperament in ED patients with and without NSSI.
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Abstract: Fractal Dimension (FD) has shown to be a promising means to describe the morphology of
cortical structures across different neurologic and psychiatric conditions, displaying a good sensitivity
in capturing atrophy processes. In this study, we aimed at exploring the morphology of cortical
areas by means of FD in 58 female patients with Anorexia Nervosa (AN) (38 currently underweight
and 20 fully recovered) and 38 healthy controls (HC). All participants underwent high-resolution
MRI. Surface extraction was completed using FreeSurfer, FD was computed using the calcFD toolbox.
The whole cortex mean FD value was lower in acute AN patients compared to HC (p < 0.001).
Recovered AN patients did not show differences in the global FD when compared to HC. However,
some brain areas showed higher FD in patients than controls, while others showed the opposite
pattern. Parietal regions showed lower FD in both AN groups. In acute AN patients, the FD correlated
with age (p < 0.001), body mass index (p = 0.019) and duration of illness (p = 0.011). FD seems to
represent a feasible method to explore cortical complexity in patients with AN since it demonstrated
to be sensitive to the effects of both severity and duration of malnutrition.

Keywords: eating disorders; anorexia nervosa; malnutrition; neuroimaging; fractal dimension;
cortical complexity

1. Introduction

Anorexia Nervosa (AN) is a severe psychiatric disorder with a typical onset during adolescence [1],
characterized by severe and prolonged alterations of energy intake and high levels of mortality.
Although there is a notable interest in understanding the effects of starvation on the brain, a full
characterization of brain changes in patients with AN is still at its first stages [2]. The onset of AN
typically occurs when neurodevelopment is still ongoing [3] and it is possible that the effects of
malnutrition have a different impact in brain areas that are in a sensitive period of growth at the time
of AN onset [4]. Moreover, evidence suggests that prenatal and perinatal factors are involved in the
pathogenesis of AN and, for this reason, it is not easy to distinguish the structural brain alterations
preceding the AN onset from the ones that might be a consequence of the disorder.

Most studies to date employed a Voxel-Based Morphometry approach and found a globally
reduced GM volume, but inconsistent results emerged in the identification of specific regional changes
in AN [2]. In addition, only few studies found a significant correlation with body weight or amount of
weight loss, and almost none with age of onset or duration of illness [5]. The use of a Surface-Based
Morphometry approach did not result in more consistent findings. In fact, while some studies reported
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a correlation between cortical thickness and BMI, others failed in evidencing a relationship between
these two parameters [6–9]. Generally, a reduction of cortical thickness is described in different studies,
but the extent of the reduction varies from almost the whole cortex to about a quarter or one third [6,9].

Other surface-based methods, such as the local gyrification index and cortical folding, have been
employed to describe brain cortical changes in patients with AN [10–12]. Both measures displayed
significant alterations in acute patients, but the interpretation of these findings is not clear, since
gyrification tends to develop early in childhood and its alteration is usually attributed to prenatal or
very early insults [13].

A novel way to quantify and analyze the cortex from a morphological and structural point of view
has been offered by fractal geometry [14], which is specifically designed for the analysis of complex
structural and morphological patterns [15]. The application of fractal geometry to neuroscience is
consistent with the evidence, already highlighted by the increasing application of complex network
science to neuroimaging data, that the central nervous system is organized in nested and hierarchical
organization patterns that need to balance both regularity and randomness [16]. This multi-level
structural organization of the brain seems to be well-described by fractal geometry, which is based on
the concept of “self-similarity” [17]. Since the fractal properties of the cerebral cortex arise secondarily
to folding [18], structural MRI studies used fractal dimension to quantify the morphological complexity
of the cortex and its convolutional properties both in clinical and non-clinical samples [19–22].

Two types of fractal dimension can be considered, depending on whether the volume of the
gray matter is included in the computation. Incorporating the volume of the gray matter into the
computation ensures that changes in cortical thickness are directly integrated within the fractal
dimension estimation. Thus, interestingly, fractal dimension appears to co-vary with both cortical
thickness and gyrification [22]. Furthermore, it also appears to demonstrate a great sensitivity to detect
cortical atrophy and to describe age-related effects [15,23]. Prior studies have suggested that FD may
provide distinct information from the ones that are provided by conventional cortical structural indices
such as gyrification, cortical thickness and sulcal morphology, and evidenced the presence of global
and regional FD alterations in different psychiatric disorders such as ADHD, schizophrenia, bipolar
and obsessive-compulsive disorders [20,21,24–27]. The use of FD to identify unique characteristics of
cortical morphology could be particularly useful in the evaluation of AN, since this disorder has been
shown to be characterized by complex (and not entirely determined) patterns of brain morphological
alterations. Consistently with this, the first study investigating FD in AN [28] highlighted different
patterns of absolute mean curvature and FD alterations in acute AN patients when compared to healthy
subjects. More specifically, this research evidenced the presence of a higher FD in the left precentral
gyrus as well as a trend toward a lower FD in frontal and occipital areas in patients with AN [28].

In the present study, we used a surface-based approach to explore the use of FD to describe
cortical complexity in patients with AN. We hypothesize a reduction of cortical complexity in acute
underweight patients and an improvement of this feature after remission.

2. Methods

Fifty-eight patients with AN (38 with acute AN and 20 in full remission) and 38 HC were included
in the study. The sample included was the same as in a previous study [29]. Mean age of the patients
was 26.1 years (SD = 7.2) ranging from 15.5 to 40.5 years old. Patients with AN were recruited from the
Padova Hospital Eating Disorders Unit. AN was defined according to DSM-5 criteria. All patients
fulfilling the inclusion criteria who were in treatment or referred to the Unit while the study was being
carried out were asked to participate. A sample of HC similar to the patient group in age, ethnicity,
educational level and hand lateralization was recruited from the same geographical area.

Patients who recovered from AN had full AN in their lifetime but have been asymptomatic
for at least 6 months prior to the time of scanning [mean remission time: 38.5 months (SD = 33.2);
range = 6–96 months]. The main clinical characteristics of the sample are reported in Table 1. Exclusion
criteria for the recovered group were bingeing, food restriction, excessive exercise, amenorrhea, fasting
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and purging in the last 6 months. In the year following the study, none of the recovered patients relapsed.
Moreover, recovered patients were within the normal weight range at the time of the scan (BMI ≥ 18.5).
Exclusion criteria for all subjects were male gender, history of head trauma or injury with loss of
consciousness, history of any serious neurological or medical illness, active use of systemic steroids,
pregnancy, active suicidality or major depression, history of substance/alcohol abuse or dependence,
bipolar disorder or schizophrenia spectrum disorder, moderate mental impairment (IQ< 60) or learning
disabilities, use of medications other than antidepressants and known contraindications to conventional
MRI. For healthy women, additional exclusion criteria were a history of any psychiatric disorder and
the presence of first-degree relatives with an eating disorder.

At the time of recruitment, some individuals were excluded from the study: five AN patients
were under antipsychotic medication and/or reported severe comorbidity; one AN patient and one
healthy subject reported a previous head trauma; one AN patient, three recovered AN and two healthy
subjects were not available to undergo MRI scanning when scheduled. The final sample comprised of
96 women (38 with AN, 20 recovered from AN and 38 HC). No further subject was excluded due to
problems with scan acquisition, gross brain alterations or motion artifacts.

Ethical permission was obtained from the ethics committee of the Padova Hospital on 10 June
2008 (ID 1598P). After completely describing the study to the subjects, written informed consent
was obtained.

Table 1. Socio-demographic and clinical characteristics of the sample.

AN AN-REC HC AN
vs. HC

AN-REC.
vs. HC(n = 38) (n = 20) (n = 38)

Mean SD Mean SD Mean SD Z (p) Z (p)

Age (years) 26.1 7.2 26.3 7.0 25.2 6.7 0.38 (0.701) 0.44 (0.659)

Baseline BMI (kg/m2) 16.0 1.8 19.6 1.6 21.6 3.0 7.42 (0.000) 3.09 (0.002)

Lowest BMI (kg/m2) 14.0 1.8 15.7 1.4 19.8 2.5 7.17 (0.000) 5.35 (0.000)

Weight loss (kg) 7.1 2.8 5.2 3.1 3.4 1.7 - -

Age of onset (years) 18.3 5.0 17.7 3.2 - - - -

Duration of illness (months) 78.6 81.2 45.7 65.0 - - - -

Duration of recovery (months) 45.4 47.0 - - - -

Edinburgh laterality index 57.1 37.5 60.0 35.2 55.0 42.0 0.52 (0.603) 0.32 (0.749)

Education (years) 14.2 2.2 14.1 2.6 15.4 2.3 2.63 (0.009) 1.94 (0.053)

Drive to thinness 9.9 6.1 - - 2.3 4.2 5.492 (0.000) -

Depression 1.4 0.8 - - 0.7 0.6 3.844 (0.000) -

Trait anxiety 56.6 9.7 - - 39.3 9.6 5.883 (0.000) -

Cortex volume
(mm3) 440,936 38,526 456,932 36,916 458,753 31,225 9.55 (0.003) 0.07 (0.80)

Gyrification Index 2.85 0.09 2.90 0.09 2.90 0.11 2.09 (0.04) 0.08 (0.93)

Surface area
(mm2) 160,640 13,527 157,348 9381 165,082 12,113 2.20 (0.142) 6.11 (0.017)

Cortical Thickness (mm) 2.49 0.12 2.51 0.11 2.48 0.12 0.52 (0.14) 1.05 (0.30)

GLM, including Total Intracranial Volume as a covariate of no interest; BMI = body mass index Clinical assessment
and Follow-up.

A diagnostic interview according to the Eating Disorders Section of the Structured Clinical
Interview for DSM-5 [30] was performed in all subjects. A semi-structured interview was also used
to collect socio-demographic and clinical variables [29,31]. Depressive and obsessive-compulsive
symptoms were assessed by means of the Hopkins Symptoms Checklist [32]. Eating psychopathology
was assessed by the Eating Disorders Inventory [33]. The Edinburgh Handedness Inventory [34] was
also administered.

All subjects were recruited at the Eating Disorder Unit of the Hospital of Padova, fulfilled the
diagnosis for AN according to DSM-IV criteria and were medically stable at the time of scanning.
AN diagnosis was established by experienced senior consultants. Different diagnostic subtypes were
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observed at the time of scanning: 32 AN patients (84%) were restrictive, six AN patients were of the
binge-eating/purging subtype and seven patients who were restrictive at the time of the present study
reported previous recurrent binge eating and/or purging. Fourteen AN patients and four recovered
women were under treatment with antidepressant drugs at the time the study was conducted (acute
AN: one case mirtazapine, two paroxetine, two escitalopram, one fluoxetine, eight sertraline; recovered
AN: four sertraline).

2.1. MRI Data Acquisition

Data were collected on a Philips Achieva 1.5 Tesla MRI scanner equipped with an eight-channel
standard quadrature head coil equipped for echo-planar imaging. A high-resolution three-dimensional
(3D) T1-weighted anatomical image was also acquired, in a gradient-echo sequence (repetition-time =
20 s, echo time = 3.78 ms, flip angle = 20◦, 160 sagittal slices, acquisition voxel size = 1 × 0.66 × 0.66
mm, field of view 21–22 cm).

2.2. Data Processing and Statistics

Data processing was performed using the FreeSurfer package (Martinos Center for Biomedical
Imaging, Massachusetts General Hospital, Boston) version 5.3.0 [35]. The preprocessing was carried
out according to the standard description using the following steps: skull-stripping and intensity
correction, gray matter–white matter boundary determination for each cortical hemisphere using tissue
intensity and neighborhood constraints, and finally, tessellation of the resulting surface boundary to
generate multiple vertices across the whole brain before inflating.

Surface reconstruction and segmentation were inspected, and minor manual intervention was
performed according to FreeSurfer guidelines. After cortical reconstruction, the cortex was parcellated
based on individual gyral and sulcal structures [36]. Cortical thickness and local gyrification index
were calculated as described in our previous work [10].

A freely available MATLAB toolbox, calcFD [15] (http://cmadan.github.io/calcFD/), was used to
compute the fractal dimension of the cortical ribbon and of parcellated regions of the cortex. The toolbox
uses intermediate files generated as part of the standard FreeSurfer analysis pipeline to perform the
calculation. Fractal dimension has been shown to be more robust to alignment variability [37] and
head motion [38]. We calculated FD of the cortical ribbon (i.e., FD of the filled volume) [15] using the
dilation algorithm implemented in the calcFD toolbox and box sizes of 1, 2, and 4. Figure 1 illustrates
the fractal dimension calculation for a representative parcellated cortical surface Correlation was
performed using Spearmen’s ρ (rho), while group comparisons were performed by means of GLM
with age and hand-lateralization as covariates of no interest when appropriate. Given that FD values
in the different areas of the brain cannot be considered as independent, in order to control for multiple
tests, we adjusted for the False Discovery Rate (FDR) [39].

Figure 1. Illustration of the fractal dimension calculation. Individual parcellated regions (or the entire
cortical ribbon) are isolated. For each region, the number of voxels at each respective box size is across
different spatial resolutions, adjusting for alignment of the ‘boxes’ to the structure using the dilation
algorithm. The counts and box sizes are then log-log transformed and the slope calculated. The slope
in log-log space is taken as the fractal dimension of the region.
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3. Results

Table 2 shows the average FD values of the three groups in the whole brain and in the frontal,
parietal, temporal and occipital lobes.

Table 2. Cortical structures FD differences analysis between AN, REC-AN, and HC groups.

AN AN-REC HC AN vs. HC
AN-REC
vs. HC

Mean (SD) Mean (SD) Mean (SD) F* (p) F* (p)

Whole Brain (Cortical Ribbon) 2.49 (0.02) 2.52 (0.02) 2.51 (0.01) 16.36 (0.000) 0.32 (0.573)
Frontal Lobe 2.43 (0.02) 2.44 (0.02) 2.44 (0.01) 13.07 (0.001) 0.05 (0.829)
Parietal Lobe 2.30 (0.02) 2.32 (0.02) 2.32 (0.01) 19.75 (0.000) 0.72 (0.400)

Temporal Lobe 2.34 (0.02) 2.36 (0.01) 2.35 (0.01) 5.40 (0.023) 3.46 (0.068)
Occipital Lobe 2.30 (0.02) 2.32 (0.02) 2.32 (0.01) 15.31 (0.000) 0.55 (0.462)

Left Superior Parietal Lobule 2.13 (0.06) 2.16 (0.03) 2.19 (0.04) 26.956 (0.000) 8.711 (0.005)
Right Superior Parietal Lobule 2.11 (0.06) 2.13 (0.04) 2.16 (0.03) 23.580 (0.000) 9.600 (0.003)

Left Postcentral Gyrus 2.06 (0.06) 2.07 (0.04) 2.10 (0.04) 9.851 (0.002) 5.689 (0.021)
Right Intraparietal Sulcus 2.11 (0.05) 2.12 (0.04) 2.15 (0.03) 18.715 (0.000) 8.170 (0.006)

Left Parieto-Occipital Sulcus 2.13 (0.04) 2.13 (0.04) 2.16 (0.02) 12.640 (0.001) 10.339 (0.002)
Right Parieto-Occipital Sulcus 2.15 (0.04) 2.16 (0.04) 2.18 (0.03) 17.123 (0.000) 7.250 (0.009)

* F (GLM with age and hand lateralization as covariates of no interest; degrees of freedom = 3), p threshold
determined based on FDR < 0.025. Significant effects are highlighted in bold.

Since the fractal dimension is not sensitive to smaller structures [37,40], we combined small
regions with nearby anatomical regions for regions that were insufficient in size. Figure 2 illustrates
the area of the original Destrieux parcellations as well as the combined regions. Figure 2 also shows
the average surface area for each cortical region and the relationship between area and FD, similar
to previous work [37]. As shown in the figure, relatively larger regions have a weak relationship
between size and FD, allowing for the shape-related properties of FD to be sensitive to potential group
differences (all FD values are included in Tables S1 and S2). Figure 3C shows these regions on the
inflated cortical surface for the combined regions.
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Figure 2. Mean surface area for all parcellation regions using the Destrieux atlas. Figures (a,c) show
the surface area for parcellations in the original Destrieux atlas; Figures (b,d) show areas for combined
regions—where the original regions were considered too small for reliable FD calculations. Regions
maintained (not combined) in all plots are shown in gray. Regions that were combined to form larger
regions are shown in distinct colors, matched between the panels and in Figure 3C. For Figure (b), after
each combined region’s name, the number of Destrieux regions combined is included in parentheses.
Figures (c,d) show the relationship between surface area and FD (across all participants), showing that
FD becomes increasingly distinct from size for larger regions and that the combined regions increased
this property. As above, Figure c corresponds to the original Destrieux atlas, whereas figure d uses the
recombined regions.

Patients with acute AN displayed significantly lower FD values in comparison to HC in 22 of the
considered cortical areas, as shown in Figure 3A. In both hemispheres, the mean FD value of the cortical
ribbon was significantly lower in in inferior frontal, middle frontal, superior frontal, postcentral and
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superior temporal (lateral aspect) gyri, in paracentral, superior parietal and inferior parietal lobules,
in superior frontal, intraparietal, parieto-occipital, postcentral and marginal branch of the cingulate
sulci, in the lateral aspect of occipital and frontal poles and in a medial parietal area encompassing the
precuneus and the subparietal sulcus. In the left hemisphere only, we additionally found significantly
decreased FD values in the precentral gyrus, in the superior aspect of the temporal pole and in a
temporal-occipital area encompassing the anterior occipital sulcus, the inferior temporal sulcus, the
lateral occipito-temporal sulcus and the inferior occipital gyrus. In the right hemisphere, we found
decreased FD values in the medial occipital-temporal sulcus. (FD values are reported in Table S1 in the
Supplementary Materials ). No differences in FD values were observed in patients of the restricting
type in comparison to those of the binge-eating/purging type (F (3, 34) = 0.005, p = 0.946 for total FD),
nor in those who were taking antidepressants in comparison to those who did not (F (3, 34) = 0.478,
p = 0.494, for total FD).

Recovered AN patients did not show differences in the global and lobar FD when compared to
HC. The mean FD value of the cortical ribbon was significantly higher in the AN-REC group when
compared to HC in the left superior temporal sulcus and in the left subcentral gyrus and sulcus as
shown in Figure 3B (FD values are reported in Table S1). Some areas showed reduced FD in both acute
and recovered AN patients in comparison to healthy women: the left and right superior parietal lobule,
the left postcentral gyrus, the right intraparietal sulcus and the left and right parieto-occipital sulcus.

 
Figure 3. Unthresholded group comparison (F-statistics) plotted on the inflated cortical surface for the
combined regions. (A) Regional F-statistics comparing Anorexia Nervosa (AN) patients and Healthy
Controls (HC). (B) Regional F-statistics comparing recovered Anorexia Nervosa (AN-REC) patients
with Healthy Controls (HC). (C) All cortical regions were included in the analysis. Regions shown in
color were recombined with respect to the original Destrieux atlas to yield sufficiently large surfaces
areas; colors match the labels and areas shown in Figure 2.

As expected, FD values were significantly negatively correlated with age in all three groups
(Table 3) (compare with [15,38,40]). However, the decline of FD along with age tended to be stronger in
the acute AN patients than in the other two groups, especially for the frontal and parietal lobes (Figure 4).
In all three groups, no differences were observed in left-handed or mixed-handed (Edinburgh scores
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between −70 to +70) individuals in comparison to right-handed ones. Table 3 shows the correlations
(Spearman’s ρ [rho] rank correlation) between FD values and clinical variables in the three groups.
Significant positive correlations emerged between whole-brain FD and BMI in acute AN, but not in
the recovered group (see also [38] for a normative comparison). The FD value was also significantly
negatively correlated with the duration of illness in the acute AN group. A significant negative
correlation between the age of onset of the disorder and FD emerged in the recovered group. In this
last group, the duration of the recovered status showed a negative nonsignificant correlation with FD
(rho = −0.386, p = 0.093).

The whole-brain FD positively correlates with the volume of the cortex in all the three groups and
with overall local gyrification index in HC, but not in the two AN groups.

Table 3. Correlation between whole-brain (cortical ribbon) FD and clinical variables within each group.

AN
(n = 38)
Rho (p)

AN-REC
(n = 20)
Rho (p)

Healthy Controls
(n = 38)
Rho (p)

Whole-brain FD

Age −0.608 (0.000) * −0.617 (0.004) * −0.527 (0.001) *
Body mass index (BMI) 0.380 (0.019) * −0.351 (0.130) −0.209 (0.207)

Duration of illness −0.406 (0.011) * −0.111 (0.642)
Age of AN onset −0.265 (0.108) −0.586 (0.007) *
Cortical volume 0.638 (0.000) * 0.537 (0.015) * 0.496 (0.002) *

Cortical gyrification 0.258 (0.118) 0.376 (0.102) 0.514 (0.001) *
Cortical thickness 0.000 (0.998) 0.65 (0.787) 0.025 (0.883)

FD: Fractal Dimension; Spearman’s ρ(rho); * FDR < 0.025.

Figure 4. Correlations between whole-brain (cortical ribbon) and lobar FD and age in the three groups.
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4. Discussion

In this paper, we explored the morphological complexity of cortical and subcortical brain structures
by means of FD and investigated the relationship between FD with clinical variables. Our results
showed the presence of a globally reduced cortical FD in patients with acute AN, while patients who
recovered from the disorder did not show alterations in global FD values. This observation, together
with the correlation between FD and BMI in the acute AN group, allowed us to hypothesize that a global
reduction in cortical complexity may be an effect of malnutrition that can be recovered along with weight
recovery. FD has been described in the literature as a sensitive measure to describe cortical atrophy
and the effects of aging [15,22,23] and our data show that it also seems to describe the complex patterns
of cortical morphology that are secondary to the effects of malnutrition in AN. The cortical structural
modifications in AN are likely to depend on many factors, such as malnutrition, dehydration and
endocrinological factors, but they could also reflect the alterations of neurodevelopmental trajectories
that are hypothesized to precede the onset of the disorder [3]. The hypothesized developmental origin
of AN [41] and the effects of its onset in critical developmental phases make it important to consider
the relationship between any cortical alterations, the duration of the disorder and the patient’s age and
age of onset in the evaluation of structural MRI findings. Our results indicated that both the patient’s
age and the duration of the disorder correlate inversely with FD, suggesting an impact of AN on the
reduction of cortical complexity. Since cortical complexity, measured by FD, is likely to reduce from
adolescence to adulthood as a result of the cortical modeling mechanisms that physiologically occur
with aging [42], we hypothesize an impact of the disorder in accelerating this process.

The observed correlation between FD and gyrification in HC, but not in patients with AN, suggests
a sensitivity of FD to the effect of malnutrition. A direct correlation between FD and gyrification has
been emphasized by previous studies in healthy as well as in neurological populations, indicating the
sensitivity of FD in capturing the role of cortical folding in determining cortical complexity [15,22].
Gyrification appears to be largely determined during the earlier neurodevelopmental phases [13] and
alterations in this structural parameter have been already pointed out by previous studies on AN
patients [10,12]. The absence of a correlation between these two parameters in AN suggests that, in this
group, FD could probably be more susceptible than gyrification to the prolonged effects of malnutrition.

From a regional analysis of cortical areas, we identified an FD reduction in various parietal regions
that are crucial for the integration of body-image perception abilities both in acute and in recovered
AN patients. These results suggest that these areas may be particularly susceptible to disorder-specific
alterations and require to be specifically investigated by further research. Except for these regions, in
the recovered group we identified some areas that showed no statistically significant differences in
cortical complexity, while others showed a higher FD than HC. These findings could reflect reshaping
processes induced by re-nutrition, therefore supporting the role of FD in describing how nutritional
processes can influence the brain morphology. It is not clear why in the recovered patients the values of
FD displayed different patterns in different brain regions. The negative trend we observed between FD
and duration of recovery in this group might indicate that after an initial increase of cortical complexity
following weight recovery—which probably implies the occurrence of reparative processes—FD tends
to decrease towards average values. It is possible that this process occurs with different trajectories in
different areas of the brain. In addition, since we observed a negative correlation between FD and age
of onset in the recovered group, it seems that these reparative processes are more evident in patients
with an earlier age of onset.

The present study has several strengths, as well as important limitations. It explores cortical
complexity in AN by means of FD, a novel parameter that has been demonstrated to have a good
sensitivity to cortical atrophy and age-related brain differences. The evaluation of cortical morphology
with FD allows widening the horizons of surface-based cortical analysis, by integrating the information
given by cortical thickness and gyrification with novel and non-redundant data. Furthermore, the
correlation between FD alterations and the duration of illness is a new and interesting finding about
MRI surface-based analysis in AN, hinting at the potentialities of this morphological index in capturing
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the effects of prolonged starvation on the cortical structure. A limitation of this study is represented by
its cross-sectional design. In fact, longitudinal data could be particularly useful to understand how
cortical complexity varies with the clinical course of the disorder and with weight recovery. Another
limitation can be found in the absence of male patients in the sample. Any inference about alterations
in cortical complexity in male patients with AN cannot be made and would be an interesting topic to
explore in future studies.

In conclusion, the present study evidences that FD should be considered particularly useful
to investigate the morpho-structural properties of brain cortex in AN, since it demonstrated to be
suitable for identifying the negative effects of different clinical variables on cortical structure and giving
non-redundant information with respect to other surface-based indexes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/3/833/s1,
Table S1: FD differences analysis for combined cortical regions, comparing the AN, REC-AN and HC groups,
Table S2: FD differences analysis for all cortical regions of the Destrieux atlas, comparing the AN, REC-AN and
HC groups.
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Abstract: Objective: An insular involvement in the pathogenesis of anorexia nervosa (AN) has
been suggested in many structural and functional neuroimaging studies. This magnetic resonance
spectroscopy (MRS) study is the first to investigate metabolic signals in the anterior insular cortex
in patients with AN and recovered individuals (REC). Method: The MR spectra of 32 adult women
with AN, 21 REC subjects and 33 healthy controls (HC) were quantified for absolute N-acetylaspartate
(NAA), glutamate + glutamine (Glx), total choline, myo-inositol, creatine concentrations (mM/L).
After adjusting the metabolite concentrations for age and partial gray/white matter volume, group
differences were tested using one-way multivariate analyses of variance (MANOVA). Post-hoc analyses
of variance were applied to identify those metabolites that showed significant group effects.
Correlations were tested for associations with psychometric measures (eating disorder examination),
duration of illness, and body mass index. Results: The MANOVA exhibited a significant group effect.
The NAA signal was reduced in the AN group compared to the HC group. The REC and the HC
groups did not differ in metabolite concentrations. In the AN group, lower NAA and Glx signals
were related to increased weight concern. Discussion: We interpret the decreased NAA availability
in the anterior insula as a signal of impaired neuronal integrity or density. The association of weight
concern, which is a core feature of AN, with decreased NAA and Glx indicates that disturbances of
glutamatergic neurotransmission might be related to core psychopathology in AN. The absence of
significant metabolic differences between the REC and HC subjects suggests that metabolic alterations
in AN represent a state rather than a trait phenomenon.

Keywords: anorexia nervosa; magnetic resonance spectroscopy; MRS; insula; glutamate;
N-acetylaspartate; NAA
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1. Introduction

Patients with anorexia nervosa (AN) persistently restricted their food intake because of severe
weight concerns and body image disturbance. AN mainly affects young women [1–3] and has
the highest mortality rate of all mental disorders [4,5], while only about half of such patients fully
recover [1,2].

Two decades ago, the first magnetic resonance spectroscopy (MRS) studies searched for
metabolic anomalies associated with AN. MRS is a non-invasive and nonradioactive method for
the in vivo detection of several neurometabolites. MRS sequences that measure the 1H chemical
shift allow the simultaneous absolute quantification of the concentrations of N-acetylaspartate (NAA)
+ N-acetyl-aspartyl-glutamate (NAAG), glutamate (Glu) + glutamine (Gln), glycerophosphorylcholine
+ phosphocholine (total choline, t-Cho), myo-inositol (mI), phosphocreatine (PCre), and creatine (Cre).

NAA is relatively abundant in healthy neuronal tissue and is therefore often used as a marker
for neuronal integrity and density [6]. However, it has also been detected in oligodendrocytes and
myelin [7,8], and it is synthesized in the mitochondria. Decreased concentrations of NAA indicate
a loss of neuronal cells. Although NAA signal differences have been reported in various studies on
AN, the results were inconsistent regarding a diminished or elevated NAA level [9–13] (see Table 1).

Glu is the primary excitatory neurotransmitter in the human brain (~85% of all synapses in the
central nervous system are glutamatergic) [14] and has been implicated in different psychiatric
disorders associated with AN, including anxiety disorders, depression, and obsessive-compulsive
disorder [15–18]. Elevated Glu has toxic effects on neurons as well as oligodendrocytes, astrocytes,
and endothelial and immune cells [19]. The distinction of Glu from its precursor and the metabolite Gln
is difficult because of a considerable overlap of the spectral peaks. Therefore, the combined Glu and
Gln resonances are often denoted collectively as Glx [20]. Previous MRS studies have reported lower
Glx [10,12,21] and Glu [22] in the AN group compared to HC subjects or in response to AN-related
symptoms; while this has mainly been in frontal cortices, it has also been in the basal ganglia and
occipital lobe [22]. Notably, one study reported higher Glx signals in AN [9].

The major part of the t-Cho signal results from glycerophosphorylcholine and phosphocholine,
but it also comes from other choline-containing compounds. Glycerophosphorylcholine and
phosphocholine are integral components of the cell membrane and are more highly concentrated
in glial cells than they are in neurons [23]. Changes in the t-Cho signal have been associated with
changes in cell proliferation or cell degeneration [24]. MRS studies that detected t-Cho differences
in AN or in relation to anorectic symptoms reported increased concentrations [9,11–13,25].

Creatine and phosphocreatine are measured as combined resonances (Cre) and are involved in the
creatine kinase cycle. Despite their important role in energy metabolism, the level of the Cre signal
remains relatively constant, even under conditions of increased energy demand [26]. Therefore, the Cre
signal is widely used as an internal reference in MRS studies. While MRS studies reporting Cre signal
differences in AN mostly showed increased Cre [9,12,25] in the anterior cingulate and frontal cortices,
lower Cre was observed in the dorsolateral prefrontal cortex (dlPFC) [21].

The concentration of the sugar mI is thought to be increased in glial cells compared to neurons,
and it serves as an intracellular second messenger. For this reason, mI is used as a glial marker [27].
In AN, mI was found to be decreased [10,21,22,28] whenever mI differences were detected.
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Small sample sizes, low MR field strengths, and differences in voxel positioning are likely to be
the main cause of the heterogeneous results of previous 1H-MRS studies (Table 1). Given that higher
field strengths are particularly recommended for the quantification of Glx, and considering that the
Cre signal, which was often used as a reference in earlier studies [9,21,25], often reveals inconsistent
results, older studies must be interpreted cautiously.

In conclusion, no metabolite was consistently altered across all studies, but increased t-Cho and
Cre and decreased mI were the most consistent findings (Table 1). In general, the results of newer
studies with higher field strengths and more advanced MRS protocols in combination with larger
sample sizes are more reliable.

A longitudinal 1H-MRS study reported a normalization of increased t-Cho/Cre ratios with
recovery [29], while a small study of adolescent females with AN also indicated normalization,
which was (in this case) decreased NAA in the frontal gray matter (GM) [10].

In terms of region of interest (ROI) localization, the anterior insular cortex appears to be of
importance. The relevance of this region in AN has been emphasized in various brain structural [33–37]
and functional [38–41] studies, and it even led to the postulation of the so-called “insula hypothesis” of
AN [42,43]. This hypothesis states that early developmental damage in combination with socio-cultural
and other stressors, such as dieting and hormonal changes, may lead to an impairment of insula
function. The insula, as a central hub, conveys the information of numerous cortical and subcortical
brain areas and therefore plays a central role in the interoceptional awareness and monitoring of the
bodily state (somatic marker hypothesis) [44,45]. This includes, among other functions, the experience
of physiological correlates of fear and anxiety [46] as well as taste [47,48], hunger [49], disgust [50],
and visceral information [51]. Hence, altered insula functioning could explain the dysfunction of
interoceptive awareness in AN in turn by not only biasing the experience of one’s own bodily condition
or the pleasantness/valence of consumed food but also the reward-related and motivational aspects of
food intake [52]. Despite the high relevance of the insular lobe in AN pathomechanism, this area has
never been targeted by previous MRS studies.

Rationale of our Study

This study examined female adults with AN, female adults who had recovered (REC) from AN,
and healthy controls (HC) via MRS, which targeted the insular cortex. Considering the results of
earlier studies, we expected to observe increased Cre and t-Cho signals in women with AN and
decreased mI, while no clear hypothesis regarding NAA and Glx could be derived from previous
studies. All hypothetical differences were expected to normalize in the REC subjects.

2. Methods and Materials

2.1. Participants

The MR spectra of 35 female patients with AN were acquired. Patients were recruited at the in- and
outpatient units of the Department of Psychosomatic Medicine and Psychotherapy at the University of
Freiburg as well as cooperating hospitals. Diagnoses were made by experienced and board-certified
psychiatrists and psychologists and were confirmed by the structured clinical interviews SCID-I and
SCID-II [53,54]. Diagnostic criteria according to the DSM-5 [55] were relevant for study inclusion. All
AN patients met the weight criterion of a body mass index (BMI) < 18.5 kg/m2. Three patients had to
be excluded because of either data loss or corruption. Of the 32 remaining AN patients, 3 were of the
binge eating/purging subtype, while all others were of the restrictive subtype.

Twenty-two REC were recruited for MRS acquisition and fulfilled the following recovery
criteria [56]: No eating disorder symptomatology for at least 12 months with a conservative eating
disorder examination total score (EDE) total score [57,58] within 1 standard deviation of normal.
For study inclusion, a minimal BMI of >20 kg/m2 was envisaged, which most REC participants
met. However, the BMI of four REC subjects was slightly below 20 kg/m2 (19.3–19.8 kg/m2).
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These participants were clinically completely recovered and had never exceeded a BMI >20 kg/m2.
In addition, 2 REC subjects had a BMI of 18.5–19.0 kg/m2 with similar features, while 1 REC participant
had to be excluded because of data loss or corruption, resulting in a final sample size of 21 individuals
for the REC group. Finally, 1 REC participant was of the binge eating/purging subtype, while all others
were of the restrictive subtype.

HC subjects were recruited via advertisements in local newspapers and announcements on the
notice board of the participating hospital. The MR spectra of 40 age-matched female HC subjects were
available. Mental disorders in HC subjects were ruled out by SCID-I and II interviews. After 7 HC
participants were excluded because of either data loss or corruption, the final HC sample size was
33 individuals.

The general exclusion criteria included any history of head injury or surgery, neurological
disorders, severe psychiatric comorbidities (psychosis, bipolar disorders, substance abuse), current
regular psychotropic medication, and an inability to undergo MRI scans (e.g., metal implants,
claustrophobia). In total, 7 AN, 17 HC, and 10 REC subjects took hormonal contraceptives. One woman
with AN had only just started a minor dose of citalopram (10 mg/day; serum level of 31 ng/mL, which is
below the therapeutic range) and was thus considered appropriate to be included.

The participants who took no hormonal contraceptives were studied in the luteal phase of the
menstrual cycle. Regarding hormonal contraception, they had to be in the progesterone and estrogen
phase (i.e., similar to the physiology of the luteal phase). Given that, the AN participants were mostly
amenorrhoeic, the phase of their menstrual cycle could not be assessed.

2.2. Ethics Statement

All subjects gave written informed consent prior to participation, and the study was approved
by the ethics committee of the University Medical Center Freiburg (Approval ID: EK-Freiburg 520/13
June 2013).

2.3. Psychometric Assessment

Apart from the SCID interviews [53,54] and the EDE interviews [57,58] mentioned above, the
participants completed self-report questionnaires to assess their eating disorder pathology using
the Eating Disorder Inventory–2 [59,60] and to assess any depression using the Beck Depression
Inventory-II, BDI-II [61–63].

2.4. Procedure Before Scanning

Starting between 7:30 a.m. and 8:00 a.m., participants received a standardized breakfast, and their
consumed calories were assessed. The participants read study-relevant information and completed
an MR-safety questionnaire.

2.5. Data Acquisition and Processing

All measurements were performed at the University Medical Center of Freiburg using a 3T
MAGNETOM Prisma scanner (Siemens Healthineers, Erlangen, Germany), which was equipped with
a 20-channel head coil.

Before the MRS measurement was taken, a T1-weighted MPRAGE sequence (repetition time:
2000 ms, echo time: 4.11 ms, flip angle: 12◦, field of view: 256 × 256 mm, 160 slices, voxel size:
1 × 1 × 1 mm) was performed and used for manual localization of spectroscopic voxels in the left
insular cortex (size: 20 × 20 × 20 mm). A point resolved spectroscopy (PRESS) sequence with an echo
time of 30 ms, a relaxation time of 3000 ms, 256 averages, and with water saturation was used.
The water reference spectrum was obtained using 16 averages of the same PRESS sequence without
water saturation. Shimming parameters were further manually adjusted to minimize the full-width at
half maximum of the water peak. The established linear combination of model spectra (LCModel 6.3,
Oakville, ON, Canada) software was used for spectra fitting and quantification [64]. The absolute
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metabolite concentrations of Cre, NAA, Cho, Glx, and mI were estimated [64–66]. All spectra were
visually controlled to fulfill the internal criterion of quality (i.e., adequate visible peaks of main
metabolites), and only spectra with Cramér-Rao lower bounds (CRLBs) for the main metabolites below
20% were included in further analyses. All voxels were segmented into GM, white matter (WM),
and cerebrospinal fluid (CSF) using the statistical parametric mapping software SPM12 (Wellcome
Trust Centre of Imaging Neuroscience, London, United Kingdom; for details, see [67]), according to the
co-registered voxel position of the corresponding morphological T1-weighted image.

2.6. Statistical Analyses

The metabolite concentrations, as assessed in the LCModel, were transferred to a data table together
with all clinical and psychometric data. All statistical analyses were performed using R statistical
computing (version 3.4, R Foundation for Statistical Computing, Vienna, Austria [68]). All dependent
variables of interest (metabolite concentrations) were first linearly adjusted for differences in age and
partial GM+WM volume using the “predict” function of the R stats package. The resulting adjusted
metabolite concentrations were then tested for normality of distribution using the Shapiro–Wilk test of
normality. Subsequently, the Levene’s test for homogeneity of variance across groups was computed
for the adjusted metabolite concentrations.

Because the adjusted metabolite concentrations of NAA/NAAG, Cre/PCre and mI were not
normally distributed, we tested group differences with a robust one-way MANOVA [69] using the
rrcov package (version 1.4–3) in R [70]. In the robust MANOVA, a classical Wilk’s Lambda statistic
for testing the equality of the group means was modified into a robust one through substituting the
classical estimates by the highly robust and efficiently reweighted minimum covariance determinant
estimators for mean and variances. The procedure used 10,000 trials for the simulations to compute the
multiplication factor for the approximate distribution of the robust Lambda statistic and the degrees
of freedom.

To determine which metabolites significantly differed between groups, a post-hoc heteroscedastic
one-way ANOVA for trimmed means was carried out with the WRS2 package [71,72]. A p-level of
<0.05 was chosen as the criterion for significance. The explanatory power is reported using ξ as a robust
measure of effect size [73]. A post-hoc Lincon test (with robustness equivalent to the Tukey-Kramer
test) was carried out to assess the direction of the effects [71].

The robust MANOVA was repeated with adjusted metabolite concentrations after additionally
correcting for the influence contraceptive use.

Finally, the adjusted metabolite concentrations were correlated with psychometric measures of
AN (EDE scores, BMI, and duration of illness) using robust correlations (pbcor function of the WRS2
package [72]) independently for the AN group and across all groups (but not for duration of illness).
The resulting p-values of the correlation analyses were corrected for multiple comparisons using the
Benjamini and Hochberg False Discovery Rate [74].

3. Results

3.1. Demographic and Psychometric Data

The demographic and psychometric data of the participants are summarized in Table 2. For
the final data analysis, 32 patients with AN, 21 REC participants, and 33 HCs were included in the
study. The REC group was older than were both the AN and HC participants. As expected, there
was a difference with respect to BMI between all three groups, with the lowest BMI in patients with
AN (AN < REC <HC). The AN group showed more depressive symptoms in the BDI-II than did the
REC and HC participants (HC > REC > AN). Diagnoses in the AN group included seven participants
with depression, one with a specific phobia, one with obsessive-compulsive disorder, and two with
generalized anxiety disorder. Two participants of the REC group had specific phobias. One participant
of the AN, two of the HC, and none of the REC group were left-handed.
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3.2. MRS

After filtering all CRLBs above 20%, the Cho signal of one HC had to be removed from
further analyses.

The robust one-way MANOVA model with the five metabolites as independent variables revealed
a significant group effect (Λ= 0.712, χ2 (8.41)= 17.1, p= 0.036). The robust one-way ANOVAs performed
post-hoc were significant for the NAA peak (F (2,31.4) = 3.760; p = 0.034, ξ = 0.35), with the AN group
showing lower NAA concentrations (Table 3, Figure 1). These differences remained significant after
applying false discovery rate (FDR) correction for multiple comparisons. When comparing the AN
group to the REC group the NAA peak differences reached the trend level, but this result failed to
survive FDR correction. Both the REC and HC groups exhibited no significant differences in any
metabolites. The robust one-way MANOVA model did still show a significant group effect after
adjusting the data for the influence of contraceptive use (Λ = 0.723, χ2 (8.41) = 16.3, p = 0.047).

Partial GM, WM, and CSF volumes of the left insular MRS voxel exhibited no significant group
differences (Table 2).

Table 3. Robust one-way ANOVA results for the five metabolites compared across groups and p-value
adjusted for multiple comparisons using false discovery rate (FDR) correction.

Metabolite ANOVA Post-Hoc Lincon

Cho F (2.32) = 0.53; p = 0.593; ξ = 0.17 -
mI F (2.31) = 1.06; p = 0.360; ξ = 0.22 -

NAA F (2.31) = 3.76; p = 0.034 *; ξ = 0.36 AN < HC
Glx F (2.28) = 0.39; p = 0.678; ξ = 0.11 -
Cre F (2.33) = 0.04; p = 0.963; ξ = 0.11 -

Abbreviations: Cho= choline; mI=myo-inositol; NAA=N-acetylaspartate; lx=glutamate+glutamine; Cre= creatine.
AN = anorexia nervosa; HC = healthy control; ξ = effect size. * significant group effects.

 

Figure 1. Boxplot of left insula metabolite concentrations across the anorexia nervosa
(AN), healthy control (HC) and recovered group (RE). Red lines indicate mean metabolite
concentrations.Abbreviations: Cho = choline; mI = myo-inositol; NAA = N-acetylaspartate;
Glx = glutamate+glutamine; Cre = creatine.

In the AN group, correlation analyses with dimensional measures of AN severity showed
a significant negative association of Glx concentrations with EDE shape concern as well as NAA and
Glx concentrations with the EDE weight concern score (Table 4, Figure 2). There were no correlations
with either the BMI (Cho: p = 0.835, Ins: p = 0.361, NAA: p = 0.870, Glx: p = 0.557, Cre: p = 0.664) or
the duration of illness (Cho: p = 0.397, Ins: p = 0.508, NAA: p = 0.275, Glx: p = 0.016, Cre: p = 0.223).
Only the correlation of NAA and Glx signals with the EDE weight concern score remained significant
after FDR correction.
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Table 4. Robust correlation results for the five metabolites with eating disorder symptom severity
according to the eating disorder examination (EDE) scale in the AN group. p-values adjusted for
multiple comparisons using FDR correction.

Metabolite Total Score Restrain Eating Concern Weight Concern Shape Concern

Cho
r = −0.09
p = 0.643

pFDR = 0.804

r = −0.18
p = 0.315

pFDR = 0.525

r = −0.09
p = 0.636

pFDR = 0.655

r = −0.17
p = 0.365

pFDR = 0.457

r = −0.12
p = 0.510

pFDR = 0.616

mI
r = 0.03

p = 0.868
pFDR = 0.868

r = 0.31
p = 0.080

pFDR = 0.398

r = 0.08
p = 0.655

pFDR = 0.655

r = −0.06
p = 0.733

pFDR = 0.733

r = −0.09
p = 0.616

pFDR = 0.616

NAA
r = −0.28
p = 0.120

pFDR = 0.300

r = −0.06
p = 0.745

pFDR = 0.849

r = −0.25
p = 0.174

pFDR = 0.655

r = −0.46
p = 0.008*

pFDR = 0.020

r = −0.25
p = 0.171

pFDR = 0.322

Glx
r = −0.33
p = 0.061

pFDR = 0.300

r = −0.04
p = 0.849

pFDR = 0.849

r = −0.16
p = 0.377

pFDR = 0.655

r = −0.48
p = 0.005 *

pFDR = 0.020

r = −0.40
p = 0.025 *

pFDR = 0.126

Cre
r = −0.15
p = 0.423

pFDR = 0.705

r = −0.23
p = 0.215

pFDR = 0.525

r = −0.13
p = 0.489

pFDR = 0.655

r = −0.25
p = 0.169

pFDR = 0.281

r = −0.23
p = 0.193

pFDR = 0.322

Abbreviations: Cho = choline; mI = myo-inositol; NAA = N-acetylaspartate; Glx = glutamate+glutamine;
Cre = creatine. AN = anorexia nervosa; FDR = false discovery rate. * significant correlations.

Figure 2. Scatterplot of eating disorder examination (EDE) total scores and subscores of the
Anorexia group with left insular N-acetylaspartate (NAA) and glutamate + glutamine (Glx)
concentrations, respectively. Blue lines indicate mean EDE scores. Green lines indicate mean metabolite
concentrations. Regression lines are depicted in yellow with the 95% confidence interval as grey area.
Significant correlations are NAA with weight concerns and Glx with weight and shape concerns.
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Additional robust correlations between the five different metabolites showed a significant
correlation across the concentration of all metabolites (Table S1).

4. Discussion

This MRS study is the largest to date to investigate insular metabolic alterations in women with
acute AN and individuals who had recovered from AN. It was found that AN patients exhibited
a significantly lower concentration of NAA in the anterior insular cortex in comparison to the REC and
HC subjects, while the concentrations of all other investigated metabolites (t-Cho, mI, Glx, Cre) were
unaltered. The REC and HC subjects showed no differences in the concentration of metabolites.

In the AN group, concerns about body weight (as measured with the EDE) were associated with
lower NAA and Glx availability in the insular cortex. Prior to correction for multiple comparisons,
shape concerns also showed a negative association with Glx concentration. It might be questioned
whether this finding is due to a very low BMI or a long illness duration. Neither the BMI nor the
duration of illness was associated with insular NAA concentrations.

4.1. Comparison to Earlier MRS Studies

A comparison to earlier MRS studies is complicated by the fact that this study is the first to target the
anterior insular cortex in AN. Only two earlier studies reported lower NAA signals in WM and frontal
GM [10,13], while one reported increased NAA in anorectic women in the anterior cingulate cortex and
parieto-occipital WM [9]. Our findings complement previous studies that showed a reduction in the GM
and WM volumes and the integrity during the acute stage of AN [35,75–77]. The detected decreased
NAA signal as a marker of neuronal integrity and density [6] in AN might therefore support these
earlier results. Structural changes during acute AN appear to be more pronounced in some cortical
areas, including the insula [34,78]. Brooks et al. [34] found reduced GM in the right insular cortex in
restrictive AN patients. Although the insular cortex has not been consistently affected across structural
studies [35,79], in a study of our group with largely overlapping samples, reduced insular volumes and
cortical thinning could be observed [78]. Regionally different concentrations of metabolites could thus,
in principle, result from differently pronounced structural changes. To determine whether there are
changes in metabolite concentration that go beyond known GM/WM volume changes in AN, one has
to correct for partial GM/WM volume effects, which was done in the current study. Not all earlier MRS
studies statistically controlled for partial GM and WM volume content of the MRS voxel. Metabolic
differences that survive such a correction indicate a metabolic disturbance beyond the direct GM or
WM volume effect and might therefore be associated with a loss of neuronal integrity, density, or other
metabolic changes, some of which might not be known.

4.2. Possible Implications of the Findings: Beyond Density, Volume, and Integrity Effects

Our data indicated that lower NAA concentrations were associated with increased concerns
about body weight (according to the EDE), which is a core feature of AN. The Glx signal showed
a similar association with weight concerns and both NAA and Glx availability were important for
glutamatergic neurotransmission [80,81]. Glx was also associated with shape concern, which did not
survive the correction for multiple comparisons. Weight and shape concerns are central constructs of
AN psychopathology and are part of a disturbed processing of body signals and integration of one’s
own body perception. Weight concern refers to the importance of body weight, dissatisfaction with
one’s own body weight, and the desire to lose weight as well as the preoccupation with shape and
weight. Shape concerns imply feelings of fatness, fear of weight gain, and discomfort when looking
at one’s own body (for further details see: [57,58]). Therefore, the lower the Glx and NAA levels are,
the more serious are these concerns.

Importantly, because there were no correlations of NAA and Glx with the BMI and we have
corrected for the partial GM and WM volume, the correlation most likely does not simply reflect GM or
body weight-related deficits. The associations of insular NAA and Glx availability with weight problems
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and, in the case of Glx, shape concerns, suggest that a lack of Glx or loss of neuronal density/integrity
(which are predominantly glutamatergic in the neocortex) may be related to an exacerbation of AN
symptoms, presumably because of a decreased glutamatergic effect.

Disturbed glutamatergic action in the insular cortex might therefore be related to AN’s symptoms
of “bodily awareness,” such as perception of one’s own body weight, state, and shape [43,82] and reflect
dysregulation within the insular lobe (particularly in anterior parts), which serve to integrate multiple
pieces of information. The insular cortex is highly connected and, according to Damasio’s somatic
marker hypothesis, the insula plays a central role in integrating various perceptions into a cognitive
representational map. These perceptions include the information on the bodily state, the state of
the autonomic nervous system, appetite, hunger, and disgust [43,44]. Although these are possible
associations, no causal relationships can be deduced from these cross-sectional data (i.e., that cerebral
dysfunction causes AN psychopathology). Conversely, aberrant perceptions and behavior in AN
might lead to metabolic anomalies. A unifying explanation could be that both initially mild behavioral
or perceptual abnormalities and initially minor cerebral aberrations reinforce each other in a kind of
vicious circle until a full-blown psychopathology and pathophysiology manifests itself.

The absence of the NAA signal reductions in women who had recovered from AN compared
to those with AN suggests that the apparent loss of neuronal density/integrity (apart from volume
changes, e.g., due to dehydration effects) seem to be of particular importance in acute patients.
This aligns with brain volumetric and other structural studies, which report a normalization of WM
and GM changes after recovery [37,75,78,83]. Importantly, these patients also recovered with regard
to psychopathology—as did our sample—which therefore does not allow any definite conclusions
on causality between metabolic changes and psychopathology. At least in the AN group, a simple
association with body weight seems unlikely.

However, we cannot completely rule out that the signal similarities of the REC and HC subjects
can be attributed to a REC subgroup with a particularly good forecast; only long-term follow-up
studies would be able to clarify this point [84].

A recent functional study on anxiety processing in AN showed marked dysfunction of key areas of
the so-called “fear network,” including the anterior insula cortex. [84]. Other studies have shown that
functional abnormalities in the insula are not only in acute AN but also in REC subjects [38,39,41,85].
These observations suggest that NAA changes are likely to reflect anomalies of neurochemical processes
beyond cell density or volume effects [37,75,78,83]. NAA is synthesized in neuronal mitochondria
and finally absorbed and metabolized by glial cells. For example, in a longitudinal study on bipolar
depression in which the NAA signal was regarded as a state marker for the disorder, the reduced NAA
levels were interpreted as a dysregulation of the glial function [86].

4.3. Limitations

A longitudinal study design to test for the reversibility of the metabolic differences within the
subjects would have been preferable and is envisaged for a subgroup of the AN patients of this study.
Another problem was the presence of GM and WM volume effects after correcting for the volume
of CSF in the LCModel. To the best of our knowledge there are no biological models available to
adjust the concentrations of the different metabolites according to their abundance in GM or WM
tissue, respectively. The overlap of the reported structural, functional, and metabolic alterations
in the insular cortex in AN, which was investigated in the same subjects, should be confirmed
in an independent sample.

5. Summary

In this study, we found decreased NAA signals in the anterior insular cortex of women with
AN and lower NAA and Glx concentrations in patients with stronger AN symptoms. These changes
cannot be explained by mere GM and WM volume changes, but they could be an expression of reduced
neuronal and glial cell density, integrity, or function. These metabolic changes may reflect altered
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neurotransmission; thus, they may be related to anomalies of insula functioning that are known from
functional MRI studies. This possible association should be further investigated in future combined
MRS+fMRI studies. The REC and HC participants showed no differences in metabolite concentrations,
which is encouraging for both patients and therapists. These data also improve our understanding of
the pathophysiology of acute and recovered patients with AN, which can influence both our clinical
thinking and psychoeducational interventions [87].
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Abstract: Background: The main objective of this study was to assess the safety and efficacy of deep
brain stimulation (DBS) in patients with severe anorexia nervosa (AN). Methods: Eight participants
received active DBS to the subcallosal cingulate (SCC) or nucleus accumbens (NAcc) depending on
comorbidities (affective or anxiety disorders, respectively) and type of AN. The primary outcome
measure was body mass index (BMI). Results: Overall, we found no significant difference (p = 0.84)
between mean preoperative and postoperative (month 6) BMI. A BMI reference value (BMI-RV) was
calculated. In patients that received preoperative inpatient care to raise the BMI, the BMI-RV was
defined as the mean BMI value in the 12 months prior to surgery. In patients that did not require
inpatient care, the BMI-RV was defined as the mean BMI in the 3-month period before surgery.
This value was compared to the postoperative BMI (month 6), revealing a significant increase (p= 0.02).
After 6 months of DBS, five participants showed an increase of ≥10% in the BMI-RV. Quality of life
was improved (p = 0.03). Three cases presented cutaneous complications. Conclusion: DBS may be
effective for some patients with severe AN. Cutaneous complications were observed. Longer term
data are needed.

Keywords: anorexia nervosa; deep brain stimulation; psychosurgery; clinical trial; subcallosal
cingulate; nucleus accumbens; body mass index
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1. Introduction

Anorexia nervosa (AN) is a psychiatric disorder with an estimated prevalence of 0.7–3%.
It primarily affects females and is usually diagnosed in adolescence and young adulthood [1,2].
AN is a life-threatening illness that can have a devastating impact on patients and their family [2,3].
The Diagnostic and Statistical Manual of Mental Disorders (DSM-5) criteria define two subtypes of AN:
the restricting type and the binge-eating/purging type, with the latter type (purging) having a worse
prognosis. Treatment of AN involves a combination of nutritional, pharmacological, psychological,
and family interventions, all of which aim to restore normal weight, alter behavioural patterns, and
address associated psychological issues. However, the optimal treatment for AN remains unclear and
controversial [4,5].

Clear criteria to determine treatment refractoriness has not been fully established yet for this
complex illness. Refractoriness in AN is currently defined as a failure to respond to repeated
interventions over an extended time period (5–10 years), with recovery considered unlikely or, at
best, limited in patients who have had AN for more than 10 years [3,6]. This condition is believed
to be multifactorial, including neurobiological, environmental, and genetic factors, among others.
Several studies seem to agree that AN is primarily caused by neurobiological alterations provoked
by underlying dysfunction in the brain circuits. Although numerous models have been proposed to
explain this dysfunction, most researchers agree that limbic system alterations are likely the main
cause [7–13]. It has also been suggested that AN is, at least partially, maintained by dysfunctional
activity in key neuroanatomic circuits [14–17], primarily those related to the modulation of reward and
motivation, such as the mesolimbic cortex and the striatum [8,12].

Some authors have suggested that brain areas involved in the cognitive control of appetite
(dorsolateral prefrontal and the parietal cortex) could also be involved in the pathophysiology of
AN [10,13]. Morphological and functional studies in patients with AN have shown alterations in
insular activity and in the prefrontal cortex, orbitofrontal, temporal, parietal, anterior cingulate, and
ventral striatum (nucleus accumbens, NAcc) [18–20]. The available evidence suggests that the two
most relevant targets for the surgical treatment of AN appear to be the NAcc [21] and the subcallosal
cingulate (SCC), mainly due to the substantial involvement of these two structures in the reward
circuits, but also because these two areas serve as communication links between the limbic and cortical
systems [7,9].

Deep brain stimulation (DBS) is a surgical technique with a long history in the treatment of
movement disorders such as Parkinson’s disease, dystonia, and essential tremor, offering good
outcomes with only minimal complications [10,22,23]. In recent decades, this technique has also
been used to treat mental disorders such as obsessive-compulsive disorder (OCD), major depressive
disorder (MDD), and schizophrenia [24,25]. However, OCD is the only mental disorder for which DBS
is currently approved by both the United States Food and Drug Administration (FDA) and by the
European Union (CE Marking certification) [24,26,27]. In other mental disorders, DBS has only been
performed in the context of clinical trials or for compassionate use.

Although the precise mechanism of action of DBS remains unclear, several models and hypotheses
have been proposed. Electrophysiological studies suggest that the effect of DBS depends on the
type of stimulated brain tissue (e.g., grey or white matter) and on the type of fibers involved in the
stimulation [13,28,29]. In addition, DBS is believed to alter neuronal discharge patterns in the target
area (jamming effect). These different mechanisms may thus combine both inhibitory and excitatory
processes, which could act simultaneously. Even though DBS is applied locally to a specific brain area,
both focal and distal effects have been reported [29].

Experience with DBS in patients with AN is limited. To date, a total of 26 women with AN, with
variable clinical characteristics (e.g., severity, chronicity) have participated in clinical studies. Moreover,
those studies targeted different brain structures. McLaughlin et al. reported a case of a patient with
comorbid AN and OCD (body mass index (BMI): 18.5) whose condition improved slightly after DBS to
the ventral striatum [30]. Wang and colleagues described two cases of adolescent patients with AN
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who received bilateral DBS to the NAcc, with no complications; over the course of 12-month follow
up, both patients in that study successfully reached a normal BMI and also showed improvements in
psychopathological symptoms and quality of life. Wu et. al. [31] also reported results of a case series
of four adolescents with AN in which DBS was applied to the NAcc. In all four cases, psychological
symptoms improved and body weight increased by up to 65%, without complications over a follow-up
period that ranged from 9 to 50 months. In that same year (2013), Lipsman et al. reported results
from a phase 1 pilot trial in which DBS was applied to the subcallosal cingulate in 6 patients with
AN [32]. At nine months of follow up, half of the patients showed a response to treatment (BMI above
baseline values); in addition, four patients presented improved psychometric assessments. Israel et
al. published a case report of a patient with MDD and comorbid AN, who received DBS to the SCC
(unilateral, right side, intermittent). The results were good and the patient successfully maintained
BMI = 19.6 for more than 30 months [33]. In 2017, the same research group reported the results of
a 12-month clinical trial involving 16 patients with AN (including the six patients from the original
study) who received DBS to the SCC. Mean BMI values and psychometric assessments improved in
all 16 patients over time; moreover, a flurodeoxyglucose–positron-emission tomography (FDG-PET)
scan showed metabolic changes in the brain after six months of DBS. However, several adverse events
were reported, including one event of each of the following: air embolism, seizure, skin infection,
worsening in mood, and intraoperative panic attack, and five of the patients also experienced pain [34].
Blomstedt and colleagues published a case report of a patient with MDD and comorbid AN in whom
DBS was administered to the bed nucleus of the stria terminalis (BNST). Although the procedure
did not significantly change the BMI, it did improve the patient’s anxiety about food and eating [35].
Finally, the most recently published study was reported by Manuelli et al. (in 2019), who described the
case of a patient with moderate AN who underwent DBS to the BNST. In that patient, BMI, core AN
symptoms, and nutritional status all improved at six months of follow up [36].

Together, the limited evidence for DBS as a treatment for AN suggests that DBS appears to be a
safe and effective treatment. However, due to the heterogeneity of this disorder, and the difficulty
of recruiting patients to participate in clinical trials and studies, it is difficult to make definitive
conclusions about the efficacy of DBS, the optimal target site, and the clinical and radiological variables
that determine response. In this context, the main aim of the present clinical trial was to assess the
efficacy and safety of DBS applied to two different targets (SCC and NAcc) to treat patients with
chronic, severe, refractory AN. This study has been divided into three distinctive phases. Phase I
involved the selection of participants and preoperative procedures. Phase II involved the surgical
procedure itself, including a 6-month period of active stimulation. In phase III, patients considered
responders to the DBS implant were randomized to one of two arms (ON/OFF or OFF/ON), while
non-responders were not randomized, rather, they continued to be assessed monthly throughout the
12-month follow-up period. As phase III is currently ongoing, the current report presents data on
phase I (preoperative) and phase II (6 months follow up).

2. Materials and Methods

2.1. Participants and Setting

A total of eight participants diagnosed with chronic, severe, refractory AN were included in
this trial over a one-year period, which was conducted jointly by the Departments of Psychiatry
and the Surgery Department of the Hospital del Mar in Barcelona, Spain, a tertiary care university
hospital. Participants were recruited from collaborating sites around Spain, including the Eating
Disorders Institute, Mental Health Specialists (in Spanish, ITA Especialistas en Salud Mental), a national
network of hospitals and treatment centers across Spain providing specialized care for patients with
eating disorders.

The inclusion criteria were as follows: age: 18–60 years, clinical diagnosis of any type of AN
(DSM-5 criteria), duration of AN > 10 years, treatment-resistant AN, defined as follows: (a) lack of
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response to ≥3 voluntary intensive treatments (full or partial hospitalization) or (b) clinical worsening
and unwillingness to receive any further treatment, including ≥2 hospital admissions for involuntary
feeding, preoperative BMI between 13 and 15.99 (patients with BMI values outside this range could be
included on case-by-case basis), and capacity to fully understand the study and to provide informed
consent. Exclusion criteria: current or past psychotic episode, comorbid neurological illness, drug
abuse in the last year, contraindications to undergo magnetic resonance imaging (MRI) or DBS, any
medical condition involving a risk for the surgical procedure, and pregnancy.

Written informed consent was obtained from all participants before proceeding with any
intervention. The study was performed according to the ethical standards stated in the Declaration of
Helsinki and subsequent updates. The study was approved by the Ethics Committee of the Parc de Salut
(Barcelona, Spain, approval number: 2016/6813/I). Trial registration: Clinicaltrials.gov: NCT03168893.

2.2. Design and Procedure

This is a randomized, double-blind, controlled crossover clinical trial consisting of two consecutive
6-month phases (total duration: 12 months). Target selection was based on the presence of comorbidities
with other psychiatric conditions and the type of AN. Patients whose predominant comorbidity was
an affective disorder received DBS to the SCC, while patients whose predominant comorbidity was an
anxiety disorder received DBS to the NAcc. The predominant comorbidity was determined by a clinical
psychiatrist based on the MINI International Neuropsychiatric Interview scores and a comprehensive
clinical interview. Each case was then reviewed by the other members of the clinical research team
(a psychologist and a psychiatrist) to ensure their assessments for each comorbidity were consistent.
For patients that did not show any clear predominant comorbidity, the target was selected based on
the type of AN: patients with binge-eating/purgative AN received DBS to the NAcc, and patients with
restrictive AN received DBS to the SCC. If a patient presented criteria for both targets, the target that
corresponded to the most severe comorbidity was selected.

Phase I of the study consisted of the patient recruitment and selection. Potential candidates were
interviewed by a member of the research team (psychiatrist). After this initial screening, an independent,
external psychiatrist confirmed that the patient met all inclusion criteria. Patients were required to
present normal results on all of the following preoperative tests: chest x-ray, electrocardiogram, and
anesthesia tolerance test. Minimal alterations in blood test results were allowed, provided that these
were normalized prior to surgery. The optimal pre-operative BMI was set at ≥13; in cases with a BMI <
13, the participant was admitted to the inpatient ward to raise the BMI to meet the minimum threshold.
A 1.5 T MRI with diffusion tensor imaging (DTI) was performed pre-operatively. Before study inclusion,
the participants’ BMI data in the previous year was registered (lowest, highest, and mean).

Phase II involved the surgical procedure and six-month follow-up. The DBS system was implanted
using robotic stereotactic assistance (ROSA; Zimmer Biomet, Inc. Montpellier, France). The surgical
procedure was performed under general anesthesia and divided into three steps: (1) fiducial markers
were inserted followed by an intraoperative computerized tomography (CT) scan, (2) the ROSA robotic
arm was prepared and electrodes (Infinity; Abbott Inc., Saint Paul, MN, USA) were placed on the
selected target through two trephine holes, at the frontal level, bilaterally. The Infinity electrodes
(Abbott Inc., Saint Paul, MN, USA) are directional electrodes with four contacts, 1.5 mm in diameter,
with 1.5 mm spacing between contacts, with an inactive distal part, and (3) finally, a pulse generator was
implanted subfascially at the right abdominal area and connected to the electrodes. A postoperative
cranial CT scan was performed and fused with the preoperative MRI CT scan. Correct placement of the
electrode contact points was verified. Next, monopolar stimulation was performed. The stimulation
started at 3.5 milliamperes (MA) and was increased according to patient response. The frequency
(130 Hz), pulse amplitude (90 micros), and contact were set to remain constant throughout the trial.

Stimulation began 24 hours after surgery and participants were discharged 72 hours after the
intervention. At 10 days, an initial postoperative assessment was performed by the psychiatrist and
neurosurgeon at the outpatient clinic, and subsequent evaluations were scheduled to be performed
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monthly. All participants were provided with contact details (telephone/email) for the surgeon and
co-primary investigator to communicate any adverse events over the course of the trial.

A third and final phase (phase III) of this trial is still ongoing. Consequently, the present report
focuses on describing phase I and on presenting the data from phase II (6-months follow up). A
flowchart of the complete study design is shown in Figure 1.

Phase I: selection of 
participants 

Phase II: 6-month follow up 

Phase III: 12-month follow up 

25 Screened and assessed 
for eligibility 

16 Excluded 
Not meeting inclusion 
criteria 
Declined to reach a 
minimum BMI for surgery  
Living outside Catalonia 
and not being able to attend 
to follow up appointments 

8 Implanted patients 

4 SCC target 

Follow up and analysis 
(6 months) 

4 NAcc target 

 
Response: YES 

 
Response: NO 

 
Continue: ON 

 
3 months ON 
3 months OFF 

 
3 months OFF 
3 months ON 

Follow up and analysis 
(12 months) 

Figure 1. Participants’ selection and pathway for the randomized crossover controlled clinical trial.
Here, results are presented including the follow-up analysis at 6 months.

2.3. Measures

A wide range of variables were collected, including sociodemographic characteristics of the
sample and a complete clinical history.

Primary outcome:
The primary outcome measure was BMI. Anthropometric measures (weight and BMI calculation)

were collected at baseline, immediately before surgery, and monthly thereafter.
Secondary outcomes:
Secondary outcome measures include scores on a range of instruments described below.
Clinical outcome measures:

- The Mini-International Neuropsychiatric Interview (MINI) [37], a short diagnostic
structured interview.
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- The Hamilton Depression Rating Scale (HAMD17) [38], designed to assess depressive symptoms.
Each item on the questionnaire is scored on a 3- or 5-point scale, depending on the item. The
original version contains 17 items (HAMD17).

- Hamilton Anxiety Rating Scale (HAM-A) [39], a 14-item scale designed to rate the severity of
anxiety symptoms. Each item contains a group of symptoms rated on a scale of 0–4, with 4 being
the most severe.

- The Yale-Brown Obsessive Compulsive Scale (Y-BOCS) [40], a 10-item scale designed to measure
the severity of illness in patients with obsessive-compulsive disorder, with a range of severity and
types of obsessive-compulsive symptoms. Each item is rated from 0 (no symptoms) to 4 (extreme
symptoms), with separate subtotals for severity of obsessions and compulsions.

- The Yale-Brown-Cornell Eating Disorders Scale (YBC-EDS) [41] is a semi-structured interview
containing 8 items to assess the nature and severity of preoccupations and rituals related to the
eating disorder.

- The Multidimensional Assessment of Interoceptive Awareness (MAIA) [42] is an 8-scale state-trait
self-report questionnaire containing 32 items to measure multiple dimensions of interoception.

- Gardner Assessment of Body-Image [43] is a set of schematic contour scales to assess
body disturbances.

- Barratt Impulsiveness Scale [44] is a 30-item self-report measure of impulsive personality traits.
- The Short Form Health Survey (SF-36) [45] is a 36-item instrument to assess quality of life.

Neuroimaging:
A brain MRI (1.5 T + DTI, 60 directions) was performed. Fractional anisotropy (FA), mean

diffusivity (MD), axial diffusion (AD), radial diffusion (RD), and tractography were determined. The
following target and stimulation parameters were registered: active contacts, voltage, frequency, pulse
width, and amplitude.

2.4. Data Analyses

Considering the small sample size and that data showed a non-normal distribution, non-parametric
tests were run.

2.4.1. Primary Outcome: change in BMI Value

To test the effects of DBS on the primary outcome measure (BMI), Friedman’s non-parametric,
repeated-measures analysis of variance (ANOVA) was used to compare BMI values at surgery to BMI
values at each of the six-monthly postoperative determinations. As the main aim of the study was to
evaluate treatment effects after 6 months of DBS, the Wilcoxon rank test was also used to compare two
data points: pre-surgery BMI versus BMI at month 6.

Some participants required inpatient care before surgery to reach the minimum preoperative BMI
value. Consequently, this preoperative BMI was not their “usual” BMI, but rather the result of inpatient
treatment. To reflect this, we determined a BMI reference value (BMI-RV) for each patient, which
was calculated differently depending on whether or not the patient required preoperative inpatient
care. For patients who required preoperative inpatient care (patients 3, 4, 6 and 8), the BMI-RV was
defined as the mean BMI achieved in the year prior to surgery (not including the BMI values obtained
during inpatient care). For patients that did not require preoperative inpatient care (patients 1, 2, 5, 7),
the BMI-RV was defined as the mean BMI achieved in the three-month period immediately prior to
surgery. The same statistical analyses described above (Friedman’s and Wilcoxon) were repeated, but
this time based on the BMI-RV values. The BMI-RV value was used to determine treatment response,
which was defined as an increase of ≥10% in the pre-treatment BMI-RV value.

For exploratory purposes, the sample was also divided into different subgroups (i.e., participants
who received preoperative inpatient care versus those that did not and participants with SCC stimulation
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versus participants with NAcc stimulation) to test for possible changes in BMI values between those
groups (Wilcoxon rank test).

2.4.2. Secondary Outcomes: Change in Anorexia Nervosa Behavior and Clinical Variables

Given the small sample size, the data on AN-related behaviors are given only as descriptive
data. The Wilcoxon signed-rank test was used to compare scores obtained on the various instruments
administered at baseline with the scores obtained at the end of month six of follow up. The results of
this pre-post comparison were also used to determine whether participants who received DBS to the
SCC or NAcc differed in terms of their relative improvement on depression and obsessive-compulsive
scores (HAMD-17 and YBOCS, respectively).

3. Results

3.1. Participants Characteristics

The study sample included eight participants (7 female), with a mean age at surgery of 40.75 years
(standard deviation (SD) = 15.49). Most patients (n = 6) had a primary diagnosis of AN-restrictive type.
The mean time since disease onset was 25.25 years (SD = 11.25). Comorbidities with other psychiatric
diagnoses were frequent, most commonly major depressive disorder (MDD, n = 7), followed by panic
disorder (PD, n = 3), and obsessive-compulsive disorder (OCD, n = 3). Six of the eight patients (75%)
were taking benzodiazepines, while three were under antidepressant treatment, and one was taking
antipsychotic medication.

The minimum and maximum BMI values over the last five years were registered. We evaluated
variability in the BMI values over the 15 months prior to DBS implantation. The patients presented
three main BMI fluctuation patterns over this period, which we classified as pattern A, B, or C. Pattern A
consisted of a stable BMI trajectory, observed in participants 1, 4, 5, 7, and 8. Pattern B was characterized
by frequent hospital admissions and ascendant and descendent peaks in BMI (unstable BMI trajectory),
which was observed in two patients (3 and 6). Finally, one patient (2) showed a stable but descendent
weight trajectory, which was denominated pattern C. Preoperative inpatient care was required in four
cases to achieve the minimum BMI (=13) level required for surgery. Of these four patients, only one
(participant 4) did not achieve the minimum BMI; however, the patient’s BMI (12.12) was considered
acceptable and surgery was performed.

In participants 1, 2, 3, and 4, target selection was based on anatomical/stereotactic references; in
participants 5, 6, 7, and 8, target selection was based on anatomical/stereotactic references as well as
DTI data. Stimulation started at 3.5 MA for all patients and was maintained or increased accordingly
to patient response, which was assessed monthly. The maximum stimulation was set at 8 MA.

Table 1 describes the demographic and clinical characteristics of the sample, with the active
contacts and stimulation parameters. Figure 2 shows location of electrode active contacts.
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(A)

(B)
Figure 2. Location of electrode active contacts. (A) Location of electrode contacts on a sagittal view
for patients with DBS on the subcallosal cingulate. Circles are schematic representations of electrode
active contacts. Numbers within circles correspond to each patient. The figure at the right side is an
enlargement. C = cingulate. CC = corpus callosum. (B) Location of electrode contacts on a coronal view
for patients with DBS on the nucleus accumbens. Circles are schematic representations of electrode
active contacts. Numbers within circles correspond to each patient. The figure at the right side is an
enlargement. CA = caudate nucleus. CI = internal capsule. P = putamen. DBS = deep brain stimulation.

3.2. Primary Outcome: Change in Body Mass Index Values

To assess the effect of the DBS on BMI (the primary outcome measure), we compared the
preoperative BMI for all patients (regardless of receiving inpatient care before surgery or not) to the
BMI values measured at each postoperative time point (monthly). On this analysis, the Friedman
repeated-measures ANOVA revealed no significant increase in BMI after surgery (X2 = 2.71, p = 0.84).
A Wilcoxon signed-rank test was performed to compare only two data points: preoperative BMI with
BMI at month 6 of follow up, also revealing no significant changes (Z = –0.28, p = 0.78). Figure 3 shows
the mean BMI scores for each patient over the six-month study period.

Figure 3. Individual changes in body mass index (BMI) during the six month follow-up period. BMI at
surgery (criterion 1) was used as the reference value for this comparison.

147



J. Clin. Med. 2020, 9, 1946

These analyses were repeated using a BMI reference value (BMI-RV; see the Data Analyses Section
for a description) for each patient as the pre-operative BMI measure. The Friedman repeated measures
ANOVA showed no significant increase in BMI (X2 = 7.96, p = 0.24). However, when we compared
only two data points (BMI-RV with the BMI obtained at the six month follow up), the increase was
significant (BMI-RV: M = 12.67, SD = 1.64 versus BMI value at month 6: M = 13.98, SD = 2.05, Z = –2.38,
p = 0.02).

The data were analyzed again but using a different approach (as explained above), in which
treatment response was defined as a ≥10% increase in BMI-RV. Patient 1 showed a sustained gain in
BMI (10%) at all monthly time points throughout the six month follow up. By contrast, patients 2
and 8 did not achieve a 10% gain in BMI at any time point. Finally, the other three patients showed
a variable pattern during the follow-up period. However, at month 6, five of the eight participants
presented an increase of at least 10% in BMI. Table 2 shows the reference BMI values for each patient
and their response.

Table 2. Participant response defined as a 10% increase in BMI during the six-month follow-up period.

Patient
Reference BMI

Value
Response Value
(10% Increase)

Months
Response to

DBS (YES/NO)

1 2 3 4 5 6
1 16.22 17.842 YES
2 13.44 14.784 NO
3 10.94 12.034 YES
4 11.83 13.013 NO
5 13.07 14.377 YES
6 11.57 12.727 NO
7 12.33 13.563 YES
8 11.98 13.178 NO

Note. A green box indicates that the patient achieved a 10% increase in BMI at a given month while a red box means
that the patient did not reach the 10% BMI gain threshold for that month. DBS = deep brain stimulation. BMI = body
mass index.

Lastly, were performed other analyses (Wilcoxon rank test) to explore differences between the
subgroups. No significant pre/post (6 months) differences in BMI were found for participants who
received preoperative inpatient care (Z = −1.09, p = 0.27) versus those who did not (Z = −1.46, p = 0.14).
Similarly, neither subgroup (SCC nor NAcc) showed a significant increase in BMI: SCC stimulation
(Z = 0.00, p = 1.00) versus NAcc stimulation (Z = 0.00, p = 1.0).

3.3. Secondary Outcomes: Change in Anorexia Nervosa Behaviors and Clinical Variables

Patient 1 showed a reduction in daily physical activity (walking), which decreased from 6 hours
per day to one hour/day at the one-month follow up. This reduction was maintained over the 6-month
study period. Patient 2 also reduced the amount of daily physical activity from 6 hours to 3. Two
patients (4 and 8) presented purging behavior prior to DBS. During the five years prior to DBS, patient
4 had maintained an exclusively liquid diet. After one month of DBS, the patient included two solid
meals a day. Diuretic/laxative intake (patient 4) was significantly reduced from 40 tablets of furosemide
a day to 5 tablets a day, and from 70 powder laxative sachets at baseline to complete abstinence. For
patient 8, the purging frequency remained unchanged at month 6.

No significant improvement was observed (Wilcoxon signed-rank test) for most clinical variables.
However, a significant change was found in SF-36 scores at month 6, indicating an improvement in the
patients’ quality of life (Z = 2.10, p = 0.03). Patients stimulated at the SCC (patients: 2, 4, 7, 8) whose
predominant comorbidities were affective disorders presented larger improvements in depression
scores (HAMD-17) than patients with SCC stimulation (SCC target: Mpre = 13.50, SD = 3.31 versus
M6months = 4.75, SD = 3.30, Z = −1.82, p = 0.06; NAcc target: Mpre = 17.25, SD = 7.13; M6months = 16.25,
SD = 11.32, Z = 0.00, p = 1.00); however, these differences were not statistically significant. In terms
of YBOCs scores, no significant differences were found for patients with SCC stimulation or those
who received NAcc stimulation (SCC target: Mpre = 18.50, SD = 6.60; M6months = 16.50, SD = 11.61,
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Z = –0.55, p = 0.58; NAcc target: Mpre = 14.50, SD = 9.14 versus M6months = 9.00, SD = 12.27, Z = 0.53,
p = 0.59). Table 3 shows the results of the secondary outcomes from baseline to the 6 months follow-up
assessment. Figure 4A, B shows changes in depression (HAMD-17) and obsessive-compulsive (YBOCS)
scores for each patient.

Table 3. Wilcoxon signed-rank test for secondary outcomes measured preoperatively (baseline) and at
month 6 of follow up.

Mean Standard Deviation Z p

HAMD-17
Pre-surgery 15.38 5.52 −1.47 0.14

Month 6 10.50 9.87

YBOCS
Pre-surgery 16.50 7.69 −0.85 0.39

Month 6 12.75 11.76

HAM-A
Pre-surgery 13.63 6.30 −1.26 0.21

Month 6 10.94 11.84

YBC-EDS
Pre-surgery 111.38 48.28 −1.54 0.12

Month 6 87.62 64.26

MAIA
Pre-surgery 15.53 7.11 0.42 0.67

Month 6 15.15 7.61

Gardner—Distortion
Pre-surgery 2.50 3.65 −0.70 0.48

Month 6 2.75 4.09

Gardner—Dissatisfaction
Pre-surgery 2.75 3.19 −0.32 0.74

Month 6 3.00 4.17

SF36
Pre-surgery 32.18 16.98 2.10 0.03

Month 6 60.56 22.40

BIS-11
Pre-surgery 43.88 19.66 −0.42 0.67

Month 6 42.25 10.06

Note. HAMD-17 = Hamilton Depression Rating Scale. YBOCS = Yale-Brown Obsessive-Compulsive Scale.
HAMA = Hamilton Anxiety Rating Scale. YBC-EDS = Yale-Brown-Cornell Eating Disorders Scale. MAIA =
Multidimensional Assessment of Interoceptive Awareness. Gardner Assessment of Body-Image. SF36 = Short Form
Health Survey. BIS-11 = Barrat Impulsivity Scale 11.
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(A)

(B)
Figure 4. Changes in depression (HAMD-17) and obsessive-compulsive (YBOCS) scores for each patient.
(A) Changes in depression scores based on the Hamilton Rating Scale for Depression (HAMD-17)
from baseline to month 6 post-DBS. Patients identified with an asterisk (*) are those whose main
comorbidity was an affective disorder, with SCC stimulation. (B) Changes in obsessive-compulsive
symptoms based on the Yale-Brown Obsessive-Compulsive Scale (YBOCS) from baseline to month 6
post-DBS. Patients identified with an asterisk (*) are those whose main comorbidity was an anxiety
disorder, with NAcc stimulation. HAMD-17=Hamilton Depression Rating Scale. YBOCS=Yale-Brown
Obsessive-Compulsive Scale.

3.4. Adverse Events

Cutaneous complications occurred in 3 patients (2, 5, and 6). Approximately 72 h after the
procedure, patient 2 developed a greyish coloration in the area of the right electrode, potentially
indicative of reduced blood flow; three days later (day 6), a necrotic eschar was observed, requiring
skin flap surgery. Ten days after surgery, patient 5 developed skin dehiscence at the site of the incision
for the surgical fiducial marker. The dehiscence did not respond to conservative treatment, and
therefore the affected area was surgically cleaned to prevent infection. Patient 6 developed a chronic
infection at the site of the skin incisions for surgical fiducial markers. The infection did not respond to
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antibiotic treatment and surgical cleaning was performed. No other intraoperative or postoperative
complications or adverse events were registered.

4. Discussion

Overall, the initial results of this study of six months of DBS to the NAcc and SCC in patients
with severe and chronic AN show that DBS did not produce a statistically significant increase in
BMI. Five out of eight patients achieved an increase of ≥10% in BMI (at month 6), and three out of
eight presented changes in AN behaviors, including reduced physical activity and use of laxatives
and diuretics. At month 6, DBS was associated with improvements in a patient-reported measure of
quality of life (SF-36). Almost 40% of the patients treated developed skin complications that required
treatment, including surgery.

As indicate above (in the Methods Section), we used two different criteria to assess the primary
outcome (change in BMI). First, we compared preoperative BMI to postoperative BMI values obtained
at the monthly assessments, finding no significant increase in body mass in the overall sample. This
lack of a significant difference in BMI could be attributed to the particular characteristics of our
patient sample versus other studies that did find significant differences in BMI after DBS [29,30,32,34].
First, unlike many of those studies, we included treatment-resistant, chronic patients. Second, we
required a minimal preoperative BMI (13), which meant that half of the patients (n = 4) required
inpatient intensive treatment to gain weight before they could undergo DBS implantation. Although
we managed to recruit the sample over a one-year period, many patients with a severe AN profile
declined to participate in the study due to this criterion (i.e., they were unwilling to gain weight).
For some patients with AN, the idea of participating in a clinical trial whose main aim is to restore
weight can seem to contradict their personal objectives. Third, we used different stimulation targets
(SCC or NAcc) depending on the comorbid psychopathology (affective predominance or anxious
predominance, respectively). Previous studies [29,31–34] have also evaluated DBS for AN, using
the same targets (SCC and NAcc). However, to our knowledge, none of those studies considered
comorbidities or the type of AN when selecting the DBS target. This is relevant given that data
obtained from studies using functional MRI reveal differences between AN subtype (restrictive versus
bingeing/purging) in terms of brain activation [12,14]. Moreover, in contrast to our study, most patients
included in previous studies were characterized by less severe AN with a shorter time from diagnosis
and/or were willing to achieve a BMI > 15 before undergoing surgery [30,31,36].

Interestingly, when we calculated a preoperative reference BMI value (BMI-RV) for each patient,
we found a significant increase in BMI at month 6 (versus the preoperative BMI-RV), although the mean
BMI at this follow-up assessment was still quite low (M = 13.98). Although the use of this novel value
(BMI-RV) could be questioned, we believe that it better captures the patients’ true BMI before surgery,
as it reflects the mean BMI over a longer time frame beyond just the immediate preoperative period.

When we performed another analysis in which treatment response was defined as an increase in
BMI ≥ 10% (considered sufficient in this group of chronic, severe patients), five of the eight participants
met this objective at month 6 and were thus considered responders (Table 2). Using the 10% gain in
BMI as the cut-off to define treatment response, we observed different patterns. Of the four patients
who met this criterion and were thus considered responders (patients 1, 3, 5, and 7), three received
DBS stimulation to the SCC. In addition, most of these patients (1,5, and 7) presented a pattern A
BMI trajectory before surgery, while only one patient (3) was characterized in the “unstable BMI
trajectory” group (pattern B). Patient 2 showed a clear pattern of no-response that was consistent with
the preoperative BMI pattern (sustained disease severity with clinical worsening). Together, these
findings seem to suggest a link between the BMI pattern (i.e., illness trajectory) and the impact of
DBS; however, more data are needed to corroborate this potential association. AN-specific behaviors
in our sample were inverse, as some patients (1, 2, 4) presented a decrease in physical activity and
diuretic/laxative use.
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Of the various secondary clinical outcomes evaluated in this study, most did not show statistically
significant improvements, which could be due to the short follow-up [34]. However, two findings
were particularly noteworthy. First, we observed a significant increase in SF-36 scores, which indicates
that the patients perceived a subjective improvement in quality of life after the intervention (month
6). Second, as we expected, patients whose predominant comorbidities were affective disorders and
received stimulation to the SCC presented larger improvements in depression scores, while those with
NAcc stimulation presented a greater improvement in the YBOCS (although none reached statistical
significance). However, a positive impact on these measures related to features of AN (YBC-EDS;
MAIA and Gardner) was not evidenced, in contrast to the findings of Lipsman et al. [34], who reported
significant reductions on several subscales of the YBC-EDS. Nevertheless, the results of our study and
those of Lipsman and colleagues [34] are not directly comparable, as that study had a much longer
(12 months) follow-up period.

These results must be interpreted in the context of the study limitations. First, the small sample
size and preliminary findings. Nevertheless, our data were obtained from a real-world sample of
patients with chronic AN, a population in urgent need of novel treatment options such as DBS. Second,
a recommended cut-off point for inclusion in this trial was BMI ≥ 13. To reach this cut-off point, some
participants required inpatient intensive care, and therefore, the BMI reached at pre-surgery reflected
this time under treatment. This cut-off point was established because excessively thin patients are
more likely to develop pressure ulcers caused by the pulse generator implanted under the skin (due to
the decreased skin thickness and greater fragility of the subcutaneous tissue). Although a higher BMI
cut-off point would reduce this risk even further, doing so would likely require the exclusion of very
severe patients (which is why we offered inpatient treatment to raise the BMI in selected patients).
Indeed, even though we provided preoperative inpatient care, one patient still underwent surgery
despite not reaching the minimum BMI. The decision to allow this patient to participate was made
after careful consideration. The research team concluded that the patient’s safety could be ensured and
therefore we decided to proceed. The patient did not experience any adverse events and, despite a lack
of response in terms of BMI, her use of diuretics/laxatives decreased significantly, which we consider a
good outcome. A third limitation is that we only included one male. Consequently, it was not possible
to assess differences between men and women in treatment response. Fourth, the relatively short
follow-up (6 months) is a limitation; however, the longer-term stability of our findings will be reported
when data from the phase III part of this trial (12 months of follow up) become available. In addition,
we observed cutaneous complications, which might be related to lower BMI and to other differences
in the patients’ characteristics. In some patients, resolution of the cutaneous complications required
surgery, as less invasive treatments were unsuccessful. However, and in contrast with other studies,
no devices needed to be explanted.

5. Conclusions

After 6 months of DBS, some patients in this study with severe, chronic AN showed some benefits:
increase in BMI, reduction in AN behavior, and improvement in quality of life (regardless of whether
or not BMI improved). The percentage of patients developing cutaneous complications was high, but
effectively resolved. Due to the short follow-up (6 months), we cannot reach any conclusions regarding
the superiority of the target site (NAcc versus SCC) in terms of treatment outcomes. However, in the
future, we will report longer term outcomes (12 months), which will provide a clearer picture of the
long-term stability of BMI. Studies that include larger samples are needed to clarify whether DBS in
patients with AN is associated with an improvement in comorbid symptoms (i.e., depression, anxiety).
Finally, more research is needed to better characterize the relationship between BMI fluctuations,
comorbid symptoms, and DBS targets.
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Abstract: The management of eating disorders (EDs) is still difficult and few treatments are
effective. Recently, several studies have described the important contribution of non-invasive
brain stimulation (repetitive transcranial magnetic stimulation, transcranial direct current stimulation,
and electroconvulsive therapy) and invasive brain stimulation (deep brain stimulation and vagal
nerve stimulation) for ED management. This review summarizes the available evidence supporting
the use of brain stimulation in ED. All published studies on brain stimulation in ED as well as
ongoing trials registered at clinicaltrials.gov were examined. Articles on neuromodulation research
and perspective articles were also included. This analysis indicates that brain stimulation in EDs is
still in its infancy. Literature data consist mainly of case reports, cases series, open studies, and only a
few randomized controlled trials. Consequently, the evidence supporting the use of brain stimulation
in EDs remains weak. Finally, this review discusses future directions in this research domain (e.g.,
sites of modulation, how to enhance neuromodulation efficacy, personalized protocols).

Keywords: rTMS; deep brain stimulation; treatment; anorexia; bulimia; binge eating disorders

1. Introduction

Eating disorders (EDs) are serious psychiatric disorders characterized by abnormal eating or
weight-control behaviors [1]. These disorders are most often chronic and relapsing, and this has a
heavy impact on the patients’ physical and mental health and life expectancy. Anorexia nervosa (AN) is
a multifactorial ED characterized by significantly low body weight for the individual’s height, age, and
developmental stage, intense fear of gaining weight despite obvious thinness, and extreme behaviors
designed to lose weight, such as food restriction with or without induced vomiting, or use of laxatives.
The consequence is massive weight loss and/or pathological thinness. Binge eating disorder (BED)
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and bulimia nervosa (BN) are EDs characterized by recurrent episodes of binge eating and loss of
personal control during binging. Individuals with BN counteract binge eating with compensatory
behaviors to prevent weight gain, whereas individuals with BED do not exhibit recurrent compensatory
behaviors. BED and BN are characterized by compulsive overeating, and shared neural alterations and
neurobiological mechanisms underlie these EDs. EDs impair the quality of life of both patients and
their families [2]. Among individuals with EDs, mortality and morbidity are increased and health
service use is particularly high, resulting in elevated healthcare costs [3].

To date, ED management is still difficult, and few treatments have demonstrated their efficacy. In
accordance with most guidelines, management programs are generally multidisciplinary. In AN, the
available treatment recommendations aim at restoring normal weight, adapting and relaxing eating
behaviors, improving social and interpersonal relationships, and improving the patient’s self-image.
Psychotherapy is the main therapeutic approach. However, data to guide the psychotherapy choice are
limited and controversial [4]. Medication trials have been disappointing [5]. Overall, about one-third
of patients will not recover, and the standardized mortality rate is 5.9 [6]. In patients with BN or BED,
the best validated and most frequently used treatment is ED-specific cognitive behavioral therapy [7].
Nevertheless, a meta-analysis found that core BN symptoms are still present in more than 60% of
patients, even after receiving the best available treatments [8]. Other psychotherapies have been
proposed. Moreover, serotonergic antidepressants, the most frequently used pharmacological option,
improve the medium-term symptomatology to some degree, but do not allow full remission. In this
context, the development of alternative therapeutic strategies is crucial.

Brain stimulation is a therapeutic modality in which the activity of a specific neural circuit is
modified by applying an electric current with predefined frequency, amplitude, and pulse width to
restore the functional state without any tissue damage [9]. Brain stimulation is obtained by invasive
and non-invasive interventions that stimulate or block the action potentials in the nervous system [9,10].
The ultimate aim of brain stimulation is to reverse maladaptive neurocircuitry changes in neural tissue
and improve inter-neuronal connectivity [9–11]. These changes implicate synaptic potentiation or
depression via regulation of neurotransmitters and ion channels and modification of the expression of
intracellular second messengers [12,13]. In direct electrical stimulation, electrodes are used to apply a
potential gradient across a neuron that induces intracellular ionic current flow, localized depolarization
and hyperpolarization of the cell membrane, resulting in neural stimulation or inhibition [9]. The
mechanism for magnetic stimulation is similar, except that the potential gradients are induced in
the tissue by a rapidly changing strong magnetic field that is implemented transcutaneously [9].
Non-invasive brain stimulation (NIBS) techniques include electroconvulsive therapy (ECT), repetitive
transcranial magnetic stimulation (rTMS), and transcranial direct current stimulation (tDCS). In ECT,
seizures are induced by a direct current passing through the brain under general anesthesia [14].
In rTMS, excitability is induced by delivering magnetic stimulation pulses with a wire coil placed
externally on the scalp above specific cortical regions [15]. In tDCS, direct current is delivered
through electrodes implanted on the scalp, without seizure induction, with the aim of exciting (anodal
stimulation) or inhibiting (cathodal stimulation) the activity in specific brain regions [16,17]. Invasive
neuromodulation includes deep brain stimulation (DBS) and vagal nerve stimulation (VNS). In DBS, a
pulse generator usually implanted in the subclavicular region delivers electrical current to the brain
parenchyma through implanted electrodes. On the other hand, in VNS the left cervical vagal nerve is
stimulated through a device implanted in the left chest wall [18].

The number of studies on brain stimulation in EDs and/or in dimensions associated with EDs is
progressively increasing. In this review, we present the available data, issues, and future directions
concerning the use of brain stimulation in EDs.

2. Methods

This is a non-systematic review of the literature on brain stimulation techniques used in patients
with EDs. Nevertheless, a systematic research of the available literature was performed in the PubMed
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database by combining the search terms “eating disorders”, “anorexia nervosa”, “bulimia nervosa”,
“binge eating disorders” with the terms “neuromodulation”, “rTMS”, “tDCS”, “DBS”, “ECT”, “VNS”.
All papers in English or French published up to June 2020 were retrieved. All original articles on
brain stimulation in patients with EDs were included. Studies in high risk populations without EDs
(e.g., patients with obesity or healthy subjects with high levels of food craving) were not included.
This search was then supplemented by internet searches and manual search of the reference lists of
potentially relevant articles and reviews, and by examining pertinent trials registered at clinicaltrial.gov.
Among the 121 manuscripts identified, after duplicate removal, 72 were screened. All manuscripts are
not cited because when a recent systematic review was available, it was included and prioritized in the
synthesis of results. Additional studies on neuromodulation mechanisms, ED treatment, potential ED
biomarkers, and mechanistic models of circuitries involved in EDs were also added. The search was
performed independently by three researchers (P.D., R.B.K., Y.C.). Disagreements were resolved by
consensus among all authors.

3. Results

3.1. rTMS in Eating Disorders

3.1.1. Anorexia Nervosa

As shown in Table 1, In 2008, the first published case on rTMS concerned a patient with AN and
comorbid depression. The study reported weight gain and amelioration of the depressive symptoms
after 41 sessions of rTMS over the left dorsolateral prefrontal cortex (DLPFC) [19]. This was followed
by other case reports and case series on left DLPFC rTMS in patients with AN, often with comorbid
depression [20–22]. The first case series on five patients with AN and without a clinically manifest
comorbidity reported AN symptom improvement at 6 months but no longer at 12 months after
20 sessions of rTMS delivered over the left DLPFC [23]. A pilot study in which one session of
high-frequency rTMS (10 Hz) was delivered to the left DLPFC in 10 patients showed that the procedure
was well tolerated, leading to a reduction in the sensation of feeling full, fat, and anxious as well
as in the urge to exercise after exposure to visual and real food stimuli [24]. These studies were
followed by double-blind, controlled clinical trials [25–27]. In one of these trials, one rTMS session
was delivered to the left DLPFC in 49 patients with AN, but the effect on AN core symptoms was
not significant [25] compared with the sham session group. However, in the group analysis, AN core
symptoms improved in the rTMS arm compared with baseline (before rTMS), and the results persisted
at 24 h of follow-up [25]. Several studies suggest that a higher number of rTMS sessions give better
clinical results [26,27]. An ancillary analysis of the sample of a randomized controlled feasibility trial
on rTMS [26], using a food choice task, found a decrease in self-controlled food choices, suggesting
than rTMS may promote more flexibility in relation to food choices [28]. Finally, the feasibility and
safety of rTMS of DLPFC in patients with AN have been confirmed by these randomized controlled
trials [25–27].
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Besides DLPFC, one study on rTMS of the inferior parietal cortex was stopped for safety reasons
(NCT01717079). The study promoter informed us that the study was halted following two suicide
attempts after the first inclusions. Another pilot case series (n = 8 patients with long-lasting AN) used
deep rTMS to target the insula and found that this approach was safe and well-tolerated. At the end of
the 42 sessions, AN-related obsessions and compulsions were reduced, as were the depression and
anxiety scores [30].

3.1.2. Bulimia Nervosa and Binge-Eating Disorder

In a recent review of the literature, Dalton et al. identified eight studies on rTMS for BN. The
areas stimulated were mainly the left DLPFC, and the dorsomedial prefrontal cortex (DMPFC). The
results showed a decrease in food craving, and in some studies a reduction in food binging or purging
behavior (for review see Dalton et al. [44]). DLPFC stimulation may also improve the inhibitory control
and decision making in patients with BN [43]. A study on the correlation between salivary cortisol
and rTMS on the left DLPFC in BN showed that salivary cortisol concentrations were significantly
lower in the rTMS arm compared with the sham rTMS arm. This suggests that stimulation of this
area modifies the hypothalamic–pituitary–adrenal axis activity in people with BN [36]. Moreover,
frontal lobe oxygenation is decreased after one rTMS session [41]. On the other hand, one randomized
controlled trial showed no improvement of binge/purge behavior after 10 sessions of high-frequency
rTMS on the left DLPFC [42]. A groundbreaking research study demonstrated that self-reported food
craving during exposure to experimental foods remained stable before and after stimulation of the left
DLPFC compared with the sham group in which craving increased [45].

Another interesting finding is the relationship between frontostriatal connectivity and response to
20 sessions of rTMS in patients with refractory binge/purge behavior. In this case series, enhanced
frontostriatal connectivity was associated with binge/purge behavior improvement after DMPFC-rTMS.
Conversely, in non-responders, who showed high connectivity on the resting-state fMRI, rTMS caused
paradoxical suppression of frontostriatal connectivity [40]. Finally, in an open-label case series that
included patients with various EDs (mainly binge form) and comorbid post-traumatic stress disorder,
post-traumatic stress symptoms were improved after 20 to 30 sessions of high-frequency rTMS on the
DMPFC [29].

Hence, rTMS is an important tool to explore the neurobiology of craving and binge eating
(BE). An ongoing study is investigating rTMS tolerability and safety and its effects on food craving
and BE behavior, and also on ED-related psychopathology (including depression, anxiety, and
stress symptoms), anthropometric measures, cognition, brain structure and function, hormones, and
inflammatory biomarkers [46].

3.1.3. rTMS and Site of Modulation

As shown in Table 1, most of the published studies targeted the left DLPFC with excitatory
modulation. Nevertheless, other neuroanatomical targets should be investigated. The first is the
DMPFC, which plays an important role in self-control, including self-inhibition of movements,
self-cessation of loss-chasing in pathological gamblers, self-suppression of emotional responses, and
impulse control. It has been hypothesized that DMPFC stimulation may alter the DMPFC top-down
executive control of the striatal regions associated with the urge to binge, thereby improving binge
symptoms. The available open label studies using 10 Hz stimulation [40] emphasize the interest of this
target particularly in BN and BED, although more work is needed to allow definitive conclusions.

The insula has also been considered in one pilot study. The insula is involved in the process
of imagination of food images and food intake, in the perception of taste during food intake and of
satiety, and in the feeling of disgust after eating. The insular lobe plays a role in the disturbed body
image perception in patients with AN and is implicated in the brain response to stress through its close
connection with the hypothalamus–pituitary–adrenal axis [12]. This brain area is reduced in patients
with AN [47]. Moreover, Kaye et al. demonstrated a functional disconnection between the insula and
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ventral caudal putamen in patients with AN in a hungry state [48]. All these findings suggest that
insula is a potential target in AN.

The corticostriatal circuits through the orbitofrontal cortex (OFC) might also represent a valuable
target. They play key roles in complex human behaviors, such as evaluation, affect regulation,
and reward-based decision making, and have been implicated in all ED types [49]. A functional
hyperconnectivity between NAcc and the orbitofrontal cortex has been shown in AN [50]. Few studies
have targeted this area with NIBS, and to our knowledge, it has not been done in patients with ED.
Nevertheless, the good response to inhibitory (1 Hz) rTMS in patients with obsessive-compulsive
disorder (OCD) who share some features with ED (e.g., functional hyperconnectivity between NAcc
and OFC) [51] supports testing this target in ED.

Finally, other targets have also been explored in patients with addictions with promising results,
particularly high-frequency stimulation of the superior frontal gyrus [52] and inhibition of the medial
prefrontal cortex in patients with cocaine use disorder [53]. All these areas might constitute interesting
targets in bulimic disorders, but it is challenging to decide which region to stimulate to obtain the
best results.

3.2. tDCS and Eating Disorders

As shown in Table 2, in AN, tDCS approaches on the right and left DLPFC have been tested [54].
In an open-label single-arm study, seven patients with AN underwent left DLPFC anodal tDCS for
25 min daily for 10 days. In three patients, the levels of eating and depressive symptoms improved
immediately after the sessions, and the response was maintained at 1 month in one patient [55]. Of
note, only patients concomitantly treated with selective serotonin reuptake inhibitors (SSRI) improved.
In another open-label study, nine patients with AN received 20 sessions of tDCS (the anode over the left
DLPFC and the cathode over the right DLPFC). The treatment was effective on several AN dimensions
and the comorbid depression at 1 month of follow-up [56]. Finally, a pilot study is currently testing the
efficacy and safety of high-definition tDCS over the left inferior parietal lobe [57].

Table 2. Transcranial direct current stimulation (tDCS) and eating disorders.

Reference Type of Study Participants Modulation Target
Treatment

Characteristics
Main Results

Khedr et al.,
2014 [55]

Open-label, single
arm study (pilot

study)
7 patients with AN Left DLPFC

10 sessions
Anodal tDCS for 25 min

at 2 mA (15 s ramp in
and 15 s ramp out)

Immediate improvement in 3 patients
after the sessions on eating and

depressive symptoms, with one patient
maintaining the response at 1 month

Burgess et al.,
2016 [58]

RCT
(proof-of-concept

study)

30 participants with
BED Right DLPFC 1 session, 2 mA, 20 min

Decreased craving for sweets, savory
proteins, and an all-foods category,
with strongest reductions in men

Kekic et al.,
2017 [59] RCT 39 patients (2 male)

with BN

Right and left DLPFC
(3 montages: AR/CL;

AL/CR; sham)

1 session
20 min, 2 mA, 10 s ramp

on/off

Reduction in ED cognitions with
AR/CL tDCS

Suppression of urge to binge-eat and
increased self-regulatory control with

both active montages
Improvement of mood with AR/CL

Sreeraj et al.,
2018 [60] Case report

37 year old female
with schizophrenia

and binge-eating
Right DLPFC 10 sessions, 2 mA, 30 min

Improvement in subjective reporting
on cognitive restraint and control over

eating as well as feeling of satiation
and ability to eat after exposure to cues

3 kg weight loss by the end of the
treatment, 7 kg at 10-month follow-up

Strumila et al.,
2019 [56] Open-label study 10 females with AN

Anode over left
DLPFC and cathode

over right DLPFC

20 sessions of anodal
2 mA stimulation during

a period of two weeks

Improvement of anorexic and
depressive symptoms
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In BN and BED, suppression of the urge to binge eat and increased self-regulatory control were
reported by the only double-blind sham-controlled proof-of-principle trial on the effects of bilateral
tDCS over the DLPFC in 39 adults with BN [59]. Two electrode montages were tested: anode on the
right and cathode on the left (AR/CL) and the reverse (AL/CR). One session of AR/CL led to bulimic
cognition reduction and mood improvement, compared with the AL/CR and sham conditions [59]. A
case report [60] and the study by Burgess et al. (n = 30 participants with BED) showed that compared
with the sham arm, tDCS on the right DLPFC decreased cravings for sweets, savory proteins, and
an all-food category with stronger reductions in men. A possible explanation of this finding is that
stimulation of the right DLPFC enhances cognitive control and/or decreases the need for reward [58].

3.3. ECT in Eating Disorders

3.3.1. Anorexia Nervosa

As shown in Table 3, only case reports and case series have evaluated ECT in AN (n = 50 patients
in total) [61]. In most cases, ECT was proposed to treat a comorbid major depressive disorder (MDD),
especially treatment-refractory MDD or associated with suicide attempts or obsessive-compulsive
disorder (OCD). Indeed, due to the high suicide rate in patients with EDs, intensive treatments, like
ECT, are often proposed. The recent and largest case series on patients with AN treated by ECT
concerned 30 adolescents with comorbid depression [62]. All were severely depressed and suicidal
upon admission and resistant to antidepressants. Improvement in depressive and ED symptoms was
observed after ECT with minimal adverse effects. Several years after discharge, 46.6% of patients had
no evidence of depression, suicidality, and ED symptomatology, and 23% had only ED symptomatology.
Due to the simultaneous improvement of AN symptoms, body weight, and depression, a specific effect
on ED cannot be easily identified. Finally, two recent case reports show contradictory results of ECT in
patients with AN without psychiatric comorbidity [63,64]. Specifically, Naguy et al. demonstrated a
strong improvement of eating behaviors in a 16-year-old girl after only six ECT sessions. However,
the absence of comorbid depression or OCD was not clearly stated, and high-dose antidepressant
treatment was introduced during the ECT course. Duriez et al. reported that 10 sessions of ECT had a
negative outcome and rapid relapse after discharge in patients with careful evaluation of depression,
anxiety, and ED dimensions before and after ECT.

Table 3. Electroconvulsive therapy (ECT) and eating disorders.

Reference Type of Study Participants
Modulation

Target
Treatment

Characteristics
Main Results

Anorexia Nervosa

Davis et al.,
1961 [65] Case report 12-year-old girl with AN-R - 12 sessions

(bilateral) Weight gain and discharge

Bernstein et al.,
1964 [66] Case report

20-year-old female
with AN-R and

personality disorder
-

21 sessions
followed by

maintenance ECT

Weight gain and mood
improvement

Bernstein et al.,
1972 [67] Case report

94-year-old female
with AN-R and psychotic

disorder
- 5 sessions Short term weight gain

Ferguson et al.,
1993 [68] Case series 3 patients with AN and

MDD - 11, 8 and 16
sessions (bilateral)

Transient improvement on
weight and symptomatology

for 2/3 patients

Bek et al.,
1996 [69] Case series

8 females with AN, one
had psychosis and five

had personality disorders
- 11 sessions Modest weight gain

Hill et al.,
2001 [70] Case report 77-year-old female

with AN-R and MDD - 9 sessions Modest weight gain and
mood improvement

Poutanen et al.,
2009 [71] Case report 21-year-old female

with AN-B/P and MDD - 45 sessions in three
courses (bilateral)

Modest thymic and eating
amelioration. Cognitive

impairment.
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Table 3. Cont.

Reference Type of Study Participants
Modulation

Target
Treatment

Characteristics
Main Results

Andrews et al.,
2014 [72] Case report 17-year-old with AN-B/P,

MDD, and NSSI -
10 unilateral and 21

bilateral
sessions/13 weeks

Mood improvement

Andersen et al.,
2017 [73] Case report

14-year-old girl
with AN-R, MDD, and

GAD
- 22 sessions

(bilateral) Weight gain

Saglam et al.,
2018 [74] Case report

24-year-old male
with AN-B/P, OCD, and

MDD
- 12 sessions

(bitemporal)

Weight restoration and OCD
improvement, stopped

diuretic and laxative abuse.

Pacillio et al.,
2019 [61] Case report 30-year-old female patient

with AN and MDD - 11 sessions
(unilateral)

Modest increase of eating
disorder, mood
improvement

Naguy et al.,
2019 [63] Case report

16-year-old female
with AN and personality

disorder
- 6 sessions

(bitemporal)

Weight gain and
improvement in eating

behavior

Duriez et al.,
2020 [75] Case report 19-year-old female

with AN - 10 sessions No improvement of AN
symptoms

Shilton et al.,
2020 [62] Case series 30 female adolescents

with AN and MDD - -

Mood improvement,
treatment well tolerated, no

specific improvement for
eating disorder symptoms

Bulimic Disorders (Bulimia and/or Binge Eating Disorders)

Rapinesi et al.,
2013 [76] Case report

41-year-old male with BED
and bipolar disorder.

Personal history of AN
- 8 sessions

(bitemporal)

Important weight loss and
decrease of psychotic

symptoms

AN: anorexia nervosa; AN-R: anorexia nervosa restricting subtype; AN-B/P: anorexia nervosa binge/purge
subtype; BED: binge eating disorder; OCD: obsessive-compulsive disorder; MDD: major depressive disorder; NSSI:
non-suicidal self-injury.

To our knowledge, no controlled trial is currently testing ECT efficacy in AN. Furthermore, as
only case series have been published, no standardized evaluation has been provided, thus preventing
the precise comparison of patients with different AN profiles. Moreover, we hypothesize a strong
publication bias towards ECT in severe and enduring AN without comorbid psychiatric disorders.

Nevertheless, the available results suggest that ECT is safe in this population and might improve
AN symptomatology in addition to its positive effects on comorbid mood disorders. ECT appears to
be well tolerated in this population, and it is even used in late-onset AN in older adults [67,70].

3.3.2. Bulimia Nervosa and Binge Eating Disorder

MDD is more frequent in patients with BN than in AN [77]. According to a recent systematic
review [61], only one case report described ECT use in BED and none in BN. In this patient with a
psychiatric comorbidity, ECT was safe and effective on bulimic symptoms.

3.4. VNS in Eating Disorders

To date, no study assessed VNS effects in patients with EDs [78]. However, a growing body of
evidence suggests the relevance of VNS in patients with ED. Some studies in animal models showed
an association between VNS and reduction in food intake and/or weight loss, suggesting that vagal
stimulation might mediate satiety signals (for review see McClelland 2013 [79]). Several fMRI studies
have also shown that VNS modulates the activity in brain regions related to the processing of afferent
vagal signals and interoception, such as the thalamus, precentral gyrus, and insular cortex [80–82]. A
recent study demonstrated that transcutaneous VNS improves interoceptive accuracy [83]. This is a
very valuable point given the central role of interoception in ED [84–86].
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3.5. Deep Brain Stimulation in Eating Disorders

3.5.1. Deep Brain Stimulation in Anorexia Nervosa

In a recent review, Sobstyl et al. described all trials on DBS in patients with AN [87]. Ten years
ago, the first description of DBS in a patient with severe and treatment-resistant MDD and comorbid
AN opened the way to a new therapeutic modality [88]. To date, 58 case reports on DBS in AN have
been published (Table 4). The first studies concerned well known targets in MDD or OCD, mostly
in the limbic system linked to the anxiety and emotion pathways. Barbier et al. [89] described AN
remission and complete weight recovery in a patients with comorbid OCD/AN after treatment first by
bilateral stimulation of the anterior limb of the internal capsule and then of the bed nucleus of the
stria terminalis. In 2012, McLaughlin et al. reported the improvement of severe OCD in a patient with
comorbid AN treated by DBS of the ventral capsule and ventral striatum [90]. Moreover, they observed
a small weight gain, but less distress about caloric intake. Blomstedt et al. [91] showed that bilateral
stimulation of the medial forebrain bundle (MFB) and then of the bed nucleus of the stria terminalis
(BNST) improved MDD and AN. However, it should be noted that this 60-year-old woman lost
weight during the procedure. The first case series came from an open-label trial involving 16 patients
with AN, among whom 14 had comorbid depression or other major psychiatric comorbidities [92].
The primary outcomes were acceptability and safety of DBS applied to the subgenual cingulate cortex
(SCC), a validated target for the treatment of resistant depression [93]. After 1 year, patients exhibited
weight gain and improvement in depressive and anxious symptoms. In 2013, AN remission was
observed in four patients after implanting electrodes bilaterally in the nucleus accumbens (NAcc) [94].
Wang et al. [95] used the same method in two patients with AN and a comorbid psychiatric disorder
(OCD, generalized anxiety disorder, or MDD). These two trials also demonstrated glucose metabolism
changes after DBS in the NAcc and SCC by positron emission tomography [96,97]. Recently, the
Shanghai group published the largest series on DBS in AN involving 28 patients with refractory AN
who were followed for at least 2 years after electrode implantation in the NAcc [98]. All patients had
a major psychiatric comorbidity at inclusion (n = 9 OCD, n = 7 severe anxiety, and n = 12 MDD).
Post-hoc analysis suggests that NAcc DBS is less effective for weight restoration in the binge/purge AN
subtype than in the restrictive subtype [98]. Another recent preliminary study proposes for the first
time two targets in the same trial chosen according to the main psychiatric comorbidities associated
with AN: SCC for affective disorder (n = 4) and NAcc for anxiety disorder (n = 4) (Martinez et al., 2020).
Four patients considered as responders after 6 months will be randomized in two arms (ON/OFF or
OFF/ON) for a double-blind controlled cross over trial.

Regarding tolerance and safety, DBS is a reversible procedure, and the device can be removed
if requested by the patient [93,96]. The clinical situation of malnutrition is a key issue for surgical
procedures, like DBS [92]. The existing studies did not report any permanent neurological deficit after
the procedure. In one patient, the device was removed due to infection (new implantation 6 months
later). Moreover, Lipsman et al. observed excessive pain at the incision site in five patients, treatment
withdrawal by two patients (device off or removal) without any precise reason, and seizures in two
patients. Liu et al. reported device removal in one patient (3%) at 18 months due to rejection. It has
been suggested that the surgical risk is higher in patients with severe AN and BMI lower than 14 kg/m2

due to malnutrition. These first findings are encouraging, but more investigations and controlled
trials are needed. Nevertheless, the high mortality and morbidity in severe and enduring AN and the
increasing knowledge of AN functional neuroanatomy give strong ethical support for this procedure.
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3.5.2. Deep Brain Stimulation in Bulimia Nervosa and Binge Eating Disorder

As shown in Table 4, several patients have been treated by DBS of the hypothalamus or NAcc
for severe obesity [105]. In some cases, binge eating behaviors were mentioned, but without a clear
ED diagnosis. A pilot study with a 2-year follow-up assessed DBS of the lateral hypothalamic area
in three patients with refractory obesity [103]. Only one patient reported binge eating reduction.
Tronier et al. observed a reduction of binge eating behaviors after bilateral DBS of NAcc in one patient
with treatment-resistant depression and severe obesity previously treated by gastric bypass [104].

3.5.3. Neuroanatomical Targets in DBS

SCC was the first DBS target tested in AN by Andres Lozano’s group after their extensive
experience with DBS in depression. This region is an affective regulatory center [106]. Substantial
evidence indicates the main role of dysregulated emotional processing in AN pathogenesis [107].
SCC stimulation in AN also benefits from the experience in refractory MDD, and is an extensively
interconnected component of the limbic system.

Other limbic regions have also been targeted. The BNST is a center of integration for limbic
information and valence monitoring [108]. The MFB is a key structure of the reward-seeking circuitry
and is highly connected to the limbic system [109]. Preclinical data supports the interest of NAcc
modulation in EDs and the stimulation of the ventral striatum. NAcc stimulation increased food intake
and weight gain in a rodent model of food restriction and hyperactivity [110,111]. Abnormalities
in goal-directed behavior and the establishment of a compulsive/restrictive behavior might be the
consequences of dysregulation of neurocircuits that control positive/negative valence as well as reward
and decision-making behaviors [112]. A recent study highlighted the role of the mesolimbic reward
circuitry in a rodent model of AN [113].

It is important to stress that when choosing targets for brain stimulation, the dysfunctional
networks in EDs must be taken into account, as illustrated by recent studies on DBS. Lipsman et al.
and Zhang et al. observed broad changes in glucose metabolism in many brain regions after DBS
of the SCC and NAcc, respectively. Specifically, SCC stimulation increases activity in the insula and
glucose metabolism in parietal and temporal regions, and decreases cingulate activity [93]. NAcc
stimulation decreases activity in the frontal lobe, lentiform nucleus (putamen), and hippocampus [97].
More studies are needed to investigate the influence of ventral striatum (NAcc) stimulation and dorsal
striatum (caudate nucleus and putamen) on habit formation. The DBS mechanism of action on neuronal
pathways is only partially understood, but the target choice is the focus of the current research because
a highly focal intervention can have a very broad effect.

4. Discussion

4.1. Current Evidence and Issues

Altogether, the evidence for the use of brain stimulation in EDs is promising, but more studies are
needed before it will be considered an effective intervention. Indeed, the literature consists mainly
of case reports, cases series, and open studies, and only a few randomized controlled trials. Most
studies had small samples and focused mainly on the immediate effects on craving or neurocognition,
without follow-up data. Moreover, methodologies were very heterogeneous among studies. For
instance, some studies on rTMS effects on craving did not use cues to induce craving, while others used
them only during stimulation or for pre-stimulation craving induction, but not for post-stimulation
craving assessment. Some studies assessed craving using a visual analogic scale, whereas other used
questionnaires. Moreover, only a few studies assessed the (immediate and long-term) clinical effects of
brain stimulation. Yet, a crucial question is whether brain stimulation can induce lasting changes in a
well-established behavior. Studies using ECT are limited to case reports. Nevertheless, there have been
more studies on ECT in AN in the past two years than in the previous thirty years. This is probably
due to a global increase of interest in ECT after years of stigma and the recent demonstration of
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neurogenesis induction by ECT [114]. Although the level of evidence is low, ECT may be useful and safe
for the management of severe and treatment-resistant MDD in patients with AN. Its wider accessibility
compared to other brain stimulation techniques should facilitate the organization of a prospective
trial, particularly in patients with severe comorbid MDD, given the lower efficacy of SSRI in AN [5].
The cognitive and memory effects of ECT are a challenging aspect. They are the strongest limiting
factors of ECT use in MDD and should be thoroughly evaluated in the specific metabolic context of
AN. DBS is the most recent and promising brain stimulation technique for severe and enduring AN
(due to the ethical issues linked to an invasive procedure). Although the lack of consensus on the best
neuroanatomical target strongly limits the level of evidence, there are already prospective studies and
a few randomized trials currently recruiting. Park et al. proposed a double-blind cross-over study that
includes a sham-stimulation phase [92]. Perez et al. are currently recruiting for a cross-over trial in
Spain (NCT03168893) [102].

The main issue of the reviewed studies is that many of them were underpowered. Therefore, their
findings must interpreted with caution due to the high risk of type II error and inflated effect sizes.
Future studies should include larger samples, and the number of patients needed for a robust statistical
analysis should be calculated in advance. In rTMS, most studies used manual methods rather than
MRI-based methods to locate the target, particularly those on rTMS of the DLPFC. As the location of
the intended target region varied across individuals, this might have affected the results and resulted
in low effect-size. Moreover, the standard figure-8-shaped rTMS coil, used in most studies, allows a
relatively limited and shallow stimulation area that does not induce direct stimulation of deep cortical
areas [115]. Stimulation of deeper areas using an H coil might be more effective, leading to enduring
benefits. With the exception of Dalton et al. [28,44], the randomized controlled studies only proposed a
limited number of pulses and 1 to 10 sessions (i.e., about 10,000 pulses maximum). It is likely that more
sessions are needed to modify neural programs and their associated behaviors. Future studies should
determine the optimal dose of neuromodulation and duration (for example by comparing different
rTMS durations or by investigating in ancillary studies non-responders to a specific program).

Psychiatric comorbidities are the norm in people with eating disorders (>70%) [1]. Binge disorders
are often comorbid with a substance use disorders [1]. Binge eating is also frequently compared to
addictions, based on the evidence that they share common characteristics, such as escalating frequency
of the behavior, ambivalence towards treatments, and frequent relapses [116,117]. In addition, brain
stimulation is a successful strategy in MDD. ECT is recommended in most guideline and rTMS in
some of them [118]. Given the high rate of these comorbid disorders in patients with EDs, some of the
published studies were built on this background. Protocols targeting DMPFC in BN were adapted
from substance use disorders studies, ECT studies on severe MDD have been one of the main drivers
to begin ECT in patients with MDD and AN. In DBS, AN comorbid with MDD and OCD was one
of the reasons to target the SCC. In their study targeting two areas in the same trial for the first time,
the targets were chosen based on two of the major psychiatric comorbidities associated with AN:
SCC for affective disorder (n = 4) and NAcc for anxiety disorder (n = 4) [102]. Indeed, most studies
reported positive effects on depressive symptoms with rTMS [26], tDCS [56], ECT [62], and DBS [93].
Future studies in EDs might benefit from this knowledge in brain target selection (Figure 1), in studies
design (add-on with another modalities of treatment, inclusion and exclusion criteria, etc.), or in
the stimulation parameters: number of sessions, type of coil or electrode, stimulation duration, etc.
Nevertheless, regarding the mood component, there is a crucial methodological problem: because of
the simultaneous improvement of ED weight and mood features, a specific effect on ED cannot be
identified. Systematic measurement of depressive symptoms associated with subgroup analyses of
patients without depression will make it possible to address this problem.
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Invasive Neuromodulation (DBS)

Ventral capsule/ Ventral Striatum
or Anterior Limb of Internal
Capsule (ALIC)

Subcallosal Cingulate Gyrus
(SCG) 

Nucleus Accumbens
(NAcc)

Non Invasive Neuromodulation (rTMS)

Anorexia Nervosa Bulimia Nervosa/Binge Eating Disorder

Dorsomedial Prefrontal Cortex
(DMPFC)

Dorsolateral Prefrontal Cortex
(DLPFC)

Rational : active on anxiety and emotion pathways
Previously targeted disorders : mood disorders and OCD

Rational : active on mood and anxiety pathways
Previously targeted disorders : mood disorders

Rational : active on mood and reward pathways
Previously targeted disorders : addictive disorders,  
mood disorders

Rational : engaged in decision making, 
reasoning, working memory, 
inhibition, craving , emotion 
regulation …
Previously targeted disorders : most 
of the psychiatric disorders

Rational:  involved in self-regulation, 
cognitive and impulse control, 
decision making, inhibition …
Previously targeted disorders : 
mood disorders, addictive disorders, 
OCD

Insula

Rational : modulate reward 
processing, decision-making, 
interoception and mentalization
Previously targeted disorders : 
addictive disorders

Figure 1. Overview of main neuromodulation targets in eating disorders. Schematic coronal
section of right brain and front view of left brain. DBS: deep brain stimulation; rTMS: repetitive
transcranial magnetic stimulation; tDCS: transcranial direct current stimulation; OCD: obsessive-
compulsive disorder.

Another factor that should be considered is the variability in brain activity related to the metabolic
state. The nutritional state in patients with ED might affect brain functions more than in any other
psychiatric disorder. Starvation and nutritional status affect behavior, cognition, and disease symptoms.
The nutritional status also influences the treatment response, especially to antidepressants that are
less effective in acutely ill and underweight patients [5]. To the best of our knowledge, no study has
determined whether the nutritional status affects the resting brain state and the neuromodulatory
response. Nevertheless, it is possible that the nutritional status influences the response/non-response
to a treatment and acts as a confounding factor on brain stimulation efficiency. Better metabolic
monitoring could be useful to limit some central deficit that might affect the stimulation response, as
reported for folate deficiency in people with comorbid depression [119] and for kynurenic pathway
defects [120]. This should be investigated in view of personalized treatment programs.

Finally, in most of the studies reviewed here, samples only included adults and mainly patients
with severe, chronic ED. However, due to the good safety and acceptability profile of NIBS, it would be
interesting to assess their effects in patients with less severe ED forms, as is usually done in studies on
SSRI efficiency in bulimia [121].

4.2. Perspectives

4.2.1. Improving Brain Stimulation Efficiency

A promising strategy consists in stimulating a specific disorder-related circuitry involved in ED
using NIBS and in functionally engaging the targeted circuit through cognitive tasks or therapies. This
is particularly relevant for neurocognition.

Behavioral abnormalities driven by cognitive processes are a prominent ED feature. For instance,
studies in adults with AN suggest poor set-shifting [122], weak central coherence [123], and impaired
decision making [124]. Similarly, in BN and BED, decision making and cognitive inhibition seem to be
impaired [94,124]. Cognitive remediation programs that target specifically some of these functions
have been developed, and some have proved their effectiveness, notably in AN [125]. NIBS also
may modulate some of these cognitive functions [126]. It would be interesting to determine whether
concomitant brain stimulation might enhance cognitive remediation training. This is especially true
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for tDCS, which is easier to administer and does not interfere with the psychotherapy sessions. Some
proof of concept studies are currently testing them in EDs [127]. Moreover, studies on other disorders
showed that when a patient experiences salient cues before modulation with TMS, the benefits increase
significantly compared with patients who receive no provocation task [128]. An optimized provocation
task before or during brain stimulation is one of the future challenges. In this context, the widespread
availability of virtual reality gaming environments that could be customized and adapted to EDs (for
example with cues related to food or body shape) might be an opportunity.

In DBS, the stimulation parameters also may be critical. This includes frequency, voltage,
pulse width, and also number of contacts and number of directions depending on the electrode
model. The choice of parameters remains challenging [129] because symptom improvement cannot be
immediately monitored, in contrast to movement disorders. None of the reviewed studies on DBS
evaluated the stimulation parameters, although this is a crucial issue. Awake surgery, proposed by
Lipsman to increase the procedure safety, could be used also to optimize the target location by testing
during implantation [93]. Alternatively, deep electroencephalography during a neurocognitive task
immediately before electrode positioning may help to precisely choose the target. In addition, in the
currently used open-loop DBS, the medical team can modify the stimulation parameters at different
times based on clinical changes. In closed-loop DBS, the stimulation parameters are programmed
automatically based on the measured biomarker. Closed-loop devices could adapt the stimulation as a
function of the eating behaviors during food consumption or food deprivation. External interventions
can modulate some therapeutic strategies to model behaviors like exposition work during specific
cognitive behavioral therapy. Finally, the current brain stimulation strategies have little access to
important therapeutic targets, deep within the brain. Recent NIBS studies [130,131] in rodent models
suggest that deep-brain areas could be targeted in a non-invasive manner, potentially enlarging the
number of patients who might benefit from deep-brain stimulation due to the reduction of risk and
the perspective of mapping deep-brain targets. Currently, this promising technique has only shown
its effectiveness on rodent brains. Its relevance and spatial resolution in human brains, which are
much larger, are unknown. Resolution might be increased also using optogenetic techniques, but these
methods raise ethical questions linked to their translation from animals to humans [132,133].

4.2.2. Toward More Personalized Protocols

As EDs and each subtype are highly heterogeneous and have many overlapping features, finding
a single “optimal” protocol is highly unlikely. Moreover, it has been suggested that there are distinct
neural endophenotypes, not readily apparent when using standard diagnostic criteria, but with
differential neural and clinical responses to interventions.

Targeting specific subgroups is a valuable option. For instance, many findings support a specific
disease trajectory, and preliminary evidence suggests that interventions should be matched to the
disease stage [134]. Interventions tailored according to ED stage or to the developmental trajectory
were tested in a recent pilot study [30]. Some clinical features could also be considered because they
are associated with a specific disease form or poorer prognosis, such as ED subtype (restrictive versus
binge), age, gender, associated personality traits, psychiatric comorbidities, or history of childhood
abuse. Latent class and profile analyses have been performed and could be a starting point for
patient stratification.

Another possible solution is to move from a categorical to a dimensional approach and to target
relevant dimensions associated with the disorders rather than with the specific diagnosis. This might
be particularly relevant within the research domain criteria (RDoC) research framework. This project
seeks to characterize the fundamental domains of cognitive, perceptual, and social processing with
the aim of identifying novel targets for mental health disorder treatment. It integrates many levels
of information (from genomics and circuits to behavior and self-reports) to assess basic dimensions
of functioning that span the full range of human behavior from normal to abnormal. These basic
dimensions, independent of DSM diagnoses, are then used to describe the pathological behaviors of
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psychiatric disorders. Many dimensions associated with EDs can be studied within the RDoC matrix,
such as delay discounting, sensitivity to reward/punishment, compulsive behavior, and cognitive
functions [135,136]. Brain stimulation is a tremendously interesting approach to modulate the cerebral
circuits involved in these dimensions and to assess the impact of this modulation in an integrative way
from the molecular level to behavior.

The effects of a given protocol can vary widely across individuals. Some patients will drastically
improve, whereas others will not improve, or will even worsen. ED heterogeneity and the potential
confounding factors might play a major role, and therefore it is crucial to identify predictors
and correlates of the response to a treatment. The perfect illustration of this is the study by
Dunlop et al. [40] where enhanced frontostriatal connectivity was associated with response to DMPFC
rTMS for binge/purge behavior. rTMS caused paradoxical suppression of frontostriatal connectivity in
non-responders who had a high connectivity on resting-state fMRI. Thus, resting-state fMRI could be
a key tool to optimize the stimulation parameters. Moreover, in a study on cocaine users treated by
continuous theta-burst stimulation of the medial prefrontal cortex, the effects on the neural circuitry
of cravings were not uniform and may depend on the individual baseline frontal-striatal reactivity
to cues [137]. Hayes et al. also demonstrate that presurgical fornix and anterior limb of internal
capsule (ALIC) connectivity are correlated with DBS response [100]. If these results are replicated,
this feature might be useful in selecting potential responders. These examples indicate that future
studies should include as secondary objectives the profiles of responders/non-responders. It also
illustrates the relevance of fMRI neuromodulation studies for patient selection and for investigating
the neuromodulatory mechanism. Martinez et al. adapted the DBS target depending on the main
comorbidity in patients with severe and resistant AN: SCC for affective disorder or NAcc for anxiety
disorder [102]. Finally, all DBS studies defined a minimal illness duration (from 7 to 10 years) as
eligibility criterion. Better evidence for choosing the criteria of ED severity, based on neurocognitive
tasks, neuroimaging, neuronal metabolism, genetic, or other metabolic patterns, is needed to allow
evaluating DBS in patients with shorter illness duration [138]. More precise neurocognitive analyses
correlated with neurophysiological measures are also needed.

5. Conclusions

Brain stimulation techniques in EDs are still in their infancy. Different potential targets have been
considered (Figure 1), but the literature includes mainly open studies with only a few randomized
controlled trials, and many issues remain to be addressed. At this time, the evidence for using brain
stimulation as a routine treatment in ED management is weak. However, several ongoing studies
should bring new information on optimal stimulation protocols and targets. This is a major source of
hope for EDs where the development of alternative treatments is crucial.
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Abstract: Background: Difficulties in emotion regulation and craving regulation have been linked to
eating symptomatology in patients with anorexia nervosa (AN), contributing to the maintenance
of their eating disorder. Methods: To investigate clinical and electrophysiological correlates of
these processes, 20 patients with AN and 20 healthy controls (HC) completed a computerized task
during EEG recording, where they were instructed to down-regulate negative emotions or food
craving. Participants also completed self-report measures of emotional regulation and food addiction.
The P300 and Late Positive Potential (LPP) ERPs were analysed. Results: LPP amplitudes were
significantly smaller during down-regulation of food craving among both groups. Independent of
task condition, individuals with AN showed smaller P300 amplitudes compared to HC. Among HC,
the self-reported use of re-appraisal strategies positively correlated with LPP amplitudes during
emotional regulation task, while suppressive strategies negatively correlated with LPP amplitudes.
The AN group, in comparison to the HC group, exhibited greater food addiction, greater use of
maladaptive strategies, and emotional dysregulation. Conclusions: Despite the enhanced self-reported
psychopathology among AN, both groups indicated neurophysiological evidence of food craving
regulation as evidenced by blunted LPP amplitudes in the relevant task condition. Further research
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is required to delineate the mechanisms associated with reduced overall P300 amplitudes among
individuals with AN.

Keywords: food craving; food addiction; emotion regulation; eating disorders; anorexia nervosa;
event related potentials; EEG; neurophysiology; psychopathology

1. Introduction

Anorexia nervosa (AN) is recognized as a severe mental disorder characterized by restrained
eating, dysfunctional thoughts, preoccupation concerning food and body image disturbance [1,2]. In
addition to maladaptive cognitions and behaviours, difficulties in emotion regulation and food craving
regulation have been linked to disordered eating symptomatology (i.e., binging, purging, or restriction),
which are considered to be contributing factors to the maintenance of eating disorders [3–5].

Emotion regulation is understood as the process by which individuals are able to modulate the
way they experience and express their emotions [6]. Two strategies have been of special interest
when studying emotion regulation: suppression and reappraisal. Suppression consists of inhibiting
the behavioural expression of an emotional response to a stressor, while reappraisal implicates
reinterpreting the meaning of an emotional event [7]. Although the former is considered to be a
maladaptive response, the latter is considered to be an adaptive strategy used to reduce the impact of
negative emotional states evoked during stressful situations. In this sense, reappraisal appears to be
particularly effective because it implies less physiological and cognitive costs, as well as less negative
impact on memory compared to suppression [8].

It is hardly surprising that dysfunctional emotion regulation is considered to be a key mechanism
underpinning numerous psychopathologies [9–12], among which we can find the whole spectrum of
eating disorders [13–15]. Several studies suggest that, due to emotion regulation being adopted as a
means of regulating negative emotions, difficulties in this area could be involved in the development
and maintenance of problematic eating disorder-related behaviours [16,17]. Accordingly, emotion
dysregulation has been exhibited as a trait among patients with AN, and also as a key element of their
therapy [18,19].

Interestingly, food craving (i.e., intense desire for specific food), which is considered a hallmark of
food addiction, has been recently proposed as an affective state involving behavioural and physiological
changes [20]. Food craving is not necessary followed by increasing eating [21] and can be regulated like
other affective states as suggested in recent studies in the non-clinical population [22–24]. In the eating
disorder population, food craving and the related food addiction have been frequently reported [25],
with a few studies suggesting the presence of these features even in patients with AN, especially those
with binging/purging symptoms [26,27]. However, to our best knowledge, there is a lack of studies
investigating food craving regulation in eating disorders, including AN.

Event-related potentials (ERPs) are electrical changes in electroencephalographic (EEG) recordings
that are time-locked to sensory or cognitive events. Given the excellent time resolution, the event-related
potential (ERP) technique has been adopted to investigate the time course of emotion regulation and
craving regulation [28]. During late processing, the P300 component has been relevant to attention
research as it increases with stimulus salience. Following it, the late positive potential (LPP) is thought
to reflect motivated attention [7,29].

Previous ERP studies in the non-clinical population showed that the amplitude of the P300 and
LPP components can be modulated by different emotion regulation strategies [30–38]. Due to the
clinical relevance of emotions in daily life, numerous EEG studies have focused on down-regulation
of P300 and LPP amplitudes in response to negative and positive emotions [30–38]. Although
most studies point to a reduction of LPP amplitudes when participants try to down-regulate their
negative emotions [30–33,39,40], other research studies have found no significant modulation of this
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component [35,38], or even a modulation in the opposite direction [41]. Focusing on the eating
disorders field, several ERP studies have shown emotion regulation difficulties among individuals
with comorbidities, such as anxiety disorders and alexithymia [42,43]. Nevertheless, no studies to date
have examined ERP modulations by emotion regulation in specific eating disorder populations such
as AN.

On the other hand, several ERP studies have strived to demonstrate the efficacy of different
emotion regulation techniques in modulating food craving in healthy individuals. For instance,
using reappraisal in order to change the emotional meaning of food increased LPP amplitude when
participants tried to focus on the long-term consequences of eating high-caloric food [44]. Reappraisal
was also employed in another study in which participants were instructed to increase or decrease
the appetitive value of food. Results showed that P300 and LPP amplitudes to food cues were larger
when participants tried to increase the appetitive value of food in comparison to the condition of
decreasing or just watching the images [45]. Moreover, research instructing restrained eaters to either
reappraise cravings, suppress cravings, or watch food during a food task found that engaging in
cognitive reappraisal or suppression significantly reduced ERP amplitudes compared to the food watch
condition [46]. Although research has demonstrated the efficacy of emotion regulation techniques
in normal-weight healthy individuals, up to date there is a lack of ERP research assessing regulation
of food craving in AN patients [47]. Elucidating neurophysiological mechanisms of food craving
regulation could pave the way for new treatment approaches for anorexia nervosa, in which emotion
regulation techniques might be employed to alter the motivational value of certain foods.

The primary aims of the study were to explore clinical and electrophysiological features of
emotion regulation and food craving regulation among patients with AN. As for the clinical profile, we
hypothesized that individuals with AN would present higher self-reported emotion dysregulation and
food addiction compared to a group of healthy control (HC). Regarding electrophysiological data, we
hypothesize that there will be a significant reduction in LPP amplitudes during conditions requiring
participants to down-regulate negative emotions or food craving, as opposed to neutral conditions.
Based on previous clinical research reporting emotion and food craving regulation difficulties in AN,
we also aim to explore between-group differences in ERP during down-regulation of emotion or food
craving. Finally, we explored to which extent self-reported emotion regulation strategies (adaptive or
maladaptive) correlates with ERP (i.e., P300, LPP) during down-regulation of food craving or negative
emotions. Maladaptive strategies are expected to be predominant in AN and possibly correlate with
brain response during down-regulation of emotions/food craving.

2. Materials and Methods

2.1. Participants

The present study involved two different groups: a clinical group of patients with anorexia
nervosa (AN) and a healthy control group (HC). The AN clinical group was comprised of 20 female
treatment-seeking patients diagnosed with AN (60% AN restrictive subtype, 40% AN binge/purging
subtype) according to DSM-5 criteria (Body Mass Index (BMI) < 18.5) [48]. Recruitment was conducted
at the Eating Disorders Unit within the Department of Psychiatry at Bellvitge University Hospital,
a public health hospital certified as a tertiary care centre with a highly specialised unit for the treatment
of eating disorders in Barcelona (Spain). The HC group consisted of 21 female participants who had
no history of an eating disorder. Participant groups were matched by age and education level. All
participants were recruited between June 2016 and July 2018.

Data from one healthy control participant had to be excluded due to poor EEG data quality. The
final sample size consisted of 40 participants, of whom 20 were patients with AN (mean age = 22.7 years,
SD = 6.51, age range 18 to 43, mean BMI = 16.6 kg/m2, SD = 1.1), and 20 were HC (mean age = 21.0 years,
SD = 5.12, age range 18 to 39; mean BMI = 20.7 kg/m2, SD = 1.78). Among AN group, 9 patients
(45%) reported psychotropic treatment (antidepressants: n = 4, 20%; anxiolytics: n = 1 5%; both: n =
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4, 20%). Exclusion criterion for all participants were: (a) being male, (b) younger than 18 years, (c)
current or life-time history of chronic illness or neurological condition (abnormal EEG activity), which
could influence electrophysiology and/or the neuropsychological assessment, (c) lifetime diagnosis
of a severe mental health condition (bipolar disorder, lifetime diagnosis of psychotic disorder), (d)
current substance dependence or any other mental disorder that could interfere cortical activity or the
assessment. Additionally, in the HC group, an exclusion criteria was a lifetime diagnosis of any eating
disorder, assessed by means of the Mini International Neuropsychiatric Interview (MINI) [49], being
overweight/obese (Body Mass Index (BMI) ≥ 25), or underweight (BMI < 18.5).

Written informed consent was obtained before participation in the study, which was approved by
the Ethics Committee of University Hospital of Bellvitge in accordance with the Helsinki Declaration
of 1975 as revised in 1983. Participants received no compensation for taking part in the study.

2.2. Procedure

Patients who sought treatment for AN as their primary health concern were assessed by an
experienced clinical psychologist as part of the Eating Disorders Unit protocol, which is based on
DSM-5 criteria and includes height and weight measurements. All patients consecutively diagnosed
with AN were screened for the inclusion criteria of the study and gave informed consent for voluntarily
accepting to be part of the study. HC participants were recruited within a university campus and, if
they were interested in taking part in the study, an eligibility screening was conducted prior to the
initial face-to-face assessment session.

The variables explored in the present study were assessed in two separate sessions of approximately
90 minutes each. Firstly, participants were evaluated with the MINI to exclude those patients with any
severe psychiatric condition. Afterwards, they completed a battery of self-reported questionnaires
(DERS, ERQ, SCL-90-R, YFAS-2). Next, participants performed the experimental tasks (food craving
and emotion regulation) during EEG acquisition. Participants were instructed to have a ‘normal’ meal
90 minutes before the session and then to refrain from eating or drinking coffee. Additional information
was collected on the day of the experimental session, in order to control for a set of variables (i.e., food
consumed on the day of the session, menstrual cycle, and alcohol or drugs consumption in the last
24h). In a second session, participants completed a different set of experimental neurophysiological
tests (data will be reported in separate manuscript).

2.3. Clinical Assessment

The Mini-International Neuropsychiatric Interview (MINI) [49] is a short structured diagnostic
interview for the major psychiatric disorders in DSM-III-R [50], DSM-IV [51] and DSM-5 [16] and
ICD-10 [52]. Validation and reliability studies have been done comparing the MINI to the Structured
Clinical Interview (SCID-P) [53] based on DSM-III-R [50] and the Composite International Diagnostic
Interview (CIDI) [54], which is a structured interview developed by the World Health Organization.
These studies showed that the MINI has similar reliability and validity properties to both instruments.
With an administration time of approximately 15 minutes, it was designed to meet the needs for a
short, yet accurate, structured psychiatric interview for multicentre clinical trials and epidemiology
studies and to be used as a first step in outcome tracking in non-research clinical settings. The standard
MINI assesses the 17 most common disorders in mental health. The disorders were selected based on
current prevalence rates of 0.5% or higher in the general population in epidemiology studies. In the
interest of brevity, it uses branching tree logic.

Difficulties in Emotion Regulation Scale (DERS; Spanish validation) [15,55,56] is a 36-item
self-report scale that assesses relevant difficulties in emotion regulation on six subscales: non-acceptance
of emotional responses, difficulties engaging in goal directed behaviour, impulse control difficulties,
lack of emotional awareness, limited access to emotion regulation strategies and lack of emotional
clarity. The measure yields a total score as well as scores on the six subscales. Higher scores indicate
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greater problems with emotion regulation. Cronbach’s α for the total score in the present study
was 0.91.

Emotion Regulation Questionnaire, Spanish version (ERQ) [57] is a 10-item questionnaire to assess the
respondents’ tendency to implement two emotion regulation strategies: reappraisal and emotional
suppression. For the present study it shows a Cronbach’s α of 0.76 for the suppression scale, and 0.85
for the reappraisal scale.

Symptom Checklist-90 Revised (SCL-90; Spanish validation) [58,59] is a 90-item questionnaire which
evaluates psychopathological symptoms. It also includes a global severity index (GSI), designed to
measure overall psychological distress. Internal consistency for GSI scale in the present study sample
was 0.98.

The Yale Food Addiction Scale Version 2.0 (YFAS-2) [25] is a 25 item self-report questionnaire to
measure addictive food behaviours. It consists of seven scales which refer to the criteria for substance
dependence: (1) tolerance, (2) withdrawal, (3) substance taken in larger amount/period of time
than intended, (4) persistent desire/unsuccessful efforts to cut down, (5) great deal of time spent to
obtain substance, (6) important activities given up to obtain substance, (7) use continued despite
psychological/physical problems. The Cronbach’s α value for the present study was 0.97.

2.4. Electrophysiological Assessment

Participants completed an emotion regulation task and a food craving regulation task during
continuous EEG recording.

Emotion regulation task: The task stimuli consisted of 180 images, of which 120 were negative
images distributed in two blocks of 60 images each and 60 were neutral images grouped in a third
block. Stimuli were presented for 3000 ms, with an inter-trial interval ranging from 3500 ms to 4500 ms.
Negative images and neutral images were matched on contrast, brightness, resolution and complexity.
Images were taken from the International Affective Picture System (IAPS) [60] and each image was
presented only once during the task. Stimulus presentation was carried out by Presentation®software
(Version 16.0) [61]. Participants were seated approximately 60 cm in front of a computer screen and the
images were shown serially and occupied 35.1◦ of visual angle horizontally and 28.1◦ vertically.

For negative images, participants were instructed to either view each picture and allow themselves
to feel any emotional response it might elicit (from now on referred to as Observe Negative) or to view
each picture and try to reduce the emotional response that it might elicit (from now on referred to as
Regulate Negative). For neutral images, participants were instructed to view each picture and allow
themselves to feel any emotional response it might elicit (from now on referred to as Observe Neutral)
while viewing the images and feeling the elicited emotion.

Food craving regulation task: Task stimuli consisted of 180 images, of which 120 were highly palatable
food images distributed in two blocks of 60 images each and 60 were neutral images (i.e., office items)
grouped in a third block. Stimuli were presented for 3000 ms, with an inter-trial interval ranging from
3500 ms to 4500 ms. Food images and neutral images were matched on contrast, brightness, resolution
and complexity. Images were taken from Food Pics [62] and each image was presented only once
during the task. Stimulus presentation was carried out by Presentation®software (Version 16.0) [61].
Participants were seated approximately 60 cm in front of a computer screen. The images were shown
serially and occupied 18.9◦ of visual angle horizontally and 17.1◦ vertically.

For food images, participants were instructed to either view each picture and allow themselves to
feel any emotional response it might elicit (from now on referred to as Observe Negative) or to view
each picture and try to reduce the emotional response that it might elicit (from now on referred to as
Regulate Negative). For neutral images, participants were instructed to view each picture and allow
themselves to feel any emotional response it might elicit (from now on referred to as Observe Neutral).
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2.5. Electrophysiological Recording and Analysis

The electroencephalogram (EEG) was recorded continuously throughout the experimental task
using PyCorder (BrainVision). 60 active Ag/AgCI electrodes were inserted into an EEG recording
cap (EASYCAP GmbH), distributed after the 10–20 system; additional three electrodes were adopted
for recording vertical and horizontal electrooculogram (EOG) and Cz was used as online reference.
Impedances were kept below 20 KOhm using the SuperVisc high-viscosity electrolyte gel for active
electrodes. Signals from all channels were digitized with a sampling rate of 500 Hz and 24 bit/channel
resolution and online filtered between 0.1 and 100 Hz.

Offline EEG analyses were performed with Brain Vision Analyzer (Version 2.2.0) [63] consisting of
the following steps: high pass filtering 0.1 Hz, low pass filtering at 30 Hz (Butterworth zero phase
filter; 24 dB/octave slope) and notch filter at 50 Hz; raw data inspection for manual detection of artefact
and screening for bad channels, semi-automatic eye-blink correction using independent component
analysis (ICA); artefact rejection of trials with an amplitude exciding ±80 μV; and baseline correction
adopting the pre-stimulus interval between −200 and 2000 ms. EEG data were segmented into 2200 ms
epochs from 200 ms before to 2000 ms after stimulus onset. Data were baseline corrected against the
mean voltage during the −200 pre stimulus period. Artefact free epochs were separately averaged for
each subject in each experimental condition for each paradigm.

ERP analyses were based on visual inspection of the grand average waveforms and the existing
literature [45,46]. ERP components were analysed in a central-parietal cluster (CP1, CP5, P3, P7, CP2,
CP6, P4, P8). P300 mean amplitude (μV) was computed in the time-window between 280 and 400 ms;
LPP mean amplitude (μV) was measured within two time-windows: at 500-1000 ms (LPP1) and
1000-1500 ms (LPP2) [64–66].

2.6. Statistical Analysis

Statistical analysis was carried out with Stata Statistical Software: Release 15 for Windows [67].
The variables of the study (ERQ, YFAS, DERS and SCL-90-R) were compared between groups using
t-tests for quantitative measures and chi square (χ2) tests for categorical measures. Comparisons were
considered significant with p < 0.05 after Bonferroni-Finner correction to avoid Type-I errors (Finner,
1993). The effect size for the mean differences/proportions was measured through Cohen’s-d coefficient
(low/small effect size was considered for |d| > 0.2, moderate for |d| > 0.5 and large/high for |d| > 0.8;
Kelly and Preacher, 2012). In this study, different dimensional and categorical measures for the YFAS
2.0 were analysed: firstly, the YFAS 2.0 dimensional symptom count, which measures the 11 DSM-5
SRAD criteria (raw scores are in the range of 0–11); and secondly, the categorical classification based
on the dimensional symptom count, a threshold for food addiction (presents for individuals with at
least two symptoms plus self-reported clinically significant impairment or distress, and absent for
participants who did not meet these criteria). The capacity of the dimensional YFAS 2.0 symptom
count to discriminate between the groups was tested through two sample T-test, and the capacity of
the YFAS 2.0 categorical classifications to discriminate between the diagnostic sub-types was tested
through chi-square tests (χ2).

The mean amplitudes (μV) of the emotion regulation and food craving regulation tasks were
analysed for each ERP component (P300, LPP1, LPP2) with independent 3 × 2 mixed design analyses
of variance (ANOVA), with condition as the within-subject variable (Regulate Negative/Food, Observe
Negative/Food, Observe Neutral) and group as the between subject variable (HC versus AN). Pairwise
comparisons were used to follow up main effects (for non-significant interaction condition-by-group)
and single effects (for significant interaction condition-by-group).

Pearson’s correlations were calculated for each group to estimate correlations between ERPs
in the “regulation” condition of the emotion/food craving regulation tasks and ERQ subscales
(ERQ-suppression; ERQ-reappraisal). Due to the strong association between this model and the sample
size, practical relevance was based on the own coefficient measure (effect size was considered low/poor
for |R| > 0.10, moderate for |R| > 0.24 and large/high for |R| > 0.37) [66].
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3. Results

3.1. Comparison of Clinical Profiles

There were no significant between-group differences in age (p = 0.364, |d| = 0.29). As
expected, the HC group had significantly greater BMIs (p < 0.001, |d| = 2.79), lower mean scores on
psychopathological self-report measures (i.e., the SCL-90-R GSI, DERS and YFAS), and higher mean
scores on ERQ-Reappraisal. The prevalence of participants with food addiction positive screening
score was also higher in the AN group (70% vs. 0%, p < 0.001, |d| = 2.16) (See Table 1). When comparing
food addiction between AN sub-types, significant higher scores were displayed by the AN-BP subtype
on the YFAS total score (p = 0.031, |d| = 1.00) and in all the YFAS criteria with exception of “withdrawal
symptoms” (See Table 2).

Table 1. Comparison of the clinical profile between groups.

HC (n = 20) AN (n = 20)
T-stat p |d|

Mean (SD) Mean (SD)

Age (years-old) 21.00 (5.12) 22.70 (6.51) 0.92 0.364 0.29
BMI (current, kg/m2) 20.72 (1.78) 16.63 (1.06) 8.82 <0.001 * 2.79 †
SCL-90-R: GSI score 0.65 (0.45) 1.59 (0.70) 5.10 <0.001 * 1.61 †

DERS: Total score 73.30 (16.12) 114.25 (23.36) 6.45 <0.001 * 2.04 †
ERQ: Reappraisal 33.50 (5.94) 24.25 (6.69) 4.62 <0.001 * 1.46 †
ERQ: Suppression 13.45 (5.71) 15.75 (4.64) 1.40 0.170 0.51 †
YFAS2 total score 0.75 (1.12) 4.35 (3.73) 4.13 <0.001 * 1.31 †

n (%) n (%) χ2 p |d|
FA positive screening (YFAS-2) 0 (0.0%) 14 (70.0%) 21.54 <0.001 * 2.16 †

Note. SD: standard deviation. HC: healthy control. AN: anorexia. FA: food addiction. * Bold: significant parameter
(.05 level). † Bold: effect size into the mild/moderate (|d| > 0.80) to large/good range (|d| > 0.80).

Table 2. Comparison of the FA measures between AN sub-types.

AN-R (n = 12) AN-BP (n = 8)
χ2 p |d|

n (%) n (%)

Substance taken in larger amount 4 33.3% 4 50.0% 0.56 0.456 0.34
Persistent desire 3 25.0% 4 50.0% 1.32 0.251 0.53 †

Much time-activity to obtain, use, recover 5 41.7% 6 75.0% 2.15 0.142 0.72 †
Social or occupational affectation 7 58.3% 7 87.5% 1.94 0.163 0.69 †

Use continues despite consequences 4 33.3% 5 62.5% 1.65 0.199 0.61 †
Tolerance 0 0.0% 5 62.5% 10.00 0.002 * 1.83 †

Withdrawal symptoms 5 41.7% 5 62.5% 0.83 0.361 0.43
Continued use despite social problems 1 8.3% 4 50.0% 4.44 0.035 * 1.03 †
Failure to fulfil major rule obligations 1 8.3% 4 50.0% 4.44 0.035 * 1.03 †
Use in physically hazardous situations 3 25.0% 4 50.0% 1.32 0.251 0.53 †

Craving, or a strong desire or urge to use 2 16.7% 4 50.0% 2.54 0.111 0.76 †
Clinically significant impairment-distress 8 66.7% 7 87.5% 1.11 0.292 0.51 †

FA positive screening score 8 66.7% 6 75.0% 0.16 0.690 0.18

Mean (SD) Mean (SD) T-stat P |d|
FA dimensional (YFAS2 total) 2.92 2.39 6.50 4.47 2.34 0.031 * 1.00 †

Note. AN-R: anorexia restrictive subtype. AN-BP: anorexia bulimic-purgative subtype. FA: food addiction. SD:
standard deviation. * Bold: significant parameter (.05 level). † Bold: effect size into the mild/moderate (|d| > 0.80) to
large/good range (|d| > 0.80).
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3.2. ERP Results: Emotion Regulation Task

P300. The mixed design ANOVA yielded a significant main effect of condition (Regulate Negative,
Observe Negative, Observe Neutral; F:27.7, df = 2/38, p < 0.001; η2 = 0.421) and a significant main effect
of group (HC versus AN; F = 10.9, df = 1/38, p = 0.002; η2 = 0.223). No significant group x condition
interaction was detected (F = 1.51, df = 2/37, p = 0.229; η2 = 0.038). Post-hoc t-tests revealed that the
main effect of condition was due to higher P300 mean amplitude in Observe Negative and in Regulate
Negative conditions compared to the neutral one (Observe Negative vs. Observe Neutral p < 0.001;
Regulate vs. Observe Neutral p < 0.001). With regards to the main effect of group, the AN group
showed significantly smaller mean P300 amplitudes compared to HC group (p = 0.002).

LPP1. The mixed design ANOVA showed a significant main effect of condition (F = 51.7, df =
2/38, p < 0.001; η2 = 0.577), but no significant main effect for group (F = 3.04, df = 1/38 p = 0.089; η2 =

0.074) or group x condition interaction (F = 1.01, df = 2/37, p = 0.369; η2 = 0.026). Post hoc t-tests for
the main effect of condition showed higher LPP1 amplitudes in the Observe Negative and Regulate
Negative conditions, compared to Neutral condition (Observe Negative vs. Observe Neutral p < 0.001;
Regulate vs. Observe Neutral p < 0.001).

LPP2. The mixed design ANOVA showed a significant main effect of condition (F = 13.1, df = 2/38,
p < 0.001; η2 = 0.256), but no main significant effect of group (F = 0.22, df = 1/38, p = 0.643; η2 = 0.006)
or group x condition interaction (F = 0.05, df = 2/37, p = 0.954; η2 = 0.001). Post-hoc t-tests revealed
that the effect of condition was due to higher mean LPP2 amplitudes in both the Observe Negative and
Regulate Negative conditions, compared to the neutral one (Observe Negative vs. Observe Neutral
p = 0.002; Regulate Negative vs. Observe Neutral p < 0.001).

Means and standard deviations of the ERP amplitudes (μV) for each component (P300, LPP1,
LPP2) are reported in Table 3 (see also Figure 1).

Figure 1. Grand average waveforms of the ER task, for each experimental condition (Regulate Negative,
Observe Negative, Observe Neutral) and group (HC, AN), in the centro-parietal cluster of electrodes.
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Table 3. Mean (SD) amplitudes (μV) of P300, LPP1 and LPP2 during the emotion regulation task.

HC (n = 20) AN (n = 20)

Mean (SD) Mean (SD)

P300:
observe negative 6.53 (2.72) 4.85 (1.97)
regulate negative 6.96 (2.93) 4.44 (1.84)
observe neutral 5.17 (1.86) 3.10 (1.44)

LPP1:
observe negative 4.71 (2.59) 3.69 (1.63)
regulate negative 4.81 (2.27) 3.65 (1.49)
observe neutral 2.34 (1.53) 1.83 (1.20)

LPP2:
observe negative 1.77 (2.16) 2.03 (1.48)
regulate negative 2.04 (2.04) 2.16 (1.11)
observe neutral 0.86 (1.47) 1.08 (1.10)

Note. HC: healthy control. AN: anorexia. SD: standard deviation.

3.3. ERP Results: Food Craving Regulation Task

P300. The mixed design ANOVA showed a significant main effect of condition (Regulate Food,
Observe Food, Observe Neutral; F = 47.2, df = 2/38, p < 0.001; η2 = 0.560) and a significant main effect
of group (HC versus AN; F = 6.72, df = 1/38, p = 0.014; η2 = 0.154), but no significant group x condition
interaction (F = 1.40, df = 2/37, p = 0.252; η2 = 0.037). Post-hoc t-tests for the main effect of condition
showed higher amplitude in Observe Food and Regulate Food compared to the Observe Neutral
condition (Observe Food vs. Observe Neutral p < 0.001; Regulate Food vs. Observe Neutral p < 0.001).
Moreover, the AN group showed significantly smaller mean P300 amplitudes compared to the HC
group (p = 0.014).

LPP1. The mixed design ANOVA showed a significant main effect of condition (F = 38.5, df =
2/38, p < 0.001; η2 = 0.504), but no significant main effect of group (F = 0.73, df = 1/38, p = 0.397, η2 =

0.019) or a significant group x condition interaction (F = 0.25, df = 2/37, p = 0.778; η2 = 0.007). Post-hoc
t-tests for condition revealed higher LPP1 in both Observe Food and Regulate Food compared to the
Observe Neutral condition (Observe Food vs. Observe Neutral p < 0.001; Regulate Food vs. Observe
Neutral p < 0.001), and higher LPP1 in Observe Food compared to Regulate Food (p = 0.040).

LPP2. The mixed design ANOVA showed a significant main effect of condition (F = 23.3, df =
2/38, p < 0.001; η2 = 0.380), but no significant main effect of group (F = 0.13, df = 1/38, p = 0.911, η2

= 0.001) or group x condition interaction (F = 0.10, df = 2/37, p = 0.906, η2 = 0.003). Post-hoc t-tests
for condition revealed higher LPP1 in both Observe and Regulate compared to the Observe Neutral
condition (Observe Food vs. Observe Neutral p < 0.001; Regulate Food vs. Regulate Neutral p < 0.001),
and higher LPP1 in Observe Food compared to Regulate Food (p = 0.008).

Mean and standard deviations of the ERP amplitudes (μV) for each component (P300, LPP1, LPP2)
are reported in Table 4 (see also Figure 2).
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Table 4. Mean (SD) amplitudes (μV) of P300, LPP1 and LPP2 during the food craving regulation task.

HC (n = 20) AN (n = 20)

Mean (SD) Mean (SD)

P300:
observe food 5.23 (2.39) 3.82 (1.47)
regulate food 5.60 (2.64) 3.67 (1.52)

observe neutral 3.68 (2.46) 2.32 (1.13)
LPP1:

observe food 3.20 (1.91) 2.73 (1.38)
regulate food 2.86 (2.14) 2.38 (1.38)

observe neutral 1.49 (1.59) 1.25 (0.97)
LPP2:

observe food 1.71 (1.45) 1.75 (1.19)
regulate food 1.26 (1.62) 1.21 (1.07)

observe neutral 0.42 (1.24) 0.54 (0.83)

Note. HC: healthy control. AN: anorexia. SD: standard deviation.

Figure 2. Grand average waveforms of the FRC task, for each experimental condition (Regulate Food,
Observe Food, Observe Neutral) and group (HC, AN), in the centro-parietal cluster of electrodes.

3.4. Correlations between ERPs and Self-reported Emotional Regulation Strategies

Emotion Regulation Task and ERQ. In the HC group, reappraisal, as measured using the ERQ,
was positively correlated with mean LPP1 amplitudes, while suppression was negatively correlated
with mean LPP2 amplitudes. No significant correlations were found in the AN group.

Food Craving Regulation Task and ERQ. ERQ-reappraisal was positively correlated with mean
LPP2 in the HC group, but not in the AN group. ERQ-suppression was negatively correlated with
mean LPP1 and LPP2 amplitudes among patients with AN, but not in the HC group.

Table 5 shows the correlation matrix measuring the correlation between self-report measures
of emotion regulation strategies (ERQ-suppression; ERQ-reappraisal) and ERPs amplitudes during
emotion regulation (Regulate Negative) and food craving regulation (Regulate Food).
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Table 5. Pearson’s correlation between the amplitudes (μV) of the P300, LPP1, LPP2 during the
“regulate” condition of the emotion regulation and the food craving regulation tasks.

Emotion Regulation Task Food Craving Regulation Task

HC (n = 20) AN (n = 20) HC (n = 20) AN (n = 20)

ERQ
reappr.

ERQ
suppr.

ERQ
reappr.

ERQ
suppr.

ERQ
reappr.

ERQ
suppr.

ERQ
reappr.

ERQ
suppr.

P300 0.003 −0.195 0.119 −0.051 0.201 −0.187 0.101 0.018
LPP1 0.247 † −0.205 0.130 −0.103 0.144 −0.207 0.204 −0.258 †
LPP2 0.196 −0.281 † 0.173 −0.058 0.396† −0.129 0.215 −0.370 †

Note. HC: healthy control. AN: anorexia. † Bold: effect size into the mild/moderate (|R| > 0.24) to large/good range
(|R| > 0.37). Sample size: Healthy control = 20; Anorexia = 20.

4. Discussion

In the present study, clinical and electrophysiological features of emotion regulation and
food craving regulation among patients with AN were investigated by means of self-report and
ERP measures.

Results from self-report measures of emotion regulation, confirmed greater difficulties in emotion
regulation in patients with AN compared to the HC group (as suggested by DERS scores). This is
in line with previous studies comparing AN with HC using the same questionnaire [5,68–70]. In
addition, in the ERQ subscales, differences between groups were found, suggesting that patients with
AN most frequently implemented maladaptive strategies (i.e., suppression) than adaptive strategies
(i.e., reappraisal). This latter results corroborated previous findings suggesting dysfunctional emotion
regulation strategies (e.g. suppression, avoidance) in populations with eating disorder [71–73], as
is the case with other psychiatric disorders [74]. Moreover, problematic eating behaviours, such as
binging, purging, and restriction, can be seen as maladaptive strategies to avoid or suppress negative
emotions [68,75,76]. With regards to food addiction, a higher score was detected in the AN, as opposed
to the HC group. Additional comparisons within the AN sub-types suggested higher scores in multiple
dimensions of food addiction in AN-BP compared to AN-R. The present findings portray evidence
of the relevance of food addiction to AN, specifically in patients with binging/purging symptoms. It
is important to note that food addiction scores have been more typically described in patients with
binge-subtype eating disorder [77–80], with some inconclusive or less evident results in AN. In a
previous study exploring food addiction in eating disorders, patients with AN binge/purging subtype
showed the highest prevalence of food addiction although half of the AN patients with restrictive type
also positively scored for food addiction [27].

Results from electrophysiological measures collected in the emotional regulation task indicated
enhanced mean P300 and LPP amplitudes in presence of pictures depicting negative emotions compared
to neutral pictures in both AN and HC groups. This suggested enhanced processing of emotional
stimuli, potentially due to their evolutionary salience, in accordance with previous ERP literature on
‘healthy’ populations [7,81–85]. Based on our results, we can suggest that, similarly to HC, patients
with AN display a facilitated processing of stimuli with negative emotional valence. Although
a previous ERP study reported altered processing of emotional stimuli in patients with AN [86],
these controversial findings could be explained by the use of different types of stimuli and task (i.e.,
recognition of emotional faces).

Despite of the reported ERP indices of emotional processing, the instruction to down-regulate
negative emotions did not elicit significant differences in mean P300 and LPP amplitudes when
compared to passive viewing of negatively valenced emotional stimuli in any group. Since a
reduction in LPP amplitude has been previously shown during emotion down-regulation in healthy
population [30–33,39,40], the lack of this effect can be explained by a failure in emotion down-regulation
that occurred in both AN patients and controls. This can be due to the fact that participants were
not instructed to adopt a specific regulation strategy (e.g. reappraisal; suppression), which makes it
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more difficult to successfully achieve emotion regulation. However, adopting visual analogue scales to
measure self-reported down-regulation is necessary to avoid premature conclusions.

During the food craving regulation task, pictures of food elicited greater mean P300 and LPP
amplitudes compared to neutral non-food pictures in both AN and HC groups. This can be interpreted
as motivated attention, meaning a higher amount of attentional resources allocated to process food
stimuli [87]. However, we did not find higher motivated attention toward food in patients with AN
when compared to HC, suggesting similar allocation of attentional resources toward food-stimuli, at
latest stages of attentional processing. This is in accordance with a previous study in which patients
with AN did not display enhanced P300/LPP toward high-caloric food, but only for low-caloric food
pictures when compared with HC [88]. Since we were interested in investigating regulation of food
craving, which is generally experienced in response to “forbidden foods” (i.e., high caloric), low-caloric
food was not included in our study.

Interestingly, smaller LPP amplitudes were detected during down-regulation of craving compared
to passing viewing food pictures, possibly suggesting successful down-regulation of food craving in
both groups. This result is in line with a previous study in non-clinical ‘restrained’ eaters, showing
that P300 and LPP amplitudes were reduced during down-regulation of food craving compared to
the passive viewing of food-related pictures [46]. As the first ERP study which explores food craving
regulation in patients with AN, we could observe that, despite AN reported greater “food addiction”
symptomatology, these subjects were able to regulate food craving, as depicted at a neurophysiological
level. Nevertheless, differential ERP response during food craving regulation may be expected
between AN-BP and AN-R. Thus, further research in larger sample sized including different AN
sub-types is needed to deeply understand the neurophysiological mechanisms underpinning this
craving modulation in AN.

Finally, differences in ERP between patients and controls were depicted by smaller P300 amplitudes
in the AN group. This overall reduction in mean P300 amplitudes was consistent in both tasks and
regardless of experimental condition. Reduced neurophysiological response in AN could reflect
neurocognitive alterations, possibly as a secondary effect of malnutrition which consequently affect
cognitive functioning [89]. Accordingly, cognitive difficulties have been suggested in patients with
AN, especially in memory, attention and executive functions (i.e. decision-making, set-shifting [90–92].
Similarly to our findings, previous ERP studies adopting different tasks showed reduced P300 in AN
compared to controls, regardless of the emotional relevance of the stimuli [93,94].

Exploratory correlations in each group were performed in order to explore how emotion regulation
strategies modulate both emotion and food craving regulation at a neurophysiological level. As for
the emotion regulation task, our findings suggest that, only among HC, the tendency to suppress
emotions correlated with larger LPP amplitudes, while the tendency to reappraise emotions correlated
with lower LPP amplitudes. This may suggest that the tendency to adopt different emotion regulation
strategies (i.e. reappraisal or suppression) is related with different modulation of the LPP amplitude
while regulating emotions, at least in healthy individuals. Since the modulation of LPP amplitude has
been linked to reappraisal of negative emotions in HC [30–33,39,40], the present results may further
suggest a link between neurophysiological markers of emotion regulation and the tendency to adopt
reappraisal as cognitive strategy to down-regulate negative emotions in the non-clinical population.
By contrast, LPP response did not significantly correlate with emotion regulation strategies among
patients with AN.

Similarly to the emotion regulation task, the LPP amplitude during down-regulation of food craving
was positively related to ERQ-reappraisal in HC. By contrast, LPP amplitudes negatively correlated
with ERQ-suppression in patients with AN. These latter results could suggest that neurophysiological
response during down-regulation of food craving is related to different emotion regulation strategies
in patients as compared to controls, which is in line with the differences observed in ERQ scores among
groups. Interestingly, significant correlations with suppression in AN were specifically present in the
food craving regulation task, and this can be linked to the fact that patients tend to adopt dysfunctional
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eating behaviours (e.g. bingeing/purging, restriction) as maladaptive strategies to regulate negative
emotions, as showed by higher scores in ERQ-suppression.

It is important to consider some limitations when interpreting the results of the present study.
Firstly, our sample size is rather low, which might have decreased the likelihood of detecting a
significant difference if it existed [95]. Further studies with larger samples would be required to
confirm our findings. Moreover, the small size of the sample did not allow us to distinguish and
compare restrictive and purging AN sub-types. Given that different AN sub-types may exhibit different
neurobiological correlates [96], future studies with larger samples should explore neural correlates
of emotion regulation and food craving in different AN sub-types. In addition, our sample only
consisted of female participants, which limits the generalizability of the results to a wider population.
Additionally, we did not expose individuals to real food stimuli, which would have mimicked real-life
situations and perhaps elicited stronger emotional and physiological reactions than food pictures [97].
Given the nature of the paradigms, another limitation of the study is the lack of eye-tracking and
the lack of arousal tracing. Additional studies should further control eye-movements and attention
focus during the image presentation. Furthermore, a proportion of patients with AN were under
psychopharmacological medication (i.e., antidepressants, neuroleptic drugs, and benzodiazepines)
and our sample did not allow us to control for medication. Finally, the present study design is
cross-sectional in nature and claims regarding causality cannot be made. Future longitudinal studies
are required to examine the extent to which the repetitive use of emotion regulation and food craving
regulation techniques might modify the long-term neurophysiological responses in AN patients.

5. Conclusions

To conclude, previous ERP findings did not appear to mirror clarifying findings regarding eating
disorders’ aetiology and functioning. Therefore, to this date, they might not be used as accurate
parameters or biomarkers that could be directly employed in the diagnosis or treatment of eating
disorders [98]. To our knowledge, this is the first study which has examined the electrophysiological
features of emotion and food craving regulation among patients with AN. Interestingly, ERP results
suggest a successful down-regulation of food craving in AN, despite the fact that AN reported greater
food addiction symptomatology. Nevertheless, further research including different AN sub-types
is needed to deeply understand the neurophysiological mechanisms underpinning this craving
modulation in AN.

Furthermore, although ERP did not depict differential response between AN and HC while
down-regulating emotions or food craving, reduced P300 mean amplitudes were detected in AN when
compared to HC. This result might reflect a general alteration in the neurophysiological responses of
AN patients, which is possibly related to their prolonged state of malnutrition [99]. In this regard, this
study provides an objective parameter of those impairments which long-lasting malnutrition might be
occasioning in the neural systems of AN patients. Previous research has also found neurophysiological
dysfunctions in AN, which do not always seem to be normalised after weight gain [98]. In that respect,
it would be of great interest that future studies explore not only if neurophysiological alterations
remain or, on the contrary, are ameliorated after patients’ recovery, but also investigate the factors
which might contribute to normalise neural responses in AN (e.g., weight gain, pharmacological
treatments, specific psychological interventions, etc.).

On the other hand, clinical measures showed that patients with AN were characterized by food
addiction symptoms and difficulties in emotion regulation with the tendency to use maladaptive
techniques (i.e., suppression) to manage negative emotions. Moreover, this is the first study which
relates the use of suppression strategies to smaller ERP amplitudes during food craving regulation in AN
patients. This possibly reflects their tendency to adopt dysfunctional eating behaviours as maladaptive
strategies to regulate negative emotions. Future interventions should focus on implementing more
effective emotion regulation techniques such as reappraisal, which act through a reinterpretation of
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emotional situation in order to reduce its emotional impact. Reappraisal has shown a better capacity to
decrease negative emotional experience, consequently reducing distress [100].

Further research with larger samples and considering AN sub-types is needed to deeply understand
the neurophysiological mechanisms underpinning emotion and food craving modulation in AN.
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Abstract: Background: Empirical data suggests a high comorbid occurrence of eating disorders (EDs)
and substance use disorders (SUDs), as well as neurological and psychological shared characteristics.
However, no prior study has identified the neuropsychological features of this subgroup. This study
examines the prevalence of alcohol and/or drug abuse (A/DA) symptoms in ED patients. It also
compares the clinical features and neuropsychological performance of ED patients with and without
A/DA symptoms. Methods: 145 participants (74.5% females) with various forms of diagnosed EDs
underwent a comprehensive clinical (TCI-R, SCL-90-R and EDI-2) and neuropsychological assessment
(Stroop, WCST and IGT). Results: Approximately 19% of ED patients (across ED subtypes) had A/DA
symptoms. Those with A/DA symptoms showed more impulsive behaviours and higher levels of
interoceptive awareness (EDI-2), somatisation (SCL-90-R) and novelty seeking (TCI-R). This group
also had a lower score in the Stroop-words measure, made more perseverative errors in the WCST
and showed a weaker learning trajectory in the IGT. Conclusions: ED patients with A/DA symptoms
display a specific phenotype characterised by greater impulsive personality, emotional dysregulation
and problems with executive control. Patients with these temperamental traits may be at high risk of
developing a SUD.

Keywords: eating disorder; alcohol and/or drug abuse; substance use disorder; executive functions;
impulsivity; emotional dysregulation

1. Introduction

Eating disorders (EDs) are mental illnesses characterized by abnormal eating behaviours, which
normally lead to significant impairments in physical health and psychosocial functioning [1]. EDs often
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co-occur with other untreated mental conditions such as substance use disorders (SUDs) [2], summarised
as the inability to control the usage or craving of substances despite problems related to their use [1].
A recent meta-analysis of 43 studies estimated that the lifetime prevalence of any SUD among adults with
EDs is 25.4%, with tobacco, caffeine and alcohol most commonly abused [2]. The prevalence of substance
abuse varies according to demographic factors (e.g., age, sex, ethnicity) and ED diagnostic subtype [2–4].
According to the above-mentioned meta-analysis [2], the lifetime prevalence of SUDs seems to be higher
in female-sample studies (26%) compared to mixed studies (15%), in adult populations (26%) compared
to young adults (19%) and in primarily Caucasian samples (24%) compared to Asian samples (7%).
Similarly, several studies have reported a stronger association between substance abuse and bulimia
nervosa (BN) compared to anorexia nervosa (AN) [3,4]. Overall, it seems that those ED patients with
purging behaviours are at higher risk of developing a comorbid SUD [2,5].

This comorbidity might be due to shared biological and psychological endophenotypes [6].
Genetic studies reveal that EDs and SUDs share overlapping genetic risk factors, especially those ED
subtypes characterized by binge-purge behaviours [7,8]. Personality traits such as impulsivity
are also shared [9–11], as are the elevated rates of psychopathology (especially social anxiety,
antisocial behaviour, and cluster B and C personality disorders) and emotional dysregulation [12–14].
Neuropsychological impairments are another common feature [15–27], especially in executive
functions (i.e., high-level cognitive processes implicated in the formation of successful goal-directed
behaviours [28]). Difficulties in decision-making, cognitive flexibility and inhibitory control have been
reported in all ED subtypes [15–20], as well as in SUD patients [21–27]. However, no studies have
explored neuropsychological performance in ED patients with substance abuse comorbidity.

Empirical data on the comorbidity of EDs and SUDs, as well as their biological and psychological
shared characteristics are available. However, there are no prior studies which have assessed the
neuropsychological profile in ED patients with substance abuse symptomatology. Identifying these
neuropsychological features might help to develop specific treatments that target these deficits with the
purpose of preventing the later evolution into a SUD. As such, the first aim of this study was to examine
the prevalence of alcohol and/or drug abuse (A/DA) symptoms in a heterogeneous series of ED patients.
Our hypothesis was that A/DA symptoms would be most common in those with binge-purge behaviours.
A second aim was to compare clinical (i.e., eating symptomatology, general psychopathology and
personality traits) and neuropsychological features (i.e., decision-making, cognitive flexibility and
inhibitory control) of patients with or without A/DA symptoms. Our hypothesis was that ED patients
with A/DA symptoms will display higher impulsivity and emotional dysregulation, along with poorer
executive functions.

2. Materials and Methods

2.1. Participants

The total sample comprised of 145 participants (74.5% females) aged between 18 and 60 years old.
All participants were diagnosed with an ED by experienced clinicians according to the DSM-5 diagnostic
criteria [1]. The final sample included: AN-restrictive subtype [AN-R] (n = 57), AN-binge/purge
subtype [AN-BP] (n = 26), BN (n = 28), binge eating disorder [BED] (n = 22) and other specified feeding
or eating disorder [OSFED] (n = 12).

Participants were recruited at the Eating Disorders Unit within the Department of Psychiatry at
Bellvitge University Hospital (Barcelona, Spain), where they were receiving outpatient treatment.
All participants were informed about the research procedures and gave their informed consent in
writing. Procedures were approved by the Ethical Committee of the above-mentioned institution in
accordance with the Helsinki Declaration of 1975 as revised in 1983 (reference: PR146/14). Exclusion
criteria were the following: (1) history of chronic medical illness or neurological condition that might
affect cognitive function; (2) head trauma with loss of consciousness for more than 2 min, learning
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disability or intellectual disability; (3) use of psycho-active medications or drugs; (4) age under 18 or
over 60 (to discard neuropsychological deficits associated with the age).

2.2. Procedure and Assessment

As part of the protocol, all patients who arrived at the Eating Disorders Unit seeking treatment for
an ED were assessed by experienced clinicians using a semi-structured clinical interview based on the
DSM-5 diagnostic criteria [1]. All patients consecutively diagnosed with an ED were screened for the
inclusion criteria of the study. Those who met the criteria and voluntarily accepted to be part of the
study underwent a comprehensive neuropsychological and clinical assessment within the first week of
their outpatient treatment. Weight and Body Mass Index (BMI) were measured for all subjects on the
day of assessment. Additional sociodemographic information was also taken. The neuropsychological
tests were selected to cover various aspects of executive functions including decision-making, response
inhibition, strategic planning and cognitive flexibility and were administered by a trained psychologist
in a single session and in a randomised order. Finally, information regarding the presence or absence
of impulsive behaviours (including alcohol abuse, drugs abuse, binge episodes, theft, kleptomania
and compulsive buying) was taken from the semi-structured clinical interview. The presence of A/DA
symptoms was defined as the confirmation of current or lifetime behaviours of alcohol abuse, illicit
drug abuse or both, causing significant distress or impairments in daily functioning.

2.2.1. Psychopathological/Personality Measures

Semi-structured clinical interview: This interview is based on the ED module of the Structured
Clinical Interview for DSM-5 (SCID-5 [29]) and is used to ascertain the presence of a current ED
according to the DSM-5 criteria. It provides specific information regarding the symptomatology and
course of the ED. It also includes other questions in relation to the impulsive behaviours frequently
found in ED patients, such us alcohol abuse, drug abuse, theft, compulsive buying, etc.

The Temperament and Character Inventory-Revised (TCI-R [30]; Spanish validation [31]) is a reliable
and valid 240-item questionnaire that measures seven personality dimensions: four temperament
dimensions (novelty seeking, harm avoidance, reward dependence and persistence) and three about
character (self-directedness, cooperativeness and self-transcendence). The scales in the revised version
showed a mean internal consistency of 0.87 (α coefficient).

The Symptom Checklist-90 Revised (SCL-90-R [32]; Spanish validation [33]) is a 90-item questionnaire
which evaluates psychopathological symptoms; these are grouped as follows: somatization,
obsessive-compulsive, interpersonal sensitive, depression, anxiety, hostility, phobic anxiety, paranoia
and psychotic. It also includes a global severity index (GSI), designed to measure overall psychological
distress. This instrument has demonstrated satisfactory psychometric properties in the Spanish version,
obtaining a mean internal consistency of 0.75 (α coefficient).

The Eating Disorders Inventory-2 (EDI-2 [34]; Spanish validation [35]) is a 91-item self-report
questionnaire that assesses the following ED factors: drive for thinness, bulimia, body dissatisfaction,
ineffectiveness, perfectionism, interpersonal distrust, interoceptive awareness, maturity fears,
asceticism, impulse regulation and social insecurity. This instrument was validated in a Spanish
population with a mean internal consistency of 0.63 (α coefficient).

2.2.2. Neuropsychological Measures

The Stroop Colour and Word Test (SCWT [36]; Spanish version [37]) is an extensively used
neuropsychological test to assess inhibitory control (including response inhibition and interference
control). It consists of three different lists: a word list containing the names of colours printed in
black ink, a colour list that comprises letter Xs printed in colour and a colour-word list comprised of
names of colours in a colour ink that does not match the written name. Three final scores are obtained
based on the number of items that the participant is able to read on each of the three lists in a time
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window of 45 s. An interference score is computed from all three lists. A higher score is interpreted as
better inhibitory control.

The Wisconsin Card Sorting Test (WCST [38]) is a computerized set-shifting task for assessing
cognitive flexibility. It includes 128 cards that vary according to three attributes: number (N), colour (C)
and shape (S). The participant has to pile the cards beneath four reference cards that also vary along
these same dimensions, and in order to succeed, they have to settle upon a predetermined sorting rule.
The only feedback given to the participant is the word “right” or “wrong” after each sorting. Initially,
C is the correct sorting category, and positive feedback is given only if the card is placed in the pile
with the same colour. After 10 consecutive correct sorts, the rule changes. Thus, the positive feedback
is only given when the sorting matches the new category. By trial and error, the participant must learn
to change the sorting categories according to the given feedback. There are up to six attempts to derive
a rule, providing rule shifts in the following category sequence: C-S-N-C-S-N. Participants are not
informed of the correct sorting principle and that the sorting principle shifts during the test. The test is
completed when all 128 cards are sorted or after the six full categories are completed. The number of
completed categories, the percentage of perseverative errors (i.e., failures to change sorting strategy
after negative feedback) and the percentage of non-perseverative errors are recorded.

The Iowa Gambling Task (IGT [39]) is a computerized task to evaluate decision-making, which has
also been proposed as a measure of choice impulsivity [40]. It involves a total of 100 turns distributed
across four decks of cards (A, B, C and D), and each time the participant selects a deck, a specified
amount of play money is awarded. The interspersed rewards among these decks are probabilistic
punishments (monetary losses with different amounts). Participants are instructed that the final aim of
the task is to win as much money as possible and to avoid losing as much money as possible. Moreover,
they may choose cards from any deck, and switch decks at any time. This test is scored by subtracting
the number of cards selected from decks A and B from the number of cards selected from decks C
and D. Decks A and B are not advantageous as the final loss is higher than the final gain; however,
decks C and D are advantageous since the punishments are smaller. Higher scores indicate better
performance on the task.

2.3. Statistical Analyses

Statistical analysis was carried out with Stata16 for Windows [41]. The comparisons between
the groups with and without A/DA symptoms were based on T-TEST procedures for quantitative
variables and chi-square tests (χ2) for categorical variables. The effect size of the mean differences in
the clinical variables was estimated with Cohen’s-d coefficient, considering null effect for |d| < 0.20,
low-poor for |d| > 0.20, moderate-medium for |d| > 0.5 and large-high for |d| > 0.8 [42]. The significance
tests were complemented with other standardised measures of the effect size: partial eta-squared
coefficients (η2), which measures the proportion of the total variance in a criterion associated with the
membership of the different groups, defined by the independent variable once the potential effects
of other predictors and interactions are partialled out (in one way ANOVA, eta-squared and partial
eta-squared come out the same, but in multivariate ANOVA, their values differ). The comparisons
between the proportions were based on the Cohen’s-h coefficient, a standardised measure of the
distance between the proportions obtained in two groups; it is estimated as the difference of the arcsine
transformation for the two probabilities [43]. In addition, and due the multiple statistical comparisons
performed on the clinical and neuropsychological variables, Finner-correction was used to control
the increase in the Type-I error [44]. Finner-method uses a stepwise multiple comparisons procedure,
which solves the monotonicity of the critical values by means of an inequality for the distribution
function of the statistic range, using the principle of family-wise Type I correction. The post-hoc power
calculation was also conducted for each observed effect based on the sample size and the parameter
estimates, defining an alpha value α = 0.05.

A 2 × 5 mixed analysis of variance was obtained to analyse the learning curve in the IGT test.
For this analysis, the group was defined as the between-subjects factor (2 levels: with versus without
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A/DA) and the IGT-block as the within-subjects factor (5 levels: blocks 1 to 5). Tests of within-subjects
included polynomial contrasts for assessing the presence of trends in the mean estimates (linear,
quadratic, cubic and order-4). Effect size of the parameter estimates were assessed with eta-squared
values (η2).

3. Results

3.1. Characteristics of the Sample

Most participants were women (108, 74.5%), born in Spain (130, 89.7%) and single (105, 72.4%).
Mean chronological age was 30.3 years (SD = 10.3), age of ED onset was 22.7 years (SD = 9.1) and
duration of the ED symptoms 7.7 years (SD = 7.4). The prevalence of impulsive behaviours was
43.1% for binges episodes, 18.6% for theft, 3.4% for kleptomania and 11.0% for compulsive buying.
No participants reported instances of problematic gambling behaviours.

Table 1 shows the comparison between the groups with and without A/DA symptoms.
Statistical differences were found for the presence of impulsive behaviours (higher prevalence among
patients with A/DA).

Table 1. Descriptive of the sample.

Without A/DA With A/DA

pn = 118 n = 27

n % n %

Sex
Women 88 74.6% 20 74.1% 0.957

Men 30 25.4% 7 25.9%

ED subtype

Anorexia restrictive 49 41.5% 8 29.6% 0.751
Anorexia binge/purge 20 16.9% 6 22.2%

Bulimia 21 17.8% 7 25.9%
Binge eating disorder 18 15.3% 4 14.8%

Other specified feeding eating dis. 10 8.5% 2 7.4%

Education
Primary 30 25.4% 10 37.0% 0.438

Secondary 52 44.1% 11 40.7%
University 36 30.5% 6 22.2%

Mean SD Mean SD p
Age (years-old) 30.30 10.13 30.56 11.22 0.907

Onset of the ED (years-old) 22.94 8.99 21.59 9.83 0.491
Duration of the ED (years) 7.36 7.58 8.96 6.72 0.312

BMI (kg/m2) 21.70 8.47 22.50 8.87 0.663

Other impulsive behaviours n % n % p
Binges episodes 46 39.3% 16 59.3% 0.049 *

Theft 18 15.3% 9 33.3% 0.029 *
Kleptomania 2 1.7% 3 11.1% 0.045 *

Compulsive buying 10 8.5% 6 22.2% 0.040 *

A/DA: alcohol and/or drugs abuse symptoms. ED: eating disorder. BMI: body mass index. SD: standard deviation.
*: significant comparison (0.05 level).

3.2. Prevalence of A/DA in ED Patients

The number of patients with A/DA symptoms was 27 (prevalence = 18.6%). Table 2 compares
prevalence estimates between ED subtypes and gender. No differences by gender (women (18.5%) and
men (18.9%) (χ2 = 0.01, df = 1, p = 0.957)) or subtype (14.0% for AN-R, 23.1% for AN-BP, 25.0% for BN,
18.2% for BED and 16.7% for OSFED (χ2 = 1.92, df = 4, p = 0.751)) were found. The highest effect size
for the comparison between AN-R and BN was a Cohen’s-h into the low range |h| = 0.28.
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Table 2. Prevalence estimate of A/DA depending on ED subtype and gender.

Total AN-R AN-BP BN BED OSFED Women Men

n = 145 n = 57 n = 26 n = 28 n = 22 n = 12 n = 108 n = 37

n % n % n % n % n % n % n % n %

27 18.6% 8 14.0% 6 23.1% 7 25.0% 4 18.2% 2 16.7% 20 18.5% 7 18.9%
χ2 1.92 (df = 4) 0.01 (df = 1)
p 0.751 0.957

AN-R: anorexia restrictive. AN-BP: anorexia binge/purge. BN: bulimia. BED: binge eating disorder. OSFED: other
specified feeding eating disorder. df: degrees of freedom.

3.3. Comparison of the Clinical and Neuropsychological Profile of Patients with and without A/DA

Table 3 compares the clinical measures of patients with and without A/DA symptoms. Those with
A/DA had higher levels of interoceptive awareness (EDI-2), somatisation (SCL-90-R) and novelty
seeking (TCI-R). Internal consistency in the sample of the study was between good to excellent for all
the psychometrical scales (Cronbach’s alpha values).

Table 3. Comparison of the clinical profile between groups with and without A/DA.

α

Without A/DA With A/DA

p |d| η2 Powern = 118 n = 27

Mean SD Mean SD

EDI Drive for thinness 0.846 11.24 6.65 12.10 6.50 0.544 0.13 0.003 0.093
EDI Body dissatisfaction 0.922 13.35 8.86 15.66 7.70 0.213 0.28 0.011 0.237

EDI Interoceptive awareness 0.868 8.98 7.13 12.10 5.95 0.036 * 0.52 † 0.030 0.556
EDI Bulimia 0.791 4.92 5.20 6.51 4.83 0.148 0.32 0.015 0.303

EDI Interpersonal distrust 0.824 5.59 4.84 5.92 4.47 0.752 0.07 0.001 0.061
EDI Ineffectiveness 0.905 8.61 6.89 10.78 6.91 0.142 0.32 0.015 0.312
EDI Maturity fears 0.841 7.54 5.08 7.58 5.89 0.975 0.01 0.001 0.050
EDI Perfectionism 0.842 5.31 4.40 5.16 4.54 0.878 0.03 0.001 0.053

EDI Impulse regulation 0.850 5.43 5.85 5.60 4.43 0.886 0.03 0.001 0.052
EDI Ascetic 0.703 5.99 4.37 6.92 3.76 0.307 0.23 0.007 0.175

EDI Social insecurity 0.825 6.37 5.17 7.28 5.72 0.417 0.17 0.005 0.127
EDI Total score 0.974 83.33 48.73 95.62 42.19 0.228 0.27 0.010 0.225

SCL-90R Somatization 0.857 1.45 0.90 1.82 0.77 0.049 * 0.44 0.026 0.497
SCL-90-R Obsessive-compulsive 0.909 1.57 0.98 1.78 0.89 0.308 0.22 0.007 0.174
SCL-90-R Interpersonal sensitive 0.912 1.76 1.04 1.94 0.91 0.416 0.18 0.005 0.128

SCL-90-R Depression 0.946 2.00 1.05 2.21 0.82 0.329 0.22 0.007 0.164
SCL-90-R Anxiety 0.911 1.38 0.95 1.66 0.74 0.145 0.34 0.015 0.307
SCL-90-R Hostility 0.774 1.17 0.88 1.25 0.97 0.672 0.09 0.001 0.071

SCL-90-R Phobic anxiety 0.854 0.78 0.87 0.86 0.73 0.667 0.10 0.001 0.072
SCL-90-R Paranoia 0.875 1.27 0.89 1.32 0.81 0.821 0.05 0.001 0.056
SCL-90-R Psychotic 0.893 1.17 0.77 1.28 0.67 0.529 0.14 0.003 0.096

SCL-90-R GSI 0.980 1.50 0.82 1.69 0.68 0.257 0.26 0.009 0.204
SCL-90-R PST 0.980 56.61 19.91 63.15 17.64 0.119 0.35 0.017 0.345
SCL-90-R PSDI 0.980 2.20 0.66 2.32 0.42 0.383 0.21 0.005 0.140

TCI-R Novelty seeking 0.797 94.68 13.80 103.37 13.83 0.004 * 0.63 † 0.057 0.834
TCI-R Harm avoidance 0.925 112.31 20.84 116.07 21.50 0.402 0.18 0.005 0.133

TCI-R Reward dependence 0.700 101.21 15.47 102.56 17.33 0.691 0.08 0.001 0.068
TCI-R Persistence 0.860 114.12 20.30 107.33 24.13 0.133 0.30 0.016 0.323

TCI-R Self-directedness 0.908 125.72 21.84 119.33 24.19 0.181 0.28 0.012 0.266
TCI-R Cooperativeness 0.831 136.66 17.28 135.89 15.97 0.832 0.05 0.001 0.055

TCI-R Self-transcendence 0.893 63.16 15.28 63.37 18.91 0.951 0.01 0.001 0.050

SD: standard deviation. Cronbach’s alpha in the sample. *: significant comparison (0.05 level). †: effect size into the
moderate (|d| > 0.50) to high range (|d| > 0.80). p-values with Finner-correction.

Table 4 shows the comparison of the neuropsychological profile. Higher scores in perseverative
errors (WCST) and in the first block of the IGT and lower scores in the Stroop-words measure
were found.
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Table 4. Comparison of the neuropsychological profile between groups with and without A/DA.

Without A/DA With A/DA

p |d| η2 Powern = 118 n = 27

Mean SD Mean SD

Stroop Words 104.43 19.39 95.61 24.53 0.045 * 0.40 0.028 0.521
Stroop Colour 75.84 16.06 80.24 19.74 0.221 0.24 0.010 0.231

Stroop Words-colour 48.27 11.75 46.50 9.33 0.467 0.17 0.004 0.112
Stroop Interference 5.09 8.99 4.42 7.92 0.725 0.08 0.001 0.064
WCST Total trials 94.42 20.72 100.55 20.70 0.168 0.30 0.013 0.280

WCST Correct 67.83 10.87 68.06 14.02 0.924 0.02 0.001 0.051
WCST Perseverative errors 12.40 10.33 18.54 19.41 0.023 * 0.39 0.036 0.629

WCST Non-perseverative errors 14.20 15.25 14.22 11.91 0.993 0.01 0.001 0.050
WCST Conceptual 60.64 16.54 59.18 19.97 0.692 0.08 0.001 0.068

WCST Categories completed 5.10 1.80 4.88 1.98 0.577 0.12 0.002 0.086
WCST Trials completed 1st categ. 20.36 24.17 26.73 31.78 0.248 0.23 0.009 0.210

IGT Block 1 −2.59 4.21 −0.62 2.84 0.023 * 0.55 † 0.036 0.629
IGT Block 2 −1.11 4.91 0.32 4.41 0.165 0.31 0.013 0.284
IGT Block 3 0.29 5.80 −1.39 3.55 0.152 0.35 0.014 0.298
IGT Block 4 0.38 6.69 0.68 6.67 0.834 0.04 0.001 0.055
IGT Block 5 0.51 7.78 0.06 5.42 0.777 0.07 0.001 0.059

IGT Total −2.52 20.79 −0.95 11.51 0.704 0.09 0.001 0.067

SD: standard deviation. *: significant comparison (0.05 level). †: effect size into the moderate (|d| > 0.50) to high
range (|d| > 0.80). p-values with Finner-correction.

The results of the mixed ANOVA obtained to analyse the learning curve in the IGT showed
a quasi-significant interaction parameter IGT-by-Group (F(3.42;488.5) = 2.02, p = 0.091, η2 = 0.014;
Greenhouse–Geisser adjusted) as well as a main effect of the IGT-block (F(3.42;488.5) = 2.65, p = 0.041,
η2 = 0.018). Figure 1 shows the adjusted mean net scores in the blocks, showing a learning trajectory
only for patients without A/DA symptoms: Among this group, polynomial contrasts for the IGT-block
showed a significant linear trend (F(1;117) = 18.3, p < 0.001, η2 = 0.135) and a significant quadratic
trend (F(1;117) = 6.97, p = 0.009, η2 = 0.056), while non-significant results were found for the cubic
(F(1;117) = 0.01, p = 0.931 η2 = 0.001) and order 4 (F(1;117) = 0.59, p = 0.442, η2 = 0.005) trends. In patients
without A/DA symptoms, post-hoc pairwise comparisons defining the difference-type contrasts (based
on comparing each block with the previous) showed statistical differences between blocks 2 versus
block 1 (p = 0.008) and block 3 versus block 2 (p = 0.011), while no statistical differences were found
between blocks 4 versus block 3 (p = 0.886) and block 5 versus block 4 (p = 0.832). However, patients
with A/DA symptoms did not have significant results (linear: F(1;26) = 0.27, p = 0.607, η2 = 0.010;
quadratic: F(1;26) = 0.06, p = 0.815, η2 = 0.002; cubic: F(1;26) = 0.01, p = 0.988, η2 = 0.001; order 4:
F(1;26) = 2.30, p = 0.141, η2 = 0.081). No statistical differences were found in the post-hoc pairwise
comparisons comparing the IGT blocks among patients who reported the presence of A/DA.
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Figure 1. Learning curve in the IGT measure. Note. A/DA: alcohol and/or drug abuse. Sample size:
n = 145.

4. Discussion

The first aim of this study was to assess the prevalence of A/DA symptoms in a sample of patients
across the range of ED diagnoses. The lifetime A/DA prevalence was similar to that found previously
in ED patients [2], although slightly lower. This small difference could be explained by the fact that
we only assessed symptoms of alcohol and illicit drugs abuse, whereas previous studies considered
other substances such as tobacco and caffeine [2]. Although this study had insufficient power to detect
differences between subtypes, the trends were in the same direction as previous studies, with BN
patients showing the highest prevalence [2–5] and those with AN-BP higher than those with AN-R [45],
confirming our first hypothesis based on previous studies. We failed to find the gender difference in
prevalence observed in a previous systematic review [2]; however, this might be a question of low
power and methodology. While our study compares female and male patients within the same sample,
Bahji et al. [2] compared the prevalence observed in female sample studies to mixed studies.

When comparing the clinical profile, the A/DA group scored higher on interoceptive awareness
subscale (EDI-2), which indicates a poorer ability to recognise and differentiate between hunger
and satiety and emotional states [34]. In ED patients, emotional dysregulation is associated with
difficulties in controlling impulsive behaviours (e.g., compulsive binging, purging and overeating)
in both negative and positive states [46,47], and this may lead to abuse of alcohol and drugs [13,14].
Indeed, the weaker interoceptive awareness previously found in individuals with BN [48] may explain
their higher vulnerability to develop comorbid A/DA symptoms [3,4].

Moreover, the A/DA group had higher levels of somatisation (SCL-90-R), the experience of
psychological distress in the presence of unexplained physical symptoms [49]. It is suggested that
patients experiencing high levels of somatising symptoms use substances to numb uncomfortable
experiences [49]. Furthermore, somatising symptoms are closely associated with symptoms of
substance intoxication or withdrawal, but whether they are a cause or effect of substance abuse remains
unclear [50]. In any case, our results seem to reflect this association between somatising and substance
abuse symptoms, yet longitudinal studies would be needed to clarify the direction of these interactions.

The group with A/DA symptoms had higher scores for the novelty seeking trait (TCI-R), mainly
related to impulsivity [30]. Our findings align with other neurobehavioural research, which suggests
that novelty seeking is associated with vulnerability to substance abuse [10,11] and with the finding of
a higher prevalence of binge episodes, theft, kleptomania and compulsive buying in this subgroup.
Strong associations among all the impulsive behaviours mentioned above are documented in the
literature. For instance, ED patients who engage in binge-purge behaviours frequently display high
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prevalence of SUD [2–5,45] and compulsive buying [51,52]. Similarly, several studies have reported
high rates of SUDs in individuals with kleptomania and compulsive buying [53,54].

The neuropsychological assessment results revealed that ED patients with A/DA symptoms
display significantly lower scores in the Stroop-words measure, demonstrating a poorer reading
ability in terms of speed and accuracy [36]. Contrary to expectations, no differences between groups
were found in the Stroop-interference measure, meaning no differences in inhibitory control [36].
Impairments in inhibitory control are found to be a core deficit among binge/purge-type EDs [15,16]
and SUDs [21,23], especially when examining stimuli related to each disorder (e.g., food, body shape,
use of substances, etc.) [15,55,56]. Since inhibitory deficits seem to represent a risk factor for the
development of both disorders separately, we expected to find greater inhibitory control impairments
when both disorders co-occur. The fact that we failed to find this result might be explained because of
the limited statistical power of this study. Further studies with larger samples are needed to clarify
this issue.

In addition, patients with A/DA symptoms made more perseverative errors (WCST).
Previous research demonstrated that individuals with EDs perform worse on set-shifting tasks
than healthy individuals, which translates to poorer cognitive flexibility and higher rigidity [17,18].
Reduced cognitive flexibility has also been observed in individuals with SUDs, which may negatively
impact on their problem-solving strategies [24,25]. In summary, poor cognitive flexibility is shown to
be a common feature in EDs and SUDs, and our results point out that it might be highlighted when
both disorders are present at the same time. However, due to the relatively small sample size of one of
the groups and the low statistical power, our results should be interpreted with caution until more
evidence is available.

Lastly, even though no differences between groups were found on the IGT total score, both groups
displayed an impaired decision-making performance in comparison to healthy population [18,57,58].
However, when comparing the learning curve of both groups, patients with A/DA symptoms showed
a weaker learning trajectory and greater difficulties to learn the reward/punishment contingencies
of their choices [59]. Our results point out that decision-making problems seem to be present in ED
patients [18–20], particularly in those with comorbid substance abuse symptomatology. Once again,
future studies are needed to confirm this finding.

The results of this study should be interpreted in the context of some limitations. First, although
our sample size is relatively large, the subgroups vary in size, and one of them is relatively small,
leading to a low statistical power. Studies with small samples are severely underpowered, which
might represent a concern if the “null hypothesis” cannot be rejected. For this reason, the significance
tests were complemented with other standardized measure of the effect size. In any case, the results of
this study should be interpreted with caution and considering this limitation. Furthermore, because
the design is cross-sectional, claims regarding causality cannot be made. Future longitudinal studies
should examine the extent to which psychopathology and cognitive function improve after treatment.
Another limitation was the lack of a formal diagnosis of SUD in our sample. Finally, our sample
was largely made up of young adults, and it would be of clinical interest to explore whether similar
impairments in neuropsychological functioning are present in older samples.

5. Conclusions

To conclude, although previous studies have explored comorbidity between EDs and SUDs, this
is the first study to explore gender differences. Moreover, it is the first to assess the neuropsychological
profile in ED patients with A/DA symptoms. We found that this subgroup displays a specific phenotype
characterised by greater impulsivity (i.e., high novelty seeking and difficulties to control impulsive
behaviours), noticeable emotional dysregulation (i.e., decreased interoceptive awareness) and more
impaired executive control (i.e., low cognitive flexibility and poor decision-making). Of future benefit
would be the consolidation of our findings in larger samples and clarifying if these deficits are involved
in the development and maintenance of substance abuse comorbidity. As such, this subgroup of ED
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patients might benefit from augmented treatment that targets these problems, such as inhibitory control
training [60], emotion regulation training [61] or cognitive remediation therapy [62]. This may reduce
the present substance abuse symptomatology and prevent later evolution into a SUD, as previous
studies have reported that ED patients who do not receive any adjunctive treatment for substance
abuse are at high risk for switching from one problematic behaviour to the other, especially during the
recovery process [2].
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Abstract: Difficulties in socio-emotional functioning are proposed to contribute to the development
and maintenance of anorexia nervosa (AN). This study aimed to examine emotion recognition
abilities in individuals in the acute and recovered stages of AN compared to healthy controls (HCs).
A second aim was to examine whether attention to faces and comorbid psychopathology predicted
emotion recognition abilities. The films expressions task was administered to 148 participants (46 AN,
51 recovered AN, 51 HC) to assess emotion recognition, during which attention to faces was recorded
using eye-tracking. Comorbid psychopathology was assessed using self-report questionnaires and the
Autism Diagnostic Observation Schedule–2nd edition (ADOS-2). No significant differences in emotion
recognition abilities or attention to faces were found between groups. However, individuals with a
lifetime history of AN who scored above the clinical cut-off on the ADOS-2 displayed poorer emotion
recognition performance than those scoring below cut-off and HCs. ADOS-2 scores significantly
predicted emotion recognition abilities while controlling for group membership and intelligence.
Difficulties in emotion recognition appear to be associated with high autism spectrum disorder (ASD)
traits, rather than a feature of AN. Whether individuals with AN and high ASD traits may require
different treatment strategies or adaptations is a question for future research.

Keywords: anorexia nervosa; ASD; comorbidity; emotion recognition; attention

1. Introduction

Anorexia nervosa (AN) is a severe psychiatric disorder characterised by an intense fear of weight
gain, persistent behaviour to restrict energy intake, and a disturbance in the way one’s body weight or
shape are experienced [1]. Difficulties in social functioning have been identified as key factors in the
development and maintenance of AN [2]. For example, before illness onset, individuals with AN report
more social difficulties, fewer childhood friends, and engage in more solitary activities than healthy
controls (HCs) [3–6]. During the illness, a variety of difficulties are seen, including high social anxiety,
poorer social skills and social problem-solving abilities, loss of interest in social activities, and reduced
social networks [7–14]. Given that interpersonal difficulties are associated with poorer outcomes in
those with AN [15–17], it is important to understand potential underlying socio-cognitive mechanisms.
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One area that has received considerable attention is emotion recognition. Given that up to
two-thirds of human communication occurs through non-verbal means, recognising emotions from
faces is considered key to successful social interaction [18]. Findings from studies in individuals
with AN are mixed, with some reporting those with AN are significantly less accurate at inferring
emotions from faces than HCs [19–22], and others reporting no differences [23–26]. A meta-analysis of
10 studies found that individuals with AN were significantly poorer at recognising basic and complex
emotions relative to HCs, with small-to-medium and large effect sizes, respectively [27]. Given the
effects of starvation on higher level cognitive processes, it is important to establish whether these
effects may be a result of the ill state in AN. However, very few studies have examined emotion
recognition performance in those recovered from AN, and results are equally mixed. While some report
performance similar to that of HCs [28], others have reported poorer emotion recognition abilities,
similar to those who are acutely unwell [20,29]. It is therefore not known whether potential differences
in emotion recognition abilities are a result of the ill state in AN. However, one study found that
emotion recognition difficulties were also present in unaffected twins of those with AN, suggesting
that difficulties in this domain might represent an endophenotype for the disorder [30].

Clinical presentation of AN is associated with high levels of depression [31], anxiety [32],
alexithymia [7], and autism spectrum disorder (ASD) traits [33], factors which by themselves may
alter social-cognitive abilities. It is therefore possible that comorbid psychopathology might moderate
emotion recognition abilities in those with AN. Although few studies have directly investigated this
issue, a few have examined the impact of alexithymia. Alexithymia is a sub-clinical trait also present
within the general population, describing an inability to recognise or describe one’s own emotions.
When matched for levels of alexithymia, individuals with AN or bulimia nervosa (BN) have been
found to show similar emotion recognition abilities to HCs [34,35], suggesting that emotion recognition
difficulties may be attributable to alexithymia rather than the eating disorder (ED) per se. However,
the use of mixed ED groups and small sample sizes limit interpretation of the results for AN specifically.
Given the profound effects of ASD on social cognitive abilities, it is perhaps surprising that very
few studies have examined the impact of ASD traits on emotion recognition in individuals with AN.
Dinkler and colleagues [28] reported that individuals recovered from AN with comorbid ASD were
more accurate at recognising low intensity emotional expressions than those without ASD, who did not
differ from HCs. However, due to the very small sample size in the AN+ASD group (n = 6), analyses
were treated as exploratory only. Nonetheless, these findings support the proposition that AN with or
without comorbid ASD may be two qualitatively different forms of the illness [36].

Another variable that has received little attention in emotion recognition research in AN is social
attention. Attending to nonverbal social cues provided by others, such as eye gaze, gestures, and
facial expressions, is a necessary precursor to higher-order social cognitive abilities such as emotion
recognition [37]. In typical human development, social information in the environment is highly
salient, and stimuli such as faces and eyes hold particular importance [38]. This attentional bias
towards social information is demonstrated from infancy, and reductions in this capacity are among
one of the first signs of socio-communicative disorders such as ASD [39]. There is also emerging
evidence to suggest that individuals with AN show reduced attention to faces [40] and eyes [41].
Reduced attention to facial features has been found to predict the degree of emotion recognition
impairment and lower social competence in individuals with ASD [37,42,43], however only a few
studies have measured attention during emotion recognition in individuals with AN. Phillipou and
colleagues [44] demonstrated that while individuals with AN and HCs did not differ in their ability
to recognise basic emotions, AN displayed more fixations of shorter duration to faces, indicating a
“hyperscanning” strategy. Unfortunately, this study did not examine whether eye movements were
associated with emotion recognition performance. In a mixed ED sample (AN or BN), Fujiwara and
colleagues [35] found that difficulties in emotion recognition were predicted by less visual attention
to faces in those with an ED, but not in HCs. This raises the possibility that difficulties in emotion
recognition sometimes associated with EDs are a result of differences in spontaneous social attention,
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rather than misinterpretation of emotional displays. Finally, Dinkler et al. [28] found no differences in
eye movements between those recovered from AN and HCs, and accuracy was not associated with
attention to facial features. Together, these findings suggest there may be differences in the relationship
between emotion recognition and attention in the acute stage of AN compared to the recovered stage
or those who have never had an ED. However, studies including an acute AN group (rather than AN
and BN together) are required to test this hypothesis.

The current study aimed to examine emotion recognition performance in adults in the acute and
recovered stages of AN compared to HCs. It has been suggested that difficulties in this area in those
with AN may be more subtle and less detectable using basic emotions [27], therefore a paradigm
allowing for assessment of both basic and complex emotion recognition was selected. In order to
understand why individuals with AN might display emotion recognition deficits, a secondary aim was
to examine whether visual attention to faces predicted emotion recognition performance. Relatedly,
a third aim was to examine whether levels of comorbid psychopathology were associated with emotion
recognition performance. As well as including measures of alexithymia and ASD traits, we included
depression, anxiety, and social anxiety due to their high co-occurrence with AN [8,32,45] and potential
effects on social cognition [46–51]. We hypothesised that individuals with AN would be less accurate
at recognising complex emotions compared to HCs, and that those recovered from AN would show
intermediate levels of performance. No significant differences in basic emotion recognition were
predicted. Finally, we predicted that more attention to faces, as well as lower alexithymia and ASD
traits would be associated with better emotion recognition performance.

2. Methods

Ethical approval was obtained from the National Health Service (NHS) Research Ethics Committee
(Camberwell St Giles, 17/LO/1960).

2.1. Participants

All participants were required to be between 18 and 55 years old and fluent in English. Exclusion
criteria were a history of brain trauma or learning disability. HC participants were recruited through a King’s
College London email circular and posters around campuses. Before taking part, HC participants were
screened using the Structured Clinical Interview for DSM-5 Disorders, research version (SCID-5-RV) [52],
to ensure they did not meet criteria for any psychiatric disorders. HCs were required to have a body mass
index (BMI) between 19 and 27.

In addition to the university advertisements, participants with a lifetime history of AN were
recruited through online advertisements (B-eat, call for participants, MQ Mental Health), and through
two specialist NHS ED services in London. Participants were screened using the SCID-5-RV to confirm
a current or past diagnosis of AN. Participants with AN were required to have a BMI ≤ 18.5 and
recovered participants needed to have a BMI between 19 and 27.

2.2. Materials

The Films Expressions Task (FET) [53] is a facial emotion recognition task, modified to enable
concurrent recording of eye movements. In each trial, participants are first presented with an emotion
word on-screen. Three images are then presented for 500 ms each, one after another (with a 500 ms
blank screen between images; see Figure 1). The height of each image was 15.7◦ at a viewing distance
of 60 cm from the screen. The widths of each image were adjusted to ensure a correct aspect ratio
and ranged from 12.4◦ to 21.4◦. Images within each trial present the same actor displaying different
emotional expressions (see Figure 2 for an example). Participants were then asked to indicate, as quickly
and as accurately as they could, which of the images displayed the emotion word by pressing the
corresponding key (1, 2, or 3). There were 53 trials in total (preceded by 3 practice trials). Prior to the
task, participants were presented with a sheet listing the target emotion words and their definitions to
ensure they were familiar with the words. A full list of the target emotion words is presented in the
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Supplementary Materials. Images were from films made in non-English speaking countries to reduce
the probability that participants would recognise the actors.

Figure 1. Sequence of events for an example trial of the films expression task.

Figure 2. Images from an example trial [amused] of the films expression task.

The FET was chosen due to its depiction of naturalistic facial expressions; its inclusion of a range of
both basic and complex emotions; and relatively brief presentation times. Basic and complex emotion
trials were presented interleaved in a fixed random order. Foil emotional expressions were selected to be
similar to the target emotion in terms of intensity of the expression and perceptual features. Development
and validation of the test stimuli is presented in [53]. Dependent measures were: Accuracy (% of trials
correct), mean RTs, and time spent looking at the stimuli (as a proportion of presentation time).

The Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II) [54] measures verbal
intelligence and perceptual reasoning, as well as full-scale IQ. The two subtest version was used
(vocabulary and matrix reasoning).

The Autism Diagnostic Observation Schedule–2nd edition (ADOS-2), Module 4 [55] is a
standardised semi-structured interview recommended for the assessment of ASD [56]. It includes a
range of questions and activities designed to evoke behaviours and cognitions associated with ASD.
Interviews were administered by the first author who received ADOS-2 training and met requirements
for research reliability for module 4 and also attended reliability meetings throughout the study period.
The revised algorithm, which was designed to more closely reflect the DSM-5 criteria for ASD was
used for scoring [57]. The algorithm has two subscales: social affect and restrictive and repetitive
behaviours, and total scores of 8 or more indicate possible ASD. The ADOS-2 was used in this study to
identify participants with low or high ASD traits.

2.3. Questionnaires

The Eating Disorder Examination Questionnaire (EDE-Q) [58] measures severity of ED psychopathology.
Global scores are calculated by averaging responses across items, with higher scores indicating more severe
symptoms (max 6). HCs with a score of >2.7 were excluded from analyses to ensure those with possible
sub-threshold ED symptoms were not included [59]. Cronbach’s alpha was 0.93.

The Hospital Anxiety and Depression Scale (HADS) [60] is a 14-item scale with two subscales:
anxiety and depression. Subscale scores are interpreted as: normal (0–7), mild (8–10), moderate (11–14),
and severe (15–21). Cronbach’s alpha was 0.93.

The Liebowitz Social Anxiety Scale (LSAS) [61] has two subscales: fear and avoidance of social
situations. A score of 60 has been established as a cut-off indicative of social anxiety disorder (SAD) [62].
Cronbach’s alpha was 0.97.
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The Social Responsiveness Scale-2nd Edition, adult self-report form (SRS-2) [63] measures
symptoms associated with ASD, with higher scores (max 195) indicating more autistic symptoms.
There are 5 sub-scales: social awareness, social cognition, social communication, social motivation,
and restricted and repetitive interests. Cronbach’s alpha was 0.96.

The twenty-item Toronto Alexithymia Scale (TAS-20) [64] has three subscales: difficulty identifying
feelings, difficulty describing feelings, and externally oriented thinking. Total scores range from 0 to
100, and cut-offs are as follows: ≤51 = no alexithymia; 52–60 = borderline alexithymia; and ≥61 =
alexithymia [65]. Cronbach’s alpha was 0.90.

2.4. Procedure

Participants attended a testing session at the Institute of Psychiatry, Psychology & Neuroscience.
After written informed consent was obtained, participants completed the FET while their eye movements
were recorded using a Tobii TX300 eye-tracker. The desktop mounted eye-tracker has a sampling rate of
300 Hz, a screen resolution of 1920 × 1080, and a diagonal screen size of 23”. During tracking, infrared
diodes generate reflections on the participant’s retinas and corneas. From this reflection the angular
rotation of each eye is estimated. A five-point calibration procedure relates this angular rotation to
corresponding x and y coordinates on the screen surface. Participants were seated approximately
60 cm from the screen. Stimulus presentation, behavioural data, and eye-tracking data were managed
and recorded using custom-written MATLAB software [66].

After the FET, the first author administered the WASI-II and the ADOS-2, and the participant
completed the questionnaires. Weight and height measurements were taken to calculate BMI
(weight/height2). Participants were reimbursed £20 for their time.

2.5. Analysis

Histograms and Q-Q plots were inspected to check for normal distributions. Where variables
were positively skewed, as was the case for RT and age data, a logarithmic transformation was
applied. Homogeneity was assessed using Levene’s test. Group differences in psychopathology and
demographic information were assessed using one-way ANOVAs and Tukey’s post-hoc tests, or Welch’s
ANOVA with Games-Howell post-hoc tests where the assumption of homogeneity was violated.

Group differences in FET accuracy and RT were assessed with two-way mixed ANOVAs, with the
within-subjects factor emotion complexity (basic or complex) and the between-subjects factor group
(AN, recovered AN (REC), HC). Although analyses were conducted on log-transformed RT values,
medians and interquartile range for the untransformed variable are reported for ease of interpretation,
as these are similar to the geometric means. Proportion of time spent looking at faces violated the
assumptions of an ANOVA (non-normal distribution, strongly negatively skewed). Therefore, group
differences were assessed using the nonparametric Kruskall-Wallis test, and the effects of emotion
complexity were analysed using Wilcoxon signed rank tests, with the significance level adjusted for
multiple comparisons (p <0.01). Effects of medication on FET outcome measures were examined using
independent samples t-tests (or a Mann-Whitney U test in the case of the non-normally distributed
time spent looking at faces), comparing those with past or current AN who were on medication to
those who were not.

Spearman’s correlations were run to examine relationships between emotion recognition
performance (the primary outcome measure), demographic variables (age, IQ, BMI), psychopathology
scores (EDE-Q, HADS anxiety and depression, LSAS, SRS-2, and TAS-20, ADOS-2 total), and proportion
of time spent looking at faces. Variables that showed statistically significant relationships with emotion
recognition performance were entered into a hierarchical regression analysis to determine which, if any,
explained variance in the outcome measure.
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3. Results

3.1. Demographics

In total, 148 participants were recruited (46 AN, 51 REC, 51 HC). Five HCs were subsequently
excluded based on their EDE-Q scores and one REC participant was excluded due to a BMI > 27.
Due to equipment failure on the day of testing, one AN and one REC participant could not complete
the FET and were therefore excluded. Thus, data from 45 participants with AN, 49 REC, and 46 HC
were analysed. Eye-tracking data from three HC and one REC participant was of low quality (excessive
eye blinks) and was therefore excluded from analyses, however all other data (including FET accuracy
and RT) from these participants was retained.

Demographic information and psychopathology scores are presented in Table 1. There were no
significant group differences in age, IQ, years of education, or sex.

Table 1. Mean (SD) demographic information and psychopathology scores.

AN (n = 45) REC (n = 49) HC (n = 46) Test Statistics p-Value ηp2/d

Age (years) † 27.04 (8.92) 26.00 (8.10) 23.87 (4.52) F (2, 85.23) = 2.16 0.12 0.02
% female 93.5 98.0 91.1 Fisher’s exact test = 2.17 0.31

BMI 15.75 (1.41) a 21.14 (1.91) b 21.69 (1.88) b F (2, 136) = 159.75 <0.001 0.70
Years of education 16.06 (3.07) 16.52 (2.62) 16.63 (2.45) F (2, 136) = 0.54 0.58 0.01

IQ 110.86 (12.29) 110.16 (10.38) 113.78 (7.25) F (2, 85.30) = 2.18 0.12 0.02
Age diagnosed † 19.84 (7.39) a 16.41 (3.53) b - t (73.24) = 2.92 0.01 0.59

Illness length (years) 7.19 (7.88) 5.40 (5.65) - t (79.67) = 1.24 0.22 0.26
% on psychiatric medication 53.3 a 32.7 b - χ2 = 4.10 0.04

EDE-Q 3.86 (1.25) a 1.81 (1.52) b 0.61 (0.58) c F (2, 75.81) = 125.35 <0.001 0.56
HADS-A 13.56 (4.51) a 10.84 (5.11) b 5.02 (3.09) c F (2, 87.46) = 61.90 <0.001 0.40
HADS-D 9.87 (4.40) a 5.04 (4.02) b 1.54 (1.68) c F (2, 76.50) = 77.66 <0.001 0.48

LSAS 68.95 (30.78) a 57.08 (29.98) a 27.91 (18.32) b F (2, 84.80) = 36.34 <0.001 0.29
SRS-2 82.43 (31.99) a 70.04 (31.97) a 39.23 (20.18) b F (2, 85.60) = 34.67 <0.001 0.28

TAS-20 58.16 (13.50) a 49.81 (15.08) b 37.47 (11.26) c F (2, 136) = 26.86 <0.001 0.29
ADOS-2

Total 4.67 (3.94) a 4.16 (4.50) ab 2.70 (2.52) b F (2, 85.99) = 4.79 0.01 0.05
SA 4.02 (3.61) a 3.71 (3.96) ab 2.50 (2.38) b F (2, 86.95) = 3.48 0.04 0.04

RRB 0.64 (1.00) a 0.45 (0.89) ab 0.20 (0.58) b F (2, 86.10) = 3.82 0.03 0.05
% above clinical cut-off 17.8 a,b 24.5 a 4.3 b χ2 = 7.48 0.02

ADOS-2: autism diagnostic observation schedule–2nd edition; AN: anorexia nervosa; BMI: body mass index; EDE-Q:
eating disorder examination questionnaire; HADS-A: hospital anxiety and depression scale, anxiety subscale;
HADS-D: hospital anxiety and depression scale, depression subscale; HC: healthy control; IQ: intelligence quotient;
LSAS: Liebowitz social anxiety scale; REC: recovered anorexia nervosa; RRB: restrictive and repetitive behaviors; SA:
social affect; SD: standard deviation; SRS-2: social responsiveness scale–2nd edition; TAS-20: twenty-item Toronto
alexithymia scale. Different superscripts indicate significant differences between groups, significant p-values are
highlighted in bold. † Variable was log transformed for analyses, original values are displayed.

3.2. Films Expression Task

Mean emotion recognition accuracy, RTs, and proportion of time spent looking at faces across
groups are displayed in Table 2. A 3 (group: AN, REC, HC) × 2 (emotion complexity: basic, complex)
mixed ANOVA was computed to examine group differences in emotion recognition accuracy (% correct)
for basic and complex emotions. The interaction effect was not significant, though it did reach trend
level, F (2, 137) = 2.43, p = 0.09, ηp2 = 0.03. The main effect of emotion complexity was significant,
F (1, 137) = 26.65, p <0.001, ηp2 = 0.16, indicating accuracy was significantly higher for basic emotions
(M = 89.34%, SD = 10.92%) than complex ones (M = 85.44%, SD = 10.19). The main effect of group
was not significant, F (2, 132) = 1.10, p = 0.34, ηp2 = 0.02. Accuracy (all faces) did not differ between
medicated and unmedicated participants t (92) = 0.42, p = 0.67.
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Table 2. Mean (SD) performance and attention during the films expression task.

AN (n = 45) REC (n = 49) HC (n = 46)

Accuracy (% correct)
Basic emotions 88.25 (11.61) 89.80 (12.88) 89.91 (7.62)

Complex emotions 84.10 (10.79) 84.09 (11.65) 88.18 (7.14)
Reaction time (ms) †

Basic emotions 786.86 (546.32) 668.86 (415.61) 556.61 (352.43)
Complex emotions 875.69 (597.10) 703.59 (518.45) 662.13 (376.79)

Time spent looking at faces (%)
Basic emotions 95.79 (5.85) 97.60 (2.79) 94.60 (8.23)

Complex emotions 96.54 (5.26) 97.81 (2.64) 94.37 (8.64)

AN: anorexia nervosa; HC: healthy control; REC: recovered anorexia nervosa; SD: standard deviation. † Variable
was log transformed for analyses, median and IQR (of the untransformed variable) are displayed.

A 3 (group: AN, REC, HC) × 2 (emotion complexity: basic, complex) mixed ANOVA was
computed to examine group differences in RTs for basic and complex emotions. The interaction effect
was not significant, F (2, 132) = 0.86, p = 0.43, ηp2 = 0.01. The main effect of emotion complexity was
significant, F (1, 137) = 60.72, p <0.001, ηp2 = 0.31, indicating RTs were significantly shorter for basic
emotions (median = 654.14 ms, IQR = 464.68 ms) than complex ones (median = 718.29 ms, IQR = 474.55
ms). The main effect of group was not significant, F (2, 137) = 2.06, p = 0.13, ηp2 = 0.03. RTs (all trials)
did not differ between medicated and unmedicated participants, t (92) = −1.03, p = 0.31.

Kruskall-Wallis tests indicated there were no significant differences between groups in the
proportion of time spent looking at faces displaying basic emotions, χ2 (2) = 4.75, p = 0.09, or complex
ones, χ2 (2) = 4.61, p = 0.10. Wilcoxon signed-ranks tests indicated that time spent looking at basic
versus complex emotions did not significantly differ within either of the three groups (all p >0.01,
adjusted significance level for multiple comparisons). Proportion of time spent looking at faces (overall)
did not differ between medicated and unmedicated participants, U = 980.00, p = 0.57.

3.3. Predicting Emotion Recognition Performance

In the whole sample, emotion recognition accuracy was significantly positively associated with the
proportion of time spent looking at faces (r = 0.17, p = 0.04) and IQ (r = 0.23, p = 0.01), and negatively
correlated with TAS-20 (r = −0.18, p = 0.04) and ADOS-2 scores (r = −0.17, p = 0.04) (see Supplementary
Materials for full table of correlations). To establish whether the relationship between accuracy and
attention to faces differed across groups, correlations were run for each of the three groups separately.
Proportion of time spent looking at faces significantly correlated with emotion recognition accuracy
in the AN group only (r = 0.34, p = 0.02). However, a linear regression showed that proportion of
time spent looking at faces did not significantly predict emotion recognition abilities in those with
AN, although the association did reach trend level, F (1, 42) = 3.36, p = 0.07, adjusted R2 = 0.05. In the
whole sample, a hierarchical multiple regression was run to determine if the addition of attention to
faces, TAS-20, and ADOS-2 scores would improve the prediction of emotion recognition performance
over group membership and IQ. The full model was significant, R2 = 0.22, F (6, 126) = 5.95, p <0.001,
adjusted R2 = 0.18. Details of each regression model are shown in Table 3. The addition of ADOS-2
scores (model 3) led to a significant increase in R2 of 0.11, F (1, 127) = 17.54, p <0.001. The addition of
proportion of time spent looking at faces (model 2) and TAS-20 scores (model 4) did not significantly
add to the prediction.
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Table 3. Hierarchical regression analysis predicting emotion recognition accuracy from associated
demographic variables and psychopathology scores.

Model 1 Model 2 Model 3 Model 4

IQ 0.22 * 0.23 ** 0.17 * 0.15
% of time spent looking at faces 0.17 0.10 0.11

ADOS-2 −0.35 *** −0.31 ***
TAS-20 −0.14

R2 0.07 0.10 0.21 0.22

ADOS-2: autism diagnostic observation schedule–2nd edition; IQ: intelligence quotient; TAS-20: twenty-item
Toronto Alexithymia Scale. Figures shown are standardized coefficients. Group membership was entered in model
1 but was not significant and not displayed here. * p <0.05; ** p <0.01; *** p <0.001.

3.4. ASD, Emotion Recognition Performance, and Attention to Faces

To further explore the relationship between ASD symptoms and emotion recognition performance,
individuals with past or current AN were grouped according to whether they met the clinical cut-off
for ASD on the ADOS-2 and compared with HCs. The two HCs who scored above cut-off on the
ADOS-2 were excluded, due to their being too few cases to assess group differences. Thus, 44 HC,
20 lifetime AN scoring above the ADOS-2 cut-off (AN + ASD), and 74 lifetime AN scoring below the
ADOS-2 cut-off (AN − ASD) were included in analyses.

A 3 (group: AN +ASD, AN −ASD, HC) × 2 (emotion complexity: basic, complex) mixed ANOVA
was computed to examine group differences in emotion recognition accuracy (Figure 3). The interaction
effect was not significant, though it did reach trend level, F (2, 135) = 2.70, p = 0.07, ηp2 = 0.04. The main
effect of emotion complexity was significant, F (1, 135) = 23.13, p <0.001, ηp2 = 0.15, indicating accuracy
was significantly higher for basic emotions (M = 89.34%, SD = 10.99%) than complex ones (M = 85.49%,
SD = 10.22). The main effect of group was also significant, F (2, 135) = 10.51, p <0.001, ηp2 = 0.14,
indicating AN + ASD (M = 77.36%, SD = 16.54%) were significantly less accurate at recognising
emotions than AN − ASD (M = 87.58, SD = 7.36), and HCs (M = 88.85%, SD = 6.10%), who did not
differ from one another. Kruskall-Wallis tests indicated there were no significant differences across
groups in the proportion of time spent looking at faces displaying basic emotions χ2 (2) = 2.06, p = 0.36,
or complex ones, χ2 (2) = 2.92, p = 0.23.
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Figure 3. Mean proportion of correct trials on the films expression task. Error bars represent 95%
confidence intervals. HC = healthy controls; AN + ASD = lifetime AN, above cut-off on the ADOS-2;
AN − ASD = lifetime AN, below cut-off on the ADOS-2.
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4. Discussion

The current study aimed to examine emotion recognition abilities in those with acute AN, REC,
and HCs. Contrary to our hypotheses, there were no significant differences between groups in basic or
complex emotion recognition. Our prediction that emotion recognition abilities would be associated
with attention to faces, as well as alexithymia and ASD traits, was partially supported. Emotion
recognition accuracy was significantly positively correlated with proportion of time spent looking
at faces, and negatively correlated with alexithymia (TAS-20) and autistic features (ADOS-2 scores).
However, in regression analyses, only ADOS-2 scores remained a significant predictor of emotion
recognition performance while controlling for IQ and group membership. A subsequent analysis
demonstrated that considering acute and recovered AN together, those who scored above the clinical
cut-off for ASD on the ADOS-2 were significantly less accurate at recognising emotions than those who
scored below the ADOS-2 cut off and HCs. These groups did not differ in the proportion of time spent
looking at faces, suggesting differences in emotion recognition abilities were not due to differences
in attention. Thus, in our sample of adults with a lifetime diagnosis of AN, difficulties in emotion
recognition abilities appear to be associated with high ASD traits, rather than a feature of AN.

Our findings suggest that difficulties in emotion recognition are not a feature of the socio-emotional
profile hypothesised to contribute to the maintenance of AN [2]. Although our results contrast with
studies showing facial emotion recognition difficulties in acute and recovered AN [19,20,29,67], several
studies have failed to detect significant differences between groups [23–25,68,69]. It is possible that
the different emotion recognition tasks used across studies contribute to the mixed results. The FET
was chosen for its relative difficulty; faces are presented for 500 ms only, stimuli are naturalistic facial
expressions, and a wide range of complex emotions are included in addition to the six basic emotions.
Nonetheless, given that accuracy was relatively high across groups, it may be the case that there were
ceiling effects in our sample. This might be due to educational levels or IQ; participants were generally
highly educated and mean IQ scores across groups were higher than the population average. Indeed,
in the original pilot studies of the FET, distractors were only chosen if they were misidentified as the
target emotion less than 30% of the time [53], possibly resulting in the high level of accuracy seen in
our sample. It should be noted that the FET has not yet been validated in a normative sample, limiting
comparisons with previous literature. However, a recent study using the FET found that individuals
with ASD were significantly less accurate at identifying emotions and displayed longer RTs compared to
HCs [70]. Mean accuracy in the HC group (87.5% correct) was very similar to that obtained in our sample
(88.64%), whereas performance in the ASD group was far lower (70.8%) than in our clinical group (acute
AN = 85.2%). Although definitive conclusions cannot be made from cross-study comparisons, this pattern
supports intact emotion recognition performance in acute and recovered AN.

Another explanation for the mixed results from emotion recognition studies in AN concern
another of our main findings: ASD traits predicted performance rather than ED status. It could be
the case that variations in ASD symptoms across study samples contribute to the mixed findings,
such that group differences in mean performance may not be apparent in samples with relatively
low levels of ASD traits. To further investigate this issue, future studies may benefit from looking
beyond group differences in social-cognitive performance. For example, Renwick and colleagues [36]
used cluster analysis to explore social- and neuro-cognitive abilities in adults with AN, including
measures of set-shifting, central coherence, and theory of mind (ToM). Three clusters emerged: One
characterised by average to high social- and neuro-cognitive performance; another showing mixed
performance (good set-shifting, average ToM, and poor central coherence and cognitive flexibility);
and a final cluster characterised by poor overall performance. The authors propose that the third
cluster, which comprised 17% of participants, represented an “ASD-like” cluster. Unfortunately,
no diagnostic or self-report measures of ASD were included in the study, so is in not known whether
these participants met diagnostic criteria for ASD. Nonetheless, this study demonstrates that distinct
sub-groups within the overall diagnosis of AN may exist, potentially with different aetiologies and
developmental pathways.
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Although our cross-sectional design prevents conclusions regarding the differing developmental
pathways that may characterise participants in the current study, recent research presents some
interesting hypotheses. For example, individuals with ASD report sensory sensitivities and a limited
range of acceptable foods, often from childhood [71,72]. Further, women with ASD report high levels of
eating disturbances compared to both men with ASD and neurotypical women, particularly in regards
to eating rituals, sensory sensitivity to the taste, smell, and texture of food, and difficulties around
eating with others [73]. These difficulties may reinforce food restriction, resulting in energy deficits and
a potential trigger for the development of a clinical ED in some individuals with ASD [74]. Another
possible pathway through which EDs and ASD may co-occur is via interacting influences of body
dissatisfaction and gender identity. There is emerging evidence to suggest that having ASD increases
one’s chances of experiencing gender dysphoria [75] and rejecting a binary gender identity [76].
In addition, qualitative reports from women with ASD often report conflict between expected feminine
roles and their autistic identities [77]. At the same time, transgender individuals are at increased risk of
body dissatisfaction and clinical EDs [78,79]. Specifically, restrictive eating and exercise can be a means
of achieving a body congruent with one’s gender identity [80]. These differing aetiological pathways
and maintenance factors for EDs are likely to have important implications for treatment.

The findings from the current study have important clinical implications. In our sample, 17.8%
of acute AN and 24.5% of REC scored above the clinical cut-off on the ADOS-2, compared to 4.3% of
HCs. Similar findings have been reported previously [69,81]. Interestingly, total scores on the ADOS-2
were significantly higher in acute AN than HCs, while scores in the REC group lay between the two.
This pattern of results suggests that although a small proportion of ASD symptoms may be a result
of starvation in acute AN, the ADOS-2 algorithm might be robust against picking up false positives.
The findings from our recovered group suggest that ASD symptoms may be a stable trait, present
before and after the illness in individuals with AN. Consequently, a more personalised approach to
treatment in individuals with AN might be required. Treatment modules designed to improve social
cognition may not be suitable for the majority of individuals with AN, however, they could prove
useful in those with high ASD traits and accompanying emotion recognition difficulties. Interventions
such as social skills training groups may be effective in adults and adolescents with ASD, with several
studies reporting improvements in social cognition measures, social skills knowledge, and friendship
quality [82–86]. In addition, some studies have shown improvements in mental health outcomes,
suggesting a relationship between social functioning and wider mental health [87,88]. Whether such
interventions might be useful for those with AN and ASD comorbidity is yet to be addressed. Thus
far, interventions in AN that have incorporated emotion or social skills training, such as Cognitive
Remediation and Emotion Skills Training (CREST) [89] have more heavily emphasised identifying and
managing one’s own emotions rather than identifying emotions in others. Future treatment protocols
may benefit from the inclusion of more extensive social cognition training specifically for those with
AN and comorbid ASD.

The current study has a number of strengths. The sample size is one of the largest among
eye-tracking studies in individuals with EDs (for a review, see [90]), and it is the first study to measure
attention during emotion recognition in both acute and recovered AN. The inclusion of both basic and
complex emotions, as well as the use of realistic photo stimuli allowed for a more ecologically valid
assessment of emotion recognition abilities. However, several limitations should also be discussed.
Most notably, given the short stimuli presentation times (500 ms), our paradigm only provided an
assessment of early attentional engagement during emotion recognition. It may be that individuals
with AN show differences in attention at later processing stages where attention is under conscious
control [91]. This may explain why although attention to faces significantly correlated with emotion
recognition accuracy, it did not explain a significant amount of the variance in accuracy in regression
analyses. Although our quick presentation times might have replicated the fleeting facial expressions
encountered in real life, future studies would benefit from measuring attention over longer periods in
order to gain a better understanding of attentional processes in individuals with AN. Further, given the
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inclusion of both basic and complex emotion words in the FET, it is likely that verbal comprehension
abilities explain significant variance in accuracy. Although we assessed associations between full-scale
IQ and emotion recognition accuracy, our analyses may have benefited from including verbal IQ
instead. Nonetheless, our findings show that individuals with AN have the capacity to process
emotions rapidly to the same extent as HCs.

Relatedly, the short stimuli presentation times in the FET prevented a more fine-grained analysis
of scan paths across the facial features. Reduced attention to the eyes has been demonstrated in acute
AN during free viewing of face images, as well as during real-life social interactions [40,41]. Thus,
it could be the case that our measure of overall looking times to faces was too blunt to detect group
differences. Another limitation of the current study is the cross-sectional design. It cannot be ruled out
that differences in socio-cognitive functioning or psychological resources contributed to the recovery of
the recovered AN group. To our knowledge, no study has tested emotion recognition abilities and/or
social attention over time in the same group of individuals with AN before and after recovery. Further,
it must be noted that although the ADOS-2 is recommended as part of an ASD diagnostic assessment,
it does not provide enough information on its own to confer a diagnosis of ASD [56]. Research using
developmental measures in addition to assessing current symptoms would be informative in further
defining social cognition in the AN+ASD sub-group.

To conclude, the findings of the current study suggest that emotion recognition difficulties are not
a feature of the socio-emotional phenotype proposed to characterise AN. Instead, difficulties in emotion
recognition appear to only be present in those with high ASD traits, independent of illness state. While
it is not known whether this subgroup of individuals meets full diagnostic criteria for ASD, our findings
support the notion that AN with and without high ASD traits might be two qualitatively different
conditions. Whether these individuals may require different treatment strategies or adaptations to
accommodate different communicative styles is a question for future research. Our results also suggest
individuals in the acute and recovered stages of AN do not show any differences in attention to faces
compared to HCs. However, given the limitations of our study design and the lack of research in this
area, future studies should examine attention to individual facial features to expand on our findings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/1057/s1,
Table S1: Target emotions in the films expression task; Table S2: Correlations between FET accuracy, time spent
looking at faces, and clinical and demographic variables in the full sample.
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Abstract: Background: Research suggests that people with anorexia nervosa (AN) experience
subjective hypersensitivity to external sensations that may require consideration in treatment.
These difficulties may be particularly pronounced in people with AN and high autistic traits.
The purpose of this pilot study was to explore the use of a brief screening tool to assess sensory
sensitivity in individuals receiving treatment for AN, and to assess if self-rated sensitivity in AN is
related to autistic traits. Methods: 47 individuals receiving treatment for AN completed a brief sensory
screening tool and self-rated their autistic traits. Individuals were also asked to give qualitative
feedback on the screening tool. Results: People with AN and high autistic traits rated themselves as
more hypersensitive compared to people with AN and low autistic traits. Feedback surrounding
the use of the screener was positive. Conclusions: The results of this study suggest that the use of
this screener may be beneficial in eating disorder settings to help adjust and calibrate treatment to
personal needs, although further research and psychometric evaluation around the clinical use of
the screener is required. The finding that people with AN and high autistic traits may experience
elevated hypersensitivity also warrants further exploration in future research.

Keywords: anorexia nervosa; eating disorders; sensory sensitivity; autism

1. Introduction

Anorexia nervosa (AN) is an eating disorder (ED) characterised by the persistent restriction of
energy intake, an intense fear of weight gain, and disturbance in the evaluation of weight and body
shape [1]. With high levels of chronicity in this population and poor treatment response rates, there is
an ongoing interest in how existing understandings of AN and related treatment approaches can be
adapted [2–4]. One emerging research area is whether people with AN exhibit differences in how they
experience their body and its relationship to the environment [5]. Research suggests that AN may
be associated with dysregulated sensory processing of external stimuli. Questionnaire-based studies
indicate that people with AN experience heightened sensory sensitivity (hypersensitivity) and
are more likely to perceive these sensations as aversive, resulting in the attempted avoidance of
sensory experiences [6–9]. This sensory profile has been associated with heightened levels of ED
symptomatology, emotional dysregulation and body image disturbance, and appears to persist
following treatment and weight restoration [7–9]. Sensory experiences, such as lower sensation seeking,
are also linked to heightened feelings of self-disgust in this population [6]. It is therefore possible that
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the core symptom of food restriction in AN may in fact play a role in self-regulating distressing sensory
experiences through avoidance. Alternatively, if people with AN have low tolerance of sensory signals,
then this may limit their ability to use these sensations to inform their behaviour, or to self-regulate [8].

Whilst questionnaire-based studies consistently suggest hypersensitivity in AN, biological-based
findings are more mixed. Recent systematic reviews of taste and smell experiments in this population
have identified evidence for both hypersensitivity and hyposensitivity (lowered sensitivity) [10,11].
This apparent discrepancy between subjective and objective measures suggests that sensory
dysregulation in AN may not only be driven by potential bottom-up alterations in biological sensitivity,
but also by top-down processes in how this information is perceived, interpreted and integrated [5].

Sensory difficulties may be particularly central in understanding the presentation of AN in patients
with high autistic traits. Autism is a neurodevelopmental disorder associated with difficulties in
social communication, repetitive and/or restrictive behaviours and interests, and sensory problems [1].
Sensory difficulties are very common in autism, with around 95% of autistic adults self-reporting altered
sensory processing [12]. Significantly around one in four people with AN present with high levels of
autistic traits, and around one in ten people with AN meet criteria for an autism diagnosis [13–15].
Research suggests that autistic traits in AN may be associated with longer illness durations and
poorer treatment outcomes, suggesting that treatment adaptations may be required. Recent qualitative
research suggests that people with AN and high autistic traits may particularly benefit from adaptations
addressing sensory difficulties associated with autism [16–19]. This research indicates that that sensory
difficulties in autism may impact AN and its treatment in two key ways: firstly, food-related sensitivities
such as an aversion to certain textures may motivate food avoidance [20–22]. Secondly, patients
with high autistic traits may find ED service environments aversive: for example, an individual with
hypersensitivity to sound may find loud treatment spaces overwhelming [20].

Therefore, people with AN- and people with AN and high autistic traits in particular- may benefit
from an assessment of their sensory needs during treatment. For example, if an individual presents
with a strong aversion to certain tastes, these could be addressed by working with a dietician to create
a meal plan that adapts around these sensitivities. At present, sensory assessments in ED services are
typically carried out by a trained occupational therapist. Existing self-report assessments of sensory
sensitivity, such as the Adult Sensory Profile, are often lengthy and not always freely available [23].
In this context, clinicians treating this population could benefit from the use of a brief screening tool
that assesses potential sensory difficulties. A screening approach could then be used to inform whether
a more detailed assessment and treatment adaptations are required.

The aim of the current study was to pilot and explore the use and acceptability of a brief, pragmatic
sensory screener in a national ED service. The secondary aim of the study was to explore whether
self-rated sensory sensitivities in AN are related to autistic traits.

2. Experimental Section

2.1. Participants

Adult patients with a diagnosis of AN in the South London and Maudsley National Health Service
(NHS) Foundation Trust National ED Service completed the measures as part of standard audit data
collection in the service. Diagnoses of AN were made by trained clinicians upon admission to the
treatment programme. A total of 47 patients completed all of the measures.

2.2. Materials

2.2.1. Clinical and Demographic Information

Information on participant age, diagnosis, duration of ED, and body mass index (BMI) upon
admission were taken from patient clinical notes.
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2.2.2. Brief Sensory Screener

A copy of the screener is located in the Supplementary Materials for this paper (Table S1).
The development of the screener was based on the five basic senses: vision, hearing, smell,
taste and touch. Other senses, such as interoception or proprioception, were not included to
keep the measure accessible to individuals who may not be familiar with these other modalities.
Participants were presented with visual scales for each sensory modality ranging from 0 (hyposensitive)
to 10 (hypersensitive), and asked to indicate their sensory level on each scale. A score of 5 indicates no
sensory differences. Examples of hyposensitivity and hypersensitivity are given for each modality, with
hyposensitivity (under-sensitivity) and hypersensitivity (high sensitivity) defined at the beginning of
the screener.

Following an initial pilot of the screener, clinicians and patients suggested that the “touch”
modality was overly broad. They suggested that a screening tool for this population could benefit from
separating wider domains of touch from food textures. Therefore, the final version includes separate
rating scales for touch (with examples based on fabric textures) and texture (with examples based on
food textures). A number of participants only completed the first version of the questionnaire, without
the separate texture scale. These participants have been included in the current study, with variation in
group numbers highlighted in the results.

2.2.3. Item Autism Quotient (AQ-10)

The AQ-10 (adult version) is an autism screening tool recommended for use in adults with
suspected high autistic traits [24]. It is a self-report tool consisting of 10 items, with a score of 6
and above indicating that an individual should be considered for a specialist autism assessment.
This measure is widely used in this population, including for audit purposes [25,26].

2.2.4. Hospital Anxiety and Depression Scale (HADS)

The HADS is a brief 14-item self-rating measure of anxiety and depression [27]. It consists of a
subscale for anxiety, and a subscale for depression, with a score of 11 and above for each subscale
indicating moderate to severe symptoms.

2.3. Procedure

Patients admitted to day-patient and inpatient ED services at the South London and Maudsley
NHS Foundation Trust routinely complete the AQ-10 and HADS upon admission as part of standard
audit data collection. Patients were additionally asked to complete the sensory screener, and to write
down any feedback about the screener. This study was carried out as part of a clinical innovation
project approved by the Clinical Governance and Audit Committee in South London and Maudsley
NHS Trust (032019) in April 2019.

2.4. Analysis

Participants were divided into two groups depending on whether they scored above threshold
on the AQ-10. Individuals scoring below threshold were classified as having low autistic traits
(LAT), and individuals scoring above threshold were classified as having high autistic traits (HAT).
Shapiro-Wilk tests confirmed that the sensory outcomes were normally distributed. Although sample
sizes in each group were uneven, Levene’s tests suggested that the sample variances were equal on the
sensory outcomes. Therefore, independent t-tests were used to compare groups on demographic and
clinical characteristics. Categorical variables were compared using the chi square test. Sensory screener
data were also analysed using independent t-tests. Cohen’s d was used to calculate effect sizes.
Across the whole sample, relationships between sensory outcomes and autistic traits, anxiety and
depression were explored using a regression analysis. The screener was evaluated using Cronbach’s
alpha to calculate the internal consistency, and by soliciting written feedback from participants.
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3. Results

3.1. Participant Characteristics

A total of 47 participants completed all measures. 30 participants scored below threshold on
the AQ-10, forming the LAT group, and 17 participants scored above threshold to form the HAT
group. Group clinical and demographic characteristics are summarised in Table 1. There were no
significant differences between groups regarding their mean age, illness duration, HADS scores, or
sex composition. By design the HAT group had significantly higher AQ-10 scores compared to the
LAT group.

Table 1. Summary of group differences on clinical and demographic characteristics.

LAT (n = 30) HAT (n = 17) t-Test (df = 45) p d

Age (Years) 30.23 (9.60) 27.76 (10.08) 0.83 0.410 0.25
Sex 96.67% female 88.24% female X2 = 1.29 0.256 -

AN Subtype 93.33% AN-R
6.67% AN-BP

93.75% AN-R
6.25% AN-BP X2 = 0.03 0.957 -

Illness duration (Years) 11.08 (8.77) 8.73 (9.32) 0.76 0.451 0.26
BMI 14.41 (2.02) 14.55 (1.67) −0.23 0.821 0.07

AQ-10 3.60 (1.40) 7.59 (1.12) −10.02 <0.001 3.04
HADS Anxiety 13.97 (4.70) 13.71 (6.69) 0.015 0.878 0.05

HADS Depression 11.21 (4.69) 11.82 (5.04) −0.42 0.677 0.13

Group differences are presented as group means, with standard deviations in parentheses. Low autistic traits group
(LAT), high autistic traits group (HAT), degrees of freedom (df), anorexia nervosa (AN), restrictive subtype (AN-R),
binge-purge subtype (AN-BP), Adult Autism Quotient 10 item (AQ-10), Hospital Anxiety and Depression Scale
(HADS), cohen’s d (d), chi square (X2).

3.2. Sensory Screener

Group scores on the sensory screeners are summarised in Table 2. Patients with AN in the HAT
group self-rated themselves as significantly more hypersensitive with medium-large effect sizes in the
modalities of smell, vision, texture, and total screening scores, compared to LAT patients.

Table 2. Summary of group differences on sensory screening scores.

LAT (n = 30) HAT (n = 17) t-Test (df = 45) p d

Taste 5.23 (2.25) 5.91 (2.39) −0.97 0.337 0.29
Smell 5.67 (2.31) 7.65 (2.57) −2.71 0.010 0.82
Vision 5.67 (2.30) 7.18 (2.30) −2.36 0.022 0.72
Sound 6.13 (2.56) 7.18 (3.15) −1.24 0.223 0.38
Touch 5.60 (2.34) 6.24 (2.86) −0.82 0.414 0.25

Texture 5.44 (2.12)
n = 18

7.31 (2.63)
n = 16 −2.29 0.029 0.79

Total Without Texture 28.23 (6.98) 35.06 (9.52) −2.82 0.007 0.86

Total With Texture 32.94 (8.63)
n = 18

41.5 (10.31)
n = 16 −2.63 0.013 0.90

Group differences are presented as group means, with standard deviations in parentheses. Abbreviations: low
autistic traits group (LAT), high autistic traits group (HAT), degrees of freedom (df).

3.3. Associations with Clinical Variables

A regression analysis was performed using the full sample (n = 47) to explore the associations
between sensory outcomes and related clinical variables (autistic traits, anxiety, and depression).
Analyses suggested that higher autistic traits were associated with heightened sensitivity in the
smell modality only (Table 3). Higher depression scores were associated with lower smell sensitivity.
No other significant associations were identified.
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Table 3. Regression analysis.

AQ-10 (B, t, p) HADS Anxiety (B, t, p) HADS Depression (B, t, p)

Taste 0.17, 1.05, 0.299 −0.03, −0.35, 0.726 −0.08, −0.92, 0.361
Smell 0.43, 2.57, 0.014 0.10, 1.36, 0.181 −0.25, −2.70, 0.010
Vision 0.22, 1.43, 0.161 −0.01, −0.21, 0.838 0.08, 0.96, 0.343
Sound 0.12, 0.59, 0.559 −0.01, −0.08, 0.938 0.02, 0.16, 0.871
Touch 0.04, 0.24, 0.814 0.03, 0.31, 0.760 −0.00, −0.04, 0.966

Texture 0.34, 1.59, 0.123 −0.02, −0.19, 0.854 −0.13, −1.17, 0.251
Total Without texture 1.10, 1.87, 0.069 0.13, 0.49, 0.624 −0.22, −0.69, 0.496

Total With texture 1.48, 1.67, 0.106 0.13, 0.38, 0.704 −0.45, −0.95, 0.349

Abbreviations: low autistic traits group (LAT), high autistic traits group (HAT), Adult Autism Quotient 10 item
(AQ-10), Hospital Anxiety and Depression Scale (HADS), regression coefficient (B), regression t statistic (t), p-value (p).

3.4. Evaluation

Cronbach’s Alpha for the scale was 0.72, indicating acceptable internal reliability and that the
individual items are measuring the same underlying concept. Across the sample, n = 9 (19.15%) of
the participants gave feedback on the use of the screener. Feedback was generally positive, including
that the form was “clear and easy to follow” and that it gave participants an opportunity to reflect on
their sensory experiences. Participants felt that the screener was beneficial in highlighting a need for
environmental adaptations:

“It can be very helpful to discover what a particular person likes or dislikes and will help to create
an environment comfortable for people who suffer from eating disorders especially during meals.”

Negative feedback included changing the formatting and layout of the form to make it clearer,
and concerns that only using rating scales did not leave the participants space to fully explore or
explain their sensory sensitivities.

4. Discussion

The primary aim of the study was to explore the use and acceptability of a brief, pragmatic
sensory screener in a national clinical ED service. This initial pilot study suggests that this screener
could potentially be beneficial for use in ED treatment services, with participants generally giving
positive feedback and the clinical team finding it helpful to work with this information in the context
of treatment. However, further research in larger sample sizes, including an investigation of its
psychometric properties, is needed to establish the utility of this screening tool. Potential benefits to
this screener identified in this pilot study that could be explored in future research are that it may
help both patients and their clinician with awareness, recognition and reflection surrounding sensory
difficulties, and their implications for formulation and treatment. The nursing team and dieticians also
reported that the tool was quick and easy to administer, and gives useful information that could help
make treatment more tailored to individual needs and personalise treatment strategies.

The screener does not provide a detailed exploration of the individual’s sensory sensitivities: for
example, the single scales for each sensory modality do not capture if someone experiences both hyper-
and hyposensitivity in certain situations. Rather, the screener appears to help stimulate thought and
discussion around individual sensory needs, and highlights where assessment by an occupational
therapist, or using a more detailed sensory measure, could be beneficial. To our knowledge this is the
first development of a sensory screening tool specifically for use in ED populations. The piloting of
this tool suggests that measures for use in this population could benefit from distinguishing between
general sensory sensitivities, and food-specific sensitivities. For example, clinicians and patients
recommended that food texture sensitivity be measured independently from general touch/texture
sensitivity, and the results indicate that participants did indeed rate themselves differently on these
separated modalities.

The secondary aim of the study was to explore whether self-rated sensory sensitivities in AN are
related to autistic features, finding that people with AN and high autistic traits scored themselves
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as more sensitive in the areas of smell, vision, texture, and overall total screening scores, compared
to participants with low autistic traits. This is the first study to explore the relationship between
self-rated sensory sensitivity and autistic traits in people with AN, and suggests that autistic traits
may contribute to hypersensitivity in this condition [6–9]. The results of this study strongly indicate
that future research in this area should consider the potential role of autistic traits in study design and
analysis. The finding also supports previous qualitative research in this area suggesting that people
with AN and high autistic traits may indeed experience elevated sensory difficulties, and reinforces
the possibility that this population may benefit from an assessment of their sensory needs during
treatment, and subsequent environmental and dietary adaptations as appropriate [20,22].

However, the nature of the relationship between autistic traits, AN, and sensory sensitivities
remains unclear. In the current study, people with AN and high autistic traits had higher scores
compared to those with low autistic traits. However, the regression analysis suggested that autistic
traits predicted elevated sensitivity in the area of smell only. It is possible that autistic traits impact
sensory sensitivity in AN through an additional mediating variable, although a strength of this study
is that it controlled for the potential confounders of anxiety and depression in the regression analysis.
Two prior studies have explored objective experimental measures of smell sensitivity and autistic
traits in AN with conflicting results [28,29]. This reflects evidence from previous neuropsychological
research in AN which has found a similar lack of agreement between self-report and experimental
measures of cognitive flexibility [30]. It is likely that future research in AN could benefit from using
both types of approaches. A key advantage of using self-report measures in clinical settings is that
clinicians can more easily carry out subjective reports and use this information to tailor treatment
approaches, compared to experimental measures which may need additional resources and expertise.
Further research in this area is needed to explore associations between self-reported sensory sensitivity
and autistic traits in AN, particularly relation to potential underlying mechanisms. Future research
could explore mechanisms hypothesised to influence sensory processing in autism in AN to illuminate
the relationship between these areas. In particular, sensory processing in autism has been hypothesised
to be related to biased central coherence in this population: autistic people are theorised to exhibit a
bias towards detail-orientated information processing as opposed to global processing, or seeing the
“bigger picture”, which may contribute to hypersensitivity [31]. People with AN also exhibit a bias
towards detail-orientated processing which has previously been linked to altered visual processing in
this condition [32–35]. Further research on sensory processing and autistic traits in AN could consider
this as a potential underlying mechanism.

There are a number of limitations to this study. The nature of this pilot and feasibility study
meant that the sample size is relatively small, and future studies could benefit from including a higher
number of participants. In particular, the current study did not include a healthy control comparison
group. Therefore, it cannot draw conclusions surrounding whether people with AN rate their sensory
sensitivity levels differently compared to healthy controls. Findings of hypersensitivity in this study
therefore reflect people with AN rating themselves as highly sensitive on the screening measure
(against a control marker of “no sensory differences”), rather than people with AN rating themselves
as highly sensitive in comparison to people without the condition.

In addition, the current study did not include a full evaluation of the psychometric qualities of the
screener, although a preliminary assessment does indicate acceptable internal reliability. The sensory
screener was designed as a brief, pragmatic measure for use in clinical practice. It was not designed as
a research tool, and therefore the goal of the current study was to explore its use and utility, rather
than establishing its reliability and validity, or its agreement with other measures of sensory sensitivity.
As the findings of the current study suggest that such a screening tool may be clinically beneficial both
to patient and clinicians in ED services, future research could further explore the development and
psychometric validation of sensory measures and screening in this population. The development of
this sensory screener, in particular separating the modality of touch into a non-food example and a
food-based “texture” example, suggests that research on the use and development of sensory screening

238



J. Clin. Med. 2020, 9, 1182

in this population should consider whether sensory difficulties in AN are specific to food-related
sensations or more generalised. For clinicians, in addition to the use of screening tools a more detailed
assessment of sensory difficulties could consider using other tools, such as the Adult Sensory Profile, or
the Swedish Eating Assessment for Autism Spectrum Disorders [23,36]. This assessment explores the
presence of eating difficulties associated with autism, including items related to sensory sensitivities.

Finally, the present study does present an initial exploration of the relationship between subjective
sensory sensitivity and autistic traits within AN populations, but does so in relation to self-rated
autistic traits only. The AQ-10 was used in this study to distinguish people with high autistic traits as it
is currently recommended for use in healthcare services for this purpose by UK clinical guidelines [37].
However, the AQ-10 and the original 50-item AQ may lack efficacy in distinguishing autism cases
in clinical populations [38–41]. In the current study, that the AQ-10 may lack accuracy is suggested
by the fact that participants in the HAT group had a lower, albeit non-significant, duration of illness
compared the LAT group, whereas characteristics associated with autism assessed with experimental
measures are associated with longer illness durations in AN [17]. Future research in this area should
consider exploring sensory sensitivity in individuals with AN only compared to people with AN
and a diagnosis of autism, or using gold-standard autism measures such as the Autism Diagnostic
Observation Schedule (ADOS) known to be effective in this population [42]. In addition, future
explorations of sensory sensitivities in AN and autism could benefit from also including a sample
group of autistic people without AN.

In conclusion, the findings of the current study indicate the potential utility of using a brief sensory
screener to evaluate subjective sensory sensitivity in individuals accessing ED treatment. In addition,
the study suggests that subjective hypersensitivity in AN may be related to autistic traits. Implications
for future research and potential clinical adaptations are discussed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/1182/s1,
Table S1: Brief Sensory Screener.
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Abstract: High expressed emotion (EE) is common in caregivers of patients with anorexia nervosa
(AN) and associated with poorer outcome for patients. In this study, we examined the prevalence of
high EE in caregivers of adolescents with AN and analyzed predictors for EE using multivariate linear
regression models. We further analyzed whether EE is reduced by the “Supporting Carers of Children
and Adolescents with Eating Disorders in Austria” (SUCCEAT) intervention using general linear
mixed models and whether a reduction of EE predicts patients’ outcomes. Caregivers were randomly
allocated to the SUCCEAT workshop (N = 50) or online intervention (N = 50) and compared to a
comparison group (N = 49). EE and patients’ outcomes were assessed at the baseline, post-intervention,
and at the 12-month follow-up. Up to 47% of caregivers showed high EE. Lower caregiver skills,
higher AN symptom impact, higher levels of depression and motivation to change in caregivers
were significant predictors for high EE. EE significantly decreased in the SUCCEAT groups and
the comparison group according to the caregivers’, but not the patients’ perspective. The level of
reduction could partially predict subjective improvement and improvement in clinically assessed AN
symptoms and body mass index of patients. Implementing interventions for caregivers addressing
EE in the treatment of adolescents with AN is strongly recommended.

Keywords: anorexia nervosa; high expressed emotion; children and adolescents;
intervention; caregivers

1. Introduction

Expressed emotion (EE) is a concept that describes a set of attitudes and behaviors (e.g., criticism,
hostility, warmth, emotional involvement) of relatives towards an ill person. Specifically, the
components of EE that have been mainly investigated so far are critical comments/criticism (CC) and
emotional overinvolvement (EOI) [1,2]. High EE may represent a maladaptive response to an illness
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and may contribute to an exacerbation of psychiatric symptoms [2]. EE has been extensively studied in
schizophrenia and has been confirmed to be a robust and significant predictor of relapse [3]. High levels
of EE have further consistently been associated with treatment outcome, relapse, and treatment dropout
in several other psychiatric disorders, including depression, bipolar disorder, anxiety disorders, and
also eating disorders (EDs) [1–3].

In the field of EDs, caring for someone with an ED is known to be associated with high EE [1,4,5].
Caregivers often show extreme patterns of emotional reactions [6]. They might respond too intensely
and too emotional, be too directive, negative and hostile, and blame the patient (CC), or they can
be overprotective, overinvolved, and take over control (EOI). In a systematic review, up to 73.2% of
caregivers showed high levels of CC and 89.3% showed high levels of EOI [5]. High EE has been
found to be associated with caring for older patients and longer illness duration [4], higher anxiety and
depression in caregivers [7], more contact time with the patient [8], higher caregivers’ distress [8,9],
and less caregiver skills [9]. Other studies revealed no clear association of high EE with the patients’
weight or ED psychopathology [1,10], time spent caregiving, and ED severity [9]. Only few studies
investigated the ED patients’ point of view of EE within the family. Perceived EE in the family assessed
by ED patients was reported to be higher than in healthy controls [11]. Patients reported higher EOI for
their mothers, but no difference between mothers and fathers for CC [9]. The level of perceived EE from
the patients’ point of view was independent from age, contact time, and duration of treatment [11].
However, it has consistently been shown that high levels of EE in caregivers, especially in mothers,
seem to negatively affect engagement, outcome, and effectiveness of ED treatment [1–3,10,12,13].
Thus, considering EE of caregivers in the patients’ treatment seems to be highly relevant.

The key role of interpersonal relationships, particularly, communication and high EE within
the family has also been highlighted in the interpersonal maintenance model of anorexia nervosa
(AN) [14–16]. EE was related to caregivers’ distress. Caregivers’ distress was related to patients’
distress, which predicted eating disorder symptoms [8]. Interventions based on this model were
developed to reduce high EE [17] in order to improve the psychological wellbeing in caregivers and
support recovery from the ED in patients [4]. These interventions address misperceptions of EDs
and unhelpful reactions to the illness [18] and aim to improve communication skills, reduce negative
emotion and build a warm and compassionate family atmosphere [19]. Caregivers learn to use
reflective listening and motivational interviewing techniques, reduce confrontation, and be warm,
calm, and compassionate.

A meta-analysis showed a moderate-sized reduction of EE in caregivers after participating in such
interventions, including workshop-based, online, and self-help interventions [18]. Other recent studies
also reported a reduction of high EE following interventions for caregivers [20–22]. However, having
investigated the effects of such interventions, the previous literature almost exclusively focused on
the parents’ perception, while not considering the perception of the patients, although including the
patients’ perception is recommended and valued to gain additional insight in the family climate of ED
patients [1]. One study that included the patients’ perspective found that patients did not perceive a
change in their caregivers’ level of EE after caregivers participated in a specialized intervention [23],
while in another study, qualitative improvement in caregivers’ EE was mentioned by patients [24].

So far, only few studies have investigated whether a reduction in EE can also improve the patients’
treatment outcomes. Two studies reported that an improvement of maternal EE was associated with
better ED symptoms at the end of the treatment [10,25]. However, whether the level of reduction in
parental EE is associated with the level of reduction in ED symptoms has not been investigated up
to now.

SUCCEAT (Supporting Carers of Children and Adolescents with Eating Disorders in Austria)
is an intervention for caregivers of adolescents with AN based on the interpersonal maintenance
model [14–16] that has already been shown to effectively reduce caregiving burden and increase
caregiver skills [26]. This paper presents secondary analyses of the SUCCEAT study, focusing on
various aspects of high EE. Firstly, we aimed to examine the prevalence of high EE in a sample of
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caregivers and whether the level of EE assessed in parents is associated with the level of EE assessed in
patients. Secondly, we explored whether different characteristics of caregivers and patients can predict
the level of EE. Thirdly, this study aims to investigate whether EE can be reduced by participating in
the SUCCEAT intervention and whether a change in assessed parental EE is also perceived by patients.
Finally, we aimed to investigate whether a reduction in high EE is associated with patients’ outcomes
(AN symptoms, body mass index (BMI)).

2. Methods

2.1. Study Design

The SUCCEAT study is a two-arm parallel-group quasi-randomized controlled efficacy trial
comparing two types of the SUCCEAT intervention (workshop and online) to a non-randomized
control group. This study was conducted between 2014 and 2019. Caregivers of children and
adolescents (10–19 years) with typical or atypical AN who received regular inpatient or outpatient
treatment according to the National Institute for Health and Care Excellence (NICE) guidelines [27] were
included. Caregivers and patients who were not fluent in German or suffered from severe comorbidities
(e.g., psychosis) were excluded. For detailed information on the study protocol, see Franta et al. [28].
Written informed consent was obtained from all the participants prior to data collection. The SUCCEAT
study protocol and all the informed consent forms were approved by the Ethics Committee of the
Medical University of Vienna (#1840/2013). The SUCCEAT study was registered at ClinicalTrials.gov
(Identifier: NCT02480907).

2.2. Recruitment and Randomisation

Caregivers of the SUCCEAT intervention group were recruited at the Eating Disorder Unit of
the Department of Child and Adolescent Psychiatry at the Medical University of Vienna. If willing
to participate, caregivers completed the baseline assessment and were allocated to one of the two
intervention arms: workshop (SUCCEAT–WS) or online (SUCCEAT–ONL). The start dates of the groups
had been previously fixed. The first block of participants was allocated to the SUCCEAT–WS group,
the following block—to the SUCCEAT–ONL group, and so forth. Block sizes of eight participants
were planned, however, sizes actually varied due to varying numbers of incoming participants
prior to the upcoming group (median group size = 7). Caregivers were informed about the group
allocation after they had completed the baseline assessments. Those who declined to participate in the
allocated intervention arm were excluded from the study. The procedure slightly differed from the
originally planned randomization [28] due to practical reasons, now corresponding to the definition of
quasi-randomization [29]. However, there were no systematic differences between the WS and ONL
groups at the baseline. Details on the randomization procedure are reported elsewhere [26].

2.3. Interventions

SUCCEAT is an intervention for caregivers of children and adolescents with AN based on the
cognitive interpersonal model of maintaining factors for EDs [14–16] with the aim to reduce EE and
burden in caregivers and improve caregiver skills. Dysfunctional communication, unhelpful reactions
and emotions were addressed to increase communication skills, skills to handle difficult behavior, and
strategies to encourage autonomy in patients in order to reduce EE. Additionally, caregivers’ burden,
wellbeing, and self-care were addressed as burden and psychopathology had been highly correlated
with EE. The program was delivered in eight weekly modules as a WS or ONL, designed with the
same content and structure and guided by two professional clinicians. Caregivers received weekly
handouts, a manual to read more about the topics addressed [30], and a DVD [31] with case examples
of unhelpful and helpful communication. A detailed description of the interventions is provided by
Franta et al. [28] and Truttmann, Philipp et al. [26].
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2.4. Comparison Group

The SUCCEAT groups were compared to a non-randomized comparison group (COMP) of
caregivers who received other forms of family treatment within the same time frame at two other
facilities: the Department for Neurology and Child and Adolescent Psychiatry, Klagenfurt, Austria
(four double sessions of systemic family therapy [32]), and the Parkland Clinic, Clinic for Psychosomatic
Medicine and Psychotherapy, Bad Wildungen, Germany (two-day workshop on multi-family therapy
based on the Maudsley model of multi-family therapy for AN [33]). Several other inpatient and
outpatient units that offer treatment as usual with and without any specialized intervention for
caregivers were invited to participate as the control group declined the offer. Therefore, only the two
named facilities that already implemented well-established family treatment agreed to participate and
served as the COMP group.

2.5. Assessment Measures

Caregivers and patients completed self-report questionnaires at baseline (T0), at post-intervention
(T1, approximately 3 months after T0), and at 12-month follow-up (FU) (T2), including the assessment
of EE described below.

The Family Questionnaire (FQ [34]) is a self-report questionnaire for caregivers to detect the
emotional climate and EE within the family. The 20 questions were answered using a four-point Likert
scale providing two subscales of EE in caregivers: “Emotional overinvolvement” (EOI) and “Criticism”
(CC). We used the established cut-off values (CC score ≥ 23, EOI score ≥ 27) to define high EE.

The Family Emotional Involvement and Criticism Scale (FEICS [35]) is a self-report questionnaire
for children and adolescents to assess perceived EE within the family. Two subscales were calculated
(“Emotional Involvement” and “Criticism”) using 14 questions that were answered using a four-point
Likert scale. For the FEICS scores, no established cut-off values are available.

In addition, self-assessments for caregivers were used to explore predictors of high EE and
associations with perceived changes as described below (for details, see Franta et al. [28]).

The General Health Questionnaire (GHQ [36]) was fulfilled by caregivers and used to assess
the level of psychological morbidity and distress in caregivers; a higher score indicates higher
psychological distress.

The Eating Disorder Symptom Impact Scale (EDSIS [37]) assessed specific caregiving difficulties
in caregivers associated with the ED of a child, such as difficulties related to “nutrition”,
“dysregulated behavior”, “guilt”, and “social isolation.” A higher global score represents higher
AN symptom impact in the family reported by caregivers.

The Beck Depression Inventory (BDI-II [38]) measured depression in caregivers; higher scores
indicate higher levels of depression.

The State and Trait Anxiety Inventory (STAI [39]) assessed anxiety in caregivers; higher scores
indicate higher levels of anxiety.

The Caregiver Skills (CASK) Scale [17] was used to measure self-assessed skills in caregivers
(e.g., “insight and acceptance”, “emotional intelligence”, “frustration tolerance”). A higher total score
means more caregiver skills.

The University of Rhode Island Change Assessment Scale (URICA [40]) was used to
measure motivation to change in caregivers regarding their own behavior, revealing three scales:
“precontemplation”, “contemplation”, and “action.” A lower score on the precontemplation scale
and higher scores on the contemplation and action scales represent higher motivation to change
in caregivers.

Finally, two more assessments for patients were used as described below.
The Eating Disorder Examination (EDE [41]) is a semi-structured interview with patients reflecting

the clinical assessment of ED psychopathology (“restraint”, “eating concerns”, “weight concerns”,
“shape concerns”). A higher global score indicates higher ED psychopathology.
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The Eating Disorder Inventory-2 (EDI-2 [42]) was completed by the patients and assessed
subjective ED symptoms from the patients’ perspective (e.g., “drive for thinness”, “perfection”,
“dissatisfaction with the body”, etc.). A higher total score indicates more subjective ED symptoms.

Sociodemographic and clinical characteristics of caregivers (sex, age, marital status,
highest educational degree, time spent caregiving) and patients (sex, age, AN subtype, BMI percentile,
illness duration, type of current treatment) were obtained.

2.6. Statistical Analysis

The statistical analyses were performed using IBM SPSS Statistics 25.0 and R. We first calculated
descriptive statistics and compared key sociodemographic and clinical characteristics between
caregivers and patients of the SUCCEAT–WS, SUCCEAT–ONL, and the COMP group. We used Chi2

tests for categorical and ANOVA tests for continuous variables, respectively, and Kruskal–Wallis tests
for variables with skewed distribution. We calculated t-tests to analyze differences in CC and EOI
scores between a mother and a father and Pearson correlation coefficients to explore associations
between CC and EOI obtained from the parents and patients. To analyze predictors for assessed
parental and patients’ CC and EOI scores at the baseline, we first carried out a series of univariate
linear regressions. The following predictors were considered: sex and age of the parent, parental
psychological distress and psychopathology (including the GHQ, BDI, and STAI scores), AN symptom
impact on the family (EDSIS score), self-reported caregiver skills (CASK score), parental motivation to
change (URICA scores), the average time spent caregiving per day (<3 h vs. ≥3 h), the patient’s age,
treatment type (inpatient vs. outpatient), ED duration in months, BMI percentile (≤1st percentile vs.
>1st percentile) and ED symptomatology (EDE and EDI-2 total scores). Variables reaching significance
in univariate regressions (p < 0.05) were then considered for multivariate regression models using the
forward selection method where variables were added to the model of ascending p-values.

In order to analyze the efficacy of the SUCCEAT intervention on EE, we calculated general linear
mixed models using the FQ/FEICS scores (CC and EOI) obtained at the baseline, post-intervention,
and at 12-month FU as the within factor and the group as the between factor. Firstly, we contrasted
the SUCCEAT–WS group to the SUCCEAT–ONL intervention group. Secondly, we tested whether
the SUCCEAT intervention (including all WS and ONL participants) differ from participants of the
COMP group. Additionally, we performed sensitivity analyses by calculating paired sample t-tests
for each group to explore the baseline-to-post-intervention and the baseline-to-12-month FU effect
sizes (Cohen’s dz). Furthermore, we explored the moderating effect of the patient’s treatment type
(inpatient vs. outpatient) on the EE outcome by adding a time x treatment type interaction term to the
mixed design model.

Further, we explored whether a pre–post change in assessed parental CC and EOI scores
corresponds to a change in CC and EOI assessed in the patients by calculating Pearson
correlation coefficients.

Finally, we used linear regression analyses to analyze whether the degree of reduction in CC and
EOI can predict improvements in ED symptomatology of the patients by using the EDE and EDI-2
change scores as well as the change in the BMI percentile as outcome variables and CC/EOI change
scores as predictor variables.

3. Results

3.1. Sample

In total, 149 caregivers (83% mothers, 17% fathers; mean age (SD): 47.2 (4.74) years) provided
informed consent and were included in the study. Forty-five percent had a university degree and 77%
were married or lived in a partnership. According to their self-reports, the average amount of time
spent with their child diagnosed with AN during weekdays was distributed as follows: 0–1 h (10%),
1–3 h (19%), 3–4 h (35%), > 4 h (35%). A total of 50 caregivers were allocated to the SUCCEAT–WS
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intervention, another 50 caregivers—to the SUCCEAT–ONL intervention, and 49 caregivers were
included in the COMP group.

Of the 149 caregivers participating, we obtained data from 144 related patients with AN. The
patients were predominantly female (83%) with a mean age of 15.1 years (SD: 1.7). According to ICD-10,
most patients were diagnosed with AN restrictive subtype (89%), followed by AN binge/purging
subtype (9%) and atypical AN (2%). At the baseline, the median sex-and age-specific BMI percentile
was 1%, the average ED duration was 16.6 months (SD: 13.8), 59% received inpatient treatment, and 41%
received outpatient treatment of their ED.

Baseline sample characteristics by intervention arm are shown in Table 1. There was a significantly
lower proportion of caregivers with university degree in the COMP and patients of caregivers in the
COMP had a significantly longer ED duration and higher subjective ED symptomatology scores as
measured with EDI-2 and received inpatient treatment more often compared to SUCCEAT groups.

Table 1. Sample characteristics at the baseline (caregivers and eating disorder patients).

SUCCEAT–WS
(N = 50)

SUCCEAT–ONL
(N = 50)

COMP
(N = 49)

p

Caregivers’ characteristics

Mothers (%) 84.0% 88.0% 75.5% 0.248 1

Age (Mean, SD) 46.64 (5.43) 47.72 (4.25) 47.27 (4.48) 0.523 2

University degree (%) 60.0% 46.0% 27.7% 0.006 1

Married or living in partnership (%) 84.0% 75.0% 70.2% 0.264 1

Time spent with the patient during weekdays (%)

0–1 h/day 6.1% 10.2% 15.2% 0.386 1

1–2 h/day 18.4% 22.4% 15.2%
3–4 h/day 32.7% 42.9% 30.4%
>4 h/day 42.9% 24.5% 39.1%
FQ–CC score (Mean, SD) 20.76 (5.96) 21.78 (5.47) 21.82 (5.54) 0.559 2

FQ–EOI score (Mean, SD) 26.10 (5.17) 25.44 (4.98) 27.22 (5.05) 0.222 2

Patients’ characteristics

Females (%) 90.0% 96.0% 100% 0.061 1

Age (Mean, SD) 14.66 (1.91) 15.12 (1.80) 15.43 (1.08) 0.068 2

ED diagnosis (%)

AN restrictive 90.0% 90.0% 87.8% 0.995 1

AN binge/purging 8.0% 8.0% 10.2%
Atypical AN 2.0% 2.0% 2.0%
ED duration (Mean, SD) 10.41 (7.10) 16.03 (16.05) 23.77 (12.93) <0.001 1

BMI percentile (Median) 1.16 2.74 0.45 0.091 3

Inpatient treatment (%) 48.0% 48.0% 81.6% <0.001 1

EDE score (Mean, SD) 3.27 (1.62) 3.32 (1.39) 3.22 (1.36) 0.945 2

EDI-2 score (Mean, SD) 67.32 (39.55) 69.62 (38.79) 91.57 (47.35) 0.009 2

FEICS–CC score (Mean, SD) 12.15 (4.17) 12.52 (4.44) 13.51 (4.08) 0.272 2

FEICS–EOI score (Mean, SD) 23.92 (4.43) 23.53 (4.17) 22.91 (3.94) 0.503 2

1 Chi2 test; 2 ANOVA test; 3 Kruskal–Wallis test. Abbreviations: AN, anorexia nervosa; CC, criticism; COMP,
comparison group; ED, eating disorder; EDE, Eating Disorder Examination Interview, EDI-2, Eating Disorder
Inventory-2; EOI, emotional overinvolvement; FEICS, Family Emotional Involvement and Criticism Scale; FQ,
Family Questionnaire; ONL, online; SUCCEAT, Supporting Carers of Children and Adolescents with Eating
Disorders in Austria; WS, workshop.

Dropout of caregivers in terms of non-completion at one of the FU assessments was 14.8% at the
post-intervention assessment (SUCCEAT–WS: 4.0%, SUCCEAT–ONL: 6.0%, COMP: 34.7%) and 29.6% at
the 12-month FU assessment (SUCCEAT–WS: 14.0%, SUCCEAT–ONL: 28.0%, COMP: 46.9%). Dropout
of patients was 13.9% at the post-intervention assessment (SUCCEAT–WS: 8.3%, SUCCEAT–ONL: 6.1%,
COMP: 27.7%) and 35.4% at the 12-month FU assessment (SUCCEAT–WS: 31.2%, SUCCEAT–ONL:
32.7%, COMP: 42.6%). Caregivers and patients who dropped out did not significantly differ from those
who completed the study regarding the baseline EE scores (all p-values > 0.200).
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3.2. Baseline EE Characteristics

Among the total sample, high CC defined as scores above the pre-defined cut-off in the FQ were
observed in 39.2% (95% CI: 31.3; 47.1) and high EOI—in 46.6% (95% CI: 38.5; 54.7) of caregivers.
Mean baseline CC and EOI scores obtained from the parents and patients are shown in Table 1.
Mothers had slightly higher CC (mean: 21.79, SD: 5.52) and EOI scores (mean: 26.56, SD: 5.18)
compared to fathers (CC: mean: 18.87, SD: 5.48; EOI: mean: 24.74, SD: 4.43); however, these differences
did not reach statistical significance (CC: t = 1.613, p = 0.109; EOI: t = 1.672, p = 0.097).

3.3. Bivariate Correlations between Parents’ and Patients’ EE Scores

At the baseline, the parental EE scores were not significantly associated with the EE scores obtained
from the patients’ perspective neither for CC (r = 0.078, p = 0.356) nor for EOI (r = 0.115, p = 0.171).
This correlation slightly increased at post-intervention (CC: r = 0.142, p = 0.126; EOI: r = 0.117, p = 0.206)
and 12-month FU (CC: r = 0.216, p = 0.042; EOI: r = 0.269, p = 0.011). Considering mothers and fathers
separately, we found a strong association between CC scores of fathers and patients at the baseline
(r = 0.509, p = 0.009), while there was no association between CC scores of mothers and patients
(r = 0.006, p = 0.946). No difference between mothers and fathers were found for EOI scores.

3.4. Predictors for EE Scores at the Baseline

Firstly, we explored whether different characteristics of parents and patients are predictive of the
EE scores obtained from the parents. In the univariate regression analyses (Table S1 in the electronic
Supplementary Materials), we found that the level of parental psychological distress, AN symptom
impact, depression, anxiety, caregiver skills, parental motivation to change, and the current treatment
setting (inpatient vs. outpatient) of the child were significantly associated with either the CC or EOI
score or both. In the multivariate regression model (Table 2), lower caregiver skills, higher level of AN
symptom impact, and an outpatient treatment setting were significant predictors for CC with the final
model explaining 46.2% of the variance. The parental EOI score was significantly predicted by higher
levels of AN symptom impact, higher distress, depression, as well as higher motivation to change and
lower caregiving skills with the final model explaining 63.5% of the variance.

We repeated this analysis using the EE scores obtained from the patients’ perspective as the outcome
variable. In the univariate regression analyses (Table S2 in the electronic Supplementary Materials),
ED duration and ED symptomatology as measured with EDE and EDI-2 were significantly associated
with CC and parental motivation to change and BMI were significantly associated with EOI. In the
multivariate regression model (Table 3), only higher ED symptomatology (EDI-2 score) significantly
predicted CC explaining 14.2% of the variance. The EOI score was significantly predicted by lower
BMI (<1st BMI percentile) and lower parental motivation to change. However, the final model only
explained 8.1% of the variance.
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Table 2. Multivariate regression (forward selection method) predicting criticism and emotional
overinvolvement (FQ, parents).

Predictor b(SE) t (df) p R2 ΔR2

Outcome: FQ, criticism

Model 1 0.351
CASK, total score −0.240 (0.029) −8.165 (1,123) <0.001

Model 2 0.435 0.084
CASK, total score −0.171 (0.032) −5.378 <0.001
EDSIS, total score 0.127 (0.030) 4.253 (2,122) <0.001

Model 3 0.462 0.27
CASK, total score −0.160 (0.032) −5.079 <0.001
EDSIS, total score 0.137 (0.030) 4.624 <0.001
Treatment type 1 1.849 (0.755) 2.450 (1,121) 0.016

Outcome: FQ, emotional overinvolvement

Model 1 0.500
EDSIS, total score 0.253 (0.023) 11.035 (1,122) <0.001

Model 2 0.567 0.068
EDSIS, total score 0.195 (0.025) 7.741 <0.001

BDI, total score 0.203 (0.047) 4.354 (2,121) <0.001
Model 3 0.601 0.033

EDSIS, total score 0.173 (0.025) 6.863 <0.001
BDI, total score 0.195 (0.045) 4.320 <0.001

URICA, contemp. 0.173 (0.055) 3.170 (3,120) 0.002
Model 4 0.620 0.020

EDSIS, total score 0.154 (0.026) 5.956 <0.001
BDI, total score 0.160 (0.046) 3.437 0.001

URICA, contemp. 0.169 (0.054) 3.164 0.002
CASK, total score −0.064 (0.026) −0.2486 (4,119) 0.014

Model 5 0.635 0.015
EDSIS, total score 0.137 (0.027) 5.119 <0.001

BDI, total score 0.101 (0.053) 1.916 0.058
URICA, contemp. 0.162 (0.053) 3.074 0.003
CASK, total score −0.061 (0.025) −2.398 0.018
GHQ, total score 0.248 (0.113) 2.185 (5,118) 0.031

1 1 = inpatient, 2 = outpatient. Abbreviations: BDI, Beck Depression Inventory; CASK, Caregiver Skills Scale;
contemp., contemplation; EDSIS, Eating Disorder Impact Scale; FQ, Family Questionnaire; GHQ, General Health
Questionnaire; URICA, University of Rhode Island Change Assessment.

Table 3. Multivariate regression (forward selection method) predicting criticism and emotional
overinvolvement (FEICS, patients).

Predictor b(SE) t (df) p R2 ΔR2

Outcome: FEICS, criticism

Model 1 (final) 0.145
EDI-2, total score 0.040 (0.009) 4.555 (1,122) <0.001

Outcome: FEICS, emotional overinvolvement

Model 1 0.041
BMI percentile 1 −1.681 (0.701) −2.399 (1,136) 0.018

Model 2 0.085 0.044
BMI percentile 1 −2.025 (0.701) −2.894 0.004
URICA, precon. −0.191 (0.074) −2.563 (2,135) 0.011

1 Categorized as follows: 1 ≤ 1st percentile, 2 > 1st percentile. Abbreviations: EDI-2, Eating Disorder Inventory-2;
FEICS, Family Emotional Involvement and Criticism Scale; precon., precontemplation; URICA, University of Rhode
Island Change Assessment.
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3.5. Intervention Outcomes on EE

The change in EE scores by group from the baseline to the post-intervention and the 12-month
FU assessment is shown in Figure 1. We first tested whether the SUCCEAT–WS group differs from
SUCCEAT–ONL group. We found that the assessed parental CC (F = 7.391, p = 0.001) and EOI scores
(F = 45.704, p < 0.001) significantly decreased over time across both groups, but there was no significant
time × group interaction effect (CC: F = 0.437, p = 0.782; EOI: F = 0.953, p = 0.435). Considering the
patients’ perspective, there was no significant main effect of time and group difference neither for CC
nor for EOI.

Figure 1. Change of high expressed emotion scores in the SUCCEAT workshop, online, and
comparison groups from the baseline (light-grey box) to the post-intervention (mid-grey box) and the
12-month follow-up (dark-grey box) assessment: (a) Criticism score (parent perspective), (b) Emotional
Overinvolvement score (parent perspective), (c) Criticism score (patient perspective), (d) Emotional
Overinvolvement score (patient perspective). The size of the box represents the interquartile range
(IQR); the whiskers indicate the minimum/maximum values in case no outliers were observed. Outliers
(defined as values > 1.5 x IQR from the 25th quantile and 75th quantile) are depicted as circles.
Abbreviations: 12M-FU, 12-month follow-up.

When contrasting the SUCCEAT groups to the COMP group, we found the same pattern of results.
The assessed parental CC (F = 5.400, p = 0.005) and EOI scores (F = 36.112, p < 0.001) significantly
decreased over time across the groups, but this change was the same for the SUCCEAT and COMP
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groups (CC: F = 0.089, p = 0.914; EOI: F = 1.612, p = 0.202). Again, no significant effects of time and
time x group interaction effects were observed when considering the patients’ perspective.

Sensitivity analyses using t-tests revealed that for the assessed parental CC,
baseline-to-post-intervention reductions were highest for the SUCCEAT–ONL group (dz = 0.44,
t = 3.788, p < 0.001) compared to the SUCCEAT–WS (dz = 0.20, t = 1.806, p = 0.077) and COMP groups
(dz = 0.32, t = 2.172, p = 0.038). These effects remained stable to the 12-month FU for the SUCCEAT
groups (WS: dz = 0.24; ONL: dz = 0.54) and slightly decreased in the COMP group (dz = 0.20). For the
assessed parental EOI, baseline-to-post reductions were slightly higher for the SUCCEAT groups
(WS: dz = 0.68, t = 5.739, p < 0.001; ONL: dz: 0.76, t = 5.927, p < 0.001) compared to the COMP group
(dz = 0.36; t = 2.061, p = 0.048). The effect sizes further increased at the 12-month FU in all the groups
(WS: dz = 0.76, ONL: dz = 1.11, COMP: dz = 0.89). Considering the patients’ perspective, all effect
sizes were close to zero in all the groups.

Further analyses revealed that the type of patients’ treatment (inpatient vs. outpatient) was a
significant moderator of the intervention outcome. Caregivers of outpatients reported a significantly
higher reduction in CC scores than caregivers of inpatients (time x treatment type interaction: F = 4.076,
p = 0.018). Regarding EOI, reductions of EOI scores were reported to be faster (from the baseline to
post-intervention) in caregivers of outpatients, whereas the reduction was delayed (post-intervention
to the 12-month FU) in caregivers of inpatients (time x treatment type interaction: F = 5.011, p = 0.008).
This moderator effect was independent of the group.

Figure 2 presents the bivariate correlations between the baseline-to-post-intervention change
of parental and patients’ CC and EOI scores. In the SUCCEAT group, parental change of CC was
moderately associated with the change of CC in patients (r = 0.230, p = 0.031). In the COMP group,
this association was not significant (r = 0.209, p = 0.285). For EOI, no significant associations in the
change scores were observed (SUCCEAT: r = 0.160, p = 0.137; COMP: r = −0.088, p = 0.655).

 
Figure 2. The scatterplot depicting the association (Pearson correlation coefficients) between high
expressed emotion change scores (baseline to post-intervention) of parents and patients: (a) Criticism
change scores; (b) Emotional overinvolvement change scores. A significant positive correlation indicates
that higher levels of change based on the parents’ perspective are associated with higher levels of
change based on the perspective of patients.

3.6. Impact of EE Change on the Patient’s ED Symptomatology

Table 4 shows whether a reduction in parental or patients’ EE scores significantly predicted
improvements in ED symptoms (EDE and EDI-2 scores, BMI percentile) for the total sample and
separately for inpatients and outpatients. We found that for the total sample, improvements in CC
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were significantly associated with improvements in ED symptomatology and BMI. On the contrary,
reductions in EOI did not significantly predict improvements in ED symptoms.

Table 4. Results of linear regression analyses predicting the change in patient’s eating disorder
symptoms by the change in high expressed emotion.

EDE Change Score EDI-2 Change Score BMI Perc. Change
T0–T1 T0–T2 T0–T1 T0–T2 T0–T1 T0–T2

Change in CC (FQ) p = 0.731 p = 0.239 p = 0.040 p = 0.073 p = 0.995 p = 0.099
Change in EOI (FQ) p = 0.515 p = 0.148 p = 0.113 p = 0.050 p = 0.969 p = 0.066

Change in CC (FEICS) p = 0.040 p = 0.087 p = 0.005 p < 0.001 p = 0.006 p = 0.561
Change in EOI FEICS) p = 0.096 p = 0.438 p = 0.580 p = 0.867 p = 0.982 p = 0.307

Abbreviations: CC, criticism, EOI, emotional overinvolvement, EDE, Eating Disorder Examination Interview, EDI-2,
Eating Disorder Inventory-2, FQ, Family Questionnaire, FEICS, Family Emotional Involvement and Criticism Scale;
T0–T1, difference between the baseline and post-intervention scores; T0-T2, difference between the baseline and
12-month FU scores.

4. Discussion

This study explored EE in caregivers and adolescents with AN at the baseline and following a
skills training for caregivers, including a long-term FU. In addition, we aimed to investigate whether
changes in EE affect patients’ outcomes.

Firstly, the caregivers’ perspective of EE was analyzed. One third of caregivers showed elevated
CC scores and nearly half of the caregivers reported high EOI scores. These prevalence figures are
somewhat lower compared to previous studies using the same questionnaire [5,7]. This may be due to
older patients (mostly adults) and a longer illness duration in these reports (mostly far longer than
one year) compared to our participants (approximately one year). Even though we only observed a
tendency that longer illness duration is associated with higher EE scores in this study, this association
can be assumed from the literature [4,5,10]. CC and EOI scores tended to be higher for mothers than
for fathers, albeit these results did not reach statistical significance due to the small number of fathers
included in this study. This is not fully in line with several previous reports describing mothers to be
more overinvolved than fathers [5,9,43] and fathers to be more critical than mothers [5,43].

Low perceived caregiver skills, high AN symptom impact on caregivers, and an outpatient
treatment setting were significant factors associated with CC, accounting for nearly 50% of the variance.
High AN symptom impact on caregivers, depression in caregivers, higher psychological distress, higher
motivation to change in caregivers, and less caregiver skills accounted for over 60% of the variance of
EOI. Other studies also found associations of high EE with psychological distress or depression [1,43,44].
Caregivers’ distress and self-care should therefore be the core elements in interventions for caregivers,
beside emotion regulation strategies and communication skills. Less perceived skills were associated
with both higher CC and higher EOI. This may reflect that caregivers who feel less competent to
deal with ED in the family demonstrate high EE, probably because they feel overwhelmed with this
situation. Consequently, one might also assume that enhancing caregivers’ skills can have a positive
impact on EE. Interestingly, higher motivation to change in parents was associated with higher EOI.
This sounds paradoxical. However, caregivers who experience frustration and helplessness when
confronted with ED symptoms or associated conflicts more often, which may consequently enhance
EE, might also be highly motivated to change their own behavior or aspects of the actual situation.
Therefore, it may be of benefit to target motivation to change in interventions for caregivers. Further
research is needed to investigate the role of motivation to change in caregivers regarding high EE.
Caregivers of outpatients reported higher scores for CC than caregivers of inpatients. It might be
assumed that parents of outpatients feel more responsible for an improvement of symptoms compared
to inpatients, whereas the responsibility for symptom improvement is delegated to the ED treatment
team. This may lead to higher distress and burden in parents of outpatients which may promote more
critical comments. Besides, an outpatient treatment setting might induce more situations where high
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EE can occur compared to an inpatient setting. In contrast to the literature [43], there was no association
with illness severity (patients with lower BMI or higher ED psychopathology). No associations were
also found for age of caregivers and age of patients, with only a tendency for caregivers of older
patients to report higher EOI scores, in contrast to other studies reporting significantly higher EE in
caregivers of older patients [4,5]. This may be because the mean age of patients within those studies
was higher than in our sample. As the patient’s age and duration of illness often correlate, we assume
that including adult patients in the study may lead to a similar result. The time spent caregiving did
not play a role in our study regarding EE levels either, in contrast to another study [8]. This study
included adult patients and concluded that caring for patients that live in the same household involves
more time and leads to higher EE. However, as we only included adolescents, the great majority of
whom still lived at home, the time spent caregiving may not play such an important role.

We also explored predictors of high EE based on the patients’ perspective. Regarding the patients’
point of view on EE, high ED psychopathology was solely associated with CC, whereas a lower BMI
and higher motivation to change in caregivers were associated with EOI. Therefore, a somewhat more
severe illness (lower BMI and higher ED psychopathology) was correlated with high EE in the family.
Moreover, when parents were more motivated to change, the perceived EOI was higher, which is
similar to the findings for parents described above. However, our model only accounted for 4% (CC)
and 8% (EOI) of the variance. Hence, other factors associated with the patients’ perception of EE in the
family should be investigated in future research.

Another aim of the study was to explore whether parental and patients’ perceptions of EE are
correlated. Regarding the total group, there were no significant correlations at the baseline, while the
correlations between caregivers and patients slightly increased with time and reached significance
at the 12-month FU. It is unclear why parents and patients’ perceptions are stronger associated with
time, even though the patients’ perception of high EE within the family did not decrease like the
caregivers’ perception did. We assume that either the patients’ or the parents’ ability to precisely assess
the real family climate improves with time, probably due to successful weight restitution or less severe
symptoms at T2 or because patients gain valuable insights on family dynamics during their ongoing
psychotherapy. However, the low correlations indicate that the parent’s and patient’s perceptions of EE
diverge, which can be targeted in family-based interventions. Interestingly, we found a significant high
correlation between the fathers’ and patients’ perceptions of CC at the baseline and at post-intervention
which has to be interpreted with caution due to the low number of fathers included in this study.

We further investigated the efficacy of the SUCCEAT intervention on EE in caregivers. A significant
reduction of EE was observed in the SUCCEAT group for the short-term and the long-term FU. This is
in line with the literature, showing that EE in caregivers can be reduced after participating in an
intervention for caregivers including psychoeducation and skills training [18,20,21,45]. EE was also
reduced in the COMP group with no significant difference to the SUCCEAT intervention. That might be
because the facilities that recruited participants for the COMP group already implemented specialized
family interventions (multi-family therapy [33] or systemic family therapy [32]) also including
expressing emotions, conflict management, and communication within the family as the core elements.
To note, there were no differences between the three study arms with regard to the majority of caregivers’
and patients’ sociodemographic and clinical characteristics at the baseline. However, the groups
differed with respect to the highest educational degree, ED duration, treatment setting, and subjective
ED symptoms with the caregivers of the SUCCEAT group having higher educational levels and the
COMP patients having a longer illness duration, higher subjective ED psychopathology, and having
been treated in an inpatient setting more often. This should be considered when interpreting the results
regarding group differences. Yet, there was no difference for EE scores at the baseline between the
three arms. The sensitivity analyses showed that reductions in EOI were generally higher than in CC
and that intervention effects remained stable or increased further up to the 12-month FU except for CC
in the COMP group where we found a small rebound effect indicating that parents of the COMP group
were a bit more critical at the 12-month FU again. Indeed, the current literature suggests that CC is
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more susceptible to increase again in the long term [43]. Interestingly, the improvement of CC and EOI
was stronger in caregivers of outpatients than of inpatients and EOI also improved faster. This might
be due to the fact that caregivers of outpatients may have more time and more opportunities to use
and practice the communication skills trained in the interventions than caregivers of inpatients.

Unfortunately, no improvements were found when considering the patients’ perception of EE
within the family. Thus, the patients did not perceive EE to be significantly reduced over time neither
in the SUCCEAT nor in the COMP groups. This could be due to several reasons. Firstly, we used
questionnaires that measure the same construct, but did not include exactly the same item contents,
impeding direct comparisons. The FQ measures subjective CC and EOI towards the patient, whereas the
FEICS assesses CC and EOI within the whole family from the patient’s point of view, but not specifically
towards the parent who completed the FQ. Secondly, in most cases, only one parent (either mother or
father) participated in the intervention. It might be the case that the caregivers who did not participate
did not change regarding their EE compared to the ones that participated and therefore they may still
contribute to a highly negative emotional climate. Thus, if possible, both parents should be encouraged
to participate in a caregiver’s skills training and be included in further research. Another possible
explanation is that parents feel a reduction of EE more intensely, whereas patients do not experience
small changes. Rienecke [1] assumed patients with AN to be acutely sensitive to parental EE, so they
may have difficulties to experience a change even if the frequency of EE has reduced. In that case,
children and adolescents might need more information on EE themselves in order to be more sensitive
to notice a change in the family climate [46]. It might be possible to encourage patients themselves to
read some chapters of the manual or to watch some parts of the DVD used in the intervention. Another
possibility is to arrange one family meeting where this topic can be discussed together or to implement
this issue in the patients’ therapy.

Although there was no reduction in EE from the patients’ point of view, we found a significant
association between the perceived change in CC in parents and the perceived change in CC in patients
from the baseline to post-intervention in the SUCCEAT group only. However, this correlation was
marginal. No such association was observed for EOI. These results were similar to another study [23]
that reported a significant reduction of EE in caregivers, no perceived reduction in patients, but a
positive correlation between changes in perceived EE between caregivers and patients. Furthermore,
patients might experience qualitative improvements in EE as indicated by Goddard et al. [24] which
might not have been covered with the questionnaire used in this study.

Finally, we investigated whether reductions in parental or perceived EE affect the outcome of ED
pathology and BMI in AN patients. Indeed, improvement in the assessed parental CC was associated
with greater changes in subjective ED symptoms. Similarly, greater improvement in CC assessed
in patients was associated with greater changes in subjective ED symptoms, clinically assessed ED
psychopathology, and BMI. For EOI, no clear association was observed. These results contribute to
the literature indicating that a reduction in parental EE is associated with patients’ outcomes [10,25].
Although our analyses were explorative, these results indicate that reducing EE through a caregiver
skills training can positively affect the ED psychopathology and BMI in patients. These results highlight
the benefit and need in a caregiver training in the routine ED treatment.

This study has a couple of strengths. It is the first study investigating whether a change in EE can
predict a change in ED psychopathology and BMI in adolescent patients. A long-term outcome was
included. Both SUCCEAT groups were uniformly designed and guided by the same two professional
clinicians. The study has some limitations, too. The number of fathers included in this study was
low. Therefore, the role of fathers and the correlation between patients and both parents as well as
between mothers and fathers require further investigation. Furthermore, as ED duration and treatment
setting (outpatient or inpatient setting) differ significantly between the three groups at the baseline,
results regarding group differences should be interpreted with some caution.

255



J. Clin. Med. 2020, 9, 2021

5. Conclusions

Our study confirms that high EE is common in caregivers of adolescent patients with AN. It further
highlights that EE can be reduced after interventions for caregivers and that this reduction positively
influences patients’ outcomes. Our results therefore underline the importance of including a focus on
parental EE into the treatment of adolescents with AN. Parental EE was high and was associated with
higher distress, higher depression, and a lack of skills. We found that parental EE was significantly
reduced after participating in the SUCCEAT intervention or a specialized family intervention and
that this reduction remained in the long term. Although the patients’ perceptions did not match well
with the caregivers’ perceptions of EE, there was some evidence that reductions in EE positively affect
the patient’s treatment course. Altogether, we can strongly recommend to include interventions for
caregivers, such as SUCCEAT, into the treatment of adolescents with AN in order to improve the
outcome for caregivers and for patients. Patients might further benefit from a conjoint meeting with
parents to discuss family climate and to get sensitive to perceive possible changes.
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Abstract: Interventions for main carers of adult patients with anorexia nervosa (AN) can reduce
the caregiving burden and increase caregiver skills. However, the effectiveness and feasibility for
carers of adolescent patients, the optimal form of the intervention and long-term outcomes are largely
unknown. We evaluated the efficacy and feasibility of the “Supporting Carers of Children and
Adolescents with Eating Disorders in Austria” (SUCCEAT) workshop vs. online intervention. Main
caregivers (parents) of adolescent patients with AN were randomly allocated to a workshop (n = 50) or
online version (n = 50). Participants were compared to a non-randomised comparison group (n = 49)
receiving multi-family or systemic family therapy. Primary (General Health Questionnaire) and
secondary outcomes were obtained at baseline, three-month and 12-month follow-up. Adherence was
high for workshop and online participants (6.2 and 6.7 sessions completed out of 8). Intention-to-treat
analyses revealed significant pre–post reductions in the primary outcome for the workshop (d = 0.87
(95%conficence interval (CI): 0.48; 1.26)) and online (d = 0.65 (95%CI: 0.31; 0.98)) intervention that
were sustained at the 12-month follow-up. There was no significant group difference (p = 0.473).
Parental psychopathology and burden decreased and caregiver skills increased in all groups; the
improvement of caregiver skills was significantly higher in SUCCEAT participants than in the
comparison group. Online interventions for parents of adolescents with AN were equally effective as
workshops. The improvements remained stable over time.

Keywords: anorexia nervosa; children and adolescents; parents; carers; intervention; workshop;
online intervention
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1. Introduction

The National Institute for Health and Care Excellence (NICE) Guidelines recommend involving
carers in the treatment of adolescent patients with anorexia nervosa (AN) [1]. As AN tends to develop
during adolescence, parents usually function as main carers. AN is a life-threatening psychiatric
disorder that is often related to a high mortality and a high chronification rate [2]. Furthermore, AN is
often associated with lack of insight and low motivation to change in patients. Therefore, the illness
can have a serious emotional impact on the whole family, especially the main carer, who usually is a
parent. This can cause severe parental distress and lead to enormous burden and relationship problems
within the whole family [3–6].

In the cognitive interpersonal model of maintaining factors for eating disorders (ED), Treasure
and Schmidt [3] exemplify how interpersonal relationships between caregivers and patients play
an important role in the recovery of patients with AN. They illustrate how unhelpful parental
reactions, overflowing parental emotions of any kind and dysfunctional parental communication
styles may maintain AN symptoms and therefore lead to a vicious circle of dispute, avoidance and
misunderstanding, which might worsen the parents’ and patients’ outcome as a result: It may not only
hinder the recovery of the patients but might also lead to clinically relevant anxiety and depression in
caregivers themselves [7,8]. Therefore, it is essential to teach main carers, mostly parents, specific skills
and communication styles to help them handle difficult situations, in order to break the vicious circle.
As confirmed by a meta-analysis of interventions for caregivers of mainly adult patients suffering from
AN [9] that are based on the cognitive interpersonal model of maintaining factors for eating disorders
(ED) [3,10,11], they can reduce a carer’s burden and improve caregiver skills.

Usually, these interventions are delivered as workshop [12,13] or self-help programmes [14–16].
Only a few studies examined online versions, but mainly for carers of adult patients [17–19]. Online
interventions have the advantages of flexibility in time and place and may facilitate professional
support when face-to-face appointments are not possible or specialists are not available in remote
areas. Moreover, participants may experience less anxiety, shame or stigmatization during online
counselling [11,20,21]. So far, there is not enough evidence whether online interventions are as effective
as face-to-face interventions in the field of ED, especially in terms of carers of adolescent patients [22].
To investigate the efficacy of online interventions seems even more essential regarding the current
coronavirus disease 2019 (COVID-19) pandemic, when face-to-face contact should be restricted as
much as possible. Although there are still some barriers, such as online privacy and lack of sufficiently
free access to mental health service programmes, they offer a lot of opportunities when it comes to the
need of high safety [23]. Moreover, online programmes have the potential to provide help for families
that may otherwise have difficulties accessing clinical help. However, a recent systematic review [22]
reported only eleven studies examining online carer interventions on carer mental health, with two
studies focusing on AN [17,18].

Many studies have a short follow-up (FU) period, usually between three [14,18,19] and six
months [17]. Long-term outcome was rarely considered in previous research.

The majority of these studies mainly included carers of adult patients [12,14,24]. Evidence for the
effectiveness for carers of adolescents is scarce, with only one study focusing solely on adolescents [15].
Comparisons between workshop and online versions are completely missing for carers of adolescent
patients. To evaluate interventions for carers of adolescents is essential, as AN tends to start in
adolescence and early interventions are known to positively affect its course [1,25]. Many carers of
adult patients express a wish to have had early access to such an intervention [13].

Altogether, the effectiveness and feasibility of caregiver interventions for carers of adolescent
patients and whether an online version is equally effective and feasible as a face-to-face format is
largely unknown. The aim of this study was to compare the feasibility and explore the potential
long-term efficacy of “Supporting Carers of Children and Adolescents with Eating Disorders in Austria”
(SUCCEAT) programme delivered as a workshop or online programme for carers (usually parents) of
adolescent patients. The objective of SUCCEAT is to decrease carers’ burden by accrediting them with
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skills and knowledge, in order to increase their ability to better support their affected children and
adolescents [26]. We hypothesise that parents participating in SUCCEAT show a statistically significant
reduction of distress, burden and psychiatric symptoms at the post-intervention and at 12-month FU.
Furthermore, we aimed to figure out whether the intervention effects are different when delivering the
programme via workshops or online modules.

2. Methods

2.1. Study Design

Reporting to this study adheres to the CONSORT (Consolidated Standards of Reporting Trials)
guidelines (see online Supplementary Materials “ESM1. Consort checklist”). This is a two-arm parallel
group quasi-randomised feasibility trial that was conducted between November 2014 and April 2019.
Carers of children and adolescents between 10 and 19 years suffering from AN or atypical AN were
eligible to participate in the study. In this study, all main caregivers were parents living in the same
household as the patients they cared for. The inclusion criterion for caregivers was German fluency.
The inclusion criterion for patients was receipt of treatment as usual, according to NICE guidelines [1].
Participants were excluded if caregivers suffered from a severe mental illness or patients suffered from
severe comorbidities at baseline (e.g., psychosis) and if carers lacked Internet access. The SUCCEAT
group (workshop/online) was compared to a non-randomised comparison group of carers receiving
other forms of family support. Details of the study protocol are published elsewhere [26]. The study
was registered at ClinicalTrials.gov (Identifier: NCT02480907).

2.2. Recruitment and Randomisation

The study protocol and the informed consent forms were approved by the Ethical Commission
of the Medical University of Vienna (#1840/2013). For each patient, one parent served as main carer
and completed the questionnaires. SUCCEAT participants were recruited at the Medical University
of Vienna (Department of Child and Adolescent Psychiatry). Patients underwent psychiatric and
psychological assessments. If eligible, parents were informed about the study and invited to participate.
After providing written informed consent, carers completed the baseline assessments and were
allocated to one of the intervention-arms. The practicalities of recruitment (limited number of study
participants to be enrolled in a reasonable period of time) meant that we were not able to implement
a technically exact randomisation procedure (blockwise in blocks of eight participants) as originally
planned and described in the study protocol [26]. Rather, we fixed the start dates of the workshop
and online groups in advance and alternately assigned the first block of enrolled participants to the
workshop, the next block to the online intervention and so forth. This procedure corresponds to the
definition of quasi-randomisation as reported in the Cochrane Handbook for Systematic Reviews
(Box 13.4a) [27]. The block sizes slightly varied depending on the number of incoming participants
prior to the start of a group (median size = 7). We assumed that the time of enrollment of participants
is not systematically related to any participants’ characteristics. We tested whether participants
allocated to the workshop and online group differed regarding sociodemographic characteristics,
clinical characteristics of patients and baseline scores of the outcome questionnaires and found that
solely patients of parents assigned to the online group had slightly longer ED duration compared to
the workshop group, while there were no other statistically significant differences (see Results section
for details). The participants were not informed about the group allocation until baseline assessments
were completed. Caregivers who did not want to participate in the intervention to which they were
assigned (n = 2 in online group) were excluded. Researchers involved in this study were not blinded
to the group allocation.

The comparison group was recruited from the Department for Neurology and Child and Adolescent
Psychiatry (Klagenfurt, Austria) and the Parkland Clinic, Clinic for Psychosomatic Medicine and
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Psychotherapy (Bad Wildungen, Germany); two clinics specialised in ED treatment. The same
procedure for checking eligibility and obtaining informed consent was applied.

2.3. Interventions

SUCCEAT was delivered either via workshop or online. Both intervention arms were designed
equally, including 8 weekly modules. The SUCCEAT intervention teaches carers about common
emotional and behavioural interactions that may occur when living with a person suffering from
anorexia nervosa, such as dysfunctional communication and misattributions. Carers are taught
skills to counter these reactions, such as Motivational Interviewing, problem solving, resilience and
difficult-behaviour management [5,8]. Caregivers had either face-to-face contact (in the workshops) or
had the opportunity to exchange thoughts via an online forum. Two health professionals coached both
the workshop and the online intervention. One was a child and adolescent psychiatrist, and the other
one was a psychologist and medical doctor in child and adolescent psychiatry training. Both worked in
the field of ED treatment and research for several years and were trained in Motivational Interviewing.

2.3.1. Workshop Group

The two healthcare professionals (subsequently referred to as “coaches”) delivered these modules
in eight weekly sessions. Caregivers received handouts in each session, as well as a comprehensive
manual based on a book [28], including detailed information, and a DVD [29] with case examples of
caregiver–patient interactions.

2.3.2. Online Group

Caregivers were invited to a face-to-face welcome meeting, where they got to know the coaches
and each other. Participants got access to the online programme, the handouts and the manual and
were asked to complete one module weekly. They also received the DVD. Once a week, they received
written feedback regarding their progress and responses to questions by one of the coaches.

2.3.3. Comparison Group

Comparison-group participants received either four double sessions of systemic family therapy
(Klagenfurt, Austria) or multi-family therapy (Bad Wildungen, Germany). Multi-family therapy,
based on the Maudsley Model of multi-family therapy for AN, is conducted in a two-day face-to-face
workshop delivered by a therapeutic team, including up to 10 families [30].

2.4. Assessments

The parents completed self-report questionnaires at baseline (T0), after the intervention (3-month
FU, T1) and at 12-month FU (T2). They rated their own psychopathology and caregiving skills. The
evaluation included the following assessments:

The 12-items version of the General Health Questionnaire (GHQ) assesses the level of parental
psychological distress [31,32]. Items are rated on a four-point scale (0–3) and are converted to a
dichotomous rating (“0” for the two lowest ratings; “1” for the two highest ratings) and summed up to
a total score ranging from 0 to 12 (higher scores indicating higher levels of psychological distress).

The Eating Disorder Symptom Impact Scale (EDSIS) assesses specific parental caregiving difficulties
for families of people with EDs [33]. A total of 24 items rated on a five-point scale are aggregated to a
total score and four sub-scores indicating difficulties in specific areas. Higher scores indicate more
difficulties. Subscales comprise difficulties related to “nutrition” (e.g., difficulties preparing meals or
arguments during mealtimes), “dysregulated behaviour” (e.g., temper outbursts or lying), feelings of
“guilt” (e.g., feelings of having done something wrong) and “social isolation” (e.g., losing friends).

The Symptom Checklist (SCL-90-Revised) [34] consists of 90 items rated on a 5-point scale
assessing a broad range of psychopathological symptoms which parents might develop over time
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while caring for a child with AN (e.g., somatization, obsessive–compulsive behaviour, etc.). For the
purpose of this study, only the global severity index (sum score of all items divided by 90; score range:
0–4) was calculated with higher scores, indicating higher levels of psychopathology.

The Beck Depression Inventory (BDI-II) [35,36] comprises 21 items assessing symptoms of parental
depression, rated on a four-point scale. Items are aggregated to a total score, with higher scores
indicating higher levels of depression.

The State and Trait Anxiety Inventory (STAI) [37], consisting of 40 items rated on a four-point
scale, measures two kinds of anxiety. “State-anxiety” is characterised as inner tension and concerns
toward future events in carers that vary across time and situations; “trait anxiety” means the tendency
of experiencing fear in general. Higher scores indicate higher anxiety.

The Caregiver Skills (CASK) scale [38] measures skills in parents caring for ED patients and
included 27 items rated on a visual analogue scale (0–100) which are summed up to the following
subscales: “Bigger Picture” (implementing bigger-picture thinking), “Self-Care” (taking care of yourself),
“Biting Tongue” (avoiding repetitive, nagging arguments), “Insight and Acceptance” (accepting and
managing negative emotions), “Emotional Intelligence” (ability to discuss and manage feelings) and
“Frustration Tolerance” (ability to be firm, calm and understanding). Item ratings are aggregated to one
total scale and six subscales. Mean scores were calculated for this study, with higher scores indicating
higher skill levels.

Furthermore, sociodemographic characteristics of the carers, including gender, age, highest
educational degree, marital status and ethnicity, as well as patient characteristics, including gender, age,
AN subtype, illness duration, type of current treatment and Body-Mass-Index (BMI), were obtained.
Any adverse events reported by the caregivers were recorded during the course of the trial.

2.5. Statistical Analysis

Data analyses were performed with IBM SPSS Statistics 25.0 and R. Differences in sociodemographic
and ED-related characteristics of carers and patients between the groups were analysed with t-tests
and χ2-tests. Adherence to the SUCCEAT intervention was explored by calculating the mean number
of completed workshop/online sessions and the percentage of carers who have completed more than
four sessions. Furthermore, completion of the programme was defined as having completed the last
session; full completion was defined as having completed the last session and at least two of the
three assessments. Differences in adherence measures between the workshop and online group were
explored by using t- and χ2-tests. Treatment effects of the SUCCEAT interventions were analysed by
using a series of general linear mixed models, including outcome scores from the baseline, 3-month
and 12-month FU assessments as within-factor and study arm as between-factor. While the main effect
of time represents the change of scores across both SUCCEAT study arms, the time x group interaction
represents differences in changes between the study arms. Bonferroni-adjusted p-values account for
multiple testing when results on questionnaire subscales are presented. Baseline to 3- and 12-month
FUs’ effect sizes (Cohen’s d, including 95% confidence intervals (CI)) were calculated separately by
study arm.

Intention-to-treat (ITT) was chosen as the primary analytic strategy. Therefore, participants
were analysed within the study arm they were randomised to, regardless of adherence. Missing
outcome data were replaced by using the expectation-maximization (EM) method, which is based on
maximum-likelihood estimates. Missing data were replaced separately for each outcome variable by
using data from other assessment time points (baseline, 3- and 12-month FUs) and study arm
as predictors (assuming normal distribution and using 25 iterations). Missing FU data were
not significantly related to baseline scores or sociodemographic characteristics. Additionally, a
completer analysis was conducted, including only data from carers who completed more than four
workshop/online sessions and assessments from all time points. Missing data were not replaced. Thus,
this analysis refers to the subgroup of carers highly adherent to both the intervention and assessments.
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The same analytic strategy was applied for exploring differences between the SUCCEAT
intervention group (including aggregated data from the workshop and online study arm) and
the comparison group. As there was no difference in effects between comparison participants recruited
from Bad Wildungen and Klagenfurt, data obtained from both sites were analysed in tandem.

3. Results

3.1. Participants

SUCCEAT participants were 102 carers (86% females, mean age: 47.2 years) who were randomised
to either the workshop (n = 50) or the online (n = 52) intervention group. Two participants were
excluded post-randomisation because they were not willing to participate in the group they were
randomised to, and thus they were not considered in the subsequent analyses. The participants’ flow
is shown in the consort diagram (Figure 1). Baseline demographic and clinical characteristics of carers
and patients are shown in Table 1. No statistically significant differences between participants of the
two groups were observed. The only exception was that the AN duration was slightly longer in patients
of carers assigned to the online group compared to the workshop group (p = 0.041). Furthermore, there
were no statistically significant differences between the groups in any outcome variable (GHQ, EDSIS,
BDI, STAI, SCL and CASK scores) at baseline, indicating that the quasi-randomisation approach was
successful in building two comparable groups. One carer in the workshop group and three carers in
the online group discontinued the interventions. Non-completion of the three-month and 12-month
FU assessments was 4% and 12% in the workshop group, respectively, and 8% and 28% in the online
group. Finally, data from 38 participants of the workshop and 31 participants of the online group were
included in the completer analysis.

Figure 1. Consort flow diagram. SUCCEAT: Supporting Carers of Children and Adolescents with
Eating Disorders in Austria; ITT: Intention-to-treat; FU: Follow-up.
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Table 1. Sociodemographic characteristics of the “Supporting Carers of Children and Adolescents
with Eating Disorders in Austria” (SUCCEAT) workshop and online group participants and
corresponding patients.

SUCCEAT Workshop
Intervention (N = 50)

SUCCEAT Online
Intervention (N = 50)

Group Difference

Test Statistic (df) p

Carers (SUCCEAT Participants)

Females (N, %) 42 (84.0%) 44 (88.0%) χ2 (1) = 0.332 0.564
Age (mean, SD) 46.64 (5.43) 47.72 (4.25) t(98) = 1.108 0.271

Highest educational degree
university degree (N, %) 30 (60.0%) 23 (46.0%) χ2 (2) = 2.885 0.236

A level degree (N, %) 11 (22.0%) 11 (22.0%)
<A-level degree (N, %) 9 (18.0%) 16 (32.0%)

Marital status
single (N, %) 0 (0.0%) 3 (6.3%) χ2 (2) = 3.481 0.175

married or living in partnership (N, %) 42 (84.0%) 36 (75.0%)
divorced or widowed (N, %) 8 (16.0%) 9 (18.8%)

Ethnicity χ2 (1) = 0.000 1.000
Caucasian (N, %) 49 (98%) 49 (98%)

Asian (N, %) 1 (2%) 1 (2%)

Patients

Females (N, %) 45 (90.0%) 48 (96.0%) χ2 (1) = 1.382 0.240
Age (mean, SD) 14.66 (1.91) 15.12 (1.80) t(98) = 1.238 0.219

Eating disorder diagnosis
Anorexia nervosa—restrictive type (N, %) 45 (90.0%) 45 (90.0%) χ2 (2) = 0.000 1.000

Anorexia nervosa—binge/purging type (N, %) 4 (8.0%) 4 (8.0%)
Atypical anorexia nervosa (N, %) 1 (2.0%) 1 (2.0%)

Eating disorder duration in months (mean, SD) 10.41 (7.10) 16.03 (16.03) t(87) = 2.076 0.041
Type of treatment
Inpatient (N, %) 24 (48.0%) 24 (48.0%) χ2 (1) = 0.000 1.000

Outpatients (N, %) 26 (52.0%) 26 (52.0%)
BMI at baseline (Mean, SD) 15.53 (2.13) 16.36 (2.54) t(96) = 1.743 0.084

SD: standard deviation; BMI: Body-Mass-Index.

Participants of the comparison group were 49 carers (38 from Bad Wildungen, Germany; 11 from
Klagenfurt, Austria) who were recruited over the same time period as the SUCCEAT group and provided
consent and completed baseline assessments. The recruitment rate (caregivers who participated in the
trial of those approached) was 71%. Statistically significant baseline differences between participants of
the SUCCEAT and comparison group were found regarding parental educational degree, AN duration
and type of treatment in patients. Participants of the comparison group were significantly less educated
(p = 0.015) and cared for patients with a longer duration of AN (p < 0.001) treated more often in
inpatient settings (p < 0.001). In the comparison group, non-completion of the three- and 12-month FU
assessments was 33% and 55%, respectively, leaving 22 included in the completer analysis.

3.2. Adherence

On average, SUCCEAT workshop participants completed 6.16 (SD: 1.81), and online participants
6.70 (SD 2.19), out of eight sessions, which was not significantly different between the groups (t(98) =
1.344, p = 0.182). Completion and full completion rates of the intervention were 72% (workshop) and
70% (online) (Chi2 (1) = 0.049; p = 0.826). Furthermore, the percentage of participants completing more
than half of sessions (workshop: 84%, online: 78%) did not differ between the groups (Chi2 (1) = 0.585,
p = 0.444). Regarding treatment engagement, 51.1% of workshop and 34.8% of online participants read
at least 50% of the manual, and 37.2% of workshop and 43.5% of online participants watched at least
50% of the DVD.

3.3. Primary Outcome

Within groups, the ITT analysis (Table 2) revealed a statistically significant reduction in the
carers’ burden, as indicated by the GHQ total score across both SUCCEAT interventions (F = 36.252,
p < 0.001). Baseline-to-post effects sizes were d = 0.87 (95%CI: 0.48; 1.26) in the workshop and d = 0.65
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(95%CI: 0.31; 0.98) in the online group. Baseline-to-12-months FU effect sizes were d = 0.81 and 0.98,
respectively. Results from the completer analysis (Table S1 in online “ESM2. Supplementary Tables
S1–S4”) parallel the results of the ITT analysis with a slightly higher baseline-to-12-months FU effect in
the online group).

Between-groups changes in GHQ scores across the time points were not significantly different
between the SUCCEAT groups (F = 0.752, p = 0.473), thus indicating no difference in the treatment
effect for the workshop and online group.

3.4. Secondary Outcomes

Results of the general linear mixed model analyses calculated on an ITT basis are shown in Tables 2
and 3.

ED-related burden: The ITT analysis revealed statistically significant reductions in caregivers’
burden related to AN symptomatology across SUCCEAT interventions, which was persistent to
12-month FU. Effect sizes were highest for the EDSIS nutrition subscale (large effects), whereby effect
sizes for the other subscales were in the low-to-medium range. There was no statistically significant
difference between the workshop and online group for the EDSIS total score or subscales.

Psychopathology: Carers’ general psychopathology, as measured with the SCL-90 R, was
significantly reduced over time, across both SUCCEAT intervention-arms, while there was no
statistically significant time × group interaction effect in the ITT analysis. Significant long-term
reductions in symptom levels were also observed for depression and anxiety scores across both
SUCCEAT groups.

Caregiver skills: From baseline to three- and 12-month FUs, caregiver skills as measured with the
CASK significantly increased across both SUCCEAT intervention-arms, while there was no statistically
significant time × group interaction in the total and any of CASK subscales (Table 3). Effect sizes were
medium to high.

Results of the completer analyses for secondary outcome measures (Tables S1 and S2 in “ESM2.
Supplementary Tables S1–S4”) were largely congruent with results of the ITT analyses, but with two
exceptions: For the SCL-90-R score, the completer analysis revealed higher reductions in the online
compared to the workshop group (F = 4.467, p = 0.014). Furthermore, the statistically significant
interaction effect for the “Emotional Intelligence” subscale of the CASK observed in the ITT analysis
was not found in the completer analysis.

Relation to comparison group: As indicated by the statistically significant main effects of the
group in the ITT analysis (Table S3 in “ESM2. Supplementary Tables S1–S4”), carers of the comparison
group receiving either multi-family therapy or systemic family therapy generally scored higher across
all time points in all burden and psychopathology measures than participants of the SUCCEAT groups.
Baseline to three-month FU effect sizes were slightly higher in SUCCEAT participants, as compared to
participants from the comparison group. However, the time × group interaction did not reach statistical
significance for any outcome measure, except for the CASK total score, where caregiver skills increased
significantly more in SUCCEAT participants, as compared to participants of the comparison group
(F = 5.570, p = 0.004). Considering data from completers only (Table S4 in “ESM2. Supplementary
Tables S1–S4”), only statistically significant main effects of time were observed.

3.5. Adverse Events

No harms were reported by any caregiver, and no patient died during the trial.
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4. Discussion

We evaluated the efficacy of the SUCCEAT programme for carers of adolescents with AN and
focused on a potential difference between using a workshop or online format for delivering the content.
Within both groups, the primary outcome and all secondary outcomes improved. Caregivers reported
a statistically significant reduction in distress, burden, anxiety and depression, as well as a statistically
significant increase in caregiver skills. These improvements were maintained to the one-year FU. Our
study, therefore, confirms that interventions for caregivers of adolescents patients with AN based on
the cognitive interpersonal model [3,10,11] are (1) effective for caregivers of an adolescent population
and (2) independent from the type of intervention (workshop or online).

Adherence of SUCCEAT was high. Completion rates of SUCCEAT were high (70–72%) compared
to a systematic review of online interventions for patients with ED and carers with a range of
18.4–95.5% [39]. Full completion was as high as completion, indicating that participants who completed
the intervention also completed at least one of the FU assessments. Thus, compliance to participate
in the assessments was high. However, compared to other guided interventions for caregivers of
adult patients with ED based on the same theoretical framework as SUCCEAT, the adherence was
similar [17–19,24], but higher than in other reports investigating self-help material [15,16]. “Overcoming
Anorexia Online”, which was investigated in different studies [17–19,24], seems comparable to the
concept of SUCCEAT, as it is also designed as an interactive, multi-media intervention consisting of
eight modules that were presented offline or online, mostly with additional guidance that usually
was provided by specialised clinicians. On the contrary, adherence of SUCCEAT was better than in
studies investigating self-help with guidance from less-experienced coaches [15,16]. Even though
the content was similar in all these approaches, a more diversified, structured and professionally
guided presentation, as it was offered in SUCCEAT, may have positively influenced engagement.
Moreover, adherence in the online intervention may have been facilitated by the welcome meeting
with the coaches and other carers, as personal contact with the coaches may improve the commitment
to complete the intervention. Furthermore, patients received treatment at the same facilities where the
interventions were offered, enabling a conjoint case-management that may enhance the compliance in
caregivers. Interestingly, the results of the ITT and completer analysis are similar, indicating that the
programme effects were robust across high- and less-compliant participants.

Furthermore, a higher proportion of workshop participants read at least half of the manual,
compared to the online participants. This difference may be explained by the fact that online participants
already had to read all of the information at the online platform and thus may not be willing to spend
even more time reading additional contents, whereas workshop participants were offered a face-to-face
presentation of the material and may have been more willing to read the additional information.
Otherwise, more online participants watched more than half of the DVD, as compared to the workshop
participants. This may be due to the fact that communication skills could easily and concretely be
demonstrated in the workshops by the coaches, but not so much online. Therefore, online participants
probably had to harken back to the DVD more often. However, to what extent the additional material
was used was left to the parents. Parents were regularly encouraged to gather more information on
specific topics if they felt the need to, but the focus was clearly on the participation of the workshop or
the online programme. However, not reading the whole manual and not watching the whole DVD
might not be clinically relevant, as the topics in the additional material are fully covered within the
workshops or online modules. Anyway, the engagement to read the manual and watch the DVD was
better in SUCCEAT than in a previous study using self-help material [15], even though the manual and
the DVD were the only materials offered in that specific study.

Carers’ distress (GHQ) was reduced significantly over the course of the SUCCEAT intervention.
Furthermore, psychiatric symptoms (anxiety and depression) in caregivers decreased. ED specific
burden also significantly decreased with the largest effects on the “Nutrition” subscale. This could
be due to the fact, that the items of this subscale (e.g., difficulties preparing meals, tension during
mealtimes, etc.) were intensively addressed in the SUCCEAT intervention. Caregivers of ED patients
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are known to report a lack of support especially with meal-times [40]. Therefore, this is an important
topic to address, as situations around meal-times are clearly associated with high frustration and
extreme emotional reactions in caregivers. Skills and communication techniques that aim to improve
meal-times and associated situations were repeatedly demonstrated in the workshop and the online
programme of SUCCEAT. In addition, this information was also considered in detail on the DVD,
which included specific scenarios of unhelpful and helpful communication between patients and
carers, especially around meal-times. Reducing the burden and improving skills in that domain may
support a better outcome of the affected patient by improving confidence in caregivers to support their
children and adolescents, especially in these fundamental everyday situations.

Moreover, statistically significant improvements in all domains of caregiver skills was found,
which seems unique for the SUCCEAT intervention. It is assumed that stabilising the mental health
of caregivers and improving their skills may positively affect patients’ outcomes as well [3,10,11,16].
Emotional regulation or positive communication may support recovery in patients with ED, and
therefore, interventions that increase caregiving skills in carers, are seen as an important add-on in
patients’ treatment.

In summary, the SUCCEAT intervention revealed remarkably high effect sizes in both groups, as
compared to prior studies [9,15,16,19]. In SUCCEAT, highly structured material with guidance from
professional coaches was used. In previous studies, carers specifically reported a lack of information
from professional healthcare workers and emphasised the wish for contact with clinicians [40,41].
Naturally, participants of the workshop group could ask questions as often as they wanted and
received individual feedback from the professional coaches during the workshop sessions. Likewise,
participants of the online arm had the possibility to write as many messages to the coach as they
wanted while working through the online sessions, even though they only received one message from
the coach per week, meaning that they also had multiple options to contact the coach. Both SUCCEAT
intervention arms were delivered and guided by the same two coaches trained in Motivational
Interviewing and with a high level of experience in the field of adolescent EDs, which has previously
found to moderate outcome [22]. Guidance from experienced clinicians may contribute to higher effect
sizes [17,24].

The SUCCEAT workshop and online formats appeared to be equally effective, although the
study did not have sufficient power to detect moderately sized between-group effects. There already
is evidence that online interventions can support recovery from ED and prevent chronicity in
patients [39,42,43] and can reduce burden and increase skills in carers of adult patients with ED [17–19].
This study adds to the literature that online interventions are also effective for carers of adolescent
patients with ED. Online interventions are promising in terms of effectiveness and also acceptability [22].
They are of great benefit, as they are transregional, highly flexible, widely accessible at any time and
delivered with minimal resources. Even coaches when responding via email can provide support with
high flexibility. Online programmes have the potential to provide information for carers that may
otherwise experience difficulties to access help or to contact clinicians. This is even more important
in times of the current COVID-19 pandemic, when professionals’ face-to-face support is partially
restricted in highly affected areas. As a result of associated uncertainty, ED symptoms, anxiety and
burden within the whole family might increase [44]. Thus, as there are limited possibilities to contact
clinicians face-to-face, online interventions like SUCCEAT may actually gain importance.

Caregiver skills increased more in the SUCCEAT group than in the comparison group, indicating
that the main target of the SUCCEAT intervention (increasing skills on how to care for adolescents
with an AN) was reached. Every content obtained in the subscales was intensively and repeatedly
addressed in the SUCCEAT intervention. Whereas the topics of some subscales of the CASK were
part of multi-family or systemic family therapy as well (e.g., ‘Emotional Intelligence’ or ‘Insight and
Acceptance’), most seem to be approached more deeply in SUCCEAT (e.g., “Self-Care”), and some
seem unique for the SUCCEAT intervention (e.g., “Bigger Picture”) [30,45]. Besides, the SUCCEAT
intervention offers more time to develop and strengthen these skills. Moreover, carers may benefit
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from the opportunity to participate in this programme without the presence of the patients, in contrast
to carers of the comparison group, where patients were included in the family treatment. However,
this group difference must be interpreted with caution, considering the baseline differences between
SUCCEAT and comparison group participants. Moreover, there were no further statistically significant
differences between SUCCEAT and the active comparison group for the primary and other secondary
outcomes measures. Regarding baseline data, the comparison group showed higher scores for burden
and psychopathology measures, which may be due to longer illness duration or more severe courses.

This study has several strengths: This is the first study to compare the efficacy of a workshop- and
online-based intervention for carers of adolescents suffering from AN, including long-term outcomes.
A core strength of this study is the usage of the same design in both interventions, containing eight
modules with the same content delivered within the same time frame. Both had access to clinical
guidance (either in the workshops or via weekly online messages) and the possibility to exchange
personal experiences with other carers (either in the workshops or via online forum). Furthermore, the
coaches were the same in both groups. We found high fidelity to the intervention in that carer skills
improved, and adherence was good.

This study also has some limitations: We included carers of AN patients only. More work
is needed to investigate the effects of interventions for carers of adolescent patients with bulimia
nervosa and binge-eating disorder. We could not compare the efficacy of SUCCEAT to a randomised
control group. Other inpatient and outpatient psychiatric facilities that have been asked to recruit
control-group participants with treatment-as-usual declined. Consequently, only two units that already
implemented specialised family interventions (multi-family or systemic family therapy) in their routine
ED treatment concept participated. Therefore, we could only compare the efficacy of SUCCEAT to
these well-established treatments, rather than to caregivers without receiving any such intervention.
Moreover, the participants of the comparison group were recruited from different facilities partially
located in a different country (Germany) from the SUCCEAT participants. Although the core principles
of ED treatment should be comparable across all facilities involved, slight differences in treatment
approaches cannot be ruled out. Besides, a direct comparison between the groups may be further
impeded by different numbers of intervention sessions and baseline differences between participants
of the SUCCEAT and comparison groups. Furthermore, dropout at FU assessments was higher in
the comparison group than in the SUCCEAT group. The three-months dropout might have been
lower for the SUCCEAT groups because the three-month assessments were conducted shortly after the
SUCCEAT intervention was finished, whereas the assessment was not temporally correlated with the
end of the family intervention in the comparison group. For the differences regarding the dropout rates
at the 12-month FU, we assume that the participants who already filled out two assessment batteries
might also be more willing to complete the final FU assessment. These differences have to be taken into
account when comparing the SUCCEAT group to the comparison group. Nevertheless, the current
study provides a rough estimation of the effects of SUCCEAT compared to other well-established
caregiver interventions. Further research is needed, including a randomised control group and larger
group sizes in all arms, to confirm the effectiveness of SUCCEAT. Data on patient outcomes are needed
to investigate whether the reduction of burden and improvement of skills in caregivers positively
influences ED outcomes as well.

5. Conclusions

This study provides support for the efficacy of SUCCEAT, an intervention for carers of adolescents
with AN, reducing carer’s burden, distress and psychopathology and improving caregiver skills with
high adherence and long-lasting medium-to-high effects underpinning its clinical relevance. SUCCEAT
can easily be delivered and disseminated. Both the workshop and the online version can be integrated
into clinical routine care of inpatient and outpatient adolescents with AN, as an adjunct to the treatment.
Guidance by trained professionals and conjoint case-management at the same facility seem important
for the efficacy and adherence of the intervention.
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Abstract: Background: In mildly to moderately malnourished adolescent patients with anorexia
nervosa (AN), accelerated refeeding protocols using higher initial calory supply coupled with
phosphate supplements were not associated with a higher incidence of refeeding syndrome (RS).
It is unclear whether this is also a feasible approach for extremely malnourished, adult AN patients.
Methods: Outcomes of a clinical refeeding protocol involving a targeted initial intake of ≥2000
kcal/day, routine supplementation of phosphate and thiamine as well as close medical monitoring,
were evaluated. A retrospective chart review including AN patients with a body mass index (BMI)
<13 kg/m2 was conducted, to describe changes in weight, BMI, and laboratory parameters (phosphate,
creatine kinase, hematocrit, sodium, liver enzymes, and blood count) over four weeks. Results: In
103 female patients (age, mean ± standard deviation (SD) = 23.8 ± 5.3 years), BMI between admission
and follow-up increased from 11.5 ± 0.9 to 13.1 ± 1.1 kg/m2 and total weight gain within the first
four weeks was 4.2 ± 2.0 kg (mean, SD). Laboratory parameter monitoring indicated no case of RS,
but continuous normalization of blood parameters. Conclusions: Combined with close medical
monitoring and electrolyte supplementation, accelerated refeeding may also be applied to achieve
medical stabilization in extremely underweight adults with AN without increasing the risk of RS.

Keywords: anorexia nervosa; caloric intake; refeeding syndrome; refeeding protocol

1. Introduction: Refeeding and Refeeding Syndrome

Refeeding syndrome (RS) is a sudden, threatening deterioration in the general physical condition of
a cachectic patient undergoing refeeding, especially in the first two to three weeks of refeeding following
a prolonged period of hunger. RS has been scientifically described, among other conditions, in prisoners
of war after the Second World War [1,2] and later in the refeeding of predominantly older underweight
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patients and patients with tumor cachexia [3,4]. Characteristic features of RS are fluid shifts and electrolyte
fluctuations, which can occur as a result of endocrine and metabolic changes resulting from the onset
of refeeding. At the center of RS are hypophosphatemia, hyponatremia, disturbed glucose metabolism,
and insufficient thiamine supply [5]. Drastic malnutrition is associated with depleted intracellular phosphate
stores. Initially, refeeding causes a change from a catabolic to anabolic metabolism, and concomitant
hyperparathyroidism may contribute to the development of hypophosphatemia [6]. This process can lead
to a critical drop in the intracellular concentration of adenosine triphosphate (ATP) and thus in the energy
supply of the cells [7]. Clinical consequences range from severe organ dysfunction and rhabdomyolysis
to seizures, delirium, coma, and death. The definition of RS is not clear-cut, and so there are no clear
prevalence figures for RS in patients with anorexia nervosa (AN). In adult AN patients, the incidence of
hypophosphatemia during refeeding is reported to range from 0%–80% [8,9]. Appropriate control of energy
intake, as well as monitoring and adequate supplementation of electrolytes, are essential in the early stages
of refeeding to avoid complications [10].

Due to the fear of serious medical complications related to RS, “start low, go slow” approaches (e.g.,
starting at 1200 kcal/d and increasing by 200 calories every other day) have been practiced for a long
time in the refeeding of patients with AN. In practice, this approach leads initially to a hypocaloric
diet and the maintenance of severe energy deficiency and to additional weight loss, which, in some
cases, can lead to pronounced hypoglycemia with subsequent organ damage, as well as to longer
hospital stays. In adolescent patients with AN, higher initial weight gain has been linked with a higher
likelihood of remission by the end of treatment [11].

There is currently no consensus regarding the adequate initial energy supply during the refeeding
of AN patients, which leads to inconsistent procedures. A scientific basis for the very restrictive
dietary guidelines for the initial caloric intake in severely underweight adult patients is still missing,
and presumably, the initial BMI [12] or the expression of cachexia is a predictor of RS [13]. Study
protocols, in which an initially higher caloric intake was compared with a low-caloric diet [14] or with
high energy intake in the first week and a gradual reduction of energy supply [15], showed no difference
in the occurrence of components of RS, but larger and faster weight gain with the higher-caloric
refeeding approach. In addition, a review of 22 studies by Garber et al. [16] showed that in mildly
to moderately malnourished AN patients a low initial energy intake was too conservative and that
higher initial energy levels were not associated with an increased risk of RS, as long as electrolytes,
water balance, and cardiovascular parameters were closely monitored and controlled; however, most
studies included in the review were conducted in adolescents. For extremely underweight adult
patients, there are currently only a few studies examining higher caloric refeeding, and therefore no
commonly accepted, reliable recommendations regarding the value and safety of accelerated refeeding
strategies exist. In a recent study on 119 adults with AN, higher initial caloric refeeding (i.e., 1500
instead of 1000 kcal/d) was described to provide additional nourishment, to medically stabilize patients,
and to prevent RS [17]. The authors concluded that future research is needed to examine whether
higher-calorie intakes (i.e., 2000 kcal/d), similar to those studied in adolescent patients, may also be
beneficial to treat adult patients.

This retrospective study aimed to describe (i) a clinical, high-caloric refeeding protocol established
in a specialist ward of a psychosomatic clinic, targeting an initial intake of 2000 kcal/d and the
accompanying essential medical measures; (ii) the outcomes of this approach regarding changes in
weight and selected blood parameters to reflect physiological status and risk of RS.

2. Methods

2.1. Design and Population

The 24-bed ward featured in this study admitted patients with a diagnosis of anorexia nervosa
who are at least 18 years old and who, due to their underweight, excessive exercising and/or vomiting
and/or medical complications, require intensive medical and therapeutic surveillance.
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For this retrospective chart review, patient data from all consecutive admissions were included if
they fulfilled the following inclusion criteria:

• Age > 18 years; no upper age limit was defined as an inclusion criterion.
• Treated at a 24-bed unit for extremely underweight patients with 6 surveillance beds at Schön

Klinik Roseneck, Rosenheim, Germany, between 1/1/2016 and 12/31/2018 (oral nutrition, no forced
feeding or medication, no tube feeding, and all meals accompanied).

• Main diagnosis of AN (restrictive, active, and atypical AN).
• BMI ≤ 13 kg/m2.
• Retention period of ≥28 days, as RS and related phenomena, are expected in this time window.
• Availability of laboratory data: five measurements from the time of admission until day 28.

Exclusion criteria were age<18 years, treatment at the institution outside of the time window, a BMI
> 13 kg/m2, and other eating disorder diagnoses, such as bulimia nervosa and binge eating disorders.

2.2. Ethical Approval

All procedures performed in studies involving human participants were in accordance with the
ethical standards of the institutional review board of the Ludwig Maximilian Universität (LMU) Munich
and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
According to the guidelines by the institutional review board of the LMU Munich, retrospective studies
conducted on already available, anonymized data are exempt from requiring ethics approval.

2.3. Routine, Clinical Management of Meals, and Refeeding

All patients received three meals with an average total energy content of 2000 kcal per day from
day 1 after admission to the ward, divided into three main meals with a choice between vegetarian and
non-vegetarian menus. The caloric intake was adjusted and increased according to weight development
to aim for an increase in body weight of 700–1000 g/week. The criterion for sufficient food intake was
weight gain, which should be at least 100 g per day. If the agreed amount of food intake for weight
gain could not be achieved, the portion size of one or more main meals was increased, and up to
three snacks between meals were added. In addition, liquid food was offered to substitute for energy
losses in case a part of the meals could not be eaten. All meals were therapeutically accompanied by
a nurse or therapist in a 1:6 group supervision. Patient adherence to dietary intake was supported
through daily therapeutic contacts and medical rounds. Patients ate their meals in a stable group
setting and supported each other. Peer pressure may play an important role. In weekly eating protocol
sessions, patients reviewed their progress and committed to new goals related to food avoidance,
fears, and counteractive behavior. Patients did not receive nasogastric feeding since the normalization
of eating behavior is a common therapeutic goal. All patients were prescribed 2000 kcal/d (three
meals) starting from the day of admission. The average caloric value (data provided by the caterer
and controlled in samples) for the non-vegetarian menu was 743, 717, and 704 (total 2164) kcal for
breakfast, lunch, and dinner; and 743, 737, and 683 (total: 2162) for the vegetarian option. If patients
did not finish their meal (50%–99% eaten) they were asked to drink 1 supplemental drink (400 kcal,
Fresubin 200 mL with 2 kcal/mL). If patients ate less than 50% of their respective meal, they were
asked to replace the missed-out calories by drinking 2 supplemental drinks (2 × 400 kcal). The group
setting and the support from experienced therapists were considered essential for compliance with
dietary adherence. Contingency measures were often necessary to regulate excessive exercising and
slow weight gain. During the first 28 days, it was rare that patients required more than 2000 kcal/d
but many patients received liquid food to replace unfinished meals. Patients reduced their calorie
consumption by limiting their physical activity. Contingency contracts and video surveillance with 24/7
nursing staff presence as well as very moderate exercise therapy play an important role in normalizing
movement behavior.
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During the first 4 weeks, which was the observation period in this study, most patients gained
sufficient weight with 2000 kcal/d spread over three meals. This was supported by restricting their
physical activity and exercising. In individual cases, an energy intake of more than 4000 kcal was
necessary to ensure sufficient weight gain. All patients participated in an intensive therapeutic program
adapted to the special needs of the severely underweight women and suitable for therapeutically
addressing the considerable anxieties and resistance associated with weight gain. This included daily
individual cognitive behavioral therapy (CBT) sessions and medical rounds, accompanied meals,
participation in group therapy (twice weekly problem-solving group, Cognitive Remediation Therapy
(CRT), and art therapy, and daily morning and evening rounds with the nursing staff).

Daily documentation occurred for clinical and therapeutic observations and nursing contacts
as well as weight measurement and comments on the accompanied meals. Physical examination
including neurological assessment and vital signs was a standard procedure at admission and brief
daily medical check during rounds. The SUSS (Sit up, squat, stand) test, as specified by the British
Royal College of Psychiatrists MARSIPAN (Management of Really Sick Patients with AN) workgroup,
assessed physical performance. It was used at admission and during rounds to follow up on physical
performance. Patients used wheelchairs during the first weeks on the ward if their weight is below
13 kg/m2. A normal result of the SUSS test plus a BMI of 13 kg/m2 and above show that a wheelchair
was no longer necessary.

As part of the routine refeeding protocol: weight was monitored daily in underwear (Scale:
Seca Model Nr. 6357021004). Height was measured at admission. Blood work was performed
at least once a week including blood count (without white blood cell differential), electrolytes
(sodium, potassium, phosphate, and chloride), transaminases, gamma-glutamyl-transferase (γ-GT),
creatine kinase, creatinine, and urea. Further investigations included continuous monitoring of
vital signs (electrocardiogram (ECG), heart rate, and blood pressure), hematocrit (<25%) and weight
progression, routine clinical examination including neurological assessment and vital signs, SUSS test,
sonography, and bioelectrical impedance analysis to assess edema status. Phosphate (612 mg to 1224
mg/d) and thiamine (200 mg/d) were supplemented routinely for two weeks and phosphate thereafter
if needed. In some patients, the administration of diuretics was necessary at times when either the
severity of the edema was subjectively too stressful or the heart rate per minute exceeded the systolic
blood pressure in mmHg.

2.4. Data Assessment

The American Society of Parental and Enteral Nutrition developed consensus guidelines
for the following diagnostic criteria for RS [18]: (i) a decrease of serum phosphorus, potassium,
and/or magnesium levels by 10%–20% (mild RS), 20%–30% (moderate RS), or >30% and/or organ
dysfunction resulting from a decrease in any of these and/or due to thiamin deficiency (severe RS)
(ii) and occurring within 5 days of reinitiating or substantially increasing energy provision. These
ASPEN criteria did not appear suitable to us for assessing the risk of the patients we treat in our
unit: phosphate and thiamine were routinely supplemented and it was therefore unlikely that such
a deficiency will occur in the context of malnutrition. Potassium was controlled even more closely
(possibly several times a day), because of the risk of cardiac arrhythmia. If a drop in serum potassium
occurred, potassium, as well as magnesium, were supplemented. In this respect, we chose not to
adhere to these guidelines, and to report on a broad range of blood parameters to cover as many of the
risks associated with re-nutrition as it was possible using our retrospective data from routine treatment.

The following criteria were used to define a case of RS:

• Critical deterioration of the general condition (e.g., severe edema, pericardial effusion,
and weakness).

• Critical drop of serum phosphate to values <0.75 mmol/L.
• Increase in creatine kinase to >1000 U/L.
• Decrease of hematocrit to <25%.
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• Decrease of serum sodium to <125 mmol/L.
• For the assessment of the clinical condition, the following laboratory parameters were also used:

- Aspartate aminotransferase (GOT) (>35 U/L) and alanine aminotransferase (GPT) (>35 U/L)
for estimation of liver cell damage.

- Leukocytes (<3.98 G/L), hemoglobin (<11.2 g/L), and thrombocytes (<182 G/L) for the
assessment of bone marrow function.

The following data were collected on admission and weekly thereafter for 4 weeks in clinical care
and are presented in this study: body weight, height, BMI, and blood work (creatin kinase, phosphate,
sodium, GOT, GPT, leucocytes, hematocrit, hemoglobin, and thrombocytes).

The following cut-off values were used to define pathological blood values: creatin kinase,
>170 U/L; phosphate, <0.75 mmol/L; sodium, <12 mmol/L; GOT, GPT >35 U/L; leucocytes, <3.98 G/L,
hemoglobin, <25%; thrombocytes, <182 G/L.

2.5. Statistical Analysis

All data were examined with the Shapiro–Wilk test for normal distribution and presented as mean
± standard deviation (normally distributed data) or as median and 25th/75th percentile (non-normally
distributed data). For the change of BMI, weight, laboratory values over time, a paired samples t-test
(for normally distributed differences), or a non-parametric, related samples Wilcoxon test (difference
not normally distributed) was chosen. To assess how pathological laboratory values developed over
time, the change in the percentage of pathological values in the total sample was treated as a categorical
variable (pathological: y/n) and examined at the beginning and after 4 weeks using the two-sided
Fisher’s Exact Test (https://www.graphpad.com/quickcalcs/contingency1.cfm). The Fisher’s Exact Test
(Fisher–Yates test, exact chi-square test) is a significant test for independence in contingency tables.
In contrast to the Chi-square independence test, however, it does not impose any requirements on the
sample size and provides reliable results even with a small number of observations per cell.

A two-sided p-value <0.05 was considered statistically significant. Statistical analyses were
performed by using SPSS version 21.0 for Windows (IBM Corp., Armonk, NY, USA).

3. Results

Between 01/01/2016 and 12/31/2018, 335 patients were admitted to the 24-bed unit for extremely
underweight patients at Schön Klinik Roseneck in Rosenheim, Germany within a 120-bed hospital
for psychosomatic medicine and psychotherapy. Of these 335 patients, 181 had a main diagnosis
of AN, and 161 had a BMI <13 kg/m2 as well as a length of stay ≥28 days, with 43 of these (27.3%)
discontinuing therapy in the first four weeks. None of these 43 patients had refeeding syndrome.
A total of 103 patients with a BMI <13 kg/m2, a stay of ≥4 weeks, and available laboratory data per
the inclusion criteria were included in this study. These 103 patients had complete data sets, i.e.,
the laboratory values were available weekly (+− 2 days) for all measurement times. Most of the
patients with incomplete data sets were discharged or transferred before the end of the 28 days, mostly
due to lack of motivation—in none of these cases was a transfer necessary due to critical deterioration
of the general condition. All participants were female and aged 23.8 ± 5.3 (range = 18–47) years. No
males in the weight range <13 kg/m2 were admitted in the observation period.

The weekly change in weight and BMI is shown in Table 1. The weight of the female patients
increased during four weeks by an average of 1.0 ± 0.5 kg/week, and by a total of 4.2 ± 2.0 kg over four
weeks (mean, SD). This weight change corresponds to a total increase of 1.6 ± 0.8 BMI units in four
weeks (p = 0.001). None of the patients experienced a critical deterioration of their physical condition,
and all patients improved their performance level with weight gain (sit up, squat, stand (SUSS) test
score as specified by the MARSIPAN workgroup (32).
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Table 1. Weekly change in weight and body mass index.

Weight BMI Weight BMI

Week 1
31.5 ± 3.6 11.5 ± 0.9

Week 1–2
1.3 (0.6/3.0) *** 0.5 (0.2/1.1) ***

(23.5–40.1) (9.5–13.0) (−2.2–8.4) (−0.8–3.4)

Week 2
33.4 ± 3.7 12.3 ± 1.1

Week 2–3
0.8 ± 0.9 *** 0.3 (0.1/0.5) ***

(24.0–41.5) (9.7–15.2) (−1.2–3.4) (−0.5–1.4)

Week 3
34.2 ± 3.6 12.6 ± 1.1

Week 3–4
0.7 ± 0.7 *** 0.2 (0.1/0.4) ***

(26.0–41.5) (9.8–15.9) (−0.8–2.8) (−0.4–1.2)

Week 4
35.0 ± 3.5 12.8 ± 1.1

Week 4–5
0.8 (0.4/1.1) *** 0.3 (0.1/0.5) ***

(26.5–42.0) (10.0–16.1) (−1.4–1.9) (−0.5–0.8)

Week 5
35.7 ± 3.4 13.1 ± 1.1

Week 1–5
4.0 (2.9 / 5.0) *** 1.4 (1.1/1.9) ***

(27.8–43.9) (10.0–16.9) (−2.5–9.7) (−0.8–4.1)

***, p < 0.001; t-test for normally distributed data are presented as mean (SD), and for non-normally distributed data
as median (25/75 percentile) using a Wilcoxon test. change; BMI: body mass index; data in parenthesis are ranges.

The weight gain was highest in the first week with an average of 1.9 ± 2.0 kg, leveling off to
0.7–0.8 kg/week in the following three weeks. The maximum increase observed in the first week was
8.4 kg, which was mostly due to rehydration (traceable by hematocrit decrease). In 20 patients (19%),
the weekly weight gain in the first week was between 0.1 and 0.6 kg, in 13 (13%) between 0.7 and 1.0
kg, in 22 (21%) between 1.1 and 2.0 kg, in 24 (23%) between 2.1 and 4.0 kg, and in 13 (13%) >4.0 kg.
In 11 patients (11%) a weight stagnation or weight loss was recorded in the first week, and this group
had a mean weight loss of 0.7 kg (max. 2.2 kg to min. 0 kg).

All patients received 200 mg thiamine daily for the first four weeks and 612–1024 mg phosphate
daily for the first two weeks. With this supplementation, serum phosphate levels increased during the
observation period (Table 2, Figure 1). On admission, 7 (6.2%) of the 103 subjects had hypophosphatemia
with values <0.75 mmol/L, and one subject had a critical value <0.5 mmol/L. After one week, only five
patients had slightly decreased serum phosphate levels (<0.75 mmol/L) and after two weeks only
three patients.

The decrease in the mean creatine kinase values during the observation period of the first four weeks
of treatment clearly shows that the increase in energy intake and the consecutive significant weight
gain right at the beginning of treatment was not associated with an increased risk of rhabdomyolysis
(Table 2, Figure 1). Strongly elevated values for creatine kinase (>1000 U/L) were only observed in one
patient at intake with 9941 U/L, which completely normalized within fourteen days with adequate
nutrition and phosphate substitution.

While critical hyponatremia with values <125 mmol/L also occurred only on admission in one patient,
the initially already low average value for hematocrit fell from 37% to 35% after fourteen days, and then
slowly rose again to 36% after four weeks. Accordingly, up to three (different) patients with their hematocrit
fell below the critical value of 25% at the first three measurement points. After four weeks, the values in
two patients were still below the critical value. In parallel to the increase in weight, the transaminases,
which were strongly elevated at admission, decreased significantly. Further, 54 (51.9%) of the patients had
elevated GOT and 62 patients (59.6%) had elevated GPT > 35 U/L at admission, only 12 patients (11.5%)
still had elevated values of GOT after four weeks, and the number of pathological values for GPT did not
change on average during the four weeks being still n = 61 (59.2%).

Similarly, the rapid refeeding led to a highly significant increase in thrombocytes and leukocytes
(Figure 1, Table 2), while the hemoglobin, in parallel to the hematocrit, dropped from an initial average
of 12.5 ± 1.76 g/dL to 11.5 ± 1.69 g/dL in the third week, and stabilized at 11.6 ± 1.5 g/dL by week 4.
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 1. The course of creatine kinase (CK), inorganic phosphate (Phos) × 100, hematocrit (HK),
and aspartate aminotransferase (GOT) leukocytes and platelets over four weeks with F-values of the
measurement repeatability analysis. T1 to T5 (T1 intake, followed by weekly intervals of the laboratory
survey). (a) Creatin kinase (F 2,3 df 4, p 0.056.); (b) Phosphate (F 23,9, df 4, p 0.000); (c) Hematocrit (F
12,3 df 4, p 0.000); (d) GOT (F 13,8 df 4, p 0.000); (e) Leucocytes (F 8,9, df 4, p 0.000); (f) Platelets (F 19,8,
df 4 p 0.000.). T1, admission; T5, 28 days after admission.
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4. Discussion

In the sample of 103 adult and severely malnourished patients with AN described here, an oral
refeeding protocol with 2000 kcal/d as an initial target and weight-development-adapted increases
in energy intake was applied. On average, the patients’ body weight increased by more than 1040
g per week over four weeks and hypophosphatemia could be avoided with phosphate substitution.
With this accelerated refeeding protocol, no case of refeeding syndrome (RS) was observed.

4.1. Physiological Effects of the Refeeding Protocol in the Present Study

Hyperhydration was common among the patients during the first four weeks of refeeding.
This was self-limiting in most cases with only a small number of patients requiring oral diuretics.
The initially low average hematocrit value fell significantly within the first fourteen days as a sign of
hyperhydration, only to rise slowly thereafter; however, sodium levels remained stable or increased
slightly on average, so that the cause of hyperhydration is unlikely to be inadequate vasopressin
release or polydipsia. There is no indication that the drop in hematocrit could be avoided with slower
refeeding. Hyperhydration could lead to cardiac problems, including myocardial dystrophy that has
been associated with malnutrition [14]. In the present sample, the decrease in hematocrit was transient
and clinically manageable without cardiac complications. A significant decrease in transaminases was
observed as a sign of improvement in general body condition associated with weight gain. The increase
in transaminases is considered a sign of the autolysis of body cells associated with the lack of energy [19].
In this respect, the decrease in transaminases can be seen as a sign of improved cellular energy supply.
The bone marrow can transform gelatinously [20] when the patient is severely underweight over
a prolonged period, thus significantly limiting hematopoiesis. The significant increase in platelets and
leukocytes can be seen as a sign of bone marrow recovery and hematopoiesis. On the other hand,
hemoglobin did not increase during the observation period, which can be explained by the slower
erythropoiesis and the simultaneous hyperhydration with a decrease of hematocrit.

4.2. Previously Described Refeeding Protocols and Outcomes in Moderately Malnourished Adolescents with AN

Up till now, initial higher-caloric refeeding was mostly assessed in mildly to moderately
malnourished adolescents. For example, in a group of 129 adolescent AN patients (mean intake BMI:
15.9 kg/m2), Smith et al. found no case of refeeding syndrome with an initial energy intake of 1585 kcal/d
and a rapid increase in energy intake to 3626 kcal/d by day 14 after hospital intake [14]. In that study,
phosphate levels were monitored and, if necessary, corrected, which was the case in 75% of the patients.
BMI increased by 0.6 BMI units per week over a time of 15 days. Madden et al. [19] also developed
a high caloric refeeding protocol for adolescents: in 78 AN patients (78% expected body weight, no BMI
information), initial caloric intake started with 2400 kcal/d on days 0–3 by continuous (24 h) nasogastric
tube feeding, the weight increased by 2.5 kg in the first week, and by 5.1 kg 2.5 weeks after intake.
Using this protocol, none of the patients receiving prophylactic phosphate supplementation developed
hypophosphatemia, hypoglycemia, or other signs of RS. In contrast, one of the few case descriptions in
the literature of RS refers to a 15-year-old adolescent with a BMI of 11.6 kg/m2, low phosphate (0.78
mmol/L), and low glucose (2.6 mmol/L). With phosphate administration, the phosphate level of this
patient remained low, and with an energy administration of only 800 kcal/d and a slow increase to 1000
kcal/d after 6 days, an RS developed with severe impairment of the mental state up to delirium [20].

4.3. Previously Described Refeeding Protocols and Outcomes in Severely Malnourished, Adults with AN

Gaudiani et al. [9] prescribed 990 kcal/d at the beginning with an increase to 2000 kcal/d after
19 days in 25 adults with AN (mean BMI at admission 13.1 kg/m2), resulting in a BMI increase of
0.5 BMI units per week over a time of 19 days. Hypoglycemia occurred in 44% of patients, 76% showed
abnormal liver function, 45% developed hypophosphatemia, and 92% developed hypothermia [9].
The observed complications by Gaudiani may have been due to initial low caloric intake (hypoglycemia
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and consecutive liver dysfunction) and less proactive phosphate substitution (hypophosphatemia).
Hofer et al. [21] reported on 65 adults with AN (mean BMI at intake 13.7 kg/m2) who were refed at
437 kcal/d with an initial increase to 1506 kcal/d, leading to an increase of 0.3 BMI units per week over
a time of three weeks. This strategy was associated with severe hypokalemia in two patients, but
no patient developed hypophosphatemia (due to phosphate supplementation). In 10.5% of patients,
the following medical complications occurred: pretibial edema (n = 4), organ dysfunction as mild and
transient pancreatitis, transient stage 2 renal failure, and urinary tract infection (n = 3). In two patients
with already existing heart failure at admission with an echocardiographic ejection fraction of 40%,
the malnutrition increased the severity of the existing disease. In a recent retrospective, observational
study by Matthews et al. with 119 adult AN patients, higher caloric refeeding (group 1: baseline BMI of
17.2 kg/m2 and intake of 1500 kcal/d vs. group 2: baseline BMI of 14.9 kg/m2 and intake of 1000 kcal/d)
along with close medical monitoring stabilized the patients and prevented RS. Our findings are in line
with these results, and firstly, extend to an even more malnourished group of patients and second, to
higher initial caloric intake.

4.4. Relevance of the Findings with Respect to Current Guideline Recommendations

Given these data, it is important to question the recommendations of the current guidelines for
the management of AN. The German S3 guideline refers to the U.S.–American studies in adolescents,
which recommend faster re-nutrition, but with the remark that at the time of the guideline update no
comparable studies from the German-speaking countries and in adults were available. Other guidelines,
however, seem to be based on older studies in which the paradigm shift towards faster refeeding had
not yet become apparent. For example, the current guidelines for adults with AN (Table 3) recommend
a consistently low energy intake, which does not allow for adequate weight gain.

Table 3. Current, national refeeding guidelines for malnourished patients with anorexia nervosa.

Guidelines Age Recommended Energy Intake

Australia and New Zealand adult 1400 kcal/d [22]

Europe [23] adult start at 10, slowly increase to 15 kcal/kg/d
(Day 1–3)

United Kingdom: Royal College of
Psychiatrists [24] adult 10–20 kcal/kg/d

United Kingdom: MARSIPAN [25] adult 5–20 kcal/kg/d
American Psychiatric Association/American

Dietetic Association [26] adult 30–40 kcal/kg/d (1000–1600 kcal/d)

United Kingdom: Junior MARSIPAN [27] <18 years 20 kcal/kg/d

Recent data implies that combined with close medical monitoring, a more accelerated approach
appears to be safe, minimize complications, prevent mortality, and to reduce the length of stay in
hospitals for patients with AN; however, as long as there is still not sufficient evidence-based data
to support a new, general recommendation for severely malnourished, adult patients, nutritional
rehabilitation must remain tailored to the individual patient.

There is still a need for systematic research to finally answer the question, which initial
refeeding strategy for managing severe malnutrition should be the first-line treatment for AN patients.
Further studies are needed that allow a detailed analysis of energy intake, weight change, and any
associated complications. The approach presented in the current analysis appears promising and, to
our knowledge, unique in this form in adults concerning faster and at the same time safe refeeding.

The strength of the present study is the large sample size and the uniform medical and therapeutic
care under the largely standardized medication and diagnostics. One of the methodological limitations
is that this is not a randomized patient selection, but a naturalistic setting in a single clinic. A randomized
controlled trial (RCT) comparing “slow or regular” versus “fast” refeeding would be the next step
to provide evidence for changing refeeding guidelines. We analyzed data from a consecutive cohort
of extremely underweight patients. For such patients, inclusion in an RCT might be problematic for
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ethical reasons. With the chosen procedure, there was no evidence of critical deterioration of the
physical condition, on the contrary, a consolidation of critical health status due to the rapid increase
in weight was observed. Another limitation of the study is that the individual energy intake of the
patients as well as adherence to the dietary recommendations and frequency of contingency measures
were not objectively recorded and could only be given with a description of the general refeeding
protocol that was as accurate as possible. On the other hand, an exact and objective recording of the
energy intake of patients with AN is difficult to achieve, even under controlled conditions, and the
comparatively high and rapid initial weight gain proves that correspondingly high energy intake must
have taken place. Even though low blood glucose levels and thus hypoglycemia have been reported
during refeeding in patients with AN, data on blood glucose levels is not included in the manuscript.
To our experience hypoglycemia does not occur if the patients are sufficiently nourished, however, we
cannot be sure that there were periods of hypoglycemia in the patient cohort described in our study.

Key messages:

(1) There are few evidence-based high caloric refeeding protocols for severely malnourished adult
AN patients.

(2) In the present study, a rapid initial weight restoration strategy targeting oral energy intake of
2000 kcal/d from day one of treatment resulted in an average weight gain of 1040 g/week over
four weeks. Combined with close medical monitoring and supplementation of phosphate and
thiamine, this accelerated refeeding strategy was not associated with refeeding complications in
severely malnourished adult AN patients.

(3) To derive safe and commonly accepted guidelines, further and prospective studies comparing
different refeeding regimes are required.

(4) Following previous recommendations [18], the findings of the present study do not constitute
medical advice. While the acknowledgment of the accelerated refeeding protocol presented in this
study may assist in rethinking models of nutritional management of adult, severely malnourished
AN patients, the judgment of the treating professional about the choice of an adequate refeeding
strategy for an individual patient should prevail.

5. Conclusions

In summary, data from this naturalistic study indicate that the rapid refeeding strategy described
here was effective and safe and that RS was not a consequence of more rapid refeeding. Future studies
should further assess the efficacy and safety of rapid refeeding protocols in adults with AN who are
severely underweight.
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Abstract: Attention-deficit/hyperactivity disorder (ADHD) and its symptoms have been shown to be
present in patients with eating disorders (EDs) and are associated with increased psychopathology
and more dysfunctional personality traits. This study aimed to assess if the presence of ADHD
symptoms in patients with EDs affects their short and long-term therapy outcome. A total of
136 consecutively treated ED patients were considered in this study. Baseline pre-treatment evaluation
included the Adult ADHD Self-Report Scale (ASRS v1.1) for ADHD symptoms and the assessment
of eating symptomatology using the Eating Disorders Inventory (EDI-2). Treatment outcome was
evaluated in terms of ED symptoms after cognitive behavioral therapy (CBT) and dropout rate during
treatment. Furthermore, we evaluated ED symptoms in treatment completers after a follow-up of
8 years on average. Path analyses assessed the potential mediational role of the EDI-2 total score in
the relationship between ADHD and treatment outcome. Results showed that baseline symptoms
of ADHD indirectly affected treatment outcome after CBT; the ASRS positive screening was related
to higher eating symptomatology (standardized coefficient B = 0.41, p = 0.001, 95% CI: 0.26 to 0.55),
and the presence of high ED levels contributed to the increase of dropout (B = 0.15, p = 0.041, 95% CI:
0.03 to 0.33) and a worse treatment outcome (B = 0.18, p = 0.041, 95% CI: 0.01 to 0.35). No direct
effect was found between the ASRS positive screening with the risk of dropout (B = −0.08, p = 0.375)
and worse treatment outcome (B = −0.07, p = 0.414). These results suggest the relevance of identifying
specific treatment approaches for patients with ADHD symptoms and severe eating symptomatology.

Keywords: attention-deficit/hyperactivity disorder; ADHD; eating disorders; longitudinal; treatment
outcome; dropout

1. Introduction

Attention-deficit/hyperactivity disorder (ADHD), which is characterized by symptoms of
impulsivity, hyperactivity and inattention, has been described in relation to several psychiatric
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disorders including eating disorders (EDs) [1–4]. Accordingly, a higher prevalence of ADHD symptoms
in EDs has been reported in many studies, in comparison with the general population [4–10]. Likewise,
ADHD has been related with increased risk of disordered eating in childhood and adulthood [11–14],
obesity [15] and behavioral addictions [16,17].

From a neurobiological perspective, a recent study examined the genetic factors common to both
disorders and observed a stronger genetic association between ADHD and binge-eating behaviors [18].
From a clinical view, ADHD symptoms in ED were associated with higher ED symptomatology [19],
specifically binge ED subtypes, with greater psychopathology [19–21], and increased levels of motor
and cognitive impulsivity [22,23], as well as impulsive personality traits [24,25].

Despite the evidence linking ADHD and EDs, there is a lack of studies investigating whether
ADHD symptoms may impact treatment response in patients with EDs, both in terms of treatment
adherence (i.e., dropout rate) and outcome. To the best of our knowledge, there is only one previous
study in female patients with EDs reporting higher ADHD symptoms at baseline as a predictor of
non-recovery from eating-related symptomatology one year after treatment, especially for patients with
loss of control overeating, bingeing and purging [26]. However, a high dropout rate (61%) was shown
in that study, highlighting the need for future studies examining the impact of ADHD symptoms over
dropout rate in EDs treatment.

The first aim of the present study was to evaluate if the initial presence of ADHD symptomatology
impacts the therapy outcome after a cognitive behavioral therapy (CBT) treatment for EDs and dropout
rate during treatment. The second aim was to analyze whether the baseline ADHD symptomatology
had an impact on long-term therapy outcome (after eight years on average). Furthermore, we assessed
the influence of EDs severity over the relationship between ADHD symptoms and treatment results.

2. Materials and Methods

2.1. Participants

The initial sample was comprised of 191 adult women diagnosed with an ED and presented for
treatment to the Eating Disorder Unit within the Department of Psychiatry at Bellvitge University
Hospital (HUB) (Barcelona, Spain) from 16 April 2009 to 31 January 2011. The baseline data of the initial
sample was previously reported by Fernández-Aranda et al. (2013). Patients were diagnosed according
to the DSM-IV-TR criteria [27], and diagnoses were reanalyzed and recodified post hoc using the DSM-5
criteria [28]. In the present study, we analyzed this sample of patients following a CBT treatment
and after a longer follow-up (mean = 8.81 years; SD = 1.5). To that end, clinical records and an online
shared medical network were analyzed retrospectively throughout the region of Catalonia (Spain).
Thirty-three patients who did not start treatment were excluded from the original sample (n = 191);
however, neither online nor paper clinical records were available for 22 out of 158 patients who started
treatment. Thus, a final sample of 136 patients was included in the principal analysis. There were
no baseline differences between patients who were included in this study and those who were not.
Sixty-four participants included in the final sample did not complete treatment sessions (dropout)
whereas 72 patients out of 136 completed the treatment (see flowchart; Figure 1).

2.2. Assessment

Adult ADHD Self-Report Scale (ASRS-v1.1) [29]: The ASRS-v1.1 is a self-administered scale
designed to screen ADHD in the adult population (aged 18 years and older). It comprises 6 items that are
consistent with the DSM-IV-TR [27] criteria and address the manifestation of ADHD in adults; the first
4 questions examine the inattention component of ADHD, and the final 2, the hyperactivity component.
Each item is assessed using a 5-point Likert scale (0–4). The total score ranges between 0 and 24,
with the cut-off being set at 12. The Spanish validation reported good psychometric properties [30].
Internal consistency in the sample analyzed in this work was good (Cronbach’s alpha α = 0.77).
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Original sample 

n = 191 

n = 33 excluded (treatment not started) 

Available treatment information 

n = 158 

n = 22 excluded (missing treatment outcome)  

Treatment outcome 

n = 136 

Dropout 

n = 64 

Completers  

n = 72 

Non-remission 

n = 16 

Partial remission 

n = 25 

Full remission 

n = 31 

Figure 1. Flow chart for the sampling procedure.

Eating Disorders Inventory-2 (EDI-2) [31]: This self-report questionnaire consists of 91 items,
answered on a 6-point Likert scale, that assess different cognitive and behavioral characteristics related
to ED. The EDI-2 provides standardized subscale scores as well as a global measure of ED severity,
which can be obtained based on the sum of all the items. A Spanish version of this questionnaire [32]
has been validated and it obtained excellent psychometrical properties as an external global measure of
ED severity. Internal consistency for the total score in this study was good (Cronbach’s alpha α = 0.85).

2.3. Treatment

As described elsewhere [33,34], all patients received cognitive behavioral therapy (CBT) at HUB,
which was carried out by clinical psychology experts in the field. The CBT group therapy intervention
for bulimia nervosa (BN), binge eating disorder (BED) and other specified feeding or eating disorders
(OSFED) consisted of 16 weekly outpatient sessions lasting 90 minutes each and a follow-up period of
about two years’ duration that was carried out in a group format. Patients with BN first received six
sessions of psychoeducational brief group therapy to offer information and psychoeducation about
the negative consequences of BN. Patients diagnosed with anorexia nervosa (AN) completed a day
hospital treatment program, which included two daily group CBT sessions during an average of
3 months. If they were severely underweight (IMC < 15 kg/m2), they were offered an in-patient
treatment with a maximum duration of three months. Patients with AN also had a two-year follow-up
period with individual/group sessions. The goals of the treatment were to train patients to implement
CBT strategies to reduce eating symptoms and to enable patients to acquire good healthy habits.

Patients were re-evaluated at discharge and categorized into the following three categories: full
remission, partial remission and non-remission. According to DSM-5 criteria [28], the definition of
full remission is a total absence of symptoms meeting diagnostic criteria for at least 4 consecutive
weeks; partial remission is defined as a substantial symptomatic improvement but with residual
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symptoms; and patients who present poor outcomes are defined as non-remission. These categories
were previously used to assess treatment outcome in threshold ED in other published studies [33,34].
Voluntary treatment discontinuation was categorized as dropout (i.e., not attending treatment for at
least three consecutive sessions).

2.4. Follow-Up

A longitudinal follow-up of the patients was collected during an average period of 8.8 years
(SD = 1.5), from the end of the first contact made in our unit to April 2020. This first contact coincided
with the assessment using the ASRS screening questionnaire. By searching through centralized
Catalonian clinical records and an online shared medical network, we assessed clinical evolution
of all ED patients over the time, in terms of symptomatological remission (categorized as positive
follow-up) or clinical non-remission of eating symptomatology (categorized as negative follow-up).
From the total sample, clinical records were available for 123 patients, while 13 patients were missing
(10.5% attrition rate).

2.5. Ethics

The present study was carried out in accordance with the latest version of the Declaration of
Helsinki. The Bellvitge University Hospital Clinical Research Ethics Committee approved the study
and signed informed consent was previously obtained from all participants.

2.6. Statistical Analyses

Stata16 for Windows was used to carry out statistical analyses [35]. A comparison between
the groups defined by the risk of dropout during the CBT (yes/no) and the classification of the therapy
outcome (full/partial remission versus dropout/non-remission) was done with a chi-square test (χ2).

Survival function (Kaplan–Meier product-limit estimator) modeled the rate of dropout during
the therapy. This procedure is usually used to describe the probability of the patients “living/surviving”
for a certain amount of time after one concrete intervention [36]. In this study, “surviving” was defined
for patients without dropout after the beginning of the CBT.

Path analyses assessed the potential mediational role of the ED severity level (EDI-2 total score) in
the relationship between ADHD and treatment outcome (i.e., therapy outcome after a CBT treatment
and dropout rate during treatment). This procedure was defined in this work as a case of structural
equation modeling (SEM), with the maximum-likelihood estimation method of parameter estimation,
adjusting by the covariates participants’ age and the duration of the ED. The goodness-of-fit was
evaluated using a standard statistical test, and it was considered adequate fitting for [37]: non-significant
result (p > 0.05) in the χ2 test, root mean square error of approximation (RMSEA) < 0.08, Bentler’s
comparative fit index (CFI) > 0.90, Tucker–Lewis Index (TLI) > 0.90 and standardized root mean
square residual (SRMR) < 0.10. In this study, the relatively low sample size and the high correlations
between the EDI-2 scores did not allow the SEM to be included in all the EDI-2 subscales registered for
the participants (goodness-of-fit was not achieved).

3. Results

3.1. Characteristics of the Sample

No statistical differences between participants selected for the study and those excluded were
found for marital status (χ2 = 0.07, p = 0.982), education level (χ2 = 1.03, p = 0.317), socioeconomic
status (χ2 = 2.67, p = 0.446), age (T = 1.04, p = 0.300), duration of the eating problems (T = 0.62, p = 0.535),
onset of the ED (T = 0.70, p = 0.487), ED-symptom levels (T = 0.52, p = 0.603) and ADHD-symptom
levels (T = 0.74, p = 0.462).

Table 1 shows the descriptive for the sociodemographic and clinical variables of the final sample
included in the study. All participants were women, with a mean age of 28.7 years (SD = 9.6), most
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were single (66.9%) and had achieved a secondary education level (61.0%). The number of patients
within the ASRS positive screening group was n = 46 (point prevalence estimate equal to 33.8%).
Regarding CBT outcomes, the dropout rate in the total sample was 47.0%, non-remission was registered
for 11.8%, partial remission for 18.4% and full remission for 22.8%. Within the completers subsample
(n = 72), non-remission was registered for 22.2% of the participants, partial remission for 34.7% and full
remission for 43.1%.

Table 1. Descriptive for the sample (n = 136).

Sociodemographic n % Therapy Outcomes n %

Marital Single 91 66.9% Total sample (n = 136)
Married/Partner 34 25.0% Dropout 64 47.0%
Divorced/Separated 11 8.1% Non-remission 16 11.8%

Education Primary 32 23.5% Partial remission 25 18.4%
Secondary 83 61.0% Full remission 31 22.8%
University 21 15.5% Completers subsample (n = 72)

Age and ED severity level Mean SD Non-remission 16 22.2%
Chronological age (years) 28.74 9.59 Partial remission 25 34.7%

EDI-2 total score 97.91 44.52 Full remission 31 43.1%
ADHD (ASRS screening) n %

Positive screening 46 33.8%
Negative screening 90 66.2%

Note. SD: standard deviation.

Table 2 includes the correlation matrix (Pearson correlation coefficients, R) between the ADHD
level (measured through the ASRS scales) with the ED symptom level (EDI-2 scales). Due the strong
relationship between the significance test for the correlation model and the sample size (high
coefficients estimated in low samples sizes tend to show non-significance, while low coefficients
tend to show significance obtained in samples with a large number of participants), Table 2 shows in
bold the coefficients with an effect size that is in the moderate-mild (|R| > 0.24) to high-large range
(|R| > 0.37). While moderate to high correlations were found between most EDI-2 scales, low correlation
was found between ASRS inattention with hyperactive scores (R = 0.166). ASRS inattention positively
correlated with all the EDI-2 scales, except for maturity fears, perfectionism and impulse regulation.
ASRS hyperactivity also positively correlated with drive for thinness, body dissatisfaction, interoceptive
awareness, impulse regulation and total. ASRS total correlated with all the EDI-2 scales (except for
perfectionism), achieving the highest R-coefficient with the EDI-2 total (R = 0.497).
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The ADHD level was not directly related to the short-term therapy outcomes in the study;
the prevalence of the ASRS positive screening score was statistically equal for completers and dropouts,
as well as for participants with partial remission and full remission versus those with dropout
and non-remission (Table 3). No association was found even when stratified by the diagnostic subtype
(Supplementary Table S1). Regarding data registered after the follow-up, neither was there any
statistical association found between the ASRS positive screening with therapy outcome.

Table 3. Description of ADHD measures within the groups defined by the short term therapy outcomes
(n = 136) and the follow-up (n = 123).

Treatment Outcome Completers (n = 72) Dropout (n = 64) p

ADHD screening (+); n-% 25 34.7% 21 32.8% 0.814

Short-term therapy outcome Full/partial remission (n = 56) Dropout/non-remission (n = 80) p

ADHD screening (+); n-% 21 37.5% 25 31.3% 0.448

Outcome at follow-up Remission (n = 87) Non-remission (n = 36) p

ADHD screening (+); n-% 29 33.3% 12 33.3% 1.00

Figure 2 includes the cumulate survival function for the time to dropout. The higher proportion
of dropouts was registered during the two weeks after the beginning of the treatment (12.1% for
the total sample), followed by the next two weeks (at the end of the first month 24.1% had followed).
No statistical contribution was found between ASRS score with the rate to dropout (log rank test = 0.01,
p = 0.995).

Figure 2. Survival function for dropout (n = 136).

Supplementary Table S2 includes the associations between the ADHD levels (registered in
the ASRS inattention, hyperactivity and total score) and the ED symptom levels (registered in the EDI-2
scores) with the treatment outcomes (during therapy, at short-term and in the follow-up). No statistical
differences were found comparing the mean scores in the ASRS and the EDI-2 between the groups of
the study.

3.2. Path Analysis

Figure 3 shows the results of the SEM assessing the mediational link of the ED severity into
the relationship between ADHD and the CBT outcomes. Goodness of fit was achieved for both models
(risk of dropout: χ2 = 0.807 (p = 0.848), RMSEA = 0.001, CFI = 0.999, TLI = 0.998, SRMR = 0.015;
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better CBT outcome: χ2 = 0.029 (p = 0.864), RMSEA = 0.001, CFI = 0.999, TLI = 0.998, SRMR = 0.004).
These results confirmed the indirect effect of ADHD on the therapy outcome; being in the ASRS
positive screening group is related to higher ED severity (higher EDI-2 total), and this worse ED level
contributed to the increase in the risk of dropout and a worse treatment outcome.

Figure 3. Path-diagrams: standardized coefficients in the SEM for the short-term therapy outcome
(n = 136). Continuous line: significant coefficient. Dash line: non-significant coefficient. Results
adjusted by age and duration of the ED.

Figure 4 shows the results of the SEM adding the patients’ state at the end of the follow-up
(adequate fitting was achieved: χ2 = 0.519 (p = 0.771), RMSEA = 0.001, CFI = 0.999, TLI = 0.998,
SRMR = 0.016). This new model indicates that the ADHD screening score was not related (through a
direct or indirect link) to the clinical condition measured in the follow-up.

Figure 4. Path-diagrams: standardized coefficients in the SEM for the follow-up (n = 123). Continuous
line: significant coefficient. Dash line: non-significant coefficient. Results adjusted by age and duration
of the ED.

4. Discussion

This study investigated whether the presence of ADHD symptoms in patients with EDs may
impact treatment outcome and dropout for EDs. The second aim was to examine the influence of EDs
severity on the relationship between ADHD symptoms and treatment outcome/dropout rate. Finally,
a long-term follow-up was included to assess the effect of ADHD symptoms at baseline on the clinical
evolution of EDs.

ADHD screening at baseline did not directly predict treatment outcome or dropout rate in patients
attending a CBT for EDs. However, our results highlighted that the severity of eating symptomatology
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mediates the relation between ADHD and treatment outcome/dropout rate. Specifically, positive
screening for ADHD symptoms was directly associated with the severity of EDI-2, which in turn is
related to a higher dropout rate and a worse treatment outcome, in terms of dropout during treatment
and non-remission of ED symptomatology.

The only previous study investigating the effect of ADHD over treatment for ED suggested
that patients with higher ADHD symptoms presented a higher risk of poor post-treatment outcome,
although the impact of ED severity on this relation was not assessed [26]. Interestingly, a high
dropout from treatment was also reported in that study (61%), further suggesting the importance
of taking into account dropout as a negative outcome of ED treatment. Considering that patients
with ADHD tend to act impulsively, they may be more likely to abandon treatment, although limited
information has been reported linking the effect of ADHD symptomatology in the treatment of
comorbid psychopathology, in terms of dropout. These studies were mostly focused on substance
use disorder (SUD), such as tobacco [38] or cocaine [39–41]. When SUD and ADHD are co-morbid,
some factors seem to increase the risk of dropout, including: disruptive behaviors related to ADHD [40],
cognitive deficit (e.g., executive dysfunctions) and the type of substance of abuse [41]. Concerning
EDs, this is the first study suggesting that higher severity of EDs and co-occurring ADHD symptoms
increase the risk of dropout.

In spite of the higher proportion of dropouts registered within the first two weeks of treatment,
the ASRS score does not differ between early or later dropout, suggesting that ADHD symptoms
may increase the dropout rate at different stages of treatment. Furthermore, we included a longer
follow-up of the majority of the patients, showing that positive screening for ADHD symptoms at
baseline did not affect the longer terms evolution of EDs. This is the first retrospective study which
allows the evaluation of the impact of ADHD symptoms on EDs with a longitudinal follow-up of
roughly 8 years.

This study must be interpreted in light of its limitations. First, a self-reporting instrument was
used to measure the frequency of adult ADHD symptoms, which may lead to an overestimation
of this symptomatology. Therefore, future studies should focus on EDs patients with comorbidity
with ADHD, not only taking into account ADHD symptomatology. Furthermore, comorbidity with
others psychiatric disorders often associated with EDs (e.g., anxiety, depression) should be addressed
by future studies in larger samples. Second, only female EDs patients were included in this study,
so further studies would benefit from including male population as men report a higher prevalence of
ADHD in adult life [42]. Third, it would have been advisable to have objective measures available
after the follow-up. Finally, the retrospective nature of the design should be considered.

In conclusion, the present findings suggest a higher risk for dropout of treatment (i.e., CBT for
EDs) and worse treatment outcomes in patients with more severe ED-symptoms, and an indirect effect
of ADHD symptomatology on the treatment outcomes mediated by the ED severity levels. This was
the first study to examine the effect of ADHD over the risk of dropout in patients treated for EDs,
suggesting the relevance of identifying specific treatment approaches for patients with greater degrees
of ADHD symptoms and severe EDs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/7/2305/s1,
Table S1: Description of ADHD measures within the groups defined by the short-term therapy outcome (n = 136),
Table S2: Description of ADHD measures within the groups defined by the short term therapy outcomes (n = 136)
and the follow-up (n = 123).
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Abstract: Fear of gaining weight (FGW), body image disturbances, associated anxiety and body-related
attentional bias are the core symptoms of anorexia nervosa (AN) and play critical roles in its
development and maintenance. The aim of the current study is to evaluate the usefulness of virtual
reality-based body exposure software for the assessment of important body-related cognitive and
emotional responses in AN. Thirty female patients with AN, one of them subclinical, and 43 healthy
college women, 25 with low body dissatisfaction (BD) and 18 with high BD, owned a virtual body that
had their silhouette and body mass index. Full-body illusion (FBI) over the virtual body was induced
using both visuo-motor and visuo-tactile stimulation. Once the FBI was induced, the FBI itself, FGW,
body anxiety and body-related attentional bias toward weight-related and non-weight-related body
areas were assessed. One-way analyses of covariance (ANCOVA), controlling for age, showed that AN
patients reported higher FGW, body anxiety and body-related attentional bias than healthy controls.
Unexpectedly, patients with AN reported significantly lower FBI levels than healthy participants.
Finally, Pearson correlations showed significant relationships between visual analog scales and
body-related attentional bias measures, compared to other eating disorder measures. These results
provide evidence about the usefulness of virtual reality-based body exposure to elicit FGW and other
body-related disturbances in AN patients. Thus, it may be a suitable intervention for reducing these
emotional responses and for easing weight recovery.

Keywords: anorexia nervosa; virtual reality; fear of gaining weight; body anxiety; body image
disturbances; body-related attentional bias
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1. Introduction

Anorexia nervosa (AN) is considered one of the most serious eating disorders (ED), affecting
women worldwide [1]. Although the age of onset of AN is established at around 14 to 19 years old [2,3],
this condition has been progressively diagnosed in younger patients [4,5], making early preventive
interventions in AN a public health priority.

According to the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition [6], individuals
with AN show severe restriction of food intake that leads to a significantly low body weight. In addition,
they usually feel an intense fear of gaining weight (FGW) and disturbances in the way they experience
their body weight and shape, also referred to as body image disturbances [7]. Greater FGW has
also been related to more severe ED symptoms [8,9], and it is considered as one of the strongest
predictors of ED symptomatology (e.g., dietary restraint and compulsive exercise) in AN patients [10].
In fact, it has been suggested that AN patients are more susceptible to learning fear associations than
healthy individuals [11] (Strober, 2004); for instance, they are more likely to develop an intense FGW
after starting a low-fat diet. Another psychopathological model has highlighted the importance of
the anxiety symptomatology that AN patients usually experience as a direct reinforcement of their
fears and behaviors [12]. The subjective feelings of tension, worried thoughts and physical changes
that AN patients present are sometimes focused on their own body or toward specific body areas
(i.e., weight-related body areas), a phenomenon known as body anxiety [13]. Previous studies have
suggested that the core fears in AN (such as FGW) elicit high anxiety levels, which, in turn, lead to a
progressive increase in ritualistic eating- and activity-related behaviors (e.g., the initiation of noncaloric
diets or doing intense physical exercise). Over time, this allows the reinforcement of undereating and
other dysfunctional behavioral disturbances [12].

Other theories have focused on the study of the mechanisms underlying the information processing
biases typically found among individuals with EDs: biases in memory, interpretation and attention
of body-related information, which, in turn, influence and maintain body image disturbances and
ED symptomatology [14,15]. Among these cognitive biases, the dysfunctional role of attention has
received increasing consideration over the last decades. Previous research suggests that ED patients
pay more attention to disorder-relevant information (e.g., food- and body-related stimuli) than to other
sorts of information [16,17]. Furthermore, dysfunctional body-related attention presumably maintains
body image disturbances by processing only body information that is consistent with dysfunctional
cognitive schema content (such as my thighs or stomach are getting fatter), while schema-inconsistent
information tends to be visually neglected [16]. When considering patients with AN, body-related
attentional bias seems to be especially pronounced in restrictive-type AN patients [18].

Therefore, these body-related constructs and underlying cognitive mechanisms may play a
critical differential role in the development and maintenance of AN symptomatology. Consequently,
the implementation of specific, tailored interventions targeting them is needed in AN.

Mirror exposure therapy aims to decrease body- and weight-related fears and is used to improve
cognitive behavioral therapy (CBT) [19]. Several studies support the use of mirror exposure therapy to
reduce body image disturbances in ED patients [20,21] and high body-dissatisfied individuals [22,23].
However, mirror exposure therapy frequently elicits a highly negative initial reaction in patients [24],
which increases the probability of treatment rejection and the risk of dropout [25]. Furthermore, mirror
exposure therapy is usually conducted in controlled settings (e.g., a laboratory or therapist’s office),
and the generalization of positive changes learned during exposure is impaired [26].

These limitations can be overcome by the application of virtual reality (VR) techniques. For instance,
VR technology is proposed as a good complement to in vivo exposure, especially in the initial stages of
the intervention, since it is perceived as safer by participants and reduces the rates of withdrawal [27].
In addition, although VR is also conducted in a controlled setting, it allows researchers to create real-size
3D simulations of participants’ bodies with their physical characteristics and place them in immersive
environments that reproduce real life situations related to their body image concerns (e.g., a dressing
room, a beach or a bathroom), thus enhancing the generalization of positive results [26,28]. Another
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advantage of using VR is that it allows certain stimuli or environments to be manipulated in ways
that may not be possible in mirror exposure therapy. For instance, it allows patients with AN to
increase/decrease the weight (or the body mass index (BMI)) of the virtual avatar until it reaches a
target weight, thus helping to confront their core fears (i.e., the fear of gaining weight).

VR technology has evolved notably over the last few years. For instance, the newest VR systems can
achieve a full-body motion tracking that captures the individual’s body silhouette and movements using
a head-mounted display, VR controllers and a series of body trackers that can be attached to different
body areas (e.g., the feet and the waist). These technological advances have allowed the development
of countless applications for improving health-related problems in a new transdisciplinary research
field known as embodied medicine or embodied technology (for an extensive review, see [29,30]).
This paradigm allows individuals to perceive and feel a virtual body as their real body by activating
predicting neurological brain circuits to elicit the feelings of ownership over a virtual avatar [29,30].
Specifically, the subjective experience in which individuals feel an artificial body to be their own
is known as full-body illusion (FBI) [31]. To accomplish this, different types of information (visual,
acoustic, proprioceptive and vestibular) must be combined into multisensory representations [32].

One of the most widely studied and best-known paradigms for eliciting feelings of ownership
over a specific body area is the rubber hand illusion [33], in which the participant’s nonvisible real hand
is synchronously touched by the experimenter while the participants see the same touches delivered
to a fake rubber hand. Following the rubber hand illusion paradigm, a previous study found that
ED patients tend to experience a stronger illusion over a fake hand than healthy individuals [34].
Alternatively, a large number of studies have investigated the effects of the FBI on the whole body
to assess body image disturbances, for a review, see [28], finding that the perception of body size
and weight may be changed in nonclinical samples [35–38] and ED patients [39–41]. Specifically,
among AN patients, Keizer et al. [39] found that owning a skinny virtual body significantly reduced
the perceived body size in AN patients, as well as in healthy participants. These results were later
replicated by two case report studies, which showed that VR embodiment-based techniques (e.g., using
a visuo-tactile stimulation procedure) allowed the modification of body image disturbances either in
the short term [40] or over several sessions [41].

Curiously, while most body exposure-based therapies, such as mirror exposure therapy, focus
on treating body image disturbances, little information is available about the use of body exposure
techniques, with or without VR, to treat FGW. Levinson, Rapp and Riley [42] proposed an imaginal
exposure procedure that consisted of five sessions in which the patient had to visualize her own weight
gain and the possible associated adverse consequences. The authors reported a clinically significant
change in ED symptomatology from pretherapy to one-month follow-up and a steady increase in
weight throughout the exposure sessions, which was maintained at follow-up. Imaginal exposure
therapy directly targeting the FGW seems to be an interesting approach in AN treatments. However,
its effectiveness must be explored in controlled clinical studies. Furthermore, imagery exposure may
have some significant limitations—for example, difficulty in achieving or maintaining visualization
and the risk of avoidance of the most feared stimulus during visualization. These limitations can be
overcome by the application of VR techniques that do not rely on the patient’s visualization ability
and reduce the possibility of avoidance behaviors. Therefore, VR exposure therapy provides a useful
approach to targeting FGW [41].

The aim of the current study was to assess the usefulness of a VR-based body exposure software to
elicit FGW and other important body-related cognitive and emotional responses, such as body anxiety
or body-related attentional bias among patients with AN. Specifically, the objective was to assess levels
of FBI, body anxiety, FGW and body-related attentional bias when healthy women with high and low
body dissatisfaction (BD) and AN patients owned a virtual body (VB) with their real silhouette and
body mass index (BMI). In addition, the relationship between FGW, body anxiety and body-related
attentional bias experienced during VR exposure and ED measures, collected prior to entering the VR,
were assessed. Based on previous research, it was expected that: (i) AN patients would report higher
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levels of FBI, body anxiety and FGW than healthy women when they owned their real-size VB; (ii) AN
patients would show higher body-related attentional bias, specifically in weight-related body areas,
than healthy participants; (iii) healthy women with high BD would show higher FBI, body anxiety,
FGW and body-related attentional bias than women with low BD; (iv) and there would be positive
relationships between the measures assessed during VR exposure and the ED measures.

2. Materials and Methods

2.1. Participants

Forty-three female college students from the University of Barcelona, Spain and 30 AN female
patients from different ED units in Barcelona participated in the study. College women were recruited
through campus flyers and advertisements in social network groups. The exclusion criteria were a
self-reported diagnosis of a current ED, a body mass index (BMI) of less than 17 (moderate thinness) or
over 30 (obesity, according to the World Health Organization, 2004) or a self-reported current severe
mental disorder diagnosis (e.g., schizophrenia or bipolar disorder).

The inclusion criteria were patients with a primary diagnosis of AN (DSM-5 criteria) over 13 years
of age with a BMI < 19. Furthermore, one subsyndromal patient who met all anorexia criteria but
two was also included. Visual deficits that prevent exposure, epilepsy, pregnancy and clinical cardiac
arrhythmia were considered exclusion criteria for the nonclinical and clinical samples.

Nineteen adolescents with AN were diagnosed at the ED Unit of Hospital Sant Joan de Déu of
Barcelona, while 11 adults with AN were diagnosed at the ED Unit of Bellvitge Hospital and Hospital
Clínico San Carlos of Madrid, Spain. All patients underwent a day-patient treatment for adolescents
and young adults with ED. This was an intensive day-patient treatment program conducted at the ED
Unit in 11-h periods, with permission to sleep at home.

2.2. Measures

2.2.1. ED Symptomatology Measures

• BMI =weight (in kilograms)/ height (in m)2.
• Eating Disorder Inventory (EDI-3) [43]. The EDI-3 is a self-reported inventory consisting of

12 scales and 91 items, in which the answers are provided on a 6-point Likert scale. In the
current study, only the 10-item body dissatisfaction scale (EDI-BD) and 7-item drive for thinness
(EDI-DT) scales were used. EDI-BD measures body dissatisfaction with the whole body and
specific body parts. EDI-DT measures the desire to be thinner, concern with dieting, preoccupation
with weight and FGW. The Spanish version of the EDI-3 has robust validity indices and good
internal consistency, with a Cronbach’s alpha ranging from 0.74 to 0.96 [44]. In the current study,
Cronbach’s alphas for the clinical samples were 0.76 for the EDI-BD scale and 0.84 for EDI-DT.
Cronbach’s alpha values for both scales were 0.77 to 0.79 in the nonclinical sample.

• Physical Appearance State and Trait Anxiety Scale (PASTAS) [13]. The PASTAS is a self-reported
questionnaire that assesses body anxiety, understood as the subjective feelings of tension, worried
thoughts and physical changes that patients and participants feel about their body or toward
specific parts of their body. The PASTAS comprises two self-report scales measuring weight-related
and non-weight-related anxiety. In this study, the weight scale (W) with 8 items was used.
The questionnaire presents good reliability, with a Cronbach’s alpha between 0.82 and 0.92 and
good test-retest (r = 0.87) and convergent validity indices for the W scale (r = 0.74 EDI-BD and
r = 0.62 EDI-DT) [13].

• Body Image Assessment Scale-Body Dimensions (BIAS-BD) [45]. The BIAS-BD was used to
assess body image disturbances in this study. The BIAS is a figural drawing scale questionnaire,
which presents the physical anthropometric dimensions of adult women in a series of human
silhouettes. Participants selected the one that was perceived as their body size (perceived
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silhouette) and the one they desired to have (desired body size). Then, according to their BMI,
the real silhouette was also selected. The scale allows researchers to estimate the participant’s
body dissatisfaction (discrepancy between perceived and ideal body size) and body distortion
(discrepancy between perceived and real body size). This scale shows good psychometric
properties, such as good test-retest reliability (r = 0.86) with data collection before and after a
two-week interval and good concurrent validity (r = 0.76) after comparing participants’ perceived
actual body size and self-reported BMI [45].

• Body Appreciation Scale (BAS) [46], translated by Jáuregui-Lobera and Bolaños-Ríos [47]. The BAS
consists of 12 items assessing a positive attitude towards one’s body on a 5-point Likert scale.
It presents good internal consistency, with a Cronbach’s alpha of 0.908 [47].

2.2.2. Body-Related Attentional Bias

Weight-related body parts (W-AOIs or areas of interest) were chosen based on the weight scale of
body items from the PASTAS questionnaire [13] and drawn onto a picture of a female avatar in a frontal
view. Body parts included in the W-AOIs were the legs, thighs, buttocks, hips, stomach (abdomen)
and waist. After the separation of the W-AOIs, the remaining body parts (head, neck, chest, shoulders,
arms and feet) were labeled as non-weight-related body parts (NW-AOIs) (Figure 1).

 

Figure 1. Weight-related and non-weight-related areas of interest on the female virtual avatar.

Participants’ selective visual attention was measured using the complete fixation time and number
of fixations on the areas of interest (AOIs). Visual fixation was defined by Jacob and Karn [48] as the
visual act of maintaining one’s gaze on a single location for a minimum duration, usually 100–200 ms.
In this study, a duration of 100 ms was considered. Previous studies focusing on body-related attention
used these specific gaze-behavioral measures, provided by eye-tracking (ET) technology, as reliable
and continuous measures of attention allocation toward specific body areas [18,49–52].
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2.2.3. Visual Analog Scales (VAS)

• Full-body illusion (FBI) was assessed by means of a VAS estimating the intensity of the illusion
from 0 to 100. “On a scale of 0 to 100, indicate to what extent you felt that the virtual body was
your own body, where 0 is not at all and 100 is completely.”

• FGW and anxiety related to the whole body were assessed on a VAS from 0 to 100. “On a scale
of 0 to 100, indicate the level of anxiety toward your body that you are feeling at this moment,
where 0 is not at all and 100 is a lot.” “On a scale of 0 to 100, indicate to what extent you are afraid
of gaining weight at this moment, where 0 is not at all and 100 is a lot.”

2.3. Hardware and Software Features

All participants were exposed to an immersive virtual scenario using a VR HTC-VIVE
head-mounted display (HMD HTC VIVE, HTC Corporation, New Taipei City, Taiwan). In addition
to the two controllers that HTC-VIVE usually provides, three additional body trackers were used to
achieve full-body motion tracking. The VR trackers and headsets were connected to a computer with
a powerful graphics card (Nvidia RTX 2080, Nvidia Corporation, Santa Clara, CA, USA) to run VR
environments fluently.

HMD FOVE-Eye Tracking (FOVE, Inc., Torrance, CA, USA) was used to detect and register
eye movements. The headset uses the incorporated position and orientation eye-tracking systems.
The FOVE display has 2560*1440 pixels and creates 70 frames per second. Infrared eye-tracking sensors
create 120 frames per second, with an accuracy level of less than 1 degree. FOVE setup 0.16.0 (FOVE,
Inc., Torrance, CA, USA) and Unity 3D 3.0.0 (Unity Technologies, San Francisco, CA, USA) were used
to create the virtual simulations. The virtual avatars were created using the software Blender 2.78.
The virtual environment consisted of a room with a large mirror on the front wall. The mirror was large
enough to reflect every limb of the body and was placed 1.5 m in front of the participants. A young
female avatar wearing a basic white t-shirt with blue jeans and black trainers was created. The avatar
also wore a swim cap to avoid any influence of hairstyle and an HMD, like the participants.

2.4. Procedure

This study was approved by the ethics committee of the University of Barcelona (Institutional
review board IRB00003099), and all sessions were conducted at the ED units of each hospital.
Furthermore, all AN patients were previously informed about the nature of the study by the clinicians
responsible for their care at each ED unit. All participants signed the informed consent after being
informed about the study, the data confidentiality and the possibility of withdrawing from the study
at any point without consequences. When participants were under 18, informed consent was also
signed by their legal guardians. Additionally, confidentiality was ensured by assigning a different
identification code to each participant. Patients were previously diagnosed by senior trained clinical
psychologists and psychiatrists using nonstructured clinical interviews and applying the DSM-5 criteria
strictly. The Mini International Neuropsychiatric Interview (MINI) [53] was also conducted at two
of the ED units. The assessment was carried out by trained clinical psychologists who had previous
experience with the latest version of the MINI.

Before the start of the assessment session, each participant was measured to calculate their BMI,
and the researchers asked questions in relation to the inclusion and exclusion criteria. In the ED units,
the clinicians responsible for the patients were contacted to complete the identification form for the
study, with information about current BMI, AN subtype diagnosis and previous history of the disorder,
and to confirm that the inclusion and exclusion criteria were fulfilled.

All the participants underwent the same procedure. Firstly, the virtual avatar was generated by
taking frontal and lateral photos of the participant and creating an avatar whose silhouette matched the
pictures by adjusting the body parts (shoulders, arms, chest, waist, stomach, hip, thighs and legs) to
the photographs. In the meantime, a second researcher administered the paper-based questionnaires.
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Next, the FBI was induced using two procedures: visuo-motor and visuo-tactile stimulation.
Visuo-motor stimulation consisted of synchronizing the movement of the participants and the avatar
using motion capture sensors placed on the hands, feet and waist. Once inside the virtual environment,
all participants could observe themselves in the first-person perspective and look at themselves in a
mirror (in the third-person perspective). The movements were carried out in a structured way, and the
procedure lasted one and a half minutes. The visuo-tactile stimulation consisted of synchronizing the
participants’ visual and tactile stimulation. When participants were touched with one of the HTC-VIVE
controllers on different areas of the body (upper and lower limbs and stomach), they saw (in first
and third person) how their avatars were touched in the same areas at the same time by a virtual
controller. The visuo-tactile stimulation lasted one and a half minutes and was always performed by a
female experimenter. Once the FBI was induced, the three VAS examining the intensity of the FBI,
body-related anxiety and the FGW were assessed.

Finally, to assess the body-related attentional bias, a calibration and recording procedure was
conducted using VR HMD-FOVE-Eye Tracking. The participants’ gaze was tracked while they were
asked to observe their virtual body in the mirror for 30 s (a similar recording time to that used in other
studies) [50,54,55]. During the process, and as a cover story, the participant was told to remain still and
avoid abrupt head movements while the virtual avatar position was being recalibrated.

2.5. Statistical Analysis

Ogama (Open Gaze Mouse Analyzer) software (Freie Universität, Berlin, Germany) was used
to transform ET raw data into suitable quantitative data. The sum of the visual fixation times of
each of the subjects was estimated using the complete fixation time and the number of fixations on
the AOIs. This was achieved by summing up separate complete fixation times and the number of
fixations displayed on W-AOIs vs. on NW-AOIs. Additional data transformation was conducted by
calculating the difference between weight-related and non-weight-related AOIs (e.g., complete fixation
time (W-AOIs: 1615 ms − NW-AOIs: 1505 ms = 110 ms)). Therefore, a positive outcome would mean
that the participant looked at weight-related body parts longer than at non-weight-related body parts,
while a negative outcome would mean the opposite.

Likewise, healthy women were divided into high vs. low BD levels using the median score of the
EDI-BD as a cut-off point (Me BD = 8).

One-way analyses of covariance (ANCOVA) were run to determine if there were differences in
all measures, including ED measures assessed prior to entering the VR environment, VR-VASs and
ET measures between participants with high and low BD and AN patients. Given the age differences
between ED and healthy participants, this variable was controlled and introduced as a covariable in
the analyses. Analyses of ET measures were conducted for the groups of AOIs (e.g., the difference
between W-AOIs and NW-AOIs) and for single W-AOIs (e.g., arms, shoulders and chest, etc.).

There was homogeneity of the regression slopes as the interaction terms were not statistically
significant (p > 0.05) for any of the measures. The other assumptions were partially met. There was
homogeneity of the variances, as assessed by Levene’s test, in almost all measures except for BMI,
EDI-BD, EDI-DT and BIAS-BD. In addition, data were not normally distributed in all the variables
assessed by the Kolmogorov–Smirnov test. However, it was decided to conduct the analyses regardless,
as ANCOVA is considered a robust test, even in the case of deviation from normality [56]. Finally, a few
outliers were detected in some measures, as assessed by inspection of a boxplot. Statistical analyses
were conducted with and without the outliers. Since the results did not differ significantly, it was
decided to include them in the analyses.

Finally, Pearson correlations were run to assess the relationship between ED measures, VASs and
body-related attentional bias measures in the overall sample. They were also conducted separately
among healthy participants with low and high BD and patients with AN. All the analyses were
conducted with the statistical software IBM SPSS Statistics v.24 (IBM Corp. Released 2016. Armonk,
NY, USA).
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3. Results

The demographic and clinical information of healthy controls and AN patients are summarized
here. The healthy control sample consisted of 43 healthy college women (Mage = 21.12, SD= 1.56 and age
range: 18–23 years and MBMI = 21.94, SD = 2.53 and BMI range: 17.12 – 27.82), with 25 women with low
BD and 18 women with high BD. The clinical sample consisted of 30 AN female patients (Mage = 17.73
and SD = 4.60 and MBMI =17.55 and SD =1.07), with 19 adolescents (age range: 13–17 years and
BMI range: 16.06–18.94 kg/m2) and 11 adults (age range: 18–32 years and BMI range: 13.96–18.98).
Of the adolescent AN patients, 18 were diagnosed with restrictive AN (AN-R) and the other one with
purgative AN (AN-P). Three adolescent patients presented comorbidities with anxiety disorders: two
presented mood-related disorders, and one presented both anxiety and mood-related disorders. Eight
patients received pharmacological treatment: two with antidepressants, three with anxiolytics and
three with a combination of antidepressants and anxiolytics.

Six of the adult patients were diagnosed with the AN-P subtype and five with the AN-R
subtype. In addition, two adult patients presented comorbidities with borderline personality disorder,
one presented borderline personality disorder and post-traumatic stress disorder and one presented a
major depressive disorder. Five adult patients were receiving pharmacological treatment: one with
antidepressants, one with anxiolytics and antidepressants and three with antidepressants or anxiolytics
combined with antipsychotics.

All the descriptive results are summarized in Table 1, including ED measures assessed prior to
entering the VR environment, VASs assessed within the VR environment and body-related attentional
bias measures.

Table 1. Adjusted for age and unadjusted descriptive results. Mean (M), standard deviation (SD) and
standard error (SE).

Women with Low BD (n= 25) Women with High BD (n= 18) AN Patients (n = 30)

Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted

M (SD) M (SE) M (SD) M (SE) M (SD) M (SE)

BMI 21.65 (2.39) 21.60 (.42) 22.38 (2.75) 22.32 (.53) 17.55 (1.07) 17.63 (0.40)
EDI-3-DT 1.88 (1.76) 2.41 (1.07) 4.89 (4.39) 5.57 (1.27) 19.23 (7.43) 18.38 (1.03)
EDI-3-BD 4.04 (1.44) 4.53 (1.32) 14.61 (6.30) 15.26 (1.56) 24.03 (10.03) 23.23 (1.27)
PASTAS 5.04 (3.77) 5.80 (1.09) 8.56 (4.77) 9.70 (1.38) 17.20 (7.18) 15.95 (1.05)

BIAS-Body
distortion 9.60 (13.06) 9.93 (3.59) 18.13 (13.76) 18.61 (4.51) 39.17 (21.45) 38.63 (3.43)

BIAS-Body
dissatisfaction 7.40 (9.90) 7.53 (4.02) 14.37 (19.56) 14.56 (5.07) 36.83 (24.62) 36.62 (3.86)

BAS 52.32 (5.29) 51.82 (1.57) 42.06 (7.54) 41.32 (1.98) 29.43 (9.30) 30.24 (1.51)
VAS-FBI 65.72 (23.25) 67.94 (5.05) 54.94 (19.20) 58.24 (6.38) 46.18 (29.50) 42.15 (4.86)
VAS-A 15.20 (19.12) 17.44 (5.15) 26.25 (22.97) 29.60 (6.51) 40.00 (31.15) 35.34 (4.95)

VAS-FGW 22.88 (28.80) 25.12 (5.84) 51.88 (26.39) 55.21 (7.38) 79.82 (27.70) 72.86 (5.62)
Complete fixation

time (in ms) * −2858 (10,589) −4492 (1732) 965 (7578) −1079 (2055) 6899 (7457) 10,198 (2014)

Number of
fixations * 2.20 (15.80) −0.45 (2.96) 5.20 (15.49) 1.90 (3.51) 22.00 (12.99) 27.25 (3.41)

Note: body mass index (BMI); Eating Disorder Inventory (EDI-3) drive for thinness (DT) and body dissatisfaction
(BD) scales; Physical Appearance State and Trait Anxiety Scale (PASTAS); Body Image Assessment Test (BIAS); Body
Appreciation Scale (BAS) and visual analog scales (VAS) of full body illusion (FBI), body anxiety (A) and fear of
gaining weight (FGW). AN = Anorexia Nervosa. Complete fixation time in milliseconds (ms). * For eye-tracking
(ET) measures, the clinical sample was comprised of 19 adolescents and 5 adults with AN.

3.1. Eating Disorder Measures Assessed Prior to Entering the VR Environment

As Table 1 shows, patients with AN reported higher levels of BD, a drive for thinness, body
anxiety and body image disturbances (including body distortion and BD assessed with BIAS and EDI
questionnaires, respectively) than healthy participants. Patients with AN also had lower BMI and
showed lower body appreciation than healthy participants.
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After adjusting for age, the ANCOVA analyses showed group differences on all ED measures.
Specifically, the results showed significant group differences in BMI (F(2,67) = 29.035, p < 0.001, partial
η2 = 0.464); drive for thinness (F(2,69) = 56.775, p < 0.001, partial η2 = 0.622); BD (F(2,69) = 49.101,
p < 0.001, partial η2 = 0.587); body anxiety (F(2,67) = 20.600, p < 0.001, partial η2 = 0.381); body
image disturbances (including body distortion: F(2,67) = 15.703, p < 0.001, partial η2 = 0.319 and
BD: F(2,67) = 12,968, p < 0.001, partial η2 = 0.279, as assessed with the BIAS-BD questionnaire) and
body appreciation (F(2,67) = 45.426, p < 0.001). Post-hoc analyses revealed that there were significant
differences (p < 0.05) between patients with AN and women with high and low BD in all ED measures.

3.2. VASs of Full-Body Illusion, Body Anxiety and Fear of Gaining Weight

Once in the VR environment, and according to the VASs, AN patients reported lower values of
FBI than healthy participants. Additionally, AN patients reported higher levels of body anxiety and
FGW, while owning their real-size VB, than healthy participants. Women with high BD also reported
higher body anxiety and FGW, as well as lower levels of FBI than women with low BD (see Table 1).

To clarify whether these differences between patients with AN and women with high and low
BD were, indeed, significant, one-way ANCOVAs were run. After controlling for age, the results
reported significant group differences in FBI levels (F(2,68) = 6.252, p = 0.003, partial η2 = 0.157); FGW
(F(2,67) = 16,670, p < 0.001, partial η2= 0.332) and marginally significant differences in body anxiety
(F(2,67) = 3.077, p = 0.053, partial η2 = 0.084). Effect sizes according to Cohen (1988) were medium in
body anxiety, high in FBI and very high in FGW. Post-hoc analyses revealed significant differences
(p < 0.05) between patients with AN and women with low BD in FBI and FGW VASs and marginally
significant differences (p = 0.057) in VAS-A (see Table 2). In addition, there were also significant
differences between women with high BD and low BD (see Table 2).

Table 2. Post-hoc analyses (pairwise comparison) between AN patients and women with high and
low BD.

Measures
AN Patients vs. Women with Low BD AN Patients vs. Women with High BD Women with High vs. Low BD

MD p 95% CI MD p 95% CI MD p 95% CI

VAS-FBI −25.79 0.002 (−43.72, −7.86) −16.10 0.179 (−36.73, 4.53) −9.69 0.672 (−29.08, 9.70)
VAS-A 17,89 0.057 (−0.39, 36.18) 5,74 0.896 (−15.30, 26.78) 12,15 0.408 (−7.62, 31.93)

VAS-FGW 47.74 <0.001 (68.48, 27.00) 17.64 0.221 (−6.21, 41.51) 30.09 0.005 (7.66, 52.52)
Complete

fixation time
(in ms) *

14,722 <0.001 (7626, 21,818) 11,317 0.002 (3590, 19,045) 3404 0.568 (−2904, 9712)

Number of
fixations * 27.70 <0.001 (15.66, 39.74) 25.35 <0.001 (12.24, 38.45) 2.35 0.787 (−8.34, 13.05)

Note: Mean differences (MD), p-values and 95% confidence intervals (CI) stated for each group comparison.
ms =milliseconds. * For ET measures, the clinical sample was comprised of 19 adolescents and 5 adults with AN.

3.3. Body-Related Attentional Bias Measures

The descriptive results of both ET measures revealed that AN patients spent more time looking at
and showed a higher number of fixations on weight-related AOIs than on non-weight-related AOIs,
as indicated by a positive outcome in both ET measures. In contrast, women with high BD spent a
similar time and number of fixations looking at weight- and non-weight-related AOIs. Finally, women
with low BD showed a tendency to spend more time looking at NW-AOIs and a similar number of
fixations on weight- and non-weight-related AOIs (see Table 1).

The one-way ANCOVA results showed statistically significant group differences in the complete
fixation time (F(2,63)= 13.114, p< 0.001, partial η2 = 0.294) and the number of fixations (F(2,63) = 17.107,
p < 0.001, partial η2 = 0.352) after controlling for age. Post-hoc analyses revealed that these differences
were statically significant (p < 0.05) between patients with AN and women with high and low BD in
both attentional bias measures (see Table 2). Finally, there were no significant differences (p > 0.05)
between women with high and low BD.
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One-way ANCOVAs were also run to assess the group differences at single W-related AOIs. After
controlling for age, the results showed statistically significant group differences (p < 0.05) for the
thighs (complete fixation time: F(2,63) = 7707, p = 0.001, partial η2 = 0.197 and number of fixations:
F(2,63) = 10.573, p < 0.001, partial η2 = 0.251); hips (number of fixations: F(2,63) = 4663, p < 0.013,
partial η2 = 0.129) and stomach (complete fixation time: F(2,63) = 5239, p = 0.008, partial η2 = 0.143
and number of fixations: F(2,63) = 7078, p = 0.002, partial η2 = 0.183). Post-hoc analyses revealed that
patients with AN spent significantly more time looking and showed higher numbers of fixations on
the stomach, hips and, particularly, the thighs in contrast to women with low and high BD (Figure 2).
No significant differences were found between women with high and low BD for any of the single AOIs.

 

Figure 2. Differences between patients with Anorexia Nervosa (AN) and women with high and low
body dissatisfaction (BD) (means and standard errors) in the complete fixation time (in milliseconds; ms)
and the number of fixations on individual weight-related areas of interest (AOIs). Post-hoc analyses:
** p < 0.01 and * p < 0.05.

3.4. Pearson Correlations

According to multiple Pearson correlations, the results showed statistically significant moderate
or large positive correlations between VAS-A and VAS-FGQ and all ED measures (p < 0.05), which were
significantly larger for VAS-FGW (see Table 3). There were also moderate or large positive correlations
between VAS-A/FGW and the BMI and BAS scale. Furthermore, VAS-FBI negatively correlated (p < 0.05)
with the VAS-FGW, EDI-DT, EDI-BD, BAS and BIAS-BD measures, with moderate correlations (Cohen,
1988). There was a moderate positive correlation between the VAS-FBI and BAS. Finally, there were
significant moderate positive correlations between the body-related attentional bias measures and the
EDI-DT, EDI-BD and PASTAS (only for the number of fixations (NF)) scales, while there were moderate
negative correlations between the body-related attentional bias measures and the BMI and BAS.

Multiple Pearson correlations were conducted separately for women with low and high BD and
for patients with AN. The results among women with low BD showed that, overall, the previously
reported positive and negative correlations between the VASs/attentional bias measures and other ED
measures were not significant, with the exception of the VAS-FGW and PASTAS/BAS (see Table 4).
Similar results were found among women with high BD, in which there were statistically significant
positive/negative correlations between the VAS-FGW and BMI, EDI-DT, PASTAS and BAS (See Table 5).
Finally, among patients with AN, there were statistically significant and similar positive and negative
correlations to those previously reported for the entire clinical and nonclinical samples (see Table 6).
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Table 3. Correlations between eating disorder (ED) measures and virtual reality (VR) body exposure
responses in the entire sample.

VAS-FBI VAS-A VAS-FGW CFT NF

VAS-FBI
VAS-A −0.16

VAS-FGW −0.24 * 0.70 **
CFT −0.21 0.16 0.35 **
NF −0.28 1.18 0.42 ** 0.91 **

BMI 0.23 −0.22 −0.38 ** −0.38 ** −0.43 **
EDI-DT −0.37 ** 0.55 ** 0.72 ** 0.32 ** 0.41 **
EDI-BD −0.30 ** 0.53 ** 0.73 ** 0.35 ** 0.40 **
PASTAS −0.22 0.60 ** 0.80 ** 0.22 0.32 **

BIAS-Body distortion −0.43 ** 0.38 ** 0.56 ** 0.16 0.21
BIAS-Body dissatisfaction −0.38 ** 0.28 * 0.50 ** 0.19 0.23

BAS 0.34 ** −0.58 ** −0.77 ** −0.32 ** −0.40 **

* = p-values < 0.005 or ** = p-values < 0.001. NOTE: CFT = complete fixation time. NF= number of fixations.

Table 4. Correlations between ED measures and VR body exposure responses in healthy participants
with low BD.

VAS-FBI VAS-A VAS-FGW CFT NF

VAS-FBI
VAS-A −0.028

VAS-FGW −0.209 0.778 **
CFT −0.290 −0.097 0.205
NF −0.255 0.064 0.402 * 0.938 ** 1.00

BMI −0.020 0.071 −0.013 −0.277 −0.243
EDI-DT −0.268 0.279 0.325 0.235 0.246
EDI-BD −0.045 0.153 0.172 0.316 0.336
PASTAS −0.057 0.728 ** 0.686 ** −0.045 0.015

BIAS-Body distortion −0.147 0.142 −0.085 −0.155 −0.199
BIAS- Body dissatisfaction 0.239 0.195 −0.041 −0.149 −0.099

BAS −0.201 −0.503 * −0.593 ** −0.214 −0.322

* = p-values < 0.05 or ** = p-values < 0.01. NOTE: CFT = complete fixation time. NF = number of fixations.

Table 5. Correlations between ED measures and VR body exposure responses in healthy participants
with high BD.

VAS-FBI VAS-A VAS-FGW CFT NF

VAS-FBI
VAS-A 0.173

VAS-FGW 0.282 0.710 **
CFT 0.300 0.040 0.017
NF 0.433 0.183 0.006 0.876 **

BMI 0.170 −0.045 0.016 −0.096 0.009
EDI-DT 0.086 0.271 0.519 * −0.241 −0.281
EDI-BD 0.035 0.452 0.546 * 0.071 0.132
PASTAS 0.077 0.719 ** 0.753 ** 0.030 0.057

BIAS-Body distortion −0.103 0.171 0.377 0.041 −0.143
BIAS-Body dissatisfaction −0.108 −0.246 0.048 0.040 −0.093

BAS −0.162 −0.350 −0.674 ** 0.053 0.099

* = p-values < 0.05 or ** = p-values < 0.01. NOTE: CFT = complete fixation time. NF = number of fixations.
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Table 6. Correlations between ED measures and VR body exposure responses in patients with AN.

VAS-FBI VAS-A VAS-FGW CFT NF

VAS-FBI
VAS-A −0.093

VAS-FGW −0.031 0.563 **
CFT −0.057 −0.187 −0.191
NF −0.064 −0.317 −0.340 0.862 **

BMI 0.042 0.116 0.059 0.141 0.149
EDI-DT −0.290 0.562 ** 0.620 ** −0.326 −0.263
EDI-BD −0.107 0.442* 0.594 ** −0.211 −0.206
PASTAS 0.014 0.399 * 0.675 ** −0.527 ** −0.472 *

BIAS-Body distortion −0.425 * 0.216 0.458 * −0.280 −0.220
BIAS-Body dissatisfaction −0.436 * 0.163 0.396 * −0.164 −0.172

BAS 0.351 −0.550 ** −0.564** 0.377 0.321

* = p-values < 0.05 or ** = p-values < 0.01. NOTE: CFT = complete fixation time. NF = number of fixations.

Surprisingly, some of the strongest significant negative correlations were found in FBI levels and
body image disturbance measures only among patients with AN. To explain these preliminary results,
it was hypothesized that the individuals with higher body image disturbance (i.e., body distortion/body
dissatisfaction) levels were those who experienced lower FBI levels once they owned their real-size
virtual body. Thus, it was decided to conduct predictive post-hoc linear regression analyses. The results
showed that having higher body distortion levels statistically significantly predicted experiencing
lower FBI levels (F(1,29) = 6.160, p = 0.019), accounting for 18% of the explained variability in FBI
levels only among patients with AN. This relationship between body distortion and FBI levels was not
significant among women with high and low BD (p > 0.05). Similarly, experiencing higher BD levels
significantly predicted experiencing lower FBI levels (F(1, 29) = 6.561, p = 0.016), which accounted for
19% of the explained variability in FBI levels only among patients with AN. Again, the relationship
between body distortion and FBI levels was not significant among women with high and low BD
(p > 0.05).

4. Discussion

The current study aimed to provide initial evidence of the usefulness of VR body exposure to
elicit FGW, body anxiety and body-related attentional bias in patients with AN. For this purpose,
we assessed whether there were significant differences in the levels of FBI, body anxiety, FGW and
body-related attentional bias when AN patients and healthy women with high and low BD owned a
virtual body with their real silhouette and body mass index (BMI). As expected, patients with AN
showed higher levels of FGW, body anxiety and body-related attentional bias than healthy controls
when they owned their real-size VB. Unexpectedly, patients with AN reported significantly lower
levels of FBI than women with low BD. Furthermore, no significant differences were found between
healthy women with high and low BD on FBI, body anxiety or body-related attentional bias. The only
significant group differences were observed in the levels of FGW reported.

Furthermore, the relationship between the ED measures assessed prior to entering the VR and
the responses produced during VR exposure was also assessed. As expected, there were positive
relationships between some measures assessed by VR body exposure (e.g., body anxiety and FGW)
software and other ED measures assessed previously. This relation was particularly strong among
patients with AN. Hence, the participants and patients with higher ED symptomatology were also
those who experienced higher levels of FGW, body anxiety and attentional bias during exposure.
Additionally, significant negative relationships were found among FBI and body image disturbance
measures, including body distortion and BD, only among patients with AN.

According to the measures assessed during the VR body exposure, patients with AN reported
significantly higher FGW and body anxiety levels than women with high and low BD, with high effect
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sizes. Specifically, the FGW was the variable that best distinguished between AN patients and women
with low BD and between women with high and low BD. Relatedly, the FGW during VR body exposure
was the measure that had the largest significant correlations with the ED measures assessed before
exposure, such as BD, drive for thinness, body anxiety, BMI and body appreciation. Similar tendencies
were observed not only among patients with AN but, also, among women with high BD. These results
support the increasing evidence in favor of the critical role that the FGW might display not only in
AN [6,8–10] but, also, in healthy women with body concerns. Indeed, several studies have reported
high prevalence of FGW among adult women [2,57] and young women between 16 to 25 years old [58].

Unexpectedly, patients with AN reported significantly lower FBI levels than healthy participants
with low BD. Our results seem to contradict previous research that found that ED patients tend to
experience a stronger illusion than healthy individuals [34]. However, those studies induced the
feeling of ownership in one hand only, following the rubber hand illusion paradigm [33]. In the current
study, the illusion of ownership was induced over a whole virtual body, which suggests that other
body-related factors (e.g., body image disturbances) could influence these results as well. For instance,
several patients with AN described their virtual body as being slimmer than their real body, while
healthy women with high and low BD did not report such a phenomenon. Accordingly, there was a
significant negative relationship between FBI and body image disturbances only among patients with
AN, while this relationship was not significant among women with high and low BD. After further
analyses, it was found that AN patients with higher body distortion and body dissatisfaction levels
experienced lower FBI levels once they owned their real-size virtual body. These results provide
preliminary evidence about the influence that body image disturbances have on FBI over the whole
body among patients with AN. Accordingly, two interesting questions should be considered. Firstly,
would these low FBI levels increase during a body exposure treatment, for instance, over several
sessions? Secondly, if this were the case, would a continuous increase in FBI levels produce a change in
body image disturbances in the participants or the other way around? Unfortunately, it is not possible
to answer either question, since there is a lack of studies in which FBI levels were assessed over several
sessions with AN patients. In fact, to the best of our knowledge, only one study has assessed FBI over
a short period among healthy participants, finding that, after a synchronous visuo-motor embodiment
procedure, FBI levels remained high after 30 and 55 s of synchronous or no movement [59].

Regarding body-related attentional bias measures, our results agree with previous studies
that suggest that women with EDs tend to pay more attention to self-defined unattractive body
areas, while healthy participants tend to show more general scanning behavior, covering the whole
body [17,54,60,61]. While most of the studies assessing body-related attention have been conducted
with adults, little information is available about body-related attention in youths. Therefore, our results
also support studies that assessed body-related attentional bias among adolescents with EDs and
showed that adolescents with AN and Bulimia Nervosa spent more time on self-reported unattractive
body parts [18,62]. For instance, Bauer et al. [18] found that dysfunctional body-related attention
was more marked among adolescents with AN-R than among healthy individuals and other ED
patients (e.g., patients with AN-binge eating/purging subtype or Bulimia Nervosa). Since almost all our
patients were diagnosed with an AN-R subtype, this study reinforced the evidence of dysfunctional
body-related attention among adolescents with AN-R. When single W-related AOIs were considered,
we observed that all individuals paid more attention to the thighs, stomach and lower legs. The W-AOIs
that best distinguished between patients with AN and women with high and low BD were the thighs,
the stomach, and the hips (only in number of fixations). This suggests that these areas might be
particularly salient for patients with AN.

Nevertheless, some key methodological differences between the current study and other studies
that assess body-related attentional bias should be mentioned. As described before, some previous
studies used a similar free-viewing, single-body paradigm but measured the attentional bias towards
self-reported attractive vs. unattractive body areas. This is a successful, well-established methodology
to define the areas of interest [16,17]. Although self-reported unattractive body areas among individuals
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with EDs could indeed be areas related with weight, the evidence for attentional bias towards specific
weight-related body areas could not be clearly established, since there might be weight-related body
areas in both the self-reported attractive and unattractive body parts. In this study and in previous
studies conducted by our group, a different methodology was used to define the areas of interest,
in which an individual’s gazing behavior was analyzed using the same definition of areas of interest
for all participants e.g., weight- vs. non-weight-related body areas [50,51]. These areas of interest were
defined based on well-established questionnaires that assess the same body image construct, such as
the weight-related scale of the PASTAS.

Finally, no differences in body-related attentional bias were found between women with high
and low BD. Women with high BD tended to pay more attention to W-related AOIs, while women
with low BD showed the opposite visual tendency toward NW-related AOIs. None of these tendencies
showed a clear attentional bias to weight- or non-weight-related AOIs. However, overall, both groups
showed more general scanning behavior, covering the whole body. These results are in-line with
a previous study conducted in our group [50] in which women with high and low BD showed
similar attentional patterns toward their own virtual bodies. This previous study was conducted
with a previous version of the virtual simulation. Although the results obtained were very similar,
some technical improvements that were made to the current version of the simulation should be
considered. For instance, a more precise method could be used to create the avatar (by taking a
frontal and lateral photo and incorporating the BMI information of each participant), and the full-body
tracking system could be improved to conduct a visual-motor stimulation.

Some limitations should be considered in the current study. For instance, most of the patients
with AN were adolescents (19 out of 30), while the healthy women were college students between 18
and 22 years old. Although the potential effect of age between groups was controlled in this study by
ANCOVAs, these statistical analyses could not control the effect that age might play within each group
and, particularly, in the more heterogeneous AN sample. Future studies should try to overcome this
important bias and replicate the current study with age-balanced samples.

Regarding the assessment, no screening questionnaires or structured clinical interviews were
used properly to assess the presence of EDs or other mental disorders among the healthy participants.
Furthermore, to diagnosticate the clinical sample, a MINI diagnostic interview was used in two of
the three ED units, while, at the last ED unit, senior trained clinical psychologists and psychiatrists
conducted nonstructured clinical interviews following thoroughly the DSM-5 criteria.

FBI and FGW were assessed using a VAS; even though VASs are usually considered as a valid
measure to assess this sort of construct (for instance, FGW among patients with AN [63]), they should be
complemented with evidence-based questionnaires. For instance, the embodiment questionnaire [64]
might offer a more accurate assessment of the FBI based on the location of the body, the ownership
illusion, the motor agency and the general appearance. One of the reasons for using the VAS was
to assess the FBI while patients and participants were owning their real-size virtual bodies. It was
important to assess the FBI levels directly in the VR environment and not later, since this bodily
illusion might have been reduced once the participants left the VR (after the ET assessment task),
and the results might have been affected as a consequence. However, since several questionnaires were
already used in the current research, it was decided not to extend the assessment sessions (which lasted
approximately 1h) any further and to refrain from applying larger tests. Future studies might try to
implement evidence-based questionnaires that assess these two measures. Finally, in the current study,
the average levels of BD among women labeled as “high BD” were very similar to in a previous study
conducted by our group [50], corresponding to medium-to-high BD levels among nonclinical Spanish
women [44]. Thus, it would have been necessary to recruit participants with higher levels of BD to
provide a more exhaustive distinction of the BD levels among women with high and low BD. Relatedly,
the suitability of using the median as an “artificial categorization” of a continuous variable—in this
study, BD—could have some limitations. These could affect the statistical power and accuracy of the
estimated relations and reduce the observed relations among the variables [65].
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Some limitations in the VR software should also be considered. Although several improvements
were implemented (e.g., the avatar sharing the same silhouette and BMI as the participant), the general
appearance of the virtual body (clothes and skin color, etc.) was not exactly that of the individuals.
The latest VR studies allow the simulation of an exact 3D biometric avatar with all the individual’s
features [66] using 3D body scans. This sort of technology might notably enhance the realism of VR
embodiment-based techniques and, consequently, improve VR studies on body-related issues and EDs.
The current study used two separate HMDs: one for conducting the visuo-tactile and visuo-motor FBI
procedures (HTC-VIVE) and the other to record the body-related attentional bias measures (FOVE-VR).
Having two separate devices might have reduced the FBI levels when the participants had to change
from one HMD to the other. This limitation could have been overcome by using the new generation of
VR HMD with ET devices all-in-one (e.g., the HTC VIVE-Pro Eye, which has a complete full-body
tracking system and can be used to elicit FBI over the virtual body and measure gaze patterns).

The implications of VR embodiment-based techniques might be critical to improving
evidence-based therapies in AN, such as body exposure-based techniques. For instance, instead
of exposing a patient with AN to food or to her current body image, as has been done so far, what would
be the result of exposing her to her core fear, i.e., weight gain? Patients with AN associate weight
gain with negative consequences, and food avoidance prevents them from learning that maintaining a
normal weight does not lead to such catastrophic consequences [67]. Consequently, focusing on the
primary conditioned stimulus (weight gain) rather than on the secondary ones, such as eating, may be
an effective strategy. As has been reported, VR embodiment-based techniques are a successful way
to change body image disturbances in patients with AN [39–41]. We propose going one step further.
First, we could allow the patient with AN to experience the illusion of ownership of a virtual body that
reproduces their real-size silhouette, with their specific physical particularities and their exact BMI.
Then, we could apply progressive increases in weight (or an increase in the BMI) of the virtual avatar,
until it reaches a healthy BMI.

Furthermore, the combination of VR and ET technologies to assess body-related attentional bias
might lead to new possibilities in coming years. For instance, it might improve some of the current
limitations of research conducted with fixed ET, such as the lack of external validity [68]. In other
words, combining ET and VR might enable the reproduction of more ecological environments, such as
bathrooms and dressing rooms, to assess patient’s gaze patterns while they own their real-size virtual
avatars in each session or before and after the therapy.

To sum up, our results show that, while owning their real-size virtual body, patients with AN
reported significantly higher FGW and body anxiety levels than women with low BD, with high effect
sizes. Specifically, FGW was the variable that best distinguished between AN patients and healthy
participants and between healthy participants with high and low BD. Unexpectedly, patients with AN
reported significantly lower FBI levels than healthy participants with low BD. After post-hoc analyses,
it was found that body image disturbances influence FBI levels among patients with AN. Furthermore,
our results suggest that the patients with AN showed a body-related attentional bias. Specifically,
they spent more time and looked more frequently at the weight-related body areas (e.g., thighs,
stomach and hips) than healthy women. Finally, these results provide evidence about the usefulness of
VR-based body exposure to elicit FGW and other body-related disturbances in AN patients. Thus, it
may be a suitable intervention for reducing these emotional responses and for easing weight recovery.
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Abstract: The cognitive interpersonal model was outlined initially in 2006 in a paper describing the
valued and visible aspects of anorexia nervosa (Schmidt and Treasure, 2006). In 2013, we summarised
many of the cognitive and emotional traits underpinning the model (Treasure and Schmidt, 2013). In
this paper, we describe in more detail the perpetuating aspects of the model, which include the inter-
and intrapersonal related consequences of isolation, depression, and chronic stress that accumulate in
the severe and enduring stage of the illness. Since we developed the model, we have been using it
to frame research and development at the Maudsley. We have developed and tested interventions
for both patients and close others, refining the model through iterative cycles of model/intervention
development in line with the Medical Research Council (MRC) framework for complex interventions.
For example, we have defined the consequences of living with the illness on close others (including
medical professionals) and characterised the intense emotional reactions and behaviours that follow.
For the individual with an eating disorder, these counter-reactions can allow the eating disorder to
become entrenched. In addition, the consequent chronic stress from starvation and social pain set in
motion processes such as depression, neuroprogression, and neuroadaptation. Thus, anorexia nervosa
develops a life of its own that is resistant to treatment. In this paper, we describe the underpinnings
of the model and how this can be targeted into treatment.

Keywords: anorexia nervosa; cognitive interpersonal model; severe enduring

1. Introduction

The Medical Research Council has described a framework for the process of development of
complex interventions [1]. This involves a procedure in which treatments targeting risk or maintaining
factors for an illness are fine-tuned following feedback from proof of concept, feasibility, and pilot
studies, including both quantitative and qualitative outcomes. Furthermore, within UK health care
research conducted in the National Health Service (NHS), a strong emphasis is placed upon the
involvement of patients, carers, and the public to co-design interventions and services. We have used
this combined approach to design interventions and services for people with anorexia nervosa (AN).

The first iteration of the cognitive interpersonal model for AN outlined core valued and visible
maintaining factors of the illness (Figure 1) [2]; the visible aspects of the disorder elicit deep concern
from close others, which is in stark contrast to the egosyntonic nature of the illness, where the sufferer
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values certain aspects of the illness and does not identify themselves as ‘sick’. In the next iteration of
the model, we outlined the underpinning neuroscience, the interaction between vulnerability traits and
eating disorder behaviours, and how this serves to strengthen the hold of the disorder, allowing it over
time to develop a life of its own [3]. Indeed, individuals with a persistent form of the illness often state
that they want to change but cannot do so. Examples of interactions between vulnerability traits and
eating disorder behaviours include personality traits such as conscientiousness and introversion [4],
which can predispose to disordered eating [5] and allow eating disorder habits to become fixed.
Furthermore, recent genetic findings reported on correlations between polygenic risk scores, not only
with other “brain” disorders, but also with “metabolic” traits related to growth, size, lipids, and insulin
sensitivity [6]. Thus, a possible hypothesis is that homeostatic forces maintaining energy balance might
be weaker in terms of increasing appetite and stronger in terms of a foraging or over active response to
“food shortage”. This argument has been developed in more detail in an evolutionary-based model of
AN and might benefit from further exploration [7].

 

Figure 1. The cognitive–interpersonal maintenance model of anorexia nervosa.

2. Staging Models of Anorexia Nervosa: the Enhanced Cognitive Interpersonal Maintenance
Model

This next iteration of the model describes in more detail the development of the severe and
enduring form of AN [8]. Current diagnostic procedures do not account for clinical features such
as illness trajectory, severity, and co-morbidity, which may impact on the effectiveness of current
treatments. The maintenance model of severe and enduring AN consists of three components (Figure 2).
The first domain includes the interpersonal consequences of AN. These arise in part because of the
impact of chronic starvation on social cognition and the reaction of others to the illness. The next
domain relates to the behavioural consequences of AN. Neuroadaptation and habits develop as a
consequence of repeated behaviours. Moreover, feeding experiences can increase aversive learning
towards food. The third domain relates to the chronic stress response, which may relate to a genetic
predisposition to susceptibility, early adversity, or be a secondary response to chronic starvation.
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Figure 2. Severe and enduring anorexia nervosa: a maintenance model.

In this paper, we consider in more depth these three domains that contribute to the development
of the severe enduring form of illness.

3. Social Risk and Maintaining Factors

Difficulties with interpersonal relationships predispose to the development of AN and are also
secondary consequences of the disorder, contributing to the perseverance of the illness.

Social anxiety is a common precursor of eating disorders [9]. In some cases, this is part of the autistic
spectrum profile of symptoms that has been observed [10,11], and problems with social cognition may
form part of the genetic liability. For example, the offspring of mothers with a history of an eating
disorder had anomalies in social cognition during childhood [12]. This familial association suggests that
problems in social cognition may be an endophenotype that increases the risk of developing an ED. In
addition, adverse social experiences during development such as childhood maltreatment [13], insecure
attachment [14], or teasing, bullying, or social exclusion [15] can shape interpersonal relationships and
disrupt normal identity development, potentially by increasing the salience of competitive patterns of
interaction that can fuel striving for perfection and greater internalisation of beauty ideals as a standard
to define the self [16].

Furthermore, people with AN are more likely to report early maladaptive schema (pervasive
negative themes regarding the self and one’s relationship with others [17]) and difficulties in emotion
regulation, with a greater use of dysfunctional interpersonal emotion regulation strategies [18,19].
Problems in emotion regulation may play a key role in maintaining the symptoms of AN [20]. Thus,
an interaction between social vulnerability traits, risks within the interpersonal environment, and
dysfunctional emotion processing can predispose to the development of AN, a “social–emotional
disorder” [21].

Problems in social cognition also can arise as secondary consequences of starvation. Anomalies in
social cognition are most pronounced in the acute phase of illness and are less marked after recovery [22].
The anomalies include deficits in nonverbal emotional expression [23,24], an inability to provide a
spontaneous social narrative and to identify the social salience of stimuli [25], a sensitivity to threat [26],
to social comparison [27], misalignments in social reciprocity [28], and the avoidance or suppression of
emotions, particularly to avoid conflict [19]. Impairments in nonverbal communication and a lack of
reciprocation of warmth elicits the “uncanny valley” aversive response in others [29–31]. This can lead
to social exclusion and isolation, which is a defining facet of the illness [32].

3.1. Interpersonal Reactions to Living with Anorexia Nervosa

A mental health professional with lived experience of AN used one word to epitomize the illness:
“isolation” [32]. However, family members are usually closely involved in the evolution of AN, which
commonly has its onset in early adolescence. Close others can encourage help seeking in the early phase
of the illness, which in turn may have a favourable effect on the prognosis. Nevertheless, the individual’s
resistance to the need for treatment can make negotiating this transition difficult. The disruption of
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family functioning, work, and social adjustment varies accordingly with the developmental age, mood,
and other clinical features. Many patients with a chronic form of illness remain dependent on their
families or the state during their lifetime [33].

The anxiety engendered by the overt “ill state” and the frustration caused by the resistance to
implement the obvious solution “to eat” fuels a profound and mixed emotional reaction in both
professionals (nurses on inpatient units) [34] and families [35]. Lack of insight into the illness is
particularly pronounced in restrictive AN and persists during and after treatment [36,37]. Critical,
hostile, overprotective, and controlling behaviours can develop as counter reactions [38,39]. Family
members may appease and collude with eating disorder behaviours, becoming organised around
eating disorder rules (accommodating to the illness) and ignoring or covering up for the negative
consequences of the behaviours (inadvertently enabling the illness) [40].

These diverse reactions can cause divisions amongst family members. Some family members
shoulder an overly high burden, whilst others become disempowered and disengaged. Aspects of the
caregiving experience are summarised in systematic reviews [35]. High perceived burden and low
caregiving efficacy are common and are associated with clinical levels of depression and anxiety. In
addition, the societal reaction to the illness (including interactions with services) can be problematic.

Carers’ own practical and emotional reactions to the illness can cause harm to the family unit as
relationship ruptures occur in response to accommodating and enabling behaviours [41] or divergent
forms of reactive expressed emotion develop. Siblings can be drawn into caregiving, develop their
own problems, or leave home prematurely as their needs may be neglected [42,43]. Thus, a vicious
circle of escalating interpersonal stress can develop.

The protracted course of the illness and the entanglement between eating and social function
means that close others have the potential to remediate these difficulties. Therefore, it is important that
carers and close others are involved across the lifespan and not excluded from the treatment process.
Clinicians explain this exclusion through concerns around confidentiality, but this is considered a
misinterpretation of the law [44].

3.2. Targeting Stressful Interpersonal Reactions

A hypothesis that follows from the cognitive interpersonal model is that the toxic consequences
that accrue from the isolation and loneliness of an eating disorder can be ameliorated by skills training
for family members or close others across the lifespan [45]. Improving the interpersonal environment
often begins at home. Close others are highly motivated to help but are often uncertain of what
they can do. Materials coproduced with carers and patients have been developed to illustrate these
problems [39] and provide a curriculum for workshops to help carers provide effective support.

These materials explain how the patients’ primary and secondary difficulties in social cognition
make relationships difficult. For example, the reduced facial expressivity of eating disorder
patients [23,24] makes it hard for others to appreciate their level of terror or show appreciation
of the carers’ distress. AN patients appear to be impervious to the impact of their behaviours on other
people. This lack of concern for others appears in the domain of caregiving when others are distressed
at their lack of insight and unwillingness to accept the sick role. It also can be evident in treatment
facilities where overt demonstration and discussion of eating disorder behaviours can trigger distress
in their peers.

The three basic elements of carer skill-sharing interventions include:
(1) Psychoeducation about the illness and framing patient presentation within the

cognitive–interpersonal model, highlighting predisposing, precipitating, and perpetuating factors.
(2) Information about how carers might be able to moderate and mould the energy and insight

from their own emotional reactions to foster a calm, compassionate, and collaborative context (a life
skill that they can role model to the person with the eating disorder).

(3) Introduction to effective support and behaviour change skills such as motivational interviewing,
the use of risk-taking experiments, and exposure to fear [46].
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Interventions based on this model have been delivered in a range of different formats including
workshops and guided self-help interventions with individual or group support. An improved
understanding about the illness reduces carer distress and burden [35,45,47,48]. Several studies have
found that augmenting treatment with these resources for carers reduces both carer and service
burden [49–51]. Often this has involved a ‘train the trainer’ approach whereby carers and patients
deliver these interventions. Pépin and King [52] tested the workshops in a pilot study in Australia,
finding participation led to reductions in carer distress and burden and helped them to modify their
emotional reactions to the illness. Psychoeducational carer workshops reduce carer psychological
distress and burden, yet when collaborative carer skills are taught as well, there are secondary effects
on alleviating patients’ anxiety and depression [53].

Treatment for individuals with AN based on the cognitive interpersonal model, the Maudsley
Model of Anorexia Treatment for Adults (MANTRA) [54,55], also includes a section for carers. Carers
are encouraged to cultivate their own emotional and social intelligence by examining the relevant
modules for patients so that they can role model these skills to their loved ones. It is helpful if both
parties externalise the illness and understand how the AN voice can trap everyone into spirals of
confusion. A compassionate, mutually supportive family environment is essential as it is inevitable
that miscues and mistakes will happen, but these can be reframed as being valuable opportunities
of learning.

4. Behavioural Consequences of Anorexia Nervosa

The repeated patterns of behaviour that underpin the development of AN, such as avoiding
high caloric, highly palatable foods, becomes habitual. Initially, these behaviours are initiated to
achieve a specific goal and are reinforced as they are positively rewarding. With daily repetition,
the actions become automatic and entrenched until they are activated with no conscious effort in
response to a stimulus or cue [56]. A recent cognitive neuroscience model of AN proposes that habitual
behaviours are mediated within dorsal frontostriatal circuits [57–59]. In line with this, techniques
from habit reversal therapy with inpatients led to significant reductions in eating disorder symptoms
and self-reported habit strengths [60]. These preliminary findings could be used to augment or guide
developments in treatment for those with severe and enduring difficulties.

In addition, fear and/or disgust responses to food represents a key challenge to weight
restoration [61]. People with AN show reduced extinction of fear learning but increased fear
generalisation and reinstatement, which may contribute to the strength of these fear learning
networks [62]. These fears may originate from adverse experiences relating to food and body
shape during sensitive periods of development [63]. Furthermore, these could be iatrogenically
aggravated by coercive treatment experiences such as nasogastric feeding under restraint. A qualitative
study with nurses identified that power battles over ‘punitive’ feeding causes patients great anguish
and can rupture the therapeutic alliance [64]. These interactions may be overlooked as a complicating
feature within family-based treatment [65]. Interestingly, in adolescence, reduced extinction of fears
appears to be more pronounced with co-morbid depression [66].

Exposure is the standard treatment for fear learning. The underlying mechanism involves
developing new learning to the threatening stimulus (as opposed to habituation to anxiety) and
updating the fear pathways in the brain [67,68]. There are some caveats in applying this treatment to
AN. First, one of the feared consequences, weight gain, is an expected and necessary consequence of
refeeding. Furthermore, with fluid fluxes and other aspects of metabolic instability during this phase,
a “lack of control of weight” can maintain AN cognitions. Moreover, it is probable that neurogenesis is
reduced as a sequelae of the chronic stress of AN, reducing the effectiveness of exposure. A variety of
techniques have been used to facilitate this learning. These include positive mood induction [69], the
addition of cycloserine to consolidate learning [70,71], and virtual reality [72].

Other training approaches developed to target risk factors show some promise in proof-of-concept
studies. These include cognitive remediation approaches that focus on cultivating a flexible, big
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picture style of thinking [73], cognitive skills training for social avoidance [74], and go/no-go inhibition
training [75], which may be of value for the binge–purge form of the illness. Food-related attention bias
modification training is also being investigated as an add-on intervention for AN, following directions
from anxiety disorder research [76,77].

5. Chronic Stress Response: Co-Morbidity with Depression and Anxiety

Another maintaining factor in the model is the impact of chronic starvation leading to anhedonia
and accentuating existing co-morbidities. Emotional distress is common as both a predisposition and a
secondary consequence that perpetuates the illness [20,78,79]. This emotional distress may occur due
to a shared genetic predisposition [6]; developmental trauma [80], with emotional abuse (e.g., bullying)
playing a central role [81]; or as a feature of starvation [82].

Depressive symptomatology may follow a persistent trajectory over the lifetime, independently
from eating disorder symptoms [83,84]. Approximately 50% of patients with AN report a minimum of
one episode of a mood disorder during their lifetime [85,86]. Depression, anxiety, and interpersonal
sensitivity are central nodes in a network analysis of symptoms [87] with key bridging roles [81]. The
symptom profile differs somewhat from that of unipolar depression in that somatic features such as
loss of energy and reduced activation are less pronounced, whereas cognitive features such as negative
views of the self are higher [88]. Indeed, the chance of recovery is reduced in people who developed
AN after they had experienced depression [89]. In addition, the long-term outcomes of patients with
AN complicated with mood comorbidity were reduced [90]. Consequently, psychological well-being,
positive supportive relationships, hope, identity, meaning, and purpose are important markers of
recovery [91,92].

Anxiety traits are also linked to eating disorders. Obsessive–compulsive personality traits,
obsessive–compulsive disorders, and anxiety [9,93,94] often present in childhood prior to the onset of
AN. In addition, there is a strong familial association with these traits [95,96]. The strongest polygenic
risk correlations from genome wide association studies (GWAS) of AN is shared with OCD [97],
whereas correlations with neuroticism, depression, and anxiety are half the size [6]. In a network
analysis of eating disorder and anxiety traits, avoidance of social eating was the strongest bridge node,
with eating symptoms and low self-confidence being the strongest bridge node with anxiety traits [98].

In a longitudinal study, the neural correlates of disordered eating and obsessive–compulsive
disorder at age 14 included an increase in grey matter volume in the orbitofrontal cortex, the right
dorsolateral prefrontal cortex, and the ventral striatum [99]. However, people with a chronic illness
had a decrease in grey matter in the cerebellum and the mesencephalon, specifically the substantia
nigra and ventral tegmental area [100]. Hippocampal volume is particularly reduced [101–103] which
is associated with anxiety and depression [102] and correlated with raised cortisol [104]. Patients in
the later stage of AN have increased ventral striatal activation to body image cues than patients in the
early stage of illness [105,106].

The chronic stress profile associated with enduring AN [107] is similar to that found in treatment
resistant depression [108] and with the ‘ecophenotype’ associated with childhood maltreatment [109].
This chronic stress response includes hyperactivity of the hypothalamic pituitary adrenal (HPA)
axis [101,110–112], activation of the immune system [113,114], and anomalies in the microbiome [115,116].
There is a widespread reduction in brain volume, which is possibly secondary to reduced
neurogenesis [117], which may be the most marked in the hippocampus [118] and associated with
raised cortisol levels [104]. This broad stress response reduces resilience [119] and may be accompanied
by reduced mesolimbic dopamine function, anhedonia, and lack of motivation [120]. Thus, a sizeable
proportion of patients could be classified as fulfilling the criteria of treatment-resistant depression.

Treatment-Resistant Depression and other Co-Morbidities as Maintaining Factors: Implications for Treatment

Treatments targeting nutritional recovery are less effective for improving mood [49,50,79,121–123].
Therefore, it is possible that strategies used for treatment-resistant depression might be of benefit for
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people with severe enduring AN. Proof-of-concept studies of neuromodulation such as deep brain
stimulation [124] and repetitive transcranial magnetic stimulation have shown potential [125–127].
Interestingly, the trajectory of symptom change following these neuromodulation techniques shows
differences to that found with more traditional eating disorder treatment, in that an improvement in
mood is the main initial effect, whereas improvements in eating disorder psychopathology follow
later [125,126,128].

Interest in pharmacological approaches is starting to increase, as summarised in a recent
review [129]. There is mixed evidence for the use of antipsychotic medications to treat AN [130],
although a recent multicenter outpatient study of olanzapine found small positive effects on agitation
and weight gain (albeit with no difference in rates of hospitalisation) [131]. The field may need to
consider using drugs that have been shown to have benefit in OCD. For example, high doses of Selective
Serotonin Reuptake Inhibitors (SSRIs), exposure, and response treatment are effective for people in the
later stages of OCD [132], which has also been recently conceptualized within a staging framework [133].
In addition, there is interest in pharmacological approaches that are being used for treatment-resistant
depression, such as ketamine and psilocybin [134]. Interestingly, ketamine showed some promise
in a small series of studies in the 1990s [135]. A pilot study of the effects of ketamine on mood and
eating disorder cognitions in people with severe and enduring AN is registered on the Australia New
Zealand Clinical Trial Registry (anzctr.org.au, ACTRN12618001393246p) and additionally, a psilocybin
trial for AN is currently registered (ClinicalTrials.gov, NCT04052568). Therefore, we echo the call by
Franko and colleagues [90] to consider using a combined approach to target both mood and eating
disorder symptoms, with clear characterization of the patient group.

Although not the topic of this paper, given the similarities between staging models for other
psychiatric disorders [8], it may be of interest to look at the other end of the trajectory, the ultra-high
risk (UHR) group, and consider whether there might be interventions that could be matched to this
stage and provide primary or secondary prevention approaches. The first step is to define the UHR
phenotype, which may include traits such as behavioural inhibition, perfectionism, early symptoms of
OCD, or social–emotional difficulties.

6. Conclusions

In this latest iteration of the cognitive interpersonal model, we have described treatments
targeting modifiable elements. Increasing social connection through encouraging a collaborative
inclusive approach towards recovery, by increasing the knowledge and skills of family members,
decreases the need for high-intensity care (day or inpatient) and reduces carer burden and patient
isolation [49–51,136]. Treatment using MANTRA focuses on both inter and intrapersonal model
elements [55,56]. Augmenting treatment through digital technology is showing potential [137]. Finally,
we are borrowing approaches that show promise in other domains of psychiatry in which a chronic
stress response has led to the illness having a life of its own. Neuromodulation techniques are
encouraging, and new pharmacological approaches are in progress. Services may need to implement
broader clinical assessment skills to more accurately stage the illness to personalise treatments to match
patient’s needs and preferences.

However, it is too early for this model to be ossified. The field of eating disorders has been starved
of resources for research, and so the evidence is limited. Nevertheless, we think that by using this
framework in order to identify targets and by using high-quality randomised controlled trials, we will
be able to develop more effective treatments through an iterative process.
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