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ABSTRACT

Objectives: This World Federation of Societies of Biological Psychiatry (WFSBP) consensus paper
aims to summarise and evaluate the published study results on objectively measurable biological
markers associated with anorexia nervosa (AN).

Methods: The relevant literature was reviewed by the WFSBP Task Forces on Eating Disorders and
on Biological Markers, and a consensus regarding the significance of the published evidence was
reached.

Results: Candidate biological markers that have been associated with AN include clinical (e.g.
body weight), molecular (e.g. genetic, epigenetic, hormonal, immunological, metabolomic), cellular
(e.g. leukocytes), neuroimaging (e.g. structure, function, connectivity), digital, cardiac and
neurophysiological parameters. Some clinical and laboratory parameters are risk markers in clinical
practice. Biological markers have pathophysiological relevance in understanding the biological
and metabolic pathophysiology of AN and its physical health consequences. Few studies have
examined pharmacogenetics or therapeutic drug monitoring as tools to monitor and guide the
treatment of AN.

Conclusions: Biological markers will hopefully soon enable clinicians to intervene earlier in a
more targeted manner to mitigate treatment resistance. However, the current scientific basis for
most biological markers are group comparisons only. Studies on sensitivity, specificity and the
prognostic value of these markers are lacking.

KEYWORDS
Anorexia nervosa;
biomarkers; genetics;
epigenetics;
neuroimaging;
metabolomics;
microbiome; digital
markers

1. Introduction is an overlap between the physical and psychological
symptoms of starvation (Keys et al. 1950) and the
symptoms of AN (Hebebrand, Hildebrandt, et al. 2022).

During starvation all tissues adapt to a reduced energy

Genetic findings have recently suggested reframing
anorexia nervosa (AN) as a metabo-psychiatric disorder

(Bulik, Carroll, et al. 2021). Further evidence of the sig-
nificance of biological factors in the pathophysiology
of AN has arisen from metabolic and endocrinological
(Minor et al. 2009; Galusca et al. 2015; Duncan et al.
2017), immunological (Dalton et al. 2018; Escelsior
et al. 2022), and neuroimaging (Seitz et al. 2016, 2018;
Walton et al. 2022; Kaufmann et al. 2023) research.
Examples of clinical indications for a strong contribu-
tion of biological factors are the female predominance
of the disorder and the onset age between 10 and
15years, the association with starvation and the strong
correlation between premorbid body weight and
weight loss (Keys et al. 1950; Hebebrand, Hildebrandt,
et al. 2022; Hebebrand, Seitz, et al. 2024). AN can
result in physical health consequences such as brady-
cardia, hypotension, hair loss, and endocrine dysregu-
lation including amenorrhoea. These changes reflect
starvation which is a key symptom of AN. Thus, there

intake to enhance the probability of survival
(Hebebrand, Hildebrandt, et al. 2022; Hebebrand,
Plieger, et al. 2024). Those changes can entail reduced
energy expenditure, the emergence of hyperactivity
which may be interpreted as food foraging behaviour
(Hebebrand, Hildebrandt, et al. 2022) and/or thermo-
regulatory adaptation (Gutierrez et al. 2024). Apart
from the physical adaptation, profound psychological
changes are associated with starvation, including pre-
occupation with food, altered eating behaviour, depres-
sion, insomnia and increased rigidity (Keys et al. 1950;
Hebebrand, Hildebrandt, et al. 2022).

As the largest endocrine organ, the adipose tissue
secretes hundreds of adipokines (Kershaw and Flier
2004; Lehr et al. 2012). Thus, loss of adipose tissue
results in dysregulation of adipokine secretion, which
in turn mediates the adaptation to starvation. The



hormone leptin figures prominently in this adaptation
process. Hypoleptinaemia (absolute or adjusted for
body weight) represents a core endocrine finding in
AN, which underlies the neuroendocrine adaptation to
starvation (Hebebrand, Hildebrandt, et al. 2022;
Hebebrand, Plieger, et al. 2024).

Brain imaging in AN has consistently shown reduc-
tions in the volume of grey (GM) and white (WM) mat-
ter, as well as reduced connectivity between different
brain areas (Seitz et al. 2016, 2018; Walton et al. 2022;
Kaufmann et al. 2023). These changes may be the bio-
logical correlates of cognitive problems associated
with AN, such as deficiencies of central coherence,
cognitive flexibility, memory and visuospatial process-
ing (Reville et al. 2016; Stedal et al. 2021; Keeler et al.
2022b). The underlying molecular changes of reduced
brain matter appear to be a consequence of starvation
potentially mediated by the downregulation of neuro-
trophic factors like leptin (Wronski et al. 2024, 2023a,
2023b) and brain-derived neurotrophic factor (BDNF)
(Keeler et al. 2022c; Hebebrand, Plieger, et al. 2024).
These alterations may be linked to decreased neuro-
plasticity and neuronal damage, suggested by research
indicating increases in markers of neuronal injury such
as neurofilament light chain (NfL) in AN (Nilsson et al.
2019; Hellerhoff et al. 2021). In addition to the molec-
ular, cellular, tissue or organ signals, digital biomarkers
have recently emerged, that aim to capture human
behaviour and symptoms (Zierer et al. 2024).

Such structural, molecular or behavioural markers
may be used as indicators for biological processes
underlying the development of AN, the manifestation
of its subtypes, its prognosis, or response to an inter-
vention (FDA-NIH Biomarker Working Group 2016).
These indicators might therefore have value as bio-
markers for diagnosis, monitoring, pharmacodynamic/
response, prediction, prognosis, safety, and susceptibil-
ity/risk. A single biomarker may qualify for more
than one of these categories and one biomarker in
isolation would likely be difficult to interpret due to
interrelationships with other biomarkers (Califf 2018).
Complicating this, biomarkers are not a unitary con-
struct and encompass biomarkers of risk, diagnosis or
trait, state, stage, response and prognosis (Davis
et al. 2015).

To be used as biomarkers in psychiatry, these sig-
nals should be specifically associated with a mental
disorder and should help to facilitate diagnosis and/or
contribute to the determination of prognosis, risk or
treatment efficacy (Charney et al. 2002). This leads to a
very important issue in biomarker research, namely a
clear definition of the Context of Use (COU) (Cummings
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et al. 2025). What is the role of a given biomarker: is it
a diagnostic biomarker? Is it a prognostic biomarker?
Is it a biomarker useful for differential diagnosis, or
perhaps in screening? Alternatively, perhaps we expect
it to predict therapy response or perhaps risk of dis-
ease recurrence? All these questions need to be criti-
cally addressed before evaluation of any biomarker in
any medical condition, as they have consequences for
decision whether to accept a candidate for routine
application (in a given COU) or not (Cummings et al.
2025). For example, entirely different sensitivities and
specificities are expected from biomarkers to be
applied for diagnostic or screening purposes. In the
context of AN, such biomarkers may be useful for
future subtyping, assessing and/or predicting the
development of the eating disorder (ED) or personality
and behavioural traits, assessing cognitive and emo-
tional capacity, and importantly, informing treatment
decisions.

Technical innovations have made the exploration of
novel biomarkers possible. These technological
advances include epigenetics (Booij and Steiger 2020),
metabolomics (Jia et al. 2023), the microbiome (Fan
et al. 2023), and multiplex measurement of inflamma-
tory biomarkers (Breithaupt et al. 2024). Additionally,
some of the molecules that have been identified as
altered in AN have been identified as potential drug
targets. For example, several case reports on the use
of metreleptin — a recombinant analogue of the human
hormone leptin — in AN have been published with
positive results (Milos et al. 2020; Gradl-Dietsch et al.
2023). The Task Force EDs of the World Federation of
Societies of Biological Psychiatry (WFSBP) recognises
the new technical opportunities, the increased under-
standing of the biological factors of AN and the novel
conceptualisation of AN as a metabo-psychiatric disor-
der. It is also mindful of the plethora of newly discov-
ered findings and the heterogeneity of the quality of
published studies which makes guidance for clinicians
and researchers desirable. This consensus paper on
biomarkers in AN summarises published study results
on molecular, electrophysiological, neuroimaging, digi-
tal and other objectively measurable markers that
have been reported to be associated with AN, the
health risks associated with AN, and the treat-
ment of AN.

2. Methods

The WFSBP Task Force EDs reached consensus on the
relevant biological markers that should be included in
this consensus statement. The authors organised
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themselves within workstreams that covered: genetics
and epigenetics; neuroimaging; molecular markers of
brain plasticity and damage; appetite regulators, gas-
trointestinal signalling molecules and adipokines; stress
markers; sexual and social hormones; immunological
markers; metabolomics; the microbiome and markers
of the gut-brain axis; salivary markers; neurophysiolog-
ical markers; digital biomarkers; physical health risk
and refeeding markers; therapeutic drug monitoring
and pharmacogenetics.

Each workstream decided on the specific search
strategy for each biomarker depending on the avail-
able evidence. Literature searches included the data-
bases PubMed, ISI Web of Science and Psycinfo,
supplemented by hand-searches through the reference
lists of included papers and relevant reviews. Individual
searches were conducted per biomarker, with search
terms relating to that biomarker in combination with
‘anorexia nervosa.

Identified meta-analyses were included in the results
section. Evidence from lower-level research such as
pilot, cross-sectional and longitudinal studies was also
reported if necessary for the assessment of the bio-
marker in question or if no meta-analyses were
published.

3. Results
3.1. Genetics and epigenetics

3.1.1. Genetic research in anorexia nervosa

The recognition that genetics play a role in EDs, and
in behavioural conditions more broadly, has been said
to be ‘one of the most dramatic shifts in the modern his-
tory of the behavioural sciences’ (Plomin 2000). Indeed,
the nature vs. nurture debate has moved on to a
nature and nurture discourse, where researchers are
determining the extent of contribution from both, and
how nurture (environmental factors) may influence our
nature (genetic predisposition), and in turn how our
nature may predict nurture (such as dietary selection)
(Dick et al. 2010).

Twin studies represent one of the most critical tools
for elucidation of genetic and environmental factors in
the development of mental health conditions. Simply
put, twin studies are leveraged through the compari-
son of concordance rates between monozygotic (iden-
tical) twins - who share ~100% of their assorting
alleles and dizygotic (non-identical) twins — who share
~50% of their assorting alleles. This enables research-
ers to establish the extent of genetic contribution to
variance in the conditions observed. In EDs, twin-based

heritability (h?,,,) estimates demonstrate moderate to

high genetic contributions to AN (28-88%), bulimia
nervosa ([BN] 54-83%), binge eating disorder ([BED]
39-57%) (Thornton et al. 2011; Bulik et al. 2019) and
avoidant restrictive food intake disorder ([ARFID] 79%)
(Dinkler et al. 2023). With the establishment that
genetic variation contributes to the risk of developing
these conditions, there is a drive to elucidate the
underlying molecular genetic aetiology of EDs - to
identify specific genetic risk variants. We note, how-
ever, this does not preclude identifying environmental
contributions, which will be addressed later in this
section.

3.1.2. Risk genes: genome-wide association studies
(GWAS)

In the 1990s and early 2000s, genetic studies used a
candidate gene approach, which involves identifying an
a priori hypothesised gene (or groups of genes) based
commonly on the function of that gene and evaluating
if genetic variation within that gene differs between
those affected by an ED, and those not. These focused
on monoaminergic, appetite, and weight-regulation sys-
tems (e.g. serotonin, leptin, ghrelin, fat mass and
obesity-associated protein), and did not identify replica-
ble genetic risk loci (positions of variation on the
deoxyribonucleic acid [DNA]) (Pinheiro et al. 2010).
Biotechnology and statistical genetic methods have
progressed since this time, with the advent of
genome-wide association studies (GWAS) (Loos 2020).
GWAS allow researchers to interrogate millions of
genetic markers across the entire genome, without rely-
ing on a priori assumed functions and mechanisms as
was necessary in candidate gene studies.

While a paradigm-shifting biotechnological advance-
ment, GWAS does come with its own challenges, one
of the most widely recognised being the need for
exceptionally large sample sizes of tens, or even hun-
dreds of thousands of cases and controls (Wray et al.
2018). The genetic architecture of complex disorders
such as AN, BN, BED, and ARFID mean that thousands
of genetic variants each individually contribute an
extremely small effect size to increase risk for develop-
ing these conditions (Fu et al. 2013). The issue of small
effect sizes is then combined with the need for hun-
dreds of thousands of statistical tests to analyse each
genetic variant captured individually, in relation to the
outcome of interest. This requires statistical correction
to avoid false positives, meaning the standard thresh-
old for significance (p<0.05) must be substantially
lower (p<5 x 108) to obtain robust and reliable results
and to ensure that subsequent interrogation of identi-
fied loci are wise investments in effort and money.



To achieve such substantial numbers the Psychiatric
Genetics Consortium (PGC) was created in 2007 estab-
lishing a global infrastructure for the investigation of
the genetic architecture of multiple psychiatric disor-
ders (Sullivan et al. 2018). In 2013, the ED working
group was established, led by Cynthia Bulik, with an
initial focus on AN. Through the determination and
collaboration of hundreds of researchers worldwide,
replicable genetic risk variants are now being identi-
fied for AN (Boraska et al. 2014; Duncan et al. 2017;
Watson et al. 2019, 2022), and studies are underway
identifying risk variants for binge-eating behaviour, BN,
BED, and ARFID (Bulik, Thornton, et al. 2021; Bulik
et al. 2023; Monssen et al. 2024).

The first GWAS meta-analysis was published in 2012
and investigated six ED related phenotypes: drive for
thinness, body dissatisfaction, bulimia, weight fluctua-
tion symptoms, breakfast skipping, and childhood
obsessive-compulsive personality disorder trait (Boraska
et al. 2012). This meta-analysis included three studies
and in its largest analysis (weight fluctuation) included
2,976 individuals (807 cases and 2,169 healthy controls
[HCs]). These analyses identified no genome-wide sig-
nificant loci, reflecting the pattern seen regularly in
psychiatric disorders where much larger sample sizes
are required to identify robust replicable genetic loci.
Following this, analyses have been mostly focused on
AN and phenotypes within this condition.

The first global GWAS meta-analysis involved a col-
laborative effort between the genetic consortium for
AN (GCAN) and the Wellcome Trust Case Control
Consortium 3 (WTCCC3) in 2014, and identified no
genome-wide significant associations with 17,767 indi-
viduals (2,907 cases and 14,860 HCs) (Boraska et al.
2014). As shown in Table 1 initial findings in
meta-analyses proved inconsistent (further detail can
be found in Table S1). In 2017, the PGC Eating Disorders
Working Group (PGC-ED) carried forward the GCAN/
WTCCC3 and combined them with genotypes from
other samples collected globally to publish their first
large-scale meta-analysis in AN (Freeze 1). This
meta-analysis identified a single genome-wide signifi-
cant signal on chromosome 12q13.2 spanning six
genes, with the top variant (rs4622308) being in high
linkage disequilibrium (and thus closely associated)
with already identified risk variants for type | diabetes,
rheumatoid arthritis, and other autoimmune condi-
tions (Duncan et al. 2017).

The second PGC-ED meta-analysis substantially
increased numbers to include 16,992 AN cases and
55,525 HCs from 15 countries (Freeze Il), and identified
eight genome-wide significant loci, which highlighted
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potential roles of many brain-expressed genes (Watson
et al. 2019) (see Table 1). The previously identified top
‘hit" from the 2017 meta-analysis did not achieve
genome-wide significance in this analysis but remained
close to significance. Such fluctuation is not uncom-
mon in early phases of genetic discovery as samples
sizes remain low and variability in phenotyping across
contributing samples exist. A further analysis was
undertaken by the PGC-ED to investigate if early-onset
AN (defined as onset prior to 13years) and typical-onset
AN present with differential genomic risk loci; with
these analyses also limited by lower sample numbers
(1,269 early-onset, 6,998 typical-onset, and 25,042 HCs)
no early-onset AN loci were identified.

In addition to estimating heritability from twin
studies, it is also possible to estimate single nucleotide
polymorphism-based heritability (h%,) via GWAS.
Single nucleotide polymorphisms (SNPs) are the
genetic variants measured in a GWAS, and SNP-based
heritability refers to the heritability that is captured
within these studies at the molecular genetic level.
Importantly, since GWAS only capture common genetic
variation (and not rare variants), it is expected that
h%, will be lower than h?,,,. The h%,, of AN reported
in the aforementioned AN GWAS range from 0.17 to
0.25 (Duncan et al. 2017; Watson et al. 2019) and did
not appear to differ markedly between early- and
typical-onset AN (Watson et al. 2022).

While GWAS have firmly centred on AN, a recent
meta-analysis was published investigating an approxi-
mate BED phenotype (Burstein et al. 2023). Allocation
of caseness for BED was not based on clinical diagno-
ses. A supervised machine-learning (ML) method was
applied in the Million Veterans Program cohort, which
then underwent cross-ancestral GWAS (n=822 cases).
This analysis identified three genome-wide significant
loci in three genes (HFE, MCHR2, LRP11), which did not
overlap with AN risk loci identified to date; however,
the findings are very early in the stage of BED molec-
ular genetic risk identification and larger analyses with
rigorous phenotyping will be required to ascertain the
robustness of these loci.

In addition to the focus on AN, research has also
centred on single nucleotide polymorphisms, a specific
type of genetic variant characterised by the substitu-
tion of a single nucleotide (or base) in the DNA
sequence. Copy number variation is another form of
genetic variation which involves regions of DNA that
are repeated, with the number of copies varying
between individuals. Copy number variation can influ-
ence gene transcription and translation and has been
associated with a range of complex diseases, including
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Table 1. Summary table reporting genome-wide association meta-analyses of eating disorder phenotypes in reverse chronological

order.

Discovery stage

Authors (year) Condition N n (patients / controls) Ancestry

Results: GWAS loci pathway/network
analyses/functional characterisation PRS
(variance captured)

Walker et al. (2025) AN (Replication 2 12,458 European
only) Anorexia Nervosa Genetics
Initiative (ANGI;
7,414/5,044)
Replication in 387,190
UK Biobank
(1,260/385,930)
Burstein et al. (2023) BED 2 362,712 African and
(African GWAS n=77,574; European
European GWAS
n=285,138)

Watson et al. (2022) AN (age of onset, 13 AN age of onset: 13 European
early-onset and cohorts
typical-onset) 41,316 (9335/31,981);
early-onset AN: 5 cohorts
26,311 (1269/25,042)
typical-onset AN: 5
cohorts
32,040 (6998/25,042)

Watson et al. (2019) AN 33 72,517 (16,992/55,525) European

Pleiotropic loci

In 178 copy number variants reported to be
pleiotropic in 54 complex and Mendelian
traits/disorders no copy number variants
reached significance following correction
for multiple testing.

GWAS loci

Two genome-wide significant loci from
European GWAS in HFE and near MCHR2.

One further genome-wide significant locus in
LRP11 in cross-ancestral meta-analysis.

Pathway / Network analysis

In addition to neuropsychiatric,
obesity-related, autoimmune, and cancer
traits, enrichment was found in gene sets
related to haem and uric acid
metabolism.

PRS (variance captured)

European-ancestry PRS significantly predicted
BED in two independent cohorts, but not
in a third smaller cohort. Variance
captured not reported. Also predicted
UKBB iron overload and iron deficiency
(8=-0.03; p=0.01).

Functional characterisation
Phenome-wide association studies (PheWAS)
of lead SNPs from GWAS implication in
iron dysregulation, iron metabolism and

iron deficiency anaemia disorders.

GWAS loci

No genome-wide significant loci in GWAS of
early-onset AN. Two genome-wide
significant loci in GWAS of typical-onset
AN (rs3821875, rs4641158).

Heritability estimates (h%y,) were 0.01-0.04
for AN age of onset, 0.16-0.25 for
early-onset AN, and 0.17-0.25 for
typical-onset AN.

PRS (variance captured)

PRS for age of onset explained 0.13%
(liability scale R?) of variance, for
early-onset explained 0.85%, and for
typical-onset 0.25% of the variance.

Functional characterisation

Gene expression was most enriched in brain
tissues although not significant. Gene sets
were also not significant.

GWAS loci

Eight genome-wide significant loci located
near genes NCKIPSD, CADM1, ASB3/
ERLEC1, MGMT, FOXP1, PTBP2, CDH10,
NSUN3.

Genome-wide common variant heritability
(hZ%p) Was 0.11-0.17 (s.e.=0.01).

Pathway / Network analysis

Gene-wise analysis identified 79 significant
genes (majority chromosome 3). A
significant biological pathway linked to
regulation of embryonic development.

Functional characterisation

Significant loci annotated to 121
brain-expressed genes; enrichment of
genes highly expressed in brain (including
cerebellum and neurons) and linked to
feeding behaviours.

PRS (variance captured)

PRS explained ~1.7% of phenotypic variance
(liability scale R?)

(Continued)



Table 1. Continued.
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Discovery stage

Results: GWAS loci pathway/network

analyses/functional characterisation PRS

Authors (year) Condition N n (patients / controls) Ancestry (variance captured)
Huckins et al. (2018) AN 9 17,643 (2,158/15,485) European No genome-wide significant associations.
Replication: 2 in silico n=1,033/3,733;
de novo n=261/1,500
Duncan et al. (2017) AN 12 14,477 (3,495/10,982) European GWAS loci
One genome-wide significant locus (12q13.2;
top variant in region — rs4622308)
Genome-wide common variant heritability
(h%,,) of AN was 0.20 (SE = 0.021).
Pathway / Network analysis
Multiple genes reached gene-based
significance due to high LD in region,
most located in region around top SNP
(rs4622308). No pathways were significant.
Functional characterisation: GTEx search
did not identify any patterns of gene
expression for top genes in region.
Boraska et al. (2014) AN 15 17,767 (2,907/14,860) European GWAS loci
15 European European and One genome-wide significant SNP
11,306 (2,677/8,629) Japanese (rs4957798) in the discovery
Japanese meta-analysis, but not replicated in the
879 (458/421) global meta-analysis, with no
genome-wide significant SNPs identified.
Boraska et al. (2012) Six eating disorder 3 DT n=2,680 European No genome-wide significant associations.
phenotypes: DT, BD n=2,789 (821/1,968)
BD, WF, BS, WF n=2,976 (807/2,169)
OCPD, Bulimia BS n=2,967 (798/2,169)
OCPD n=2,773
(761/2,012)
Bulimia n=1,360
(633/727)

Abbreviations: AN=Anorexia Nervosa; BED =Binge Eating Disorder; BD=body dissatisfaction; BS=breakfast skipping behaviour; Cl=confidence interval;
CNV=copy number variant; DT=Drive for Thinness; GWAS=Genome wide association studies; h%y, = single nucleotide polymorphism-based heritability;
LD =linkage disequilibrium; OCPD = Childhood Obsessive-Compulsive Personality Disorder trait; OR=o0dds ratio; PheWAS =Phenome-wide association stud-
ies; PRS=polygenic risk scores; SE=standard error; SNP=single nucleotide polymorphism; UKBB=UK Biobank; WF=weight fluctuation symptoms.

Detailed table available in Supplementary Materials (Table S1).

psychiatric conditions (Mollon et al. 2023). To date,
only one large-scale investigation of rare copy number
variants has been published in EDs, and specifically AN
(Walker et al. 2025), leveraging data from the Anorexia
Nervosa Genetics Initiative (ANGI) and the UK Biobank.
This study was limited due to differing genomic arrays
used across cohorts and variation in cohort character-
istics such as age and how diagnoses were established,
requiring cautious interpretation of results. None of
the 15 tested loci, including 16p11.2, NRXN1, 22q11.2
and 3929 deletions, displayed significant associations
with AN (Walker et al. 2025), even though the 3q29
deletion, for example, had previously been associated
with several relevant conditions, including failure to
thrive, mild to moderate intellectual disability (Yilmaz
et al. 2017; Chang et al. 2019), feeding and weight
gain problems (Wang et al. 2011), bipolar disorder
(Sudmant et al. 2015), and schizophrenia (Cheng
et al. 2005).

As demonstrated in Table 1, as sample size increases,
power improves for these analyses. This work is ongo-
ing through the PGC-ED and global collaboration of
scientists. It is likely that larger meta-analyses will

identify a greater number of variants, as has been the
pattern of discovery in other psychiatric disorders.
Through further identification, biological networks and
pathways implicated in AN will be uncovered and
improve our understanding of how genetic and bio-
logical factors influence AN risk and potentially inform
the development of biologically informed pharmaco-
therapeutics. Though current understanding of the
genetic aetiology of BN, BED, and ARFID is more lim-
ited, large global efforts are underway to advance
understanding of both genetic and environmental risk
for all EDs.

3.1.3. Genetic correlations

GWAS also enable the calculation of genetic correla-
tions (SNP-rg) across disorders or traits using summary
statistics (Bulik-Sullivan et al. 2015). SNP-rg reveal the
extent to which two traits are influenced by the same
genetic factors and can be positive (the same genetic
factors influence both traits in the same direction; e.g.
either increasing or decreasing risk for both traits) or
negative (the same genetic factors influence both
traits but in opposite directions; e.g. increasing risk for
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one trait while decreasing risk for the other). Genetic
correlations can inform the underlying genetic aetiol-
ogy of disorders and can be highly informative with
respect to shared mechanisms underlying disorders.
We did not conduct a systematic review of the vast
genetic correlation literature, but rather briefly sum-
marise the over-arching findings. A more detailed
review can be found in Watson et al. (2023).

Unsurprisingly, AN has strong positive genetic cor-
relations with other psychiatric disorders and traits
(SNP-rg = 0.17-0.49) including obsessive-compulsive
disorder, depression, anxiety, and schizophrenia. Less
anticipated are the significant genetic correlations
between AN and a range of metabolic, anthropomet-
ric, and glycaemic traits (SNP-ry = —0.22 to -0.32).
Negative genetic correlations are observed between
an array of anthropometric traits such as body mass
index (BMI), obesity and waist to hip ratio and meta-
bolic traits such as fasting insulin, insulin resistance,
leptin, and type 2 diabetes, with the single positive
genetic correlation being with high-density lipoprotein
(HDL) cholesterol (Duncan et al. 2017; Watson et al.
2019). Adjusting for BMI did not significantly alter cor-
relations with non-BMI traits, indicating that these cor-
relations are not driven by genetic influences for BMI.
The interpretation of these results is that some of the
same genetic factors that increase risk for AN, decrease
risk for developing traits such as obesity and type 2
diabetes. Furthermore, these results encourage the
consideration of both psychiatric and metabolic/
anthropometric factors in understanding the biology
of AN. Sample sizes are still too small to determine
whether the same patterns hold for early and typical
onset AN or across genders. However, an initial glimpse
into differences across EDs suggest that while AN, BN,
and BED show similar genetic correlations with psychi-
atric traits, they diverge markedly on anthropometric
and metabolic traits, with the two binge-type EDs
showing positive (and not negative) genetic correla-
tions with metabolic and anthropometric phenotypes
(HUbel et al. 2021).

3.1.4. Polygenic risk scores

GWAS also enable the calculation of a metric called a
polygenic risk score (PRS) also known as polygenic
score or genetic risk score. A PRS captures the magni-
tude of the genetic load an individual carries for a par-
ticular disease or trait by creating a weighted sum
of all known risk alleles that an individual carries
(Figure 1) (Wray et al. 2021). The purple curve rep-
resents a theoretical PRS distribution for individuals
with AN and the green curve represents the PRS

Controls without AN Cases with AN

Counts

Low genetic risk High genetic risk

Figure 1. Theoretical distribution of a polygenic risk score for
anorexia nervosa. AN=anorexia nervosa. Graph A depicts the
counts of cases with AN, graph C of controls without AN.

distribution for HCs (i.e. individuals without AN).
Although in general, individuals with AN have higher
PRS for the disease than HCs, the curves overlap con-
siderably. The individual demarcated by the purple cir-
cle ‘A’ represents an individual with AN who has a
relatively low polygenic risk for AN, whereas the per-
son depicted by the circle marked C is someone with
high genetic risk, who has nonetheless never devel-
oped the illness. This drawing clearly illustrates why
PRS cannot be utilised as a genetic test for AN or
other studied traits. There are many individuals with a
high AN PRS who never develop the illness as well as
many individuals with low polygenic risk who do
develop AN (Bulik 2024). The huge overlap of such
curves representing the small differences between dis-
tributions are a general problem in biomarker research
that causes false positivity or false negativity.

Importantly, the robustness of a PRS for any illness
depends on the genetic architecture of the target trait
as well as the size of the GWAS from which it is
derived. Larger samples of heritable traits yield more
robust PRS and confidence in the ability of PRS to
index disease risk. As stated unequivocally by Wray
et al. (2021) ‘PRS are not and never will be stand-alone
predictors of common diseases.

Of the 16 identified studies that investigated AN
PRS and ED phenotypes, 12 analysed clinical diagnoses
as the outcome (AN or ARFID), while four investigated
ED symptoms, three in the same cohort (Avon
Longitudinal Study of Parents and Children; ALSPAC)
and one a global disordered eating outcome in addi-
tion to disordered eating behaviours such as purging,
binging, and restriction ((Curtis et al. 2024); see Table
S2). Overall, it is evident that AN PRS is associated rel-
atively consistently with AN diagnosis, with one study
reporting no relationship with ARFID (Koomar et al.
2021). This is the first and currently only study
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correlating AN PRS with a clinical ED outside of AN,
but it represents a well-powered study for PRS analy-
ses in terms of the target sample size (n>3,000 cases)
and therefore suggests that different genetic drivers
may contribute to these two pathologies. It is import-
ant, however, to further explore the relationship of AN
PRS with other ED phenotypes such as BED, BN, and
other specified feeding and eating disorders (OSFED)
especially atypical AN (AAN) as there is evidence that
AN PRS predicts a measure of global disordered eat-
ing, and symptoms and behaviours of EDs, in adoles-
cents in the general population (Curtis et al. 2024;
Herle et al. 2021; Yilmaz et al. 2023) and not just clin-
ical diagnoses. PRSs could also be improved in the
future to be more specific for different sub-types or
phenotypes within clinical diagnoses as evidenced by
distinct PRSs generated for early and later ages of
onset for AN (Watson et al. 2022). There is some indi-
cation that the current AN PRS may be more highly
associated with outcomes in females (Papini et al.
2024; Yilmaz et al. 2023), and may also interact with
other AN risk factors such as maternal genitourinary
tract infection, age at birth, method of delivery, paren-
tal education, income, and psychiatric history (Papini
et al. 2024).

In addition to AN, many other psychological and
psychiatric phenotypes have been correlated with AN
PRS. Of these many reported no significant effects
with psychiatric disorders such as major depressive
disorder, bipolar disorder, panic disorder, attention
deficit hyperactivity disorder, alcohol dependence or
suicidal behaviours. However, a few studies did report
positive associations with suicide related behaviours
such as suicide attempts and non-suicidal self-injury,
and cannabis use disorder (Table S3). Relationships
that were reported were nominal in effect size, and
suggest that while AN PRS may influence some other
psychological or psychiatric traits these appear small
or context dependent, for example with gender differ-
ences observed in neuroticism where AN PRS was a
predictor only in men (Gale et al. 2016).

These conflicting findings may in part be driven by
the relatively early nature of PRS investigations in AN
relative to some other psychiatric disorders. As previ-
ously described, the discovery cohort determines the
power of the PRS as a tool to predict outcomes: at this
stage, AN PRS studies are relatively small and so the
PRSs derived on these discovery cohorts may still have
relatively low power. Over time, as the discovery
cohort increases, the field can further explore relation-
ships between AN PRS and other psychological and
psychiatric outcomes with greater certainty. At this
stage relationships appear to be weak, and
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inconsistent outside of AN diagnosis and ED pheno-
types themselves.

Similarly inconsistent effects are reported across the
few studies that investigated a range of brain structure
and function where sex-specific relationships are
reported (e.g. (Leehr et al. 2019)) or no associations
identified at all (e.g. (Taquet et al. 2021)). Studies have
also investigated reproductive timing (Ni et al. 2019)
with evidence for a relationship, and inflammatory
bowel disease or other medical conditions with no evi-
dence (Table S4). Finally, AN PRS has been associated
with urbanicity, nutrient intake, academic performance,
and other established risk factors for AN.

More consistent findings, like the relationship
between AN PRS and AN diagnosis, are observed with
metabolic phenotypes (Table S5). Most of these stud-
ies indicate higher AN PRS is associated with lower, or
slower growth, and reduced body mass indicators such
as weight, BMI, bone mineral density, and weight tra-
jectory. In line with some observations in other pheno-
types, there is some evidence that these effects are
limited to or more pronounced in females (see
Table S5).

Overall, AN PRS appears to predict AN diagnosis,
some ED symptoms, metabolic phenotypes, and some
established risk factors for AN. There is also some evi-
dence that these relationships may be particularly evi-
dent in women or girls. It is too early to be certain
what the relationship is between AN PRS and the mul-
tiple other phenotypes that have been explored, in
part likely due to the restricted power of our current
AN PRS tool. The observation that effects may be more
pronounced, or restricted to, women or girls may also
be driven by the fact that the discovery cohorts upon
which the PRS has been trained upon possess a major-
ity of female cases with only ~3% male cases with AN
(Watson et al. 2022). This may restrict the applicability
of the AN PRS based on the current GWAS discovery
cohorts to populations including males.

In addition to the limited number of men with AN
included in the original discovery GWAS, it is notable
that most studies used European-ancestry cohorts.
Critically this is the case for the discovery GWAS and
so generalisability of the PRS may not be transferable
across ancestries. To date, target cohorts have also
been predominantly European ancestry and so we do
not know how the present AN PRS may perform in
other ancestry populations.

We have focused on how AN PRS may correlate
with a range of phenotypes and outcomes. Other PRSs
have also been correlated with AN as the outcome, for
example the PRS for BMI. While this is outside the
scope of this review, it is worth noting that the
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strongest PRS predictors beyond the AN PRS for AN
are those for metabolic traits such as BMI (Hubel et al.
2021). The mechanism for this relationship is not yet
clear with some evidence that this may be due to dif-
ferences in BMI predicting ED risk, rather than the bio-
logical drivers for BMI also driving ED risk (Watson
et al. 2019); but this remains a highly active area of
research. As mentioned above when discussing genetic
correlations, while there is evidence for genetic cor-
relations across EDs and other psychiatric traits, there
appears to be marked differences on genetic correla-
tions across EDs with anthropometric and metabolic
traits, with the two EDs defined by binge eating (BN
and BED) showing positive genetic correlations with
metabolic and anthropometric phenotypes - the
opposite to that seen with restrictive EDs (Hubel
et al. 2021).

3.1.5. Epigenetics

Epigenetic mechanisms influence gene expression (and
corresponding phenotypic variations) through molecu-
lar modifications that regulate gene activity in the
absence of physical changes to the DNA code (Li
2021). Epigenetic changes, mainly involving DNA
methylation, histone modifications and noncoding
ribonucleic acid ([RNAs] (Peixoto et al. 2020), appear to
occur in an environmentally responsive and site-specific
fashion — meaning that, through epigenetic program-
ming, environmental exposures occurring throughout
the life span can influence phenotypic manifestations
by enabling or silencing the expression of specific
genetic tendencies (e.g. (Szyf 2015)). Consequently,
with respect to many physical- and mental-illness phe-
notypes, epigenetic effects have the potential to influ-
ence the progression (depending upon an individual’s
life history) from genetic susceptibility to full-blown
illness and back (Recillas-Targa 2022; Steiger et al.
2023). Data have implicated epigenetic processes in
diverse medical and psychiatric problems - including
EDs (see (Booij and Steiger 2020; Campbell et al. 2011;
Hibel et al. 2021; Steiger and Booij 2020)).

3.1.5.1. DNA methylation. DNA methylation, the best-
studied of epigenetic mechanisms, involves the
addition of methyl groups to DNA sites at which a
cytosine is followed by a guanine - called CpGs. DNA
methylation acts in a site-specific fashion, so as to
selectively block or suppress the expression of specific
genes (Fujita et al. 1999; Inamdar et al. 1991). Diverse
environmental factors influence the methylation of
DNA: Prenatal influences, acting through maternal
placental signalling or paternal epigenetic marks in
sperm, have been documented (Chan et al. 2018), as

have various effects associated with perinatal,
childhood and adulthood exposures to stress (Steiger
and Booij 2020; Steiger and Thaler 2016). In addition,
because certain micronutrients (e.g. folate, choline,
betaine, methionine) participate in methyl-transfer
reactions upon which DNA methylation depends
(Anderson et al. 2012), nutritional factors also have an
influence (Guarasci et al. 2018; Koklesova et al. 2021).
Given the preceding, DNA methylation constitutes a
potential ‘platform’ upon which effects of heredity,
nutritional status and life experiences (during perinatal,
developmental and later-life phases) converge. DNA
methylation may therefore have intriguing potentials
as a biomarker for a disorder in which life stresses and
nutritional triggers are so obviously implicated (Steiger
and Booij 2020).

The literature on DNA methylation in EDs includes
three non-systematic reviews (Booij and Steiger 2020;
Hirtz and Hinney 2020; Steiger and Booij 2020), one
systematic review of the literature on AN, BN and BED
up to 2017 (Hubel, Marzi, et al. 2019), and another
covering the literature on AN up to 2023 (Kaver et al.
2024). We conducted an updated literature search on
May 5, 2025 using Pubmed, Google Scholar and Web
of Science literature databases and identified no rele-
vant additional papers that had not been treated in
the previous reviews cited. Given the preceding, rather
than providing a systematic review here, we instead
summarise findings that indicate replicable methyla-
tion changes at specific genes in participants with AN.
Interested readers are referred to the previous reviews
cited above for comprehensive treatments.

3.1.5.2. Methylation at candidate genes. Like
candidate-gene studies in the field of psychiatric
genetics, candidate-gene studies on DNA methylation
in AN have produced unstable results. Kaver et al.
(2024) reviewed findings (available up to 2023) from
17  systematically selected case-control studies
targeting candidate-gene methylation in AN. In short,
these studies inconsistently pointed to altered
methylation of genes involved in neurotransmitter
function, neural plasticity, social attachment, and
appetite and energy regulation - including genes
requlating dopamine, serotonin, oxytocin, BDNF,
leptin, ghrelin, among others.

3.1.5.3. Epigenome-wide association studies. There are
five published reports, conducted by three different
research groups, documenting results of epigenome-
wide methylation studies (EWAS) in people with AN -
all using Illumina platforms to assay DNA obtained
from whole blood or leukocytes (Booij et al. 2015;
Iranzo-Tatay et al. 2022; Kesselmeier et al. 2018; Steiger
et al. 2019; Steiger et al. 2023) (see Table 2). Broadly,
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Table 2. Summary of the methodology and findings of the five EWAS studies in individuals with anorexia nervosa.

Study Booij et al. (2015) Kesselmeier et al. (2018) Steiger et al. (2019) Iranzo-Tatay et al. (2022) Steiger et al. (2023)
Sample All females All females All females All females All females
29 active AN 47 active AN 75 active AN, 7 MZ twin pairs 145 active AN
15 NED 47 NED, lean 31 in stable remission discordant for active 49 in remission * 1year
100 NED, 41 NED AN 64 NED
population-based 7 active AN (singletons)
5 MZ pairs discordant for 7 NED (singletons)
active-AN
Cell type Leukocytes Whole blood Leukocytes Whole blood Leukocytes
DNA methylation Infinium Human Infinium Human Infinium Human Infinium MethylationEPIC Infinium Human
method Methylation 450 Methylation 450 Methylation 450 850 BeadChip Kit Methylation 450
BeadChip Kit BeadChip Kit BeadChip Kit / BeadChip Kit /
Infinium Infinium
MethylationEPIC 850 MethylationEPIC 850
BeadChip Kit ' BeadChip Kit!
# CGs AN vs. NED: An vs. lean NED: 51 CGs AN vs. NED: 58 CGs; AN  MZ twin with AN vs. AN vs. NED: 205 CGs; AN

14 probes g<.05 AN vs. population-based

NED: 81 CGs.

vs. remitted: 265 CGs;
remitted vs. NED: 0

vs. remitted: 162 CGs;
remitted vs. NED:

healthy co-twin: 9
CGs (g<.05). 6 CGs

All based on 2 different CGs. were replicated ina 0 CGs. All g<.01
reference free All g<.01 AN vs NED
methods, p<.01 comparison
MZ sample: 26/51 CGs (singletons) (p<.05)
and 54/81 CGs were in
same direction as
results from the AN vs.
lean vs. population
NED comparisons, all
p> .01
Genes identified as being differentially methylated in AN in 2 or more EWAS studies
NR1H3 X X X X
TNXB X X X
SYNJ2 X X X
PRDM16 X X
HDAC4 X X

Abbreviations: AN=anorexia nervosa; MZ=monozygotic; NED=no eating
Methylation EPIC 850K BeadChip Kit were analysed.

comparisons across individuals with active AN or
those who never had an ED reveal differential
methylation at multiple CpG sites. The number of
identified CpGs varied across studies, with studies
with larger samples reporting larger numbers of
significant probes. Across studies, DNA methylation
levels were reported to be altered at CpG sites
mapping primarily onto genes involved with mental,
metabolic and immune functions.

To date, there have been no meta-analyses on find-
ings from EWAS studies in AN — and we feel it prema-
ture to attempt to do so given that the available
studies implicate heterogeneous methods, and that
three out of the five studies in AN, involve overlapping
samples and are published by the same group. This
being the case, rather than a systematic review, we
conducted a qualitative analysis of findings from the
five available EWAS studies in AN aimed at identifying
reproducible epigenetic biomarkers. For these compar-
isons, we applied two criteria: To qualify as a possible
biomarker, an identified gene (irrespective of the CpG
site) had to have been found to be (i) differentially
methylated in at least two EWAS studies conducted by
independent research groups, or (ii) differentially meth-
ylated in at least one EWAS study and, as well,

disorder.” Only CGs common to both the 450 BeadChip Kit and the Infinium

associated with AN at genome-wide significance in at
least one of the available case-control GWAS studies
on AN. Stringent application of the preceding criteria
isolated five genes of interest: NRTH3, TNXB, SYNJ2,
PRDM16 and HDAC4 (see Table S6).

NR1H3 was found to be differentially methylated in
AN in four of the five EWAS studies, three conducted
by one group (Booij et al. 2015; Steiger et al. 2019;
Steiger et al. 2023) and one by another (Kesselmeier
et al. 2018). NRTH3 is involved in lipid metabolism,
energy homeostasis, and inflammation. Three EWAS
studies conducted by two different research groups
found hypermethylation at the TNXB gene (Booij et al.
2015; Kesselmeier et al. 2018; Steiger et al. 2019).
Involved in connective tissue formation, TNXB has
been implicated in the development of syndromes
characterised by hyperflexibility (like Ehlers-Danlos)
that have also been linked to AN (Baeza-Velasco 2021).
Three EWAS studies from two independent groups
found differential methylation at the SYNJ2 gene
(Iranzo-Tatay et al. 2022; Steiger et al. 2019; Steiger
et al. 2023), which is responsible for nerve-cell com-
munications. In addition, the PRDM16 gene, associated
with thermogenesis, was associated with AN in two
independent studies (Booij et al. 2015; Kesselmeier
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et al. 2018). The same two EWAS studies reported
altered methylation levels at the HDAC4 gene, which
regulates histone deacetylation.

Applying our second criterion for establishing epi-
genetic biomarkers, we compared results from the five
available EWASs to findings published in eight GWAS
studies comparing individuals with AN to those with
no ED (Wang et al. 2011; Nakabayashi et al. 2009;
Wade et al. 2013a; Boraska et al. 2014; Duncan et al.
2017; Li et al. 2017; Huckins et al. 2018; Watson et al.
2019). Interestingly, none of the genes previously asso-
ciated with AN in GWASs (whether at genome-wide
significance or as ‘top hits’) showed differential meth-
ylation levels in an EWAS study. We speculate that the
latter tendency may differentiate pleiotropic genes for
AN that, because they do not depend upon environ-
mental factors, are strong candidates for direct
genome-wide association (in GWASs) from genes
whose phenotypic manifestations depend greatly upon
epistatic (gene-environment) effects that are isolated
in EWASs.

Some EWAS results have associated illness duration
and lower BMI with more pronounced DNA methyla-
tion alterations, and disease remission (as indicated by
full or partial weight restoration) with normalisation of
methylation levels (see (Booij et al. 2015; Steiger et al.
2019; Steiger et al. 2023)) - as would suggest revers-
ible alterations that correspond to illness activity and
severity. The preceding implies that methylation levels
have potential as markers of disease staging or thera-
peutic response.

3.2. Neuroimaging

3.2.1. Structural neuroimaging
Neuroimaging encompasses a set of methods utilised
to investigate the structure and function of the brain.
Over the last 30years, a variety of neuroimaging meth-
ods have been used to study the brains of individuals
with AN and help better understand the underlying
biological mechanisms of the condition (King et al.
2018). This section provides a selective update on
structural neuroimaging in AN, highlighting the most
significant recent findings, challenges to scientific
progress, and promising avenues for future research.
Modern non-invasive magnetic resonance imaging
(MRI) techniques, including diffusion tensor imaging
(DTI) and network-based approaches, have driven a
recent surge in research on brain structure in AN.
These efforts have resulted in several comprehensive
meta-analyses and dedicated review articles (Barona
et al. 2019; Bracké et al. 2023; Gaudio et al. 2019;

Kappou et al. 2021; King et al. 2018; Meneguzzo et al.
2019; Monzon et al. 2017; Seitz et al. 2016; Su et al.
2021; Walton et al. 2022), as well as the establishment
of an international consortium aimed at advancing
our understanding of structural brain changes in
EDs including AN (https://enigma.ini.usc.edu/ongoing/
enigma-eating-disorders/).

The most applied structural neuroimaging method
in AN research involves analysis of T1-weighted MRI
brain scans, which allows for assessment of various
macrostructural features of the brain by distinguishing
between GM - primarily consisting of neuronal cell
bodies, dendrites, and axon terminals - and WM, which
comprises myelinated axonal pathways linking differ-
ent brain regions. While most studies in AN samples
have used voxel-based morphometry to investigate
cortical and/or subcortical GM volume (Seitz et al.
2016; Su et al. 2021), there is an increasing trend
towards surface-based approaches, which separate GM
volume into its underlying components: cortical thick-
ness and surface area (King et al. 2018). In recent
years, a few studies in individuals with AN have begun
exploring other metrics such as subcortical shape, cor-
tical complexity and gyrification, (Bernardoni et al.
2018; Collantoni et al. 2020; Collantoni et al. 2025;
Leppanen et al. 2019) conducting fine-grained analysis
of subcortical substructures.

In acutely underweight individuals with AN, reduc-
tions in brain mass and enlarged ventricles are often
readily visible in raw MRI scans and numerous
case-control studies using the above methods have
reported widespread reductions in GM in both adoles-
cents and adult patients with AN relative to HCs (King
et al. 2018). Recent mega- and meta-analyses in the
largest samples to date indicate that the magnitude of
GM reduction observed in AN in cortical thickness,
subcortical volume and, to a lesser extent, surface area
surpasses structural changes observed in any other
psychiatric disorders (Bahnsen et al. 2022; Walton et al.
2022). Importantly, however, these deficits are closely
linked to nutritional status and are significantly less
pronounced after partial weight restoration (at least in
younger patients with a shorter duration of illness
(Kaufmann et al. 2020) and may not be detectable
after long-term weight recovery. Together, the avail-
able data indicate that macrostructural GM alterations
in AN may be a largely reversible consequence of
underweight rather than a trait biomarker. However,
the underlying cellular mechanisms remain unclear.
There is also preliminary evidence that leptin levels are
associated with structural alterations in specific brain
areas (Wronski et al. 2025).


https://enigma.ini.usc.edu/ongoing/enigma-eating-disorders/
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The integration of peripheral biomarkers into the
analysis of dynamic brain structural alterations in AN,
combined with the application of advanced multi-
modal methods - such as approaches rooted in artifi-
cial intelligence - promises new insight that may
eventually help enhance clinical decision-making
(Arold et al. 2023; Doose et al. 2023; Keeler et al. 2024).

In contrast to the amount of research focused on
GM alterations in AN, relatively few studies have
reported regional and/or global measures of WM vol-
ume. Similar to the findings in GM discussed above,
meta-analytic data suggest that reduced WM volume
in acutely underweight individuals with AN might be
reversible following weight restoration (Seitz et al.
2016). However, more recent studies found no alter-
ations in WM volume in AN relative to HCs (Geisler
et al. 2022). Thus, the effect size of WM volume reduc-
tion in AN is likely to be considerably smaller than
that of GM (Walton et al. 2022).

Research utilising DTl has provided more detailed
insights into WM microstructure and connectivity in
individuals with EDs (Barona et al. 2019; Gaudio et al.
2019; Zhang et al. 2020). DTl allows for the assessment
of WM tract microstructural integrity by measuring
water diffusivity along axons. Many studies investigat-
ing WM microstructure in AN have focused on group
differences in diffusion strength at the voxel or tract
level. In acutely underweight individuals with AN, sev-
eral studies have reported altered WM matter micro-
structure, with evidence for both decreased and
increased WM integrity (e.g. fractional anisotropy) in
key tracts such as interhemispheric connections and
limbic association fibres including the cingulum, cor-
pus callosum, and fornix, as well as the superior longi-
tudinal fasciculus and thalamo-cortical tracts (Barona
et al. 2019; King et al. 2018). However, most studies
did not address potential biases arising from partial
volume effects (Kaufmann et al. 2017) and more
research in larger (longitudinal) samples is needed to
better understand dynamic changes in WM microstruc-
ture and connectivity in the disorder (Lloyd 2022).

A limited number of studies have utilised WM fibre
tractography methods to assess structural connectivity
in AN, yielding mixed results (Gaudio et al. 2019).
While most of these studies have focused on specific
tracts or connectivity from selected regions of interest,
a few recent studies with robust statistical power have
applied network-based graph-theoretic techniques to
model whole-brain structural architecture. In a large
sample of acutely underweight individuals with AN,
Geisler et al. (2022) observed significant alterations in
the WM connectome, including increased fractional
anisotropy and reduced radial diffusivity, particularly in
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occipitoparietal regions. Similarly, a recent study in an
even larger sample of acutely ill patients with AN by
Lloyd et al. (2023) found reduced structural connectiv-
ity in subcortical networks and enhanced cortical net-
work connectivity when compared to HCs. Collectively,
these studies suggest that individuals with AN may
have disruptions in the structural connections between
brain regions.

3.2.2. Functional connectivity

Intrinsic neural activation and intrinsic functional con-
nectivity describe spontaneous neural activity and
functional interactions between brain regions while a
person is at rest, without external tasks or stimuli (Van
Den Heuvel and Pol 2010). These measures are assessed
using functional MRI (fMRI), positron emission tomog-
raphy (PET), single photon emission computed tomog-
raphy (SPECT), and arterial spin labelling (ASL). Intrinsic
functional connectivity can be assessed at both global
(across the whole brain) and local levels (for single
brain regions), using network connectivity measures to
evaluate the overall connection strength or to identify
altered long- and short-range connections (Jiang
and Zuo 2016; Van Den Heuvel and Pol 2010).
Graph-theoretical measures further characterise the
brain’s network topology and organisational properties
(Rubinov and Sporns 2010). Interindividual variation in
intrinsic functional connectivity has been shown to
allow individual identification with 78-95% accuracy
and holds high predictive value for behavioural out-
comes, such as cognitive performance (Mansour L
et al. 2021). This section offers a focused overview of
functional neuroimaging in AN, summarising recent
advances and key findings across the acute phase,
weight-related changes, and long-term recovery.

In the acute stage of AN, intrinsic neural activation
has been examined in a meta-analysis comparing indi-
viduals with AN and HCs, revealing reductions in activ-
ity in the anterior and middle cingulate cortex,
alongside increases in activity in the right parahippo-
campal gyrus (Su et al. 2021). While meta-analyses
investigating intrinsic connectivity are currently lack-
ing, a systematic review suggests overlapping alter-
ations across studies within corticolimbic regions
(Gaudio et al. 2016), with mixed directionality.
Whole-brain analyses of long-range connections con-
sistently report wide-spread weakened functional con-
nectivity (Ehrlich et al. 2015; Kaufmann et al. 2023;
Lotter et al. 2021; Sudo et al. 2024) and altered net-
work topology (Geisler et al. 2016; Kaufmann et al.
2023) in the acute stage of AN. Additionally, some
studies report elevated connectivity in regions such as
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the dorsolateral prefrontal cortex (Steward et al. 2022;
Sudo et al. 2024) and the striatum (Membrives et al.
2021; Muratore et al. 2024; Uniacke et al. 2019; Via
et al. 2021). However, it should be noted that there is
considerable heterogeneity across studies in terms of
connectivity measures and brain networks examined.

Weight-related changes in intrinsic connectivity
have been investigated in isolated longitudinal studies,
with mixed findings. Increased long-range connectivity
has been found to normalise during weight restoration
(Cha et al. 2016; Uniacke et al. 2019; Via et al. 2021).
However, analyses of weakened long-range connectiv-
ity suggest only partial normalisation (Kaufmann et al.
2023; Lotter et al. 2021), with persistent reductions in
connectivity between regions of salience, fronto-parietal,
and visual brain networks (Kaufmann et al. 2023;
Uniacke et al. 2019). The degree of recovery may vary
depending on patient characteristics, such as age (i.e.
younger individuals may recover more quickly), and
the specific connectivity measures analysed (i.e.
short-range connections may recover more rapidly)
(Seidel et al. 2024).

Among long-term weight-recovered individuals with
AN, evidence remains mixed. Some studies report
reduced connectivity in fronto-parietal, visual, and
auditory networks (Boehm et al. 2016; Favaro et al.
2012; Scaife et al. 2017), while others describe increased
connectivity in the default mode network (Cowdrey
et al. 2014) or no residual alterations (Lotter et al.
2021), compared to HCs. Notably though, even in
cases where no differences in network connectivity
were detected, long-term recovered individuals could
still be distinguished from HCs with high accuracy
(>70%) based on intrinsic functional connectivity pat-
terns (Geisler et al. 2020), suggesting a persistent aber-
rant brain network configuration in these individuals.

Overall, in the acute stage of AN, both intrinsic neu-
ral activity and functional connectivity appear to be
weakened. Alterations in fronto-parietal and visual net-
works likely persist after weight restoration, potentially
serving as trait markers of AN. These findings are con-
sistent with evidence linking weaker intrinsic connec-
tivity to more severe ED symptoms in healthy
(self-reported absence of neurological or psychiatric
disorders; no use of psychoactive medications; no
other chronic diseases) young adults (Chen, Gao, et al.
2021), suggesting that disrupted intrinsic brain func-
tion may reflect a stable neurobiological marker of AN.

Table 3 shows the direction of change of all alter-
ations of biological markers associated with AN in
cross-sectional studies and with the changes of these
markers with weight recovery.

3.3. Molecular markers of brain plasticity and
damage

Neuronal biomarkers, encompassing entities like BDNF,
tau, NfL, and synaptic biomarkers, have garnered sig-
nificant attention due to their potential as indicators of
neuronal damage, dysfunction, and plasticity alter-
ations in neuropsychiatric disorders, including AN.

3.3.1. Brain-derived neurotrophic factor and other
neurotrophins
BDNF is a growth factor within the neurotrophin fam-
ily, which also includes neurotrophin (NT)-3, -4 and
—5. It is found both in brain and peripheral nervous
system and can be quantified in humans peripherally
in the serum and plasma, as well as in cerebral spinal
fluid, usually using an enzyme-linked immunosorbent
assay (ELISA). Peripheral levels of BDNF are often used
as a proxy of central BDNF levels, given that BDNF is
able to cross the blood-brain barrier bidirectionally,
and that the two have been found to be associated
(Klein et al. 2011; Sartorius et al. 2009). The precursor
form of BDNF (proBDNF) is proteolytically cleaved into
a mature form (mBDNF); however both forms are
biologically-active molecules that act on different
pathways (Koshimizu et al. 2010). BDNF binds to two
types of receptor, producing downstream effects on
synaptic plasticity (via the tropomyosin receptor kinase
B [TrkB] receptor) and apoptosis (via the p75 neurotro-
phin receptor) (Podyma et al. 2021). BDNF promotes
neuronal survival and growth and differentiation of
both neurons and synapses within the central and
peripheral nervous systems (Kowianski et al. 2018;
Tolwani et al. 2004). In brain, BDNF has important roles
in the hippocampus, hypothalamus, ventral tegmental
area, cerebellum and cerebral cortex (Miranda et al.
2019). It is also expressed in other organ systems (e.g.
kidneys, retina and heart) and peripheral tissues (e.g.
skeletal muscle and adipose tissue) (Afsar and Afsar
2022; Kimura et al. 2016; Matthews et al. 2009;
Pius-Sadowska and Machalinski 2017). BDNF synthesis
is markedly increased by physical exercise, which is
thought to at least partially mediate exercise-induced
synaptic plasticity and hippocampal neurogenesis (Liu
and Nusslock 2018; Loprinzi and Frith 2019).
Additionally, BDNF expression in the hippocampus has
been found to be induced by leptin (Li et al. 2021),
see section 3.6.1. for a detailed overview of leptin.
Three meta-analyses have investigated differences
in peripheral concentrations of BDNF between people
with AN and HCs (Brandys et al. 2011; Keeler et al.
2022¢; Shobeiri et al. 2022). All found moderate-large
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state-related reductions in BDNF during the acute
stage of AN. Over the course of weight restoration,
increases in BDNF have been found, with trends
towards supranormal levels following longer-term
weight restoration (Keeler et al. 2022c¢). This has been
confirmed in the largest longitudinal study to date on
adolescent patients with AN, which demonstrated that
BDNF levels increased continuously during recovery
and reached supranormal levels at 2.5-year follow-up
(Borsdorf et al. 2021). These findings provide stronger
evidence that elevated BDNF may be a risk factor for
relapse given its anorexigenic effects. Subgroup analy-
ses revealed that BDNF was lower only in the restrict-
ing subtype of AN (AN-R), and not the binge-purging
subtype (AN-BP) (Keeler et al. 2022c). Additionally, it is
possible that the reduction in BDNF may only exist in
adults; whilst there were insufficient studies to per-
form subgroup analyses by age category in the afore-
mentioned meta-analysis (Keeler et al. 2022c¢), other
studies have failed to find state-related reductions in
BDNF in adolescent populations (e.g. (Steinhduser
et al. 2021)). In terms of genetic risk for impairments
in BDNF synthesis, a meta-analysis examining the
Val66Met polymorphism (rs6265) of the BDNF gene
found no greater association in people with AN than
HCs (Brandys et al. 2013). However, recent reviews
have provided more nuanced perspectives on this
polymorphism’s role in AN susceptibility, prognosis,
and treatment response (Cao et al. 2024). Current evi-
dence suggests the Val66Met polymorphism may
interact with stress-related events and metabolic dis-
turbances in modulating AN risk, representing a more
complex relationship than previously understood.
BDNF is most likely to represent a state marker of
AN, at least in AN-R, which is thought to be indicative
of nutritional status rather than merely low weight
(Keeler et al. 2022c¢). It has been suggested that reduc-
tions in BDNF may be a physiological adaptation to
increase food intake, since BDNF has anorexigenic
appetite-suppressing effects (Brandys et al. 2011).
However, there has been some debate in the discus-
sion of BDNF as a biomarker for AN, as whilst it
demonstrates association with the illness and test-retest
reliability, it may not have high enough specificity to
distinguish AN from other forms of psychopathology
(Brandys et al. 2011). For example, meta-analytic results
suggest decreased BDNF in major depressive disorder
(MDD), across most studies (Brunoni et al. 2008). It is
possible that decreases in BDNF may represent a bio-
marker for general psychopathological processes, such
as alterations in neuroplasticity, which may be present
transdiagnostically. However, it should be noted that
although treatment with antidepressants normalises
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BDNF levels in people with MDD (Brunoni et al. 2008),
traditional antidepressants are largely ineffective in AN.
Furthermore, Keeler et al. (2022c) found that AN-BP
does not show decreases in BDNF despite presumably
still having comorbid depressive features. There is
mixed evidence for an association between depression
symptoms and BDNF in people with AN (Mercader
et al. 2007; Nakazato et al. 2009; Steinhauser et al.
2021; Keeler et al. 2022a). Further investigations are
necessary in order to ascertain whether reductions in
BDNF may meet the criteria for classification as a bio-
marker of nutritional status or neuroplasticity for AN
during the acute stages, which may in future aid clini-
cians to offer personalised BDNF-promoting treatments
(e.g. ketamine, psilocybin; (Keeler, Kan, et al. 2024;
Keeler et al. 2021)).

Additional neurotrophins of interest include vascular
endothelial growth factor (VEGF), crucial for vasculo-
genesis and angiogenesis, glial cell-derived neuro-
trophic factor (GDNF), which promotes neuronal
survival, and neurotrophin (NT)-3 and —4, both of which
support the development of sensory neurons. A sys-
tematic review found that peripheral concentrations of
VEGF-A and NT-4 were decreased in AN relative to HCs,
with no differences in NT-3 or GDNF, although evidence
is preliminary (Keeler et al. 2022c¢).

3.3.2. Tau protein
Tau is a microtubule-associated protein predominantly
expressed in neurons of the CNS, playing a crucial role
in stabilising microtubules and thereby influencing
axonal transport and neuronal plasticity (Barbier et al.
2019; Mandelkow and Mandelkow 2012). Structurally,
tau is an intrinsically disordered protein, because it
lacks a stable structure and exists in a relatively
unfolded state, allowing it to interact with various cel-
lular components and adopt multiple conformations
(Barbier et al. 2019; Michalicova et al. 2020; Mueller
et al. 2021). Its function is finely regulated by
post-translational modifications, notably phosphoryla-
tion, which modulates its affinity for microtubules and
other interacting partners (Barbier et al. 2019;
Mandelkow and Mandelkow 2012). Alterations in tau,
such as hyperphosphorylation and aggregation, are
hallmark features of several neurodegenerative dis-
eases, including Alzheimer’s disease (AD), where they
form neurofibrillary tangles contributing to neuronal
dysfunction and cell death (Barbier et al. 2019;
Mandelkow and Mandelkow 2012).
Neurodegeneration processes can be detected and
quantified using various biomarkers in cerebrospinal
fluid (CSF) and blood, of which total tau is a
non-specific biomarker, making it a very useful
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screening tool and has been routinely used for decades
in diagnostics of AD and prion diseases (Lewczuk et al.
2018b). In contrast, hyperphosphorylated Tau (p-tau)
isoforms (like p-tau181 or p-tau217), seem to be more
specific for AD, obviously reflecting AD-specific
processes.

Recent advancements have enabled the measure-
ment of specific tau species, such as p-tau and tau
fragments (Gonzalez-Ortiz et al. 2023a, 2023b; Horie
et al. 2023). These biomarkers offer insights into the
disease stage, neuroprogression, and response to ther-
apy (Gonzalez-Ortiz et al. 2023a, 2023b; Horie et al.
2023). For instance, CSF levels of p-tau181 and
p-tau217 have been associated with amyloid pathol-
ogy and tau PET measures, suggesting their utility in
diagnosing AD and distinguishing it from other tauop-
athies (Gonzalez-Ortiz et al. 2023b). Moreover, novel
blood-based biomarkers, such as plasma p-taul8i,
have shown promise in reflecting CNS tau pathology,
potentially serving as accessible and cost-effective
tools for early diagnosis and monitoring of disease
progression (Gonzalez-Ortiz et al. 2023a).

Recent research has highlighted the relevance of
tau in psychiatric conditions, including EDs. Elevated
levels of tau have been observed in plasma of both
patients with AN and those recovered from AN (Doose
et al. 2022), suggesting potential neuronal injury or
degeneration in this disorder. A longitudinal study
found increased tau protein in acutely underweight
patients with AN compared to HC participants but no
changes in tau protein levels upon short-term partial
weight restoration (Hellerhoff et al. 2021). This finding
contrasts with the normalisation of other neuronal
damage markers like NfL and glial fibrillary acidic pro-
tein (GFAP) after weight gain, suggesting persistent
neuronal damage processes specifically in thin
non-myelinated axons of cortical interneurons, where
tau is abundantly found.

Recent research has further elucidated the rela-
tionship between tau protein levels and structural
brain changes in AN. Unlike NfL, which shows signif-
icant associations with cortical thickness in several
brain regions, tau protein levels do not demonstrate
such direct relationships with cortical thinning (Doose
et al. 2022). This differential pattern suggests that
various neuronal damage markers in AN might reflect
distinct pathophysiological processes affecting differ-
ent neuronal populations and brain structures. The
persistent elevation of tau protein despite weight res-
toration warrants further investigation into its
long-term implications for cognitive function and
recovery in AN.

3.3.3. Neurofilament proteins

Neurofilaments are cytoskeletal components predomi-
nantly expressed in long myelinated axons that are
released into the CSF and peripheral blood in response
to pathological processes involving axonal integrity
(Bavato et al. 2024). Changes in neurofilament levels
can be detected even in the presence of subclinical
damage such as asymptomatic strokes or WM hyperin-
tensities linked to silent cerebrovascular disease
(Lewczuk et al. 2018a; Bavato et al. 2024; Rabl et al.
2024). Over the past years, research studies have
assessed blood concentrations of NfL, the smallest and
most abundant neurofilament subunit, in different clin-
ical conditions (Barro et al. 2020; Rosengren et al.
1999; Sjogren et al. 2001). Promising findings in inflam-
matory, neurodegenerative, traumatic, and cerebrovas-
cular diseases suggest a clinical application of NfL as a
non-specific, all-around tool to assess the extent of
brain damage (Barro et al. 2020). NfL measures in neu-
rological conditions may allow for early pathological
process detection, quantification of active brain pathol-
ogy, monitoring treatment response, and predicting
clinical outcome. On the other hand, NfL seems to be
strongly influenced by age, which is a limiting factor
when it comes to its routine application (age-related
reference ranges will be probably needed).

There is growing evidence on NfL in AN, with mul-
tiple studies consistently demonstrating elevated
plasma/serum concentrations, indicating ongoing neu-
ronal injury and disruptions in axonal integrity. Nilsson
et al. (2019) provided the first clear evidence of
increased plasma NfL levels in AN compared to both
HCs and recovered individuals with AN, with levels
negatively associated with BMI. Across studies, despite
some variability, results suggest that neurofilament
levels are generally elevated in AN patients compared
to HCs. The study by Nilsson et al. (2019) showed the
largest effect size, while a study by Wentz et al. (2021)
showed the smallest effect size. Hellerhoff et al. (2021)
demonstrated that elevated NfL levels in acutely
underweight AN patients decrease with weight resto-
ration, and another study found no damage to neu-
rons in individuals recovered from AN (Doose et al.
2022). These findings suggest that neuronal damage
processes may partially normalise with nutritional
rehabilitation, which aligns with imaging studies show-
ing reversibility of certain brain changes after weight
gain. In contrast to these results, one study investi-
gated the relation to age and found increased NFL
levels with age in people with AN and recovered from
AN (AN-rec) implying that a permanent brain damage
is induced by the disorder (Nilsson et al. 2019). This



was also corroborated by findings in a follow-up study
in middle aged women that had suffered from AN
(Wentz et al. 2021). Overall, the findings indicate that
AN may be associated with increased neuronal injury,
as reflected by elevated neurofilament levels. However,
these are still findings that needs to be validated in
follow-up studies and therefore must be interpreted
with caution.

Recent research has established important neuro-
anatomical correlations with NfL levels in AN. Hellerhoff
et al. (2023) found that higher baseline levels of NfL
were significantly associated with lower cortical thick-
ness in several brain regions, with the most prominent
clusters located in bilateral temporal lobes. Importantly,
this association was specific to AN and not detected in
HCs, providing the first evidence linking a serum
marker of axonal damage directly to structural brain
alterations in AN. Links between NfL and structural
brain changes had already been reported in neurode-
generative diseases such as Parkinson’s and AD (Khalil
et al. 2024).

3.3.4. Glial fibrillary acidic protein

GFAP is a type lll intermediate filament protein that
plays a crucial role in the cytoskeleton structure of
glial cells and supports neighbouring neurons and the
blood-brain barrier (BBB) (de Reus et al. 2024). GFAP is
encoded by a single gene mapped to human chromo-
some 17921 and is highly regulated by protein kinases
such as protein kinase-A, calmodulin-dependent kinase
I, and proteinkinase C (PK-C) (de Reus et al. 2024).
GFAP is expressed by numerous cell types in the CNS,
including astrocytes and ependymal cells during
development.

GFAP has been studied in the context of brain dis-
orders, such as multiple sclerosis and neuromyelitis
optica, which target astrocytes. Elevated blood levels
of GFAP have been found in neuroinflammatory dis-
eases (Shaygannejad et al. 2024). GFAP has also been
identified as a potential biomarker protein for neuro-
degenerative diseases, including Parkinson’s disease
(de Reus et al. 2024).

In AN, GFAP levels have been found to be signifi-
cantly increased in acutely underweight patients com-
pared to HCs, with subsequent normalisation after partial
weight restoration (Hellerhoff et al. 2021). Interestingly,
GFAP showed a negative association with age in AN
patients-a finding contrary to the typical positive correla-
tion observed in healthy populations-potentially indicat-
ing disrupted maturational processes in astrocytes during
severe malnutrition. The decrease in GFAP levels with
weight gain correlates with improvements in BMI,
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suggesting that astroglial damage processes may be
reversible with nutritional rehabilitation. Since there has
been only one study, this finding must be interpreted
with caution.

3.4. Hypothalamic signalling molecules associated
with the regulation of appetite and metabolism

The Y neuropeptide family, comprising neuropeptide Y
(NPY) and peptide YY (PYY), has been hypothesised to
play a significant role in the aetiology of EDs. These
peptides are key regulators of food intake and meta-
bolic processes, acting at both central and peripheral
levels, and are involved in gut-brain signalling
pathways.

3.4.1. Neuropeptide Y

NPY is primarily synthesised and functions in the brain,
where it plays a crucial role in regulating appetite and
energy homeostasis. It stimulates hunger, decreases
energy expenditure, and promotes weight gain. During
periods of food deprivation, NPY secretion is elevated,
which leads to increased food intake and preferential
carbohydrate consumption to restore energy balance.
Leptin, a critical regulator of energy homeostasis, is a
potent inhibitor of NPY secretion. Studies examining
fasting serum NPY concentrations in patients with AN
have vyielded inconsistent results: some found
decreased levels (Baranowska et al. 2007;
Tyszkiewicz-Nwafor et al. 2021), while others showed
elevated levels (Jagielska et al. 2013; Sedlackova et al.
2012; Sedlackova et al. 2011), and yet others found
normal levels (Baranowska et al. 1997; Galusca et al.
2015). Furthermore, several studies have observed no
alterations in NPY concentrations postprandially
(Sedlackova et al. 2012; Sedlackova et al. 2011). In con-
trast, early cross-sectional studies assessing NPY in CSF
consistently reported elevated levels in patients with
AN compared to controls, with no normalisation after
partial weight restoration, suggesting a possible cen-
tral dysregulation of NPY (Kaye et al. 1990).

3.4.2. alpha-MSH

Alpha-Melanocyte Stimulating Hormone (a-MSH) is a
neuropeptide derived from proopiomelanocrotine
(POMC) that activates the melanocortin 4 receptor.
Beyond its action on inducing melanin synthesis, a-MSH
is known for its anorexigenic action and is usually
decreased during undernutrition (Fan et al. 1997) as a
consequence of a reduced leptin signalling (Seeley
et al. 1997). Two studies found lower a-MSH levels in
AN compared to HCs (Galusca et al. 2015; Roubalova
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et al. 2021). However, two other studies reported no dif-
ferences (Moriya et al. 2006). According to a longitudi-
nal study in 40 patients, a-MSH levels could vary
depending on patient nutritional status and be lower in
acute stages but restored after weight regain (Seitz
et al. 2024). Two studies identified increased levels of
antibodies reactive to a-MSH in patients with AN
(Fetissov et al. 2002; Escelsior et al. 2022). For more
detailed information on the influence of immunoglobu-
lins on a-MSH signalling see Section 3.9.2.

Interestingly a preclinical study showed that activa-
tion of the melanocortin-4-receptor (MC4R) with a-MSH
could increase running wheel activity and decrease
food intake in animal model of AN offering a potential
mechanistic underpinning to its role in AN (Hillebrand
et al. 2005).

3.4.3. Neuropeptide B (NPB) and neuropeptide W
(NPW)

Neuropeptide B (NPB) and neuropeptide W (NPW) are
endogenous ligands of the G protein-coupled receptors
(GPR) GPR7 and GPR8, but their precise roles in humans
are not fully understood. NPB is produced in amygdala,
hypothalamic nuclei, and pancreatic islets; NPW is pro-
duced in neurons within the hypothalamus and brain-
stem. Animal studies suggest that these neuropeptides
may be involved in energy homeostasis and regulation
of the hypothalamic-pituitary-adrenal (HPA) axis. To
date, only two studies have investigated NPB and NPW
in patients with acute AN. These studies reported ele-
vated levels of NPB and normal levels of NPW (Grzelak
et al. 2018a). Additionally, during nutritional rehabilita-
tion, NPB concentrations decreased, while NPW levels
remained unchanged (Grzelak et al. 2018b).

3.4.4. Kisspeptin (KISS)

Kisspeptin (KISS) is primarily produced in the arcuate
nucleus and the anterior ventral periventricular nucleus
of the hypothalamus. It is a ligand for the KISS1R
receptor, which plays a crucial role in regulating the
ovarian cycle and the gonadal axis. It is suggested that
KISS neurons project axons to the arcuate nucleus,
where they directly stimulate POMC/CART neurons
and indirectly inhibit NPY/ agouti-related protein
(AgRP) neurons. This in turn suggests that KISS neu-
rons integrate peripheral metabolic signals, influencing
the reproductive hormone axis, and may also serve as
natural satiety signals. In studies of people with AN,
some show normal KISS levels (Patasz et al. 2021;
Podfigurna et al. 2018), while others report lower
serum levels in typical AN and higher levels in AAN
(Bacopoulou et al. 2017). Patasz et al. (2021) showed

no significant differences between malnourished AN
patients, partially weight restored AN patients, or HC.
Also in patients with AN, KISS has been positively cor-
related with BMI and, inversely, with physical activity
(Bacopoulou et al. 2017).

3.4.5. Spexin (SPX)

Spexin (SPX), a highly conserved peptide from the gal-
anin/KISS family, regulates reproductive processes, gas-
trointestinal activity, and cardiovascular function.
Animal studies have shown that exogenous SPX
reduces food intake and body weight, possibly induc-
ing satiety by inhibiting NPY and orexin. SPX also
increases locomotion and lipid oxidation and improves
glucose tolerance (Kumar et al. 2021; Turkel et al. 2022).

3.4.6. Phoenixin (PNX)

PNX is a reproductive hormone involved in regulating
the hypothalamus-pituitary-gonadal (HPG) axis, partly
through its interactions with KISS. Its expression in
several nuclei related to food intake regulation sug-
gests its involvement in these processes. PNX is
secreted in the gastrointestinal tract, potentially play-
ing a role in the gut-brain axis. In AN patients, PNX
concentrations were lower in malnourished adoles-
cents and increased during weight normalisation
(Patasz et al. 2021).

3.4.7. Orexin

Orexins/hypocretins are neuropeptides implicated in
numerous processes, including food intake, sleep qual-
ity and cognition. Findings on plasma orexin levels are
inconsistent (Bronsky et al. 2011; Steward et al. 2019).
In a longitudinal study with 36 girls with AN and 14
HCs, where orexin levels were elevated in girls with AN
compared to HCs, orexin levels of girls with AN were
comparable to those of HCs after 8weeks of
re-alimentation (Bronsky et al. 2011).

There is general agreement that orexins, especially
Orexin-A, have a role in arousal and the sleep-wake cycle,
and their involvement in narcolepsy was well docu-
mented (Mogavero et al. 2023; Mohammadi et al. 2021),
even as replacement therapy strategy (Thomaz et al.
2024). People with AN experience poorer sleep quality
than in HC (Sauchelli et al. 2016), and this was found to
be associated with concentrations of orexin-A; both were
found to be predictors of poorer treatment outcome.

3.4.8. Endocannabinoid system
The endocannabinoid system is a complex signalling
system that modulates the central nervous system



(CNS). It is made up of endogenous ligands (endocan-
nabinoids, or eCBs), specific receptors, and the enzy-
matic machinery responsible for metabolising them.
The two eCBs that have been most extensively studied
are anandamide (AEA) and 2-arachidonoylglycerol
(2-AG). These are lipids that are derived from polyun-
saturated fatty acids and synthesised from membrane
phospholipid precursors. Their production is triggered
in an activity-dependent manner, typically in response
to intracellular increases in calcium ions (Ca**) associ-
ated with the activation of metabotropic or ionotropic
receptors. The synthesis of AEA and 2-AG is mediated,
respectively, by N-acylphosphatidylethanolamine phos-
pholipase D (NAPE-PLD) and diacylglycerol lipase
(DAGL). In the CNS, eCBs are synthesised postsynapti-
cally and released locally in response to physiological
or pathological stimuli, acting retrogradely on presyn-
aptic terminals. Brain concentrations of 2-AG are sig-
nificantly higher than those of AEA. These compounds
are mainly degraded by fatty acid amide hydrolase
(FAAH), which hydrolyses AEA, and monoacylglycerol
lipase (MAGL), which degrades 2-AG.

The two main receptors of the eCB system are can-
nabinoid receptor type 1 (CB1R) and cannabinoid
receptor type 2 (CB2R). Both are coupled to G pro-
teins. CB1R is predominantly found in the CNS, partic-
ularly in GABAergic and glutamatergic neurons. It is
involved in processes such as motor control, emotion,
cognition, body temperature regulation, appetite, and
energy homeostasis. CB1Rs are also found in periph-
eral tissues such as skeletal muscle, adipose tissue,
adrenal glands, gastrointestinal tract, gonads, and
immune cells.

The CB2 receptor is predominantly localised in
immune system cells and haematopoietic tissues.
Although AEA and 2-AG share receptors, they are not
functionally equivalent and can induce different bio-
logical responses. AEA acts as a partial agonist of CB1R
and a weak agonist of CB2R, whereas 2-AG behaves as
a full agonist of both. In addition to specific enzymes
and receptors, both compounds can be metabolised
by other enzymes, such as cyclooxygenase-2 (COX-2)
and cytochrome P450, and other non-cannabinoid
receptors that are potentially involved in signalling
these ligands have also been proposed. These include
the orexin type 1 receptor (OX1R) and the serotonin
5-HT2A receptor (5-HT2R), which broadens the func-
tional spectrum of the system.

The eCB system acts as a key modulator of neuro-
transmission. By acting on presynaptic receptors, it inhib-
its the release of both excitatory (glutamate) and
inhibitory (y-aminobutyric acid; GABA) neurotransmitters
in a retrograde manner. Activation of CB1R triggers
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several intracellular cascades, resulting in hyperpolarisa-
tion of the presynaptic neuron and inhibition of neu-
rotransmitter exocytosis. The functional translation of this
system involves its participation in a wide range of phys-
iological and pathological processes at both the central
and peripheral levels, including neurodevelopment, syn-
aptic plasticity, nociception, thermoregulation, neuropro-
tection, immunomodaulation, inflammation, the regulation
of emotions and cognition, motor activity and cell prolif-
eration, as well as the control of energy intake and
homeostasis. At a central level, the eCB system modu-
lates the circuits that regulate appetite, including the
homeostatic pathway at the hypothalamic level and the
hedonic pathway associated with the dopaminergic
reward system, which has a predominantly orexigenic
function. At a peripheral level, the eCB system regulates
energy storage and mobilisation by acting on metaboli-
cally active tissues, such as adipose tissue, skeletal mus-
cle, and the gastrointestinal tract. This contributes to the
neuroendocrine integration of energy balance.

The involvement of the eCB system in extreme
weight and feeding situations (from obesity to AN) has
aroused great interest, given its physiological role in
modulating feeding behaviour and energy metabolism
(D'Addario et al. 2014; Solinas et al. 2008). The seminal
study in rodents by Kirkham et al. (2002) demonstrated
that under normal conditions there is an increase in
fasting brain AEA and 2-GA concentrations, with a sub-
sequent return to basal levels during feeding and in
the postprandial state. In humans, studies investigat-
ing the functionality of the eCB system in non-clinical
populations have shown an increase in plasma con-
centrations of 2-AG and AEA prior to food intake
(Monteleone et al. 2012), particularly with exposure to
highly palatable foods (Monteleone et al. 2012). In the
postprandial phase, a reduction in circulating concen-
trations of AEA and 2-AG has been observed, although
it varies depending on the palatability of the food and
the type of eCB (Monteleone et al. 2015). In this
regard, a positive correlation has been described
between limbic concentrations of dopamine and eCBs
and craving for highly palatable foods, reinforcing their
involvement in food-related reward seeking behaviour
(DiPatrizio 2014).

Several studies suggest the hypothesis that dys-
function of the eCB system could underlie maladaptive
behaviours related to food intake, related cognitive
aspects and body fat mass distribution (Monteleone
et al. 2005; Pastor et al. 2016). Higher basal plasma
concentrations of AEA and/or 2-AG have been observed
in people with obesity, and it has been suggested that
the increase in these concentrations may even precede
the onset of obesity, being higher than those observed
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in participants with lower BMI, such as HC and AN
(Baenas et al. 2023).

In a pioneering study in EDs, Monteleone et al.
(2005) described an increase in fasting circulating AEA
in AN and BED. However, no differences in plasma
2-AG levels were found compared to HCs. Changes in
peripheral AEA levels were positively correlated with
subjects’ ratings of the urge to eat and enjoyment of
the food presented. Again, plasma 2-AG levels did not
differ significantly, regardless of meal type. Contrary to
what happens in obesity, hypoactivation of the eCB
system has been suggested to occur in AN (Baenas
et al. 2023; Monteleone et al. 2005), when compared
to the HC group, with lower levels of AEA during fast-
ing. When considering clinical and psychopathological
symptoms in AN (Baenas et al. 2023), AEA was associ-
ated with emotional dysregulation, whereas 2-AG was
associated with general psychopathology. However,
some results in the literature show discrepancies and
opposite findings (Piccolo et al. 2020).

In this regard, neuroimaging studies have analysed
the association between circulating levels of eCBs and
brain functional connectivity, specifically in the nucleus
accumbens (NAcc) region (Miranda-Olivos et al. 2023).
They found that functional connectivity in the NAcc
insula mediated the association between AEA concen-
trations and BMI in the AN group.

3.5. Gastrointestinal signalling molecules
associated with regulation of appetite and
metabolism

3.5.1. Ghrelin

Ghrelin is an appetite regulatory hormone that sig-
nals the hypothalamus to increase appetite and stim-
ulates the pituitary gland to produce and release
crucial hormones. Ghrelin levels undergo an ultradian
secretion pattern increasing during fasting and
decreasing after a meal. Meta-analytical evidence sug-
gests ghrelin levels may be higher in patients with
AN, including ghrelin’s acyl-ghrelin and desacyl-ghrelin
forms (Seidel et al. 2021). The same meta-analysis
shows that total ghrelin levels decreased with
follow-up in longitudinal studies. Similar observations
have been made for desacyl-ghrelin with higher lev-
els in patients with AN. Longitudinal studies show a
decrease of desacyl-ghrelin but not acyl ghrelin
between inclusion and follow-up (Duriez et al. 2020;
Grigioni et al. 2022; Koyama et al. 2010; Uehara et al.
2005). In Seidel et al. (2021), pooled data from five
studies showed no significant difference in acyl
ghrelin between pre-treatment and follow-up.

Other studies have shown that acyl-ghrelin was
increased in AN individuals compared to HCs which
they linked with the acute stress induced to partici-
pants (Westwater et al. 2021). More studies have con-
firmed these findings, in both fasting and postprandial
states (Dutkiewicz et al. 2022; Mancuso et al. 2020).
Ghrelin levels were also correlated with the type and
preference of food consumed (i.e. satiated acute AN
had lower ghrelin levels after food consumption; while
satiated recovered AN had higher ghrelin levels after
consuming preferred food but lower ghrelin levels
after consuming non-preferred food) (Monteleone
et al. 2016a). Therefore, ghrelin has different qualities
making it a possible biomarker assessing the success
of treatment, though more research is needed

Ghrelin may have a role beyond appetite regulation,
particularly in the modulation of reward-oriented
behaviour (Al Massadi et al. 2019). Ghrelin is rec-
ognised as a proimpulsive peptide increasing impul-
sive and compulsive-like behaviour in rodents.
Interestingly, patients with acute AN exhibit a negative
correlation between ghrelin levels and sensitivity to
delayed gratification, a core feature of reward alter-
ations in AN, whereas a positive correlation was found
in remitted AN and HCs (Bernardoni et al. 2020).
Therefore, the normalisation of the interplay between
metabolic markers of appetite and reward-oriented
behaviour could be one of the footprints of remis-
sion in AN.

Finally, an association between lower ghrelin levels,
poor inhibitory control and higher ED-related psycho-
pathology has been described in patients with AN. In
their findings, Paslakis et al. (2019) further describe
that although they did not find a direct association
between ghrelin levels and executive dysfunction,
both variables may act as mediators in the pathogen-
esis of AN, as patients with AN and lower ghrelin lev-
els appear to be more severely ill and have more
impaired decision making (Paslakis et al. 2019).

Measuring ghrelin can be challenging in clinical set-
tings as acyl ghrelin is rapidly degraded into desacyl
form by several plasmatic esterase and specific treat-
ment conditions are necessary to ensure stability
(Theofanopoulou et al. 2022). Moreover, both nutri-
tional state (i.e. BMI) and feeding state (sated of fasted
condition, duration of overnight fast, meal composi-
tion) influence plasma ghrelin accounting for high het-
erogeneity between studies. The dynamic analysis of
the kinetics of regulation of ghrelin before and after a
meal could help overcome these limitations. Therefore,
ghrelin has different qualities making it a possible bio-
marker assessing the success of treatment, while there



is still a need for additional investigations to support
its informativity in different settings and subtypes of
the disorder.

3.5.2. LEAP-2

Liver Expressing Antimicrobial Peptide 2 (LEAP-2) has
recently been identified as a new actor in the ghrelin
system with antagonistic action on the ghrelin recep-
tor, counteracting the orexigenic effect of ghrelin in
mice and humans (Ge et al. 2018; M’'Kadmi et al.
2019). Plasma levels of LEAP-2 are elevated in over-
weight and obese adults, and correlate with BMI,
suggesting opposite regulation between LEAP-2 and
ghrelin (Andreoli et al. 2024; Mani et al. 2019). With
its antagonistic action on the ghrelin system, LEAP-2
is now identified as an anorexigenic peptide. Indeed,
central and peripheral infusions of LEAP-2 lead to an
inhibition of ghrelin-induced food intake in mice (Ge
et al. 2018; Hagemann et al. 2022; Mani et al. 2019).
Similarly, LEAP-2 infusion induces a spontaneous
decrease of caloric intake during free meals in
healthy males (Hagemann et al. 2022) and post pran-
dial increase of LEAP2 has been implicated in eating
behaviour suppression (Bhargava et al. 2023). Recent
evidence showed that central LEAP-2 injections lead
to the reduction of reward-oriented behaviour
towards food cues, decreasing food palatability
through dopamine modulation (Tufvesson-Alm
et al. 2024).

So far, one study has explored the regulation of
LEAP-2 in a longitudinal evaluation of 30 patients with
AN at various nutritional levels (i.e. undernourished
and refed after a four-month inpatient program).
Results showed unexpectedly higher LEAP-2 levels in
undernourished AN patients compared to those in the
refed state, suggesting a potential abnormal regulation
of LEAP-2 with energy state in AN (Du Montcel et al.
2023). Interestingly, patients exhibiting this dysregulation
of LEAP-2 had an increased risk of relapse at six months
(i.e. BMI< 18.5 kilograms per square metre [kg/m?]). With
effects of regulating appetite and food reward, disrupted
regulation of LEAP-2 could be a risk factor of relapse
through inappropriate signalling of the energy state that
would increase the rapid weight loss. These results have
not yet been replicated, but identifying patients exhib-
iting such dysregulated profiles could be considered as
a potential promising biomarker.

3.5.3. GLP-1

Glucagon-Like Peptide-1 (GLP-1) acts as an appetite
suppressor that releases signalling through the vagal
nerve and is negatively correlated with body weight
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(Smith and Moran 2021). No difference in GLP-1 levels
was detected between testing groups and AN individ-
uals (Stengel et al. 2014; Westwater et al. 2021). This
was also supported by a study that showed no cor-
relation between GLP-1 levels and body weight
(Stengel et al. 2014). Other evidence has shown an
increase in GLP-1 in patients with AN compared to
constitutionally thin subjects and HCs (Germain et al.
2007; Heruc et al. 2018b). After refeeding, GLP-1 levels
were significantly higher when compared to baseline
(Heruc et al. 2018b). Both the levels of GLP-1 in AN
individuals and the response of food consumption and
weight restoration on GLP-1 levels warrant more inves-
tigations. Of note, GLP-1 agonist treatment of individ-
uals with obesity and a history of AN has been
associated with relapse of the AN (Guerdjikova
et al. 2024).

3.5.4. Cholecystokinin

Cholecystokinin is a hormone secreted by cells in the
small intestine and is responsible for the stimulation of
release of bile acids to promote fat digestion as well
as stimulation of secretion of pancreatic enzymes. Its
role in appetite regulation includes acting as a satiety
signal hormone. Most evidence suggests cholecystoki-
nin is increased in individuals with AN relative to HCs
(Philipp et al. 1991; Geracioti et al. 1992; Tamai et al.
1993; Fujimoto et al. 1997; Tomasik et al. 2005).
Although cholecystokinin is considered a biomarker of
satiation in healthy individuals, its use as a biomarker
for AN needs further investigations.

3.5.5. Peptide YY

Primarily secreted in the gastrointestinal system, PYY
plays a key role in central and peripheral appetite reg-
ulation. PYY signals meal termination, reduces food
intake, and slows gastrointestinal motility. It functions
as a satiety signal by inhibiting the production of
ghrelin. Studies of fasting serum PYY concentrations in
patients with AN exhibit mixed results. Some studies
report no significant differences compared to HCs
(Otto et al. 2007; Sedlackova et al. 2012; Tam et al.
2020; Tyszkiewicz-Nwafor et al. 2021), while others
document elevated levels (Misra et al. 2006; Nakahara
et al. 2007; Pfluger et al. 2007; Lawson et al. 2011;
Heruc et al. 2018a; Mancuso et al. 2020). During nutri-
tional rehabilitation, PYY concentrations have been
found to either remain unchanged (Tam et al. 2020) or
decreased (Heruc et al. 2018a). Postprandially, PYY lev-
els increased in some studies (Nakahara et al. 2007;
Otto et al. 2007; Sedlackova et al. 2012), while others
reported stable levels (Stock et al. 2005). In addition, in
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adults with AN, higher circulating PYY has been asso-
ciated with increased HPA drive and with greater
disordered-eating psychopathology, independent of
BMI (Lawson et al. 2011).

PYY has also been linked to the capacity for smell
and taste, and has been suggested to modulate taste
responsiveness (La Sala et al. 2013). In a study analys-
ing differences in smell and taste capacity between
woman with extreme weight conditions, higher odour
threshold scores (i.e. greater olfactory capacity) were
associated with higher PYY levels in a subsample of
patients with AN (Fernandez-Aranda et al. 2016).
Interestingly, results also showed that this greater
smell capacity was an indirect indicator of ED severity
(Ferndndez-Aranda et al. 2016).

3.6. Signalling molecules from adipose tissue

3.6.1. Leptin

Leptin was discovered in 1994 (Zhang et al. 1994) as
the first out of currently more than 600 known adi-
pokines (Kirichenko et al. 2022), which underscores
adipose tissue’s role as the largest endocrine organ.
The clinical phenotypes of the ob/ob mouse and of
humans harbouring mutations in the leptin gene pre-
cluding the expression of functional leptin are charac-
terised by a voracious appetite, early onset extreme
obesity, hypothalamic hypogonadism and impaired
immunity (Farooqi and O’Rahilly 2009; Friedman 2019).

In ob/ob mice, all psychological and somatic symp-
toms of congenital leptin deficiency can be treated
successfully by application of exogenous leptin (Farooqi
and O'Rahilly 2009; Friedman 2019). In humans, recom-
binant human leptin (metreleptin) normalises hunger
and satiety within hours to days after its first applica-
tion; long-term supplementation entails significant
weight loss and achievement of adult reproductive
status (Faroogi and O’Rahilly 2009). Systematic psycho-
logical studies on the effect of treatment with recom-
binant human leptin have not been conducted;
preliminary evidence suggests that mood may improve
(Hebebrand, Zorn, et al. 2022; von Schnurbein et al.
2023). In adults, treatment with recombinant leptin
has led to volume increments of specific brain regions
(Matochik et al. 2005).

Circulating leptin levels correlate with BMI (kg/m?)
and, even more so, with adipose tissue mass (Considine
et al. 1996; Terra et al. 2013). Persons with obesity
have high serum leptin levels, whereas lean people
have low leptin levels. Indeed, there is substantial vari-
ation in leptin secretion for any percentage of body
fat. Throughout adolescence serum leptin increases in
females only; adult females have two to three times

higher leptin levels than males (Hebebrand, Plieger,
et al. 2024). As demonstrated in meta-analyses, individ-
uals with AN have sub-physiological levels (hypolepti-
naemia) (Cassioli et al. 2025; Karageorgiou et al. 2020;
Wu et al. 2024). In contrast, the soluble leptin receptor,
which binds leptin in serum, is increased (Wu et al.
2024), thus further reducing the bioavailability of
leptin in AN (Hebebrand, Plieger, et al. 2024).

In the early 2000s, clinical trials failed to show a
substantial weight reducing effect of metreleptin in
patients with multifactorial obesity revealing that an
elevation of an already high leptin secretion in such
patients does not reduce appetite or body weight;
only patients with the lowest leptin levels lost more
than ten percent of their weight (Depaoli et al. 2018).
Accordingly, the primary role of leptin as an anorexi-
genic/satiety hormone has been questioned (Flier and
Maratos-Flier 2017). Instead, evidence has accumulated
that leptin is the key hormone to both centrally and
peripherally regulate the adaptation to starvation
based on a simple feedback mechanism (Ahima et al.
1996; Hebebrand, Hildebrandt, et al. 2022). The reduc-
tion of adipose tissue mass induced by a prolonged
reduced energy intake results in hypoleptinaemia,
thereby altering the function of both peripheral and
central tissues to increase the likelihood of survival
mostly by reducing energy expenditure. All
hypothalamic-pituitary-end organ axes are up- or
down-regulated by hypoleptinaemia (Ahima et al. 1996).

Examples of somatic functional implications of
reduced central and/or peripheral leptin signalling
include amenorrhoea, bradycardia, hypotonia, hair loss,
and reduced bone density and haematopoiesis
(Hebebrand, Plieger, et al. 2024). As leptin interacts in
concert with gonadotropins and the growth hormone
axis to initiate the physiological changes of puberty,
decrease in leptin may account for the delay or inter-
ruption of sexual maturation characteristic of adoles-
cent AN. Additionally, leptin contributes to preserve
adequate reproductive functions by stimulating the
activity of the gonadotropic axis (Ahima et al. 1996).

Apart from reducing energy expenditure, hypolepti-
naemia increases the sensitivity of sweet receptors in
the tongue and slows gastrointestinal motility entail-
ing both a rapid feeling of fullness upon food intake
and constipation (Hebebrand, Hildebrandt, et al. 2022).
Increased running wheel activity in food-restricted rats,
potentially reflecting food foraging behaviour, has
causally been linked to hypoleptinaemia (Hebebrand
et al. 2019). In patients with AN, the relationship
between hyperactivity and leptin might correspond to
an inverted U with its occurrence dependent on serum
levels in the range of approximately 0.5 to 2.0



nanograms per millilitre (ng/ml) (Holtkamp et al. 2006;
Hebebrand et al. 2019).

Evidence from both rodents and humans suggests
that psychological symptoms of starvation such as
fatigue, insomnia, depressed mood, reduced libido,
and constant preoccupation with food are mediated
by hypoleptinaemia (Hebebrand, Hildebrandt, et al.
2022). In patients with AN, premorbid BMI strongly
predicts weight loss, suggesting that ‘entrapment’ in
this disorder may be triggered by an amount of weight
loss sufficient to induce hypoleptinaemia (Hebebrand,
Seitz, et al. 2024). Off-label metreleptin treatment of
patients with AN and AAN has been found to result in
a reduction of starvation psychological symptoms
within one to five days upon dosages = 6 milligrams
per litre (mg/l), the response varying between patients
(Hebebrand, Hildebrandt, et al. 2022; Hebebrand,
Plieger, et al. 2024). In some patients, weight phobia
also declined. Clinical trials are required to validate
these findings and to determine if leptin substitution
will, in the medium term, facilitate weight gain.

Leptin is also a potent neurotrophic factor (Bouret
2010). It mediates volume increases of amygdala and
hippocampal and thalamic nuclei during weight gain
in patients with AN (Wronski et al. 2023a, 2023b, 2024;
Bahnsen et al. 2024; Wronski et al. 2025) In both mice
(Ahima et al. 1999) and humans (Matochik et al. 2005)
with congenital leptin deficiency, treatment with
recombinant leptin increases volumes of specific brain
regions as well as whole brain volume.

To summarise, leptin (perhaps in combination with
other adipokines) may prove to be a crucial endocrine
mediator of ‘entrapment’ in AN (Hebebrand et al. 2023)
caused by a sufficient amount of weight loss
(Hebebrand, Plieger, et al. 2024; Hebebrand et al. 2025).
Reduced leptin signalling in AN is causally involved in
the emergence of somatic and psychological symp-
toms of starvation (Hebebrand, Plieger, et al. 2024).
Considering the effect of food restriction induced
hypoleptinaemia on the hypothalamus-pituitary-end
organ axes (Ahima et al. 1999), leptin may act as a
master switch underlying multiple endocrine alterations
in patients with acute AN (Hebebrand, Plieger, et al.
2024). Vice versa, weight gain induced increments in
leptin secretion might underlie the slow resolution of
such symptoms. Indeed, complete resolution of mental
symptoms requires normalisation of the size of partic-
ular brain nuclei (Wronski et al. 2023a, 2023, 2024,
2025; Bahnsen et al. 2024). Additionally, risk of relapse
is decreased in patients with higher leptin levels after
achievement of target weight (Sala et al. 2023).
Measurement of leptin levels at baseline predicts fat
mass (Mathiak et al. 1999). The level in acute AN may
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help to differentiate constitutional thinness from AN
with a leptin level < 2ng/ml and > 4ng/ml being con-
sistent with acute AN and constitutional thinness,
respectively (Focker et al. 2011).

3.6.2. Adiponectins

Adiponectins are signalling proteins secreted by adi-
pose tissue that play a crucial role in regulating metab-
olism, inflammation, and immunity. They have been
evaluated in different study designs including
meta-analyses (Karageorgiou et al. 2020; Tural and
losifescu 2022). Two meta-analyses including AN and
AN-BP and AN-R subtypes of AN, respectively, found
greater adiponectin levels in people with AN com-
pared to HCs (Karageorgiou et al. 2020; Tural and
losifescu 2022). Other evidence from longitudinal stud-
ies accords with these meta-analytical findings (Andries
et al. 2015; Tyszkiewicz-Nwafor et al. 2019; Calikoglu
et al. 2024). However, some evidence revealed that
weight restoration had no clear effect on the normali-
sation of adiponectin levels (Andries et al. 2015;
Tyszkiewicz-Nwafor et al. 2019). The results suggest
the role of adiponectin as a crucial molecule in balanc-
ing the metabolism, and a potential role of adiponec-
tin to act as a biomarker of the disorder. However,
many other molecules are found to be disturbed in AN
and a full profile of the metabolic changes would aid
in the diagnosis of the disorder. More evidence would
be necessary to give solid conclusions.

3.6.3. Resistin

Resistin is a hormone that is produced by immune
cells and associated with inflammation and a range of
different diseases. A regression analysis showed a link
between adiponectin and resistin where resistin acted
like a significant modifier for adiponectin (Tural and
losifescu 2022). The hormone resistin is showing some
pre-elementary evidence to be utilised as a biomarker
of the disorder. However, this hormone is found to be
significantly lower in patients with AN when compared
to HCs [-1.67 (-2.85, —0.48)] in a meta-analysis of 20
studies (Karageorgiou et al. 2020). Additional evidence
has shown that it remained lower in recovered individ-
uals with AN comparing to HCs (Tyszkiewicz-Nwafor
et al. 2019) while some evidence shows that although
plasma resistin was lower in AN individuals, the subcu-
taneous adipose tissue resistin was significantly higher
in AN than HCs (Dostalova et al. 2006).

3.6.4. Vaspin
Vaspin is a regulatory hormone secreted by adipose
tissue that is involved in insulin sensitivity.
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Meta-analytical evidence from 3 studies found a signif-
icant increase in serum vaspin levels in AN individuals
compared to HCs (Karageorgiou et al. 2020). Other
cross-sectional and longitudinal evidence supports the
findings of the meta-analysis and shows an increase in
both serum and salivary vaspin levels (Ostrowska et al.
2016; Oswiecimska et al. 2016; Grzelak et al. 2018b;
Paszynska et al. 2018). Serum vaspin normalised fol-
lowing treatment, suggesting endocrine system
involvement (Grzelak et al. 2018b).

3.6.5. Omentin

Omentin is an adipokine mainly produced by visceral
adipose tissue. Omentin is expressed in two isoforms,
omentin-1, which is the main circulating form in
human plasma, and omentin-2 which is released in the
intestinal lumen and has not been detected in plasma
(Tan et al. 2010). Higher omentin levels are seen in
individuals with AN while the lowest are seen in
patients with obesity (Calikoglu et al. 2024). Other
conflicting findings found no differences in omentin
levels in acute AN and partially recovered AN
(Tyszkiewicz-Nwafor et al. 2021). Therefore, available
evidence does not support its use as a biological
marker in AN.

3.6.6. Visfatin

Visfatin is a regulatory hormone that reduces glucose
release from the liver and triggers use of glucose
stored in fat and muscle cells. A meta-analysis of five
studies found lower serum/plasma levels of visfatin in
people with AN compared to HC, but this difference
was not significant, and there was high heterogeneity
across studies (Karageorgiou et al. 2020). Additional
studies have shown inconsistent findings that do not
accord with the above meta-analytical findings
(Dostalova et al. 2009; Ostrowska et al. 2014; Seidel
et al. 2015; Ostrowska et al. 2016; Baranowska-Bik
et al. 2017). Studies were also inconsistent in terms of
the effect of weight restoration and treatment on the
levels of visfatin in AN individuals (Dostalova et al.
2009; Seidel et al. 2015; Tyszkiewicz-Nwafor, Dutkiewicz,
et al. 2021).

3.6.7. Obestatin

The anorexigenic appetite regulatory hormone, obes-
tatin, which is produced in the gastrointestinal tract
was discovered in 2005 and therefore considered to be
a relatively recently discovered hormone (Zhang et al.
2005). It plays a crucial role in the course of AN as this
hormone is food consumption dependant. In acute

AN, the levels of obestatin were found to be higher
relative to partially treated individuals with AN
(Monteleone et al. 2008; Dutkiewicz et al. 2022). Weight
restoration showed an effect on the hormone levels.
However, supporting evidence is still needed to con-
firm the usefulness of this hormone as a bio-
marker for AN.

3.6.8. Apelin

Apelin has a crucial role in the activation of signal
transduction in human cells and in promoting food
intake (Yan et al. 2020). In the AN literature, apelin was
only looked at briefly and found to be significantly
higher than in individuals with obesity (Calikoglu et al.
2024). Apelin levels decreased after the initiation of
the treatment, which may be linked with adipose tis-
sue mass (Calikoglu et al. 2024).

3.6.9. Betatrophin

Betatrophin is a relatively recently described hormone
that is expressed in adipose tissue and liver and plays
a key role in glucose tolerance, lipid metabolism and
diabetes. The relationship between betatrophin and
obesity/metabolic disorders has been well documented
(Ye et al. 2019). The few studies that have examined it
in AN found that plasma betatrophin levels were ele-
vated compared to those in HCs, while in women with
morbid obesity, levels were significantly reduced
(Barja-Fernandez et al. 2015). This suggests an inverse
regulatory effect between plasma betatrophin concen-
trations and BMI, and its possible involvement in lipid
metabolism.

3.6.10. Irisine

Irisine is a myokine (hormone released by muscles
during exercise and expressed in adipose tissue)
that plays a key role in the regulation of metabolism
and energy expenditure. It has been extensively
described in the obesity and cardiometabolic litera-
ture (Torabi et al. 2024). When it was analysed in
extreme weight conditions, including AN and obe-
sity, considering resting exercise expenditure (REE),
physical activity and irisin blood concentrations
(Stengel et al. 2013; Pardo et al. 2014), it was found
that AN showed similar levels than HC and lower
levels than participants with obesity. Among the
groups, irisin levels were inversely correlated with
daily physical activity and directly correlated with
REE. Particularly in AN, the results were not conclu-
sive and did not show clear correlations with activ-
ity levels (Hofmann et al. 2014).



3.7. Stress-related hormones

The HPA axis is the main component of the endoge-
nous stress response system responsible for the ‘slow’
response to real or perceived environmental stressors
via the secretion of glucocorticoids (Tsigos and
Chrousos 2002). The hypothalamic paraventricular
nucleus (PVN) is a key component of the HPA axis,
since PVN neurons release corticotropin-releasing hor-
mone (CRH) (and arginine vasopressin) into the portal
circulation. CRH stimulates corticotrophin cells in the
anterior pituitary gland to synthesise and secrete adre-
nocorticotropic hormone (ACTH) into the systemic cir-
culation. ACTH, in turn, stimulates secretion of cortisol
from the adrenal cortex. Cortisol negatively regulates
CRH and ACTH synthesis and secretion (De Kloet
et al. 1998).

3.7.1. CRH and ACTH

The HPA axis has been the focus of extensive research
in people with AN with mixed findings (Lo Sauro et al.
2008; Schorr et al. 2015; Culbert et al. 2016).

Two initial studies reported increased levels of CRH
in the spinal fluid of patients with AN in the acute
phase of the illness but not after weight restoration
(Kaye et al. 1987; Walsh et al. 1987). Regarding periph-
eral ACTH levels, a recent meta-analysis (Wu et al.
2024) confirmed that blood levels of ACTH are signifi-
cantly higher in adult people with AN compared to HCs.

3.7.2. Cortisol

Cortisol is the principal glucocorticoid secreted in
response to a stressor in humans: it promotes glucone-
ogenesis and lipolysis in the liver and adipose tissue
to provide the energy necessary to cope with the
stressor. Following its secretion cortisol exerts negative
feedback on HPA axis activity to stop its own secretion
and terminate the stress response to minimise its cat-
abolic, lipogenic, anti-reproductive and immunosup-
pressive actions, which have long-term deleterious
effects on the organism (Adam and Epel 2007; Habib
et al. 2001). Secretion of cortisol can be assessed in
basal conditions and after stimulation or inhibition
tests providing information on the tonic and dynamic
functioning of the HPA axis, respectively. Baseline
assessment of cortisol production can be performed
by different techniques: a) measurement of the 24-hour
pooled serum cortisol level, which provides an estima-
tion of the total cortisol secreted over the 24-hour
period; b) 24-hour urinary cortisol assessment, which
measures the amount of free cortisol excreted in the
urine over the 24-hour period; and c¢) measurement of
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time-specific cortisol levels in blood or other biological
fluids with serum morning cortisol assessment being
the most common procedure. Dynamic evaluation of
cortisol production is often obtained by measuring
peripheral cortisol secretion levels after either pharma-
cologic tests or stress evoking laboratory paradigms.
The most common pharmacological test is the dexa-
methasone suppression test (DST), which measures cir-
culating cortisol levels in the morning after the
administration of dexamethasone at 11:00PM (individ-
uals with HPA axis hyperactivity escape the suppres-
sion of morning cortisol levels). Among laboratory
stress paradigms, the Trier Social Stress Test (TSST).
Allen et al. (2017) measures cortisol response to an
acute social challenge and is widely used. An interme-
diate strategy between basal and dynamic tests of
HPA axis functioning is represented by the saliva
Cortisol Awakening Response (CAR) (Stalder et al.
2016), which measures the increase in saliva cortisol
levels occurring approximatively 30 min after awaken-
ing in the morning and can be considered either a
basal measure or a measure of the HPA axis reactivity
to awakening.

To date, three meta-analyses of studies assessing
baseline cortisol levels (Bailly et al. 2021b; Thavaraputta
et al. 2023; Wu et al. 2024) and one meta-analysis of
studies measuring cortisol reactivity in response to an
interpersonal stressor (Monteleone et al. 2018) have
been conducted. Indeed, Bailly et al. (2021b) found
that the 24-hour mean cortisol level was significantly
higher in individuals with AN compared to both HCs
and individuals  with  constitutional thinness.
Thavaraputta et al. (2023) reported that in people with
acute AN: 1) mean serum morning cortisol levels were
higher than in HCs with a pooled mean difference
(MD) of 4.58 milligrams per decilitre (mg/dL); 2)
12-hour and 24-hour pooled serum cortisol levels were
significantly increased compared to HCs with pooled
MD of 3.08mg/dL and 7.23mg/dL, respectively; 3)
mean 24-hour urinary cortisol levels were significantly
higher compared to HCs with a pooled MD of 30.06
milligrams per day (mg/day); 4) mean serum cortisol
level measured in the morning after low-dose DST was
significantly higher in AN than in HCs with a pooled
MD of 54mg/dL. Wu et al. (2024) confirmed that
adults with AN had higher peripheral cortisol levels
than HCs. All meta-analytic studies included patients in
the acute phase of AN and meta-analyses of studies
assessing baseline HPA axis functioning in individuals
recovered from AN are lacking. This is an important
limitation since several, although not all studies (Lo
Sauro et al. 2008; Culbert et al. 2016), have found that
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increased cortisol levels in underweight patients with
AN normalise after body weight gain. Given this pre-
liminary evidence, it can be argued that the hypercor-
tisolism of individuals with acute AN is a
state-dependent phenomenon likely due to the effects
of starvation or malnutrition on the HPA axis via an
increased release of CRH (Gold et al. 1986).

As for dynamic assessment of cortisol production in
AN, a meta-analysis of 16 studies assessing cortisol
response to the TSST demonstrated no significant dif-
ferences in either pre-task or post-task cortisol levels
between a mixed group of people with AN, BN or BED
and HCs (Monteleone et al. 2018). However, this result
cannot be considered conclusive since the meta-analysis
included individuals with different ED diagnoses in a
combined group. Subsequent studies have suggested
reduced cortisol reactivity to acute interpersonal
(Monteleone et al. 2020; Schmalbach et al. 2020) and
non-interpersonal stressors (Westwater et al. 2021) in
individuals with AN and those with BN. This is consis-
tent with some previous findings (Het et al. 2015; Vaz-
Leal et al. 2018), and with the allostatic load theory
(McEwen and Wingfield 2003) which claims that the
stress induced prolonged HPA axis activity may result
in a dampened functional reactivity. However, a damp-
ened cortisol stress reactivity can only be hypothe-
sised to occur in AN, and further studies are needed
to investigate this field.

Some research has been published reporting on the
CAR in individuals with AN, but meta-analyses are
lacking. Briefly, most, but not all, studies support the
CAR is enhanced in underweight individuals with AN,
especially in those with AN-BP, but not in
weight-restored individuals with AN (Monteleone et al.
2016b; Monteleone et al. 2017). These data further
support the occurrence of HPA axis hyperactivity in
the acute stage of AN, although this area deserves fur-
ther exploration.

Interestingly, a recent review (Rossi et al. 2024) out-
lined that dampened HPA basal activity (namely, 24-h
urinary free cortisol levels and morning plasmatic cor-
tisol levels) and reduced CAR and stress reactivity
characterise individuals with AN and childhood mal-
treatment. Future studies will explore the hypothesis
that HPA activity may represent a marker of early
adverse experiences in individuals with AN.

To summarise, existing literature converges on the
idea that HPA axis basal activity is enhanced in the
acute stage of AN, which, in turn, implies increased
secretion of cortisol in underweight individuals with
AN. It has been proposed that such an increase in
cortisol production may be a physiological adapta-
tion to starvation and malnutrition (Fichter et al. 1986),

although its state-dependent nature has to be con-
firmed. It is worth noting that such an increase in
HPA axis activity in acute AN does not result in the
usual stigmata of Cushing’s syndrome, including
striae, central adiposity and weight gain (Lacroix
et al. 2015). Thus, elevated cortisol levels may con-
tribute to some clinical symptoms of acute AN such
as hypogonadotropic hypogonadism and low bone
mineral density, since elevated cortisol interferes with
osteoblast proliferation, reduces calcium absorption
in the gut, decreases gonadotropin secretion and
impairs the synthesis of insulin-like growth factor-1
(IGF-1), a bone anabolic factor (McCarthy et al. 1990;
Canalis 1996).

3.8. Sexual and social hormones

3.8.1. Luteinizing hormone (LH) and follicle-
stimulating hormone (FSH)

Increased ghrelin and reduced leptin levels suppress
the hypothalamic-pituitary-gonadal axis (HGA) by
down-regulating  gonadotropin-releasing  hormone
(GnRH) in the hypothalamus and luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) at the
pituitary level (Haines 2023). Reduction of LH and FSH
leads to a reduced oestrogen production and amenor-
rhoea in women with AN between puberty and meno-
pause, and delayed puberty in adolescent females
with AN (Himmerich et al. 2010).

3.8.2. Dehydroepiandrosterone (DHEA),
dehydroepiandrosterone-sulphate (DHEA-S)
Dehydroepiandrosterone  (DHEA) and  Dehydroe-
piandrosterone - sulphate (DHEA-S), produced by the
adrenal cortex, mainly serve as precursors for more
potent androgens, which then exert their effects on
peripheral tissues and as neurosteroids. In one
meta-analysis (Thavaraputta et al. 2023), evaluating
six studies including 83 individuals with AN and 76
HCs, the mean serum DHEA concentration was
non-significantly higher in patients with AN compared
with HCs. In a total of 15 studies with 584 individuals
with AN and 251 HCs, mean serum DHEA-S was signifi-
cantly lower in patients with AN vs. HCs. In another
meta-analysis (Lin et al. 2022) of 15 cross-sectional
studies including 1119 participants, patients with AN
had significantly elevated serum DHEA levels and
reduced DHEA-S levels compared with HCs. The differ-
ences between these meta-analyses in DHEA are not
clear, related, perhaps, to different studies included in
each meta-analysis. Due to these discrepancies, the
significance of DHEA as a biomarker of AN is unclear.



In the adrenal gland, DHEA converts to DHEA-S. In
the peripheral tissues, DHEA is converted to oestro-
gens and androgens. It is suggested that during a
major physiologic stress such as AN, there is a
decreased conversion of DHEA to DHEA-S and to
downstream sex hormones.

A decrease in DHEA/DHEA-S levels is associated
with sexual dysfunction and cognitive and mood
impairment. Moreover, studies in females with AN sug-
gest that there may be an association between low
DHEA-S levels and low bone mineral density. This has
led to assessment of the potential of DHEA to improve
bone density in AN. The findings of these studies,
including seven randomised controlled trials (RCTs)
assessed in a systematic review (Lin et al. 2022), have
found that, overall, DHEA does not improve bone min-
eral density compared with placebo after adjusting for
weight gain, both as a monotherapy and when com-
bined with oestrogen replacement. Moreover, in
patients with open epiphyses, there is a risk of
decreased bone mineral density and premature epiph-
ysial closure in response to the combination therapy.

3.8.3. Sexuality, puberty, ovarian sex hormones and
testosterone in AN

The main changes of sex hormones in people with AN
are that the reduced production of GnRH, LH and FSH
lead to decreased production of oestradiol in the ova-
ries in women and in the adipose tissue in men and
to reduced testosterone secretion in the testes of men
and the ovaries of women (Haines 2023).

Puberty is a significant risk period for development
of EDs, especially in women. Recent research high-
lights the potential role of ovarian hormones in phe-
notypic and genetic risk for EDs during puberty.
According to Klump (2013) both pubertal status and
pubertal timing significantly increase the risk for most
EDs in girls, such that advanced pubertal development
and early pubertal timing are associated with increased
rates of EDs. However, Castellini et al. (2016) have
argued that the effect of early puberty may be less
definite, as some studies indicate that early puberty
increases the risk for the onset of EDs, while others
have not found such an association. Nonetheless, girls
who develop sexually early, are thought to be at par-
ticular risk, given that they experience pubertal-related
physical changes (e.g. breast development, menarche,
increased adiposity) earlier and may therefore experi-
ence more body dissatisfaction than their develop-
mentally on-time peers.

The reduced libido of AN can be associated with
both psychological mechanisms (reduced self-esteem,
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body dissatisfaction) and low concentrations of circulat-
ing sex hormones. Indeed, Keys et al. (1950) showed
that loss of libido is a cardinal symptom of starvation.
Amenorrhoea in AN is related to hypoleptinaemia-induced
low concentrations gonadotrophin-releasing hormones
and thus a diminished release of luteinizing hormone.

In the meta-analysis by Thavaraputta et al. (2023),
which evaluated 29 studies including 1029 individuals
with AN and 574 HCs, significantly lower mean serum
total testosterone was found in patients with AN com-
pared with HCs. A meta-analysis (Lin et al. 2022) of
seven studies found low serum testosterone in patients
with AN vs. HCs. In females, androstenedione and tes-
tosterone are produced predominantly by the adrenal
and ovary. Studies have suggested a potential associa-
tion in AN between low testosterone levels and both
low bone mineral density and symptoms of depression
and anxiety. Nonetheless, recent RCTs in women with
AN have shown no improvement with testosterone
replacement in bone mineral density or in symptoms
of anxiety, depression, and disordered eating
(Sienkiewicz et al. 2011). Interestingly, long-term treat-
ment with metreleptin has been reported to improve
bone density of lean hypoleptinaemic women
(Sienkiewicz et al. 2011). A case report indicates that
treatment with metreleptin might also lead to a nor-
malisation of testosterone levels (Antel et al. 2022).

Most male patients with acute AN have low testos-
terone levels (Cost et al. 2020). Low testosterone levels
usually normalise with weight recovery (Wabitsch et al.
2001). Therefore, there is evidence for testosterone as
a state marker of AN.

3.8.4. Oxytocin

Oxytocin, a centrally secreted nonapeptide produced
by the paraventricular and supraoptic nuclei in the
hypothalamus, plays a critical role in facilitating social
bonding (Giel et al. 2018). Oxytocin also modulates a
wide range of other functions, including metabolism,
stress, appetite, eating behaviour, anxiety, and depres-
sive symptoms (Giel et al. 2018). Animal studies indi-
cate increased oxytocin secretion suppresses appetite
in both lean and obese rodents (Skinner et al. 2019).
Leptin may have an impact on oxytocin secretion in
rodents (Perello and Raingo 2013). Peripheral oxytocin
levels in plasma, serum, and CSF have been reported
to be lower in adult people with AN, although findings
are inconsistent, particularly regarding plasma and CSF
levels (Maguire et al. 2013). A recent meta-analysis
(Ferreira and Osorio 2022) assessing how peripheral
oxytocin levels among patients diagnosed with various
psychiatric disorders differ from HCs has supported the
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presence of lower levels of oxytocin in patients with
AN in comparison with HCs. A subgroup analysis in
this meta-analysis revealed a more pronounced reduc-
tion in oxytocin levels among adult patients with
restricting and binge-eating/purging AN subtypes. A
later longitudinal study by Plessow et al. (2022) found
that low basal oxytocin levels were more pronounced
in AN-R compared to AN-BP These findings highlight
the importance of considering AN subtype in research
on oxytocin. Studies examining oxytocin levels in indi-
viduals with partially or fully weight-recovered AN
have yielded mixed results (Plessow et al. 2018) show-
ing evidence of either normal or reduced endogenous
oxytocin levels. These findings leave open the ques-
tion of whether 1) altered oxytocin levels reflect the
acute low-weight state of AN and normalise with
recovery, or 2) alterations in the oxytocin system rep-
resent a residual ‘scar’ from the chronic starvation or a
trait of AN. Age seems to be another critical factor.
Adolescents with AN exhibit a distinct mechanism,
with elevated oxytocin levels in malnourished patients
that persist despite partial weight recovery
(Tyszkiewicz-Nwafor et al. 2020). This longitudinal
study suggests the altered oxytocin levels might con-
tribute to ongoing symptoms. It is important to note
that research on adolescents with AN is still scarce.

Overall, altered oxytocin levels have been suggested
as a potential biomarker of AN-R and a possible treat-
ment target for emerging treatments for AN (Stengel
and Giel 2023). However, the potential role of intrana-
sal oxytocin administration in AN treatment remains
unclear, as current research lacks conclusive evidence
of its efficacy (Leppanen et al. 2017; Hasselbalch et al.
2020; Chen, Chiang, et al. 2021; Maguire et al. 2024;
Ahmed et al. 2025). Intranasal oxytocin administration
may hold promise as an adjunct treatment when used
in conjunction with nutritional rehabilitation or psy-
chotherapy (Miller et al. 2023) although well-controlled
and larger trials are needed.

3.9. Immunological markers

3.9.1. Cytokines

As mentioned in section 3.1.,, GWAS and EWAS results
are suggestive of a potential role of the immune sys-
tem in the pathophysiology of AN. Potential additional
contributors to a dysregulated immune system in AN
include increased oxidative stress, chronic physiologi-
cal and psychological stress, changes in the intestinal
microbiota (see section 3.11.), and an abnormal bone
marrow microenvironment, which lead to alterations in
cytokine signalling (Gibson and Mehler 2019).

Cytokines are messenger molecules that steer,
amplify or reduce an immune response. They are pro-
duced primarily by immune cells, such as B and T lym-
phocytes, mast cells and macrophages, but also by a
range of other cells, and by microglia and astrocytes in
the brain. Cytokines have a complex and extensive
range of effects and operate via various signalling
pathways. They are most commonly quantified in the
serum, plasma, and cerebral spinal fluid, with bioas-
says such as ELISA or polymerase chain reaction (PCR)
(Liu et al. 2021). Some cytokines are broadly catego-
rised as ‘pro-inflammatory’ (Himmerich et al. 2019),
meaning that their main or most prominent function
is to upregulate the immune response (N.B. these
cytokines have multifaceted effects including impor-
tance for growth processes). The release of
pro-inflammatory cytokines leads to sickness symp-
toms (i.e. fever, malaise, loss of appetite, fatigue),
which in normal circumstances is adaptive. However, a
chronic or prolonged release of pro-inflammatory
cytokines can have negative sequalae in the body
including degenerative processes. This can also lead to
neuroinflammation (inflammation of the CNS), which
may occur as pro-cytokines are able to directly and
quickly pass through the blood-brain barrier
(Yarlagadda et al. 2009), amongst other mechanisms.
The main pro-inflammatory cytokines that have been
investigated in the pathophysiology of AN are tumour
necrosis factor (TNF)-q, interleukin (IL)-6, and —1p, and
interferon-gamma (IFN-y) (Khairova et al. 2009; Chang
and Yen 2010).

Three meta-analyses of studies comparing cytokine
concentrations between people with AN and HCs have
been conducted to date (Solmi et al. 2015; Dalton
et al. 2018; Keeler et al. Accepted.). The earlier
meta-analysis found evidence for elevated concentra-
tions of TNF-a, IL-1B, IL-6 and TNF-receptor-Il in AN,
together with decreases in the IL-6 receptor (Solmi
et al. 2015). Weight gain was not associated with sig-
nificant changes in TNF-q, IL-6 and IL-1f, although IL-6
was no longer significantly different from HCs follow-
ing weight gain (Solmi et al. 2015). Notably, shorter
AN illness duration was associated with greater con-
centrations of IL-6. The later meta-analysis by Dalton
et al. (2018) had largely similar findings, where eleva-
tions in TNF-a and IL-6 were found in AN compared
with HCs, although IL-1$ was not elevated.

The latest and most comprehensive meta-analysis
found that only concentrations of IL-6 were higher,
with a small effect size, and although TNF-a was ele-
vated in AN, this was not the case when study outliers
were removed (Keeler et al. Accepted.). Findings were



not different between AN subtypes and amongst sev-
eral identified moderators including BMI and age,
none were identified as significantly moderating the
findings. Additionally, concentrations of IL-15 were ele-
vated in AN compared to HCs, and levels of IL-7 were
lower. Concentrations of IL-1(3, IL-4, IL-8, IL-10, IFN-y,
monocyte chemoattractant protein (MCP) and trans-
forming growth factor (TGF)-3 were similar between
AN and HGs. Longitudinally, normalisation over the
course of weight restoration was only found for IL-6
but not TNF-a or IL-14.

The heterogeneity across findings may be attribut-
able to differences in methodology, sample character-
istics or lifestyle factors (e.g. diet). Additionally, given
EDs are a risk factor for the development of autoim-
munity, and vice versa (Raevuori et al. 2014; Hedman
et al. 2019; Sirufo et al. 2022) it is possible that there
is a cohort of individuals with AN who present with a
heightened inflammatory state. For example, one study
found that despite the absence of differences between
AN and HCs in IL-6 concentrations, when examining
the distribution of IL-6 values, the majority of those in
the highest 10% were AN cases (Nilsson et al. 2020).
This finding supports the future investigation of a
potential ‘inflammatory subgroup’ of AN.

Elevations in the pro-inflammatory cytokines TNF-a
and IL-6 have been previously considered as potential
biomarkers for AN, although they do not show speci-
ficity to AN as elevations are also observed in people
with other psychiatric disorders such as major depres-
sive disorder (Dowlati et al. 2010). Thus, they may be
a generic marker of psychopathological severity or
treatment response, although this should be explored
further in well-designed studies accounting for con-
founding influences. Additionally, as aforementioned
the presence of an inflammatory subgroup of people
with AN is a possibility — a hypothesis that should be
explored in studies with larger and more diverse sam-
ples. Studies with larger sample sizes and a range of
cytokines and other immune cells are also warranted
to investigate the possibility of dysfunctional net-
works between individual molecules, given the com-
plexity of the signalling pathways, downstream effects
and bidirectional influences between cytokines and
their targets. There has been some discussion that
reducing concentrations of pro-inflammatory cyto-
kines might constitute a target for treatment in the
future, for example with TNF-a blockers (Dalton et al.
2018). However, recommendations cannot be made
given the heterogeneity of the evidence, and given
that individuals with AN have a higher risk for bacte-
rial infection (Birmingham and Treasure 2019; Keeler
et al. 2023).
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3.9.2. Immunoglobulins reactive with a-melanocyte-
stimulating hormone (a-MSH)

As explained in section 3.4.2, a-MSH is an anorexi-
genic neuropeptide of the melanocortin system which
plays a key role in the regulation of appetite and body
weight (Anderson et al. 2016). a-MSH plasma levels
are, however, highly variable, with different studies in
AN reporting either lower or similar levels compared
with HCs (Galusca et al. 2015; Seitz et al. 2024).

Caseinolytic protease B (ClpB), a protein produced
by the Enterobacteriaceae family of gut bacteria, is an
antigen-mimetic of a-MSH (Tennoune et al. 2014)
which means that ClpB has structural similarity with
a-MSH which is why the immune system produces
antibodies that cross-react with both the bacterial pro-
tein ClpB and the endogenous appetite-reducing hor-
mone a-MSH (Thomas et al. 2025). The relevance of
a-MSH-reactive IgG to AN was first shown by positive
correlations of its plasma levels with the Eating
Disorder Inventory 2 (EDI-2) scores (Fetissov et al.
2005). This link appeared to be specific for a-MSH,
since the same study did not find correlations for IgG
reactive with other regulatory peptides such as oxyto-
cin or corticotropin. In AN, the a-MSH IgG complexes
have been suggested to lead to an increased biologi-
cal activity compared to a-MSH alone by three differ-
ent mechanisms: IGG antibodies act as a carrier for
a-MSH and protect it from degradation by enzymes,
the a-MSH IgG complexes trigger MC4R signalling at
lower concentrations; and the a-MSH IgG complexes
increase the rate at which the MC4R is internalised by
cells which a marker of high receptor activity (Lucas
et al. 2019).

Plasma levels of IgG reactive with a-MSH were
therefore suggested as putative biomarkers of AN.
However, no significant group differences between
patients and HCs were found (Fetissov et al. 2005;
Roubalova et al. 2021). Seitz et al. even reported low
levels of a-MSH-reactive IgG in adolescents with AN at
an early stage of disease coinciding with low total
serum IgG concentration (Seitz et al. 2024). a-MSH-re-
active 1gG correlated positively with BMI-standard
deviation score (BMI-SDS) in both patients with AN
and in healthy adolescents (Seitz et al. 2024). The
authors of this study discussed the high variability of
a-MSH and of IgG-bound a-MSH, starvation-related
downregulation of a-MSH and IgG production,
counter-regulatory endocrine mechanisms, treatment
effects and disease duration as potential influencing
factors that might explain differences in study results
(Seitz et al. 2024).

Bacterial ClpB is naturally present in the plasma of
healthy subjects with levels correlating negatively
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with BMI suggesting an anorexigenic effect of ClpB.
Reduced immune control of ClpB due to low plasma
levels of anti-ClpB IgG in patients with AN were there-
fore suggested to contribute to the increased anorex-
igenic potency of this bacterial protein and facilitation
of food restriction (Thomas et al. 2025). A recent pre-
clinical study demonstrated that immunoneutraliza-
tion of ClpB prevents development of activity-based
anorexia (ABA) in mice (Thomas et al. 2024).In short,
the current literature contains two different hypothe-
ses how of ClpB, a-MSH and a-MSH-/anti-ClpB reac-
tive 1IgG might influence the development of AN. One
hypothesis is that anti-a-MSH IgG protect a-MSH from
degradation and enhance its anorexigenic signalling
at the MC4R (Fetissov et al. 2005; Lucas et al. 2019).
However, cross-sectional studies did not find higher
anti-a-MSH IgG levels in people with AN compared to
HCs (Fetissov et al. 2005; Roubalova et al. 2021; Seitz
et al. 2024). A different hypothesis is that ClpB itself
has anorexigenic effects and that a reduced immune
control of ClpB due to low plasma levels of anti-ClpB
IgG increases the anorexigenic potency of ClpB
(Thomas et al. 2025).

For future studies, it has been suggested that a
combined analysis of a-MSH, a-MSH- and ClpB-binding
IgG and CIpB protein could elucidate the combined
effects of these molecules in the pathophysiology of
AN (Fetissov and Hokfelt 2019).

IgG binding ghrelin has been shown to protect this
orexigenic hormone from degradation in plasma and
enhance its signalling upon the ghrelin receptor
(Takagi et al. 2013). Low plasma levels of ghrelin-binding
IgG were found in patients with AN and were increased
after refeeding (Terashi et al. 2011). It is, hence, possi-
ble that the orexigenic effect of ghrelin is attenuated
in AN because of its insufficient protection by IgG.

3.9.3. Leukocytes

Leukocytopenia (a low leukocyte count) is frequently
encountered in people with AN where it is seen as a
sign of self-starvation induced bone marrow suppres-
sion. A recent systematic review and meta-analysis of
cross-sectional studies (Keeler et al. 2025) found that
concentrations of lymphocytes, basophils, monocytes
and neutrophils were lower in AN than in HCs.
Additionally, the leukocytopenia of AN may be associ-
ated with an increased risk of severe infectious dis-
eases (Himmerich et al. 2010). The cytopenias of AN
are thought to be secondary to starvation and bone
marrow insufficiency. These changes typically resolve
with nutritional rehabilitation (Cleary et al. 2010).

3.9.4. C-reactive protein

A recently published cross-sectional meta-analysis
found that C-reactive protein (CRP) levels were signifi-
cantly lower in people with AN compared to HCs,
potentially due to malnutrition. The authors suggested
that because of reduced CRP levels, patients with AN
might be at risk for bacterial infections or autoimmune
diseases (Xu et al. 2025).

3.10. Metabolomics

Metabolomics, the identification of small molecules
known as metabolites, is a promising area to explore
for potential biological abnormalities in individuals
with AN (Himmerich and Treasure 2024). Techniques
such as mass spectrometry and nuclear magnetic res-
onance spectroscopy are commonly used to quantify
metabolites in human samples. This section examines
how metabolomics differs between subtypes and
stages of AN, and between AN and other psychiatric
and metabolic disorders. A summary of studies on
metabolomics in AN is presented in Table S7, and
Table S8 provides a synopsis of meta-analytic results of
these studies.

3.10.1. Amino acids and derivatives

Amino acids are organic compounds which are essen-
tial for the synthesis of proteins, neurotransmitters and
other important nitrogen-containing compounds, such
as peptide hormones. They are absorbed from the gas-
trointestinal tract following oral ingestion. Preliminary
evidence suggests there may be altered levels of spe-
cific amino acids and their derivatives between patients
with AN and HCs. Thus, reduced levels of essential
amino acids for haemoglobin synthesis and energy
regulation (Miyata et al. 2021; Monteleone et al. 2021b)
and non-essential amino acids for protein synthesis
(Miyata et al. 2021) have been found in patients with
AN compared to HCs. However, findings are far from
consistent and indicate the need for further study. For
example, glutamate, an excitatory neurotransmitter
involved in memory and mood regulation, has been
observed to be reduced in faecal samples from acutely
ill and recovered individuals with AN-R relative to HCs
(Tomasova et al. 2022). However, in another study, no
statistically significant difference in glutamate concen-
tration in right inferior lateral prefrontal cortex and
right occipital cortex was found between acute AN-BP
and HCs (Westwater et al. 2022). The latter study
acknowledged the potential impact of psychotropic
medication on glutamate turnover.
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Changes in neurotransmitter levels and metabolites
following weight restoration have been observed, sug-
gesting the importance of considering the impact of
nutritional status on metabolic profiles. For example,
serum level of tyrosine, a precursor for various neu-
rotransmitters, did not differ significantly between
acute AN and HGCs, but was significantly raised after
weight restoration (Focker et al. 2020). The picture is
further complicated when exploring AN subtypes, with
faecal tyrosine level being reduced in acute AN-R but
raised in acute AN-BP (Monteleone et al. 2021b) com-
pared to HCs (Miyata et al. 2021). More studies are
needed to determine the role of neurotransmitters in
the biomarker profile of AN.

3.10.2. Carbohydrates

Carbohydrates play a crucial role in energy production
and are the main energy source for human metabo-
lism. However, some patients with AN avoid consum-
ing carbohydrate containing food like bread and
starchy vegetables (Buck et al. 2022) in addition to
the dietary restriction, which further affects the
carbohydrate-related metabolite levels and other com-
ponents necessary for normal metabolism.

Considerable research indicates that glucose, car-
bohydrates, sugars and their derivatives are gener-
ally lower in individuals with AN compared to those
who are recovered from AN and HCs (Focker et al.
2012; Monteleone et al. 2021a; Salehi et al. 2021).
The malnutrition of AN contributes to disturbances
in energy metabolism which, in turn, may affect
most carbohydrate metabolites, if not all. However,
studies investigating this subgroup of metabolites in
human samples have found inconsistent results.
Some studies found varying concentrations of
hexoses, fucose, rhamnose, N-acetyleglucosamine,
tagatose and other types of sugars in AN while oth-
ers suggested that levels may differentiate people
with active AN from those with recovered AN and
HCs (Monteleone et al. 2021b, 2021c). For the use of
blood glucose concentration for clinical risk manage-
ment, see section 3.15.3.

Sugar alcohol and its derivatives have received min-
imal attention in individuals with AN. Levels of
scyllo-inositol and glycerol have been found to differ
between AN subtypes (namely AN-R and AN-BP) and
illness stages (namely acute AN, recovered AN and
HCs) (Monteleone et al. 2021b). Both myo-inositol and
meso-erythritol-1 were significantly reduced in patients
with AN relative to HCs (Monteleone et al. 2021¢;
Westwater et al. 2022).
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3.10.3. Lipids

Lipoproteins, saturated fatty acids, polyunsaturated
fatty acids such as omega-3 and omega-6 fatty acids,
short-chain fatty acids (SCFAs), carnitine derivatives
might play a role as biomarkers in AN.

Lipoproteins are complex particles composed of lip-
ids and proteins that transport lipids, like cholesterol
and triglycerides, through the bloodstream. They can
be measured in plasma using nuclear magnetic reso-
nance spectroscopy. Lipoproteins have been investi-
gated for their prognostic role in patients with AN. An
increase in very low-density lipoprotein (VLDL) in
childhood was associated with a lower risk of develop-
ing AN, while an increase in HDL at seven years was
associated with a higher risk of developing AN at age
18 (Santos Ferreira et al. 2019). In individuals with AN,
studies have found increased levels of lysophosphati-
dylcholine, lysophosphatidylethanolamine, phosphati-
dylinositol and sphingomyelin even after short term
weight-restoration compared to HCs (Tam et al. 2021).
Other studies have shown significant differences in
lipid levels between AN and HCs, as well as between
baseline and study timepoints. These lipids include
glycerophspholipids, sphingolipids and lysophospho-
lipids (Focker et al. 2012, 2020; Tomasova et al. 2022).

Preliminary but consistent findings have been
observed in the levels of saturated fatty acids in
patients with AN. Faecal levels of stearic acid, lauric
acid and its derivative hydroxystearic acid were all
increased in patients with AN (Monteleone et al.
2021c), despite dietary restriction. The increase in sat-
urated fatty acids remained high after weight resto-
ration (Monteleone et al. 2021c). Additionally, when
faecal levels of saturated fatty acids were tested
acutely before nourishment, they remained high
(Nguyen et al. 2019; Monteleone et al. 2021c).
Comparisons among AN subtypes yielded consistent
results, with the AN-BP subtype showing higher levels
of faecal palmitic acid than the AN-R subtype
(Monteleone et al. 2021b). Hussain et al. (2019) have
conducted a meta-analysis finding increased concen-
trations of lipid metabolites in patients with acute AN
and those who were partially weight restored.

Omega-3 fatty acids are polyunsaturated fatty acids
that cannot be produced by the body and must there-
fore be obtained through diet. They are characterised
by the location of their first double bond three car-
bons away from the methyl end of their carbon chain.
Levels of docosahexaenoic acid (DHA), alpha linolenic
acid (ALA), stearidonic acid (SDA), Eicosapentaenoic
acid (EPA) and docosapentaenoic acid (DPA) were all
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found to be elevated in patients with acute AN. Some
of these omega 3 fatty acids, such as DHA, were asso-
ciated with a higher risk of developing AN by the age
of 18 (Shih et al. 2016; Nguyen et al. 2019; Santos
Ferreira et al. 2019). Recovery from AN normalised lev-
els of omega-3 fatty acids, including SDA (Shih et al.
2016). However, individuals with recovered AN had
higher levels of omega-3 fatty acids compared to HCs,
particularly DPA (Shih et al. 2016).

One study found increased levels of omega-6 fatty
acids in individuals with AN in comparison to HCs. This
includes gamma-linolenic acid (GLA), dihomo-gamma-lin-
olenic acid (DGLA) and octadecadienoic acid (OBA) (Shih
et al. 2016). When compared to those who recovered
from AN, levels of OBA and SDA were higher in acute
AN. Similar to omega-3 fatty acids, the comparison
between recovered AN and HCs showed that recovered
AN patients have higher levels of the omega-6 fatty
acid, OBA (Shih et al. 2016). One study found that
increased levels of the monounsaturated fatty acid (FA)
ratio at age seven years were associated with a lower
risk of developing AN at age 18 (Santos Ferreira
et al. 2019).

SCFAs have been found to be higher in acute AN
(Monteleone et al. 2021a). A recent study found that
valeric acid was the only SCFA associated with BMI
(Castellini et al. 2023). Similar to most fatty acid find-
ings, faecal levels of valeric and propionic acid were
increased in individuals with AN, which remained high
even after weight restoration (Monteleone et al. 2021c).
On the contrary, acetate, butyric, isobutyric and isova-
leric acids were significantly lower in acute AN and
people who recovered from AN (Monteleone et al.
2021¢; Xu et al. 2022). After nourishment, acetate and
propionic acid were lower in AN (Prochazkova et al.
2021). Additionally, studies have shown that SCFAs and
BMI were significantly correlated, suggesting a crucial
role of SCFAs in weight management (Xu et al. 2022).
See also paragraph 3.11.1.1. on SCFAs as microbial
metabolites.

Carnitine derivatives are crucial molecules involved in
the beta-oxidation process of fatty acid metabolism.
These molecules are sensitive to nourishment states.
Studies have found reduced concentrations of butyrylcar-
nitine, O-acetylcarnitine, octanoylcarnitine, acetyl-L-
carnitine and palmitoylcarnitine in people with acute AN
(Focker et al. 2012; Miyata et al. 2021).

Research has linked these disturbed metabolomic
profiles with extreme low intake of calories, which
could be partially modified after nourishment.
Therefore, it might be premature to draw a conclusion
on whether the use of this category of metabolites is
helpful as a biomarker for patients with AN. However,

meta-analytical evidence shows increased levels of
total cholesterol, HDL, low density lipoprotein (LDL),
triglycerides and free fatty acids in patients with acute
AN compared to HCs (Hussain et al. 2019). These
changes remain after weight restoration which sug-
gests a persistence of metabolic dysregulation after
weight restoration (Hussain et al. 2024).

3.10.4. Vitamins and coenzymes

A few studies have examined vitamins and coenzymes
in people with AN. Increased levels of choline (B4)
were reported in 10 patients with acute AN, compared
to HCs (Miyata et al. 2021). In addition, increased total
concentration of choline in GM has been reported in
30 predominantly adolescent patients with AN, com-
pared to age-matched female HCs (Doose et al. 2023),
indicating lipid catabolism. No significant difference in
Cobalamin (B12) was noted between AN-subtypes,
although lower BMI was associated with higher level
of cobalamin (B12) in acute phase of illness (Burdo
et al. 2020). Small sample sizes and multiple testing
render it difficult for a firm conclusion to be drawn.
The former concern was raised by one study regarding
the finding of raised folate (B9) in 53 patients with
acute AN and 40 patients in remission from AN, com-
pared to 36 HCs (Burdo et al. 2020). Lower levels of
nicotinamide (B3) and nicotinate (Vitamin E) have been
reported in faecal samples of patients with AN com-
pared to HCs, but the difference in nicotinamide (B3)
became statistically insignificant following refeeding
(Tomasova et al. 2022).

3.10.5. Steroids

Steroids are hormones that are made naturally in the
human body and that are chemically characterised by
four fused carbon atom rings. Cholesterol is the pre-
cursor molecule to many steroid hormones, including
sex hormones and hormones necessary for metabo-
lism, water and electrolyte balance in the body.

The acute phase of AN is associated with a disruption
of steroid metabolism. Compared to HCs, people with
acute AN show higher concentrations of cholesterol and
other metabolites of the lecithin-cholesterol acyl trans-
ferase (LCAT) pathway that persist after a short-term
weight restoration refeeding program (Tam et al. 2021).
The effect of refeeding on steroid metabolism in people
with AN has been also investigated by Bulant et al.
(2020) who showed that, after treatment, plasma levels
of pregnenolone sulphate and 20a-dehydropregnenolone
sulphate increased, whereas 73-hydroxy-DHEA, 5-androstene-
3[3,73,17ptriol, epipregnanolone, and epietiocholanolone
levels significantly decreased. Notably, higher DHEAS



blood levels in people with AN predicted weight gain at
3- and 6-months and increase in fat mass and appendic-
ular lean mass (Kimball et al. 2022) Increased serum lev-
els of cholesterol typically occurring in the acute phase
of AN could also explain the enhanced concentrations
of faecal coprosterol (or coprostanol) of patient with AN,
since coprosterol is a cholesterol derivative formed from
the biohydrogenation of cholesterol in the gut likely by
intestinal bacterial flora (Monteleone et al. 2021c). The
pathophysiology of increased cholesterol concentration
in the blood of people with AN is still not fully under-
stood. People with AN often show decreased blood lev-
els of the thyroid hormone triiodothyronine (T3). T3
regulates the cholesterol ester transfer protein (CETP)
which affects cholesterol metabolism. People with AN
have been reported to have increased CETP activity and,
therefore, increased cholesterol (Ohwada et al. 2006).

3.10.6. Organic acids

Organic acids are organic compounds with acidic
properties such as carboxylic, sulphonic lactic and
pyruvic acid. Some short organic acids are important
metabolites produced by the gut microbiome.
Therefore, additional information on these specific
organic acids is available in section 3.11. of this article.

Increased lactate and pyruvate serum concentra-
tions have been found in acute and recovered patients
with AN (Salehi et al. 2021; Tomasova et al. 2022).
These metabolites are involved in metabolic pathways
such as glycolysis and gluconeogenesis, providing
energy under aerobic and anaerobic conditions.
Concentrations of branched-chain keto acids have
been found to be lower in serum of people with acute
AN compared to HCs (Tomasova et al. 2022), while
higher in faecal samples, persisting after weight resto-
ration (Monteleone et al. 2021a). Since branched-chain
keto acids inhibit glucose production in hepatocytes
suppressing liver mitochondrial pyruvate carrier activ-
ity and pyruvate-supported respiration (Nishi et al.
2023), it has been hypothesised that, in addition to
being linked to the state of emaciation, lower circulat-
ing levels of branched-chain keto acids may constitute
a compensatory mechanism to maintain pyruvate-/
lactate-driven glucose production.

Concentrations of several other organic acids (such
as succinate, malate, fumarate and citrate) have been
found, even if not consistently, reduced in serum and
stool samples from people with AN compared with
HCs (Miyata et al. 2021; Salehi et al. 2021; Tomasova
et al. 2022). A preliminary study showed that faecal
concentration of acetic, succinic, malic, sebacic and
p-hydroxyphenylacetic acid differed between AN-R and
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AN-BP. Indeed, compared to HCs, p-hydroxyphenylacetic,
acetic and succinic acid were higher in AN-BP and
lower in AN-R, while malic acid concentration was
lower in AN-R and AN-BP (Monteleone et al. 2021b).

Serum levels of uraemic toxin-related compounds
p-cresyl sulphate, indole-3-acetic acid and phenylacetic
acid were found to be higher in acute AN than HCs
(Miyata et al. 2021). Moreover, concentrations of
p-cresyl sulphate were positively associated with abun-
dance of Clostridium coccoides group and Clostridium
leptum subgroup in people with AN, suggesting that
changes in uraemic toxins are potentially linked to the
gut dysbiosis occurring in acute AN. Lower serum
methanol concentration in acute and weight-restored
AN compared with HCs has also been associated with
altered microbiome metabolism due to lower gut
microbiota diversity (Salehi et al. 2021).

In summary, tentative evidence suggests a potential
role of metabolomics in understanding the metabolic
disturbances associated with AN. Patients with AN may
exhibit distinct metabolic differences compared to HCs.
Understanding these differences between AN-subtypes
and stages of illness can provide important insights
into the underlying mechanisms and inform the devel-
opment of potential therapeutic interventions for AN.

3.11. Microbiome and markers of the gut-
brain-axis

In patients with AN, perturbations in gut microbiota
composition have been reported to be associated with
gastrointestinal (GI) symptoms (Riedlinger et al. 2020;
Di Lodovico et al. 2021; Anton-Paduraru et al. 2023;
Garcia and Gutierrez 2023). For instance, constipation
emerges as a prevalent issue in AN, attributable to
enduring food restriction. Similarly, patients with AN
frequently report sensations of abdominal fullness,
which are often cited as a reason for food refusal.
Interestingly, this symptomatology aligns with objec-
tively assessed delays in gastric emptying time, a phe-
nomenon that tends to ameliorate during the refeeding
process. During the process of refeeding and rehabili-
tation, involving normalisation of eating patterns and/
or attaining a healthy body weight where applicable, a
notable transformation in Gl symptoms unfolds. This
metamorphosis entails the persistence of certain com-
plaints, the disappearance of others, and the emer-
gence of new ones (Riedlinger et al. 2020; Riedlinger
et al. 2022). Notably, overall improvement in lower Gl
symptoms surpasses that observed in the upper Gl
tract throughout refeeding (Riedlinger et al. 2020;
Riedlinger et al. 2022).
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Gl symptoms, such as constipation, intertwined with
disordered eating patterns and aberrant food intake
behaviours, potentially compounded by compensatory
measures like vomiting or laxative abuse, may contrib-
ute to a distinct microbial environment within the
colon compared to individuals with healthy GI func-
tion (Mack et al. 2018). Consequently, it is not surpris-
ing that Gl microbiota composition between individuals
with AN and their healthy counterparts is often differ-
ent, as highlighted by recent reviews (Di Lodovico
et al. 2021; Nikolova et al. 2021; Anton-Paduraru et al.
2023; Garcia and Gutierrez 2023).

Human studies analysing the Gl microbiota in AN
cross-sectionally compared to HCs and/or longitudi-
nally are listed in Table S9. The microbiome is typically
characterised by its richness, diversity, and community
structure. Richness represents a simple census of the
unique species present within a sample, independent
of their individual population sizes. Diversity is catego-
rised into two primary scales: a-diversity, which mea-
sures the variety of species or strains within a single
sample, and (-diversity, which quantifies the variation
in microbial composition between different samples or
over time. The community structure dictates the micro-
biome’s functional capacity. Even if two microbial com-
munities share the same total bacterial count,
differences in their structural organisation will lead to
distinct outcomes in nutrient metabolism, pathogen
defence, and vitamin synthesis. A structure character-
ised by high diversity and evenness is generally more
resilient, possessing a superior ability to recover its
functional equilibrium following a disturbance, such as
a course of antibiotics (Qian et al. 2020).

When comparing AN with HCs, eight studies
reported no difference, three studies showed a
decrease, and one study showed an increase in micro-
bial richness, whereas in five studies, this was not
reported or was not applicable. Similarly, regarding
microbial diversity, 11 studies reported no difference,
one study a decrease and five studies did not assess
microbial diversity when comparing patients with AN
and HCs. However, regarding the microbial community
structure, differences were observed in 10 studies, no
differences in two and in five studies, the microbial
community structure was not assessed. Thus, a-diversity
appears unaffected, but differences in the microbial
community structure are likely. There is only one
meta-analysis that was able to pool the data from four
studies, which is why conclusions can hardly be drawn.
It found a slight increase in a-diversity in AN versus
HCs but comparable B-diversity (Di Lodovico et al.
2021). However, most studies report inconsistent

changes in certain taxa. Nevertheless, there may be
tendencies towards a reduction in butyrate-producing
species and an increase in mucin-degrading species
(Di Lodovico et al. 2021).

There are some indications that gut microbiota com-
position in acute AN may contribute to maintaining
low weight or continued weight loss. Fan et al. (2023)
showed that faecal transplantation from patients with
AN into a classical model of germ-free mice led to
reduced weight gain compared to mice receiving faecal
transplants from healthy, normal-weight donors when
combined with food restriction (Fan et al. 2023). They
also found hypothalamic gene expression of anorexi-
genic genes like BDNF to be increased and that of
orexigenic genes like ghrelin to be reduced, potentially
explaining their findings. These results corroborate find-
ings from an earlier study, where mothers of mice pups
received faecal transplants from healthy donors and
patients with AN. The pups of AN-transplanted mothers
had reduced weight gain, decreased appetite and
reduced energy efficiency as well as increased anxiety
and obsessive-compulsive traits (Hata et al. 2019).

However, Glenny et al. (2021) performed faecal
microbiota transplants into germ-free mice with ad
libitum access to food and water. The mice were col-
onised with samples from three distinct donor groups:
patients with AN prior to treatment, the same patients
following renourishment, and age- and sex-matched
HCs. Despite the different origins of the microbiota,
the mice receiving AN-derived samples exhibited no
significant differences in body weight compared to
those receiving HC samples; after four weeks, body
weights across all groups remained comparable
(Glenny et al. (2021). A detailed overview of studies
analysing gut microbiota before and after weight reha-
bilitation in human AN is displayed in Table S8. For
both microbial richness and community structure,
study findings were inconsistent, whereas findings
were consistent for microbial (-diversity which
remained stable within the individuals across time, if
reported.

Studies including adolescents or children with AN
are still in the minority (Andreani et al. 2024) and their
results remain difficult to interpret. However, research
this early in the disease course might be an essential
step to help discern the chicken-and-egg question of
causality regarding the microbiome-gut-brain axis in
patients with AN.

Gut microbiota in AN may affect psychological pro-
cesses via the gut-brain-axis. Kleiman et al. (2015)
found a negative link between depression levels and
microbial richness, contrasting with the observations
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of Schulz et al. (2021) of no correlation between bac-
terial richness/diversity and depression/anxiety symp-
toms. Borgo et al. (2017) noted a negative relationship
between depression scores and Clostridium species as
well as between faecal butyrate concentrations and
symptoms of depressive/anxiety disorders. Similarly,
Castellini et al. (2023) identified a connection between
the bacterial community, butyric acid, and anxiety in
patients with AN. However, the above studies had
small sample sizes. Fan et al. (2023) discerned numer-
ous further associations, including 11 taxa with EDI-3
related ED symptoms and seven taxa with BMI. The
degree of depression symptoms was not explanatory
for the microbiota composition in a large cohort of
adolescents and young adults (Andreani et al. 2024).

Notably, most studies highlighted a significant cor-
relation between depression (Borgo et al. 2017) and
anxiety (Borgo et al. 2017; Castellini et al. 2023) and
BMI in their cohorts. A detailed investigation and the
only study consequently controlling for patients BMI
was a re-analysis of the MICROBIAN study (Mack et al.
2016) conducted by Ketel et al. (Ketel et al. 2024).
Several significant associations between psychological
parameters and gastrointestinal microbiota were
attenuated after controlling for patients’ BMI.
Post-rehabilitation, positive links were noted between
species of Blautia and Ruminococcus and depressive
symptoms. Additionally, during inpatient treatment,
propionate and acetate levels exhibited a positive cor-
relation with reductions in depression severity (Ketel
et al. 2024). Overall, the situation is unclear.

3.11.1. Microbial metabolites

Although composition of gut microbiota in patients
with AN varies across studies, a common factor could
be the metabolic potential of the microbiome. More
important than the presence of specific bacteria seems
to be the molecules that the microorganisms produce
and with which they can affect the physiology of
their host.

3.11.1.1.  Short-chain fatty acids. Several studies
examining gut microbiome composition of patients with
AN have shown a lower proportion of bacteria producing
SCFAs, mainly acetate, propionate, and butyrate,
compared to HCs (Morita et al. 2015; Borgo et al. 2017;
Prochazkova et al. 2021). These molecules are mainly
produced by microbial fermentation of dietary fibre.
SCFAs are an important source of energy for colonocytes,
as well as for distant organs such as liver, muscles and
brain. In addition, they play an important role in gut-
brain signalling, including influencing the expression of
peripheral appetite-regulating peptides such as PYY and
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GLP-1 by enteroendocrine L cells via the GPR41 and
GPR43 (Chambers et al. 2015; Yu et al. 2024). SCFAs can
also regulate leptin levels by activating the free fatty
acid binding receptors (FFARs) in adipocytes (Gabriel
and Fantuzzi 2019). At the same time, SCFAs modulate
the production of central appetite-regulating peptides
in the hypothalamus, such as the orexigenic NPY and
AgRP or the anorexigenic POMC (Roubalova et al. 2024;
Yu et al. 2024).

SCFAs are also important modulators of immune
response that regulate mucosal barrier integrity, mucosal
immunity and susceptibility to intestinal immune disor-
ders. They signal to cells via GPRs expressed on immune
cells such as neutrophils, macrophages, dendritic cells
and lymphocytes in the gut. Butyrate and propionate
can also get into cells by passive diffusion and affect
gene expression by inhibition of histone deacetylase. In
the gut, SCFAs affect different pathways such as the
NF-kB signalling pathway that mediates transcription of
various cytokines and chemokines, e.g. IL-1f3, TNF-q, IL-2
(Liu et al. 2023). Recent meta-analyses suggest AN may
be associated with elevated levels the proinflammatory
cytokines IL-1B, TNF-q, and IL-6 (Solmi et al. 2015; Dalton
et al. 2018). Thus, in patients with AN, decreased levels
of SCFA-producing gut bacteria may contribute to a shift
in the immune response towards a pro-inflammatory
state and an increased risk of immune-mediated inflam-
matory diseases such as type 1 diabetes, rheumatoid
arthritis and inflammatory-bowel disease (IBD) (Mann
et al. 2024). A Danish population-based study found that
a prior AN diagnosis was associated with the develop-
ment of IBD later in life (although the reverse was not
observed) (Larsen et al. 2021). Therefore, the therapeutic
potential of SCFAs is now being explored.

3.11.1.2. Neurotransmitters. Multiple neurotransmitters
are secreted by the gut microbiome. They can affect
metabolism, appetite, immunity, and anxiety and stress
behaviour (Neuman et al. 2015). In some studies, faecal
levels of neurotransmitters serotonin, dopamine, and
GABA were decreased in patients with AN compared
to HCs (Prochazkova et al. 2021). Microorganisms not
only produce neurotransmitters but also influence
their synthesis via enteroendocrine cells of the
intestine. In addition, their metabolic activity can
reduce the bioavailability of their precursors such as
tryptophan, tyrosine or glutamine ingested with food.
Several studies showed a higher abundance of bacterial
genus Alistipes in patients with AN compared to HCs
(Di Lodovico et al. 2021). Members of this genus can
hydrolyse serotonin precursor tryptophan to indole
and thus decrease serotonin bioavailability and may
be involved in anxiety and depression. Animal studies
using the ABA model have shown that dysregulation
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of the GABAergic system, particularly involving GABA,
receptors, is associated with anxiety-like behaviour and
reduced food intake. Also, modulation of hypothalamic
GABAergic signalling has been shown to enhance food
intake in rodents (Spadini et al. 2021). Further, evidence
points to alterations in dopamine levels and signalling
in individuals with AN. Specifically, functional MRI
studies have observed altered activation in brain
regions associated with reward processing, suggesting
a dysfunctional striatal dopamine system in AN
(Gorwood et al. 2016).

3.11.1.3. Bile acids. Bile acids can significantly influence
the composition and function of the microbial
community through their antimicrobial properties. At
the same time, bacteria encode many enzymes that
can metabolise these acids and change their
composition. This microbial manipulation of the bile
acid pool contributes to the maintenance of intestinal
homeostasis, while imbalances in this system are
associated with various diseases. Studies using
metabolomics profiling showed higher concentrations
of both primary and secondary bile acids in the serum
of patients with AN compared to HCs (Perino et al.
2021; Fan et al. 2023).

3.11.2. Manipulation of the gut microbiota

Interest in employing therapeutics targeting the gut
microbiota in AN stems in part from the association of
AN with Gl and weight issues. Currently, treatment
with probiotics (Solis et al. 2002; Nova et al. 2006; Zaja
et al. 2021) or parabiotics/postbiotics (inactivated bac-
teria or fractions) and stool transplantation (faecal
microbiota transplantation; FMT) (Aira et al. 2020;
Wilson et al. 2023) are undergoing study (Socata
et al. 2021).

FMT may be a complementary treatment strategy
for AN. The introduction of FMT from a healthy donor
may help to restore the integrity of the intestinal bar-
rier, support immune homeostasis and improve the
regulation of satiety and hunger. A recent study
showed a weight gain of 13.8% over a 36-week period
in patients with AN diagnosed two years prior to FMT
(de Clercq et al. 2019). Another study explored changes
in the gut microbiome, microbial metabolites and clin-
ical parameters in patient with severe and enduring
AN and small intestinal bacterial overgrowth syndrome
(SIBO). Post-treatment analyses showed an improve-
ment in gut barrier function, increased bacterial diver-
sity, and elevated levels of SCFAs. However, no
significant clinical improvement in AN symptoms was
observed (Prochazkova et al. 2019). The results of the
studies suggest that earlier intervention might be
more beneficial for patients with AN.

The effect of probiotic or prebiotic supplementation
was determined in several studies. A recent case-control
study involving 100 children with AN demonstrated
beneficial effects of a four-strain probiotic supplemen-
tation, including improved gut-brain communication,
restoration of the gut microbiome, and enhanced clin-
ical outcomes (Lu et al. 2025). In another randomised,
placebo-controlled study, 31 female paediatric patients
with AN and constipation received 10® CFU of L. reuteri
DSM17938 per dose for 3months. The probiotic sup-
plementation resulted in improved gastrointestinal
motility and weight restoration (Zaja et al. 2021).

3.12. Salivary markers

Saliva is a valuable but underused matrix in human
biomonitoring. By focusing on this accessible and clin-
ically relevant fluid, new tools for early health risk
assessment and non-invasive diagnostics can be
obtained. From the oral perspective AN impact on sal-
ivary biomarkers is linked to hyposalivation, inflamma-
tion, oxidative stress, and microbiota disruption. A
general meta-analysis and separate studies have
shown decreased salivary pH (MD = —0.39) and sali-
vary flow (MD = —0.27ml/min) in AN patients. In a
retrospective study, patients with AN were affected by
higher levels of albumin, inorganic phosphate, aspar-
tate aminotransferase (ASAT), chloride, magnesium,
and total protein. ASAT and total protein were found
to be good predictors of AN disease (sensitivity
approximately 65%, specificity approximately 67%)
(Niederau et al. 2025).

3.12.1. Salivary microbiota

The relationship between oral microbiota and purging
behaviours (such as self-induced vomiting) is an
emerging area of research with increasing clinical rele-
vance. Purging - especially vomiting - can significantly
alter the oral environment, which in turn affects the
microbiota. In a recent case-control study in patients
with purging subtype of AN, BN or another specified
ED vs. participants without EDs or any type of purging
behaviour (Diaz-Perdigones et al. Submitted) oral
microbiota populations between vomiting and control
groups differed. Actinomyces and Bulleidia were more
abundant in the vomiting group, while Veillonella and
Oribacterium were less abundant compared to the
control group. More importantly, vomiting frequency
was related to Actinomyces and Bulleidia abundance;
the more vomiting behaviour, the more Actinomyces
and Bulleidia abundance, establishing these bacteria as
possible markers of vomiting behaviour. However,



there is a paucity of literature on this topic and further
evidence is needed.

3.12.2. Salivary HPA-axis markers

One hypothesis of the pathogenesis of AN considers
altered functioning of the HPA axis (see section 3.7),
autonomic nervous system (ANS) and immune system
due to chronic mental stress. Biological markers in
saliva available for measuring alterations of this system
include alpha amylase, salivary immunoglobulin A
(slgA), cortisol and opiorphin. These stress markers can
be measured in saliva where their levels correspond
with plasma levels (Kirschbaum and Hellhammer 1989).
Depending on their molecular weight there are three
pathways that systemic constituents may pass from
blood vessels to salivary gland epithelium: passing
through the space between the salivary acinar cells,
filtration through pores of the cell membranes or
selected transport across the cell membrane (Spilak
et al. 2025).

3.12.2.1. Salivary alpha amylase. Alpha-amylase in
saliva (salivary alpha-amylase, SAA) is produced by the
parotid gland and regulated by sympathetic nervous
system (SNS). It can be used as an indicator of SNS
activity and peripheral marker of central norepinephrine
release. SAA level depends on the function of the
parotid glands, presence of carbohydrates in food and
time of day. Levels of SAA decrease after waking up
and then slowly increase with a peak in the late
afternoon and evening.

Hypercortisolaemia due to prolonged mental stress
can lead to the alterations in SAA levels. Based on this
finding it was suggested that both restrictive and
binge-purging types of AN may lead to increase of
SAA activity. Cross-sectional case-control studies of
restrictive AN failed to show any alterations in the
level of SAA compared to HCs (Paszynska et al. 2016,
2020b). However, there was no comparison with other
AN subtypes, weight-restored AN individuals or 24-h
measurement protocols (Paszynska et al. 2016, 2020b).
A recently published meta-analysis of SAA levels
showed that the mean difference between AN patients
and controls was +6.32 units per litre (U/l), yet it was
not statistically significant (p=0.32), (Niederau et al.
2025). Under conditions of stress, SAA secretion may
have additional peaks that suggests an asymmetry
between HPA axis and SNS as an occurrence of HPA
axis hyperactivity (Paszynska et al. 2022).

All available studies on SAA in AN have a
cross-sectional approach, assessing patients at a spe-
cific point in time (e.g. during hospitalisation), without
further monitoring of treatment effects.
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3.12.2.2. Secretory IgA. Immunoglobulins (IgA, IgG,
IgM) in saliva are auto-antibodies of regulatory
peptides, significant anti-inflammatory factors and
their role is not limited only to protection against
infections. Stress can influence the levels of
immunoglobulins in different manners. For example,
chronic academic stress, passive coping, and feelings
of disgust have been reported to reduce slgA levels,
while acute academic and naturalistic stress have been
found to increase slgA production (Brandtzaeg 2007).
SIgA is the major secretory immunoglobulin present
on the oral mucosa. The level of slgA in saliva correlates
positively with the plasma cortisol level and fluctuates
synchronously over 24h (Hucklebridge et al. 1998). It
has been shown that the slgA concentration is related
to the degree of stress and can be used for the
assessment of HPA axis function (Brandtzaeg 2007).
SIgA activity may influence appetite and lead to
decreased food intake (Acres et al. 2012). Cross-
sectional case-control studies of individuals with
restrictive acute AN revealed significantly higher sigA
levels compared to HCs. Furthermore, a significant
positive correlation between sIgA and cortisol
concentrations was observed within the AN group.
(Paszynska et al. 2016, 2020b).

It can be assumed that patients with AN often
experience chronic inflammation, discomfort, decreased
salivary flow and composition, as well as increased
bacterial colonisation due to poor oral hygiene. These
factors might lead to microinflammation and stress,
which can increase the secretion of immunoglobulins
in the oral cavity which might also reflect an immune
system dysfunction in AN patients.

3.12.2.3. Salivary cortisol. Cortisol reflects HPA axis
reactivity and in AN has been measured in various
ways including free cortisol levels in saliva (Paszynska
et al. 2016, 2020b; Westwater et al. 2021).Meta-analyses
of studies performed among people with AN indicated
higher morning serum, urine, and salivary cortisol
levels than HCs (Monteleone et al. 2018; Bailly et al.
2021b; Thavaraputta et al. 2023). Interestingly, increased
cortisol levels in underweight patients with AN
normalise after weight gain (Lo Sauro et al. 2008;
Culbert et al. 2016).Given this preliminary evidence, it
can be argued that hypercortisolism in individuals
with acute AN is a phenomenon mediated by the
effects of starvation or malnutrition on the HPA axis
via increased release of CRH (Gold et al. 1986). HPA
axis function in individuals who have recovered from
AN is still inadequate. Repeated saliva collection can
be used to assess free cortisol and SAA over a long
period of time.

3.12.2.4. Salivary opiorphin. Opiorphin is a salivary
peptide produced by the submandibular glands that
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possesses analgesic and antidepressant properties. Its
biological action relates to the longer bioavailability of
enkephalins and activation of p- and 6-opioid receptors
(Javelot et al. 2010; Yang et al. 2011). A case-control
study did not find significant differences in opiorphin
levels between patients with AN and HCs (Paszynska
et al. 2020a). However, Paszynska et al. (2020b)
suggested that level of salivary opiorphin may correlate
with levels of stress biomarkers in AN and therefore its
measurement could be used as a non-invasive method
of disease assessment. The case control study of
restrictive acute AN patients noted variability in
opiorphin levels and lack of relationship with basic
stress biomarkers (cortisol, SAA, slgA). Opiorphin was
associated with AN disease duration, Beck Depression
Inventory (BDI) score, low body weight, and dental
biofilm accumulation. These findings suggest that
opiorphin might be a useful biomarker in monitoring
of AN disease with severe malnutrition and also reflect
immune conditions and inflammation (Paszynska et al.
2020b). Despite knowledge of salivary opiorphin’s
physiological properties its role in AN remains
unexplored. There is still a lack of longitudinal and
before-after weight restoration studies, and more
research is needed on this topic.

3.13. Neurophysiological markers

3.13.1. Square wave jerks

Square wave jerks (SWIJs) are involuntary saccades
away and back to fixation. They have been observed
to occur at abnormally high rates in many neurode-
generative and some psychiatric disorders. In a
cross-sectional study of 23 female participants with AN
and 22 matched HCs, people with AN exhibited SWJs
at a significantly higher rate than HCs (Phillipou et al.
2014). The study authors suggested these findings
were due to underlying changes in the GABA system.

3.13.2. Electroencephalography and nerve
conduction velocity

Electroencephalography (EEG) measures electrical
activity of the brain's cortex, thus enabling testing of
various brain functions. The starvation of people with
AN affects the brain, producing distorted thinking and
a particular neurocognitive profile (Berchio et al. 2022).
Testing can be performed in resting state or under
certain emotional stimuli or cognitive tasks — both of
which have been carried out in small studies of AN,
usually involving 10-30 participants (see Tables S10
and S11). Studies have described differences in resting
state EEG between AN and control participants, with
microstates — which are spatial patterns of electrical
voltage that remain relatively stable for short periods

- in AN that are associated with internal/external sig-
nal processing (Berchio et al. 2024) and repeatedly
abnormalities in posterior theta power, reflecting
reduced top-down control. Evoked potential studies
have yielded findings suggestive of specific patterns of
information processing in AN (Karavia et al. 2024),
altered attention level and attention bias to food cues,
negative emotion and facial expressions (Wolz et al.
2015; Susta et al. 2022; Eichin et al. 2023), as well as a
possible atypical neural mechanism underlying changes
in cognitive flexibility (Berchio et al. 2023). The overall
paucity of studies, with different tasks involved, differ-
ent EEG measure parameters taken for analysis and
various analysis methods precludes drawing robust
conclusions regarding the patters described.

If epileptic seizures occur in a person with AN, they
can be a consequence of starvation and electrolyte
disturbances (e.g. hyponatraemia, hypomagnesemia),
dehydration, hypoglycaemia, refeeding syndrome, the
use of alcohol, drugs or medications that have been
prescribed to treat comorbid health problems such as
depression or taken without prescription to lose
weight (e.g. bupropion) (Gibson et al. 2023; Himmerich
and Treasure 2024). EEG signs of epileptic seizures
include spikes, sharp waves, and spike-and-wave
patterns.

3.14. Digital biomarkers

The intersection of digital technology and healthcare
has elicited hopes for new avenues for managing com-
plex health conditions like AN (see Table S12). Digital
biomarkers have emerged as a promising area of
research and development which may lead to novel
insights into the diagnosis, monitoring, and manage-
ment of AN which has traditionally been assessed and
monitored through clinical interviews, physical exam-
inations, and psychological assessments.

Wearable inertial sensors, such as accelerometers
and actigraphy devices, have emerged as tools for
objectively quantifying human motion and physical
activity (PA) (O’'Neil et al. 2016). These devices operate
by capturing acceleration data, which can then be pro-
cessed to derive a variety of PA metrics. They provide
date-time stamped information regarding body accel-
eration, enabling real-time estimations of PA frequency,
intensity, and duration with minimal burden on partic-
ipants (O'Neil et al. 2016). Widely utilised research-grade
devices include ActiGraph models (e.g. GT9X Link,
GT3X) and Actiheart, with ActiGraph often considered
a ‘gold standard’ for validating other consumer-based
activity monitors (O’'Neil et al. 2016; Suau et al. 2024).
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The measurement capabilities of these devices are
extensive, encompassing various aspects of physical
activity and sleep. They can accurately assess step
counts, estimate energy expenditure in kilocalories,
and quantify time spent across different PA intensities,
including sedentary, very light, light, moderate, and
vigorous activity (Alberti et al. 2013; Karr 2017;
Lehmann et al. 2018; Suau et al. 2024). Actigraphy
appears well-suited for measuring sleep patterns, offer-
ing insights into sleep fragmentation, sleep efficiency,
and napping sessions (Lim et al. 2023).

A significant advantage of objective assessment
methods is their ability to overcome the inherent lim-
itations of subjective self-report tools, such as ques-
tionnaires like the International Physical Activity
Questionnaire (IPAQ) (Alberti et al. 2013; Lehmann
et al. 2018). Research indicates that subjective meth-
ods frequently overestimate PA in patient populations,
including those with AN, when compared to objective
measurements (Alberti et al. 2013; Lehmann et al.
2018). This discrepancy underscores a crucial point: for
a condition like AN, where distorted body perception
and denial are core symptoms, self-report can be unre-
liable for behaviours such as physical activity. Therefore,
objective measures from accelerometers and actigra-
phy become not merely supplementary but funda-
mental for accurate assessment of PA patterns, energy
expenditure, and sleep, providing a more accurate rep-
resentation of a patient’s behaviour. This capability
makes these devices invaluable for both clinical assess-
ment and research in the future, as they bypass the
cognitive biases often present in self-reported data.

Effective utilisation of these devices requires careful
consideration of several factors. Device placement on
the body (e.g. wrist, ankle, hip, or chest) can influence
the validity and accuracy of measurements (Alberti
et al. 2013; Karr 2017; O’Neil et al. 2016; Suau et al.
2024). Furthermore, the validity and accuracy of data
can be affected by factors such as gait speed, the spe-
cific filtering processes applied during data analysis,
and the monitoring conditions (e.g. controlled labora-
tory settings versus free-living environments) (Suau
et al. 2024).

Altered physical activity and sleep disturbances are
clinically significant features of AN. Excessive physical
activity, often described as ‘driven exercise, is a com-
mon compensatory behaviour reported in 30-80% of
AN patients (Karr 2017; Lehmann et al. 2018). This ele-
vated activity is associated with a longer duration of
inpatient treatment, higher rates of chronic illness out-
comes, and increased risk of treatment dropout
(Lehmann et al. 2018). Beyond physical activity, indi-
viduals with EDs, including AN, commonly report
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poorer sleep quality (Lim et al. 2023). Specific sleep
disturbances identified in AN patients include insom-
nia, sleep fragmentation, low sleep efficiency, and an
increased propensity for napping (Lim et al. 2023).
Interestingly, AN has also been linked to an ‘early riser’
chronotype and an elevated risk of insomnia, which
contrasts with the evening-based patterns often seen
in many other psychiatric conditions like mood disor-
ders or schizophrenia (Wilcox et al. 2024).

3.14.1. Actigraphy in physical activity monitoring
Recent research has highlighted the critical role of
physical activity patterns in individuals with AN.
Lehmann et al. (2018) employed the SenseWear™ arm-
band to objectively assess physical activity levels in
hospitalised AN patients compared to HCs. They found
that AN patients engaged more in very light and
light-intensity activities while exhibiting less moderate
to vigorous activities (Lehmann et al. 2018).Grosser
et al. (2020) explored the association between physical
activity, nutritional status, and psychological parame-
ters in AN patients, and found an inverse relationship
between time spent in sedentary behaviour and BMI
outcomes (Grosser et al. 2020). Similarly, Langlet et al.
(2021) quantified physical activity and sleeping
behaviour during the initial week of inpatient care for
AN, uncovering a significant amount of time spent
inactive and variations in sleep quality among patients
(Grosser et al. 2020). In another study, Sauchelli et al.
(2015) used actigraphy to monitor physical and sleep
activity with the Actiwatch. Although AN patients and
HCs did not differ in mean time spent in
moderate-to-vigorous physical activity (MVPA), fewer
AN patients had a high physical activity profile com-
pared to HCs. Both lower levels of MVPA and greater
ED severity had a direct effect on poor treatment out-
come. The poor physical condition of the patients
during the evaluation and the restrictions of move-
ment during inpatient and/or day hospital treatment
may be attributed to the contradictory results obtained
in the literature. These studies underscore the altered
physical activity patterns in AN, suggesting a nuanced
approach to integrating physical activity monitoring
into treatment plans.

3.14.2. Smartwatch and smartphone applications in
psychological response monitoring

The evolution of smartwatches and smartphones has
enabled real-time monitoring of psychological
responses, offering a promising tool for managing AN.
Vinusha et al. (2023) developed a smartwatch with fea-
tures for monitoring heart rate, finger movements, and
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emotional states, aimed at assisting individuals with
EDs in their recovery journey. This innovation facili-
tates timely interventions by alerting healthcare pro-
viders based on predetermined thresholds of heart
rate changes. Additionally, the integration of a
metaverse platform allows for virtual engagement
between patients and caregivers, enhancing the sup-
port system available for recovery (Vinusha et al. 2023).

Complementing smartwatch innovations, smart-
phone applications have been developed to facilitate
self-monitoring and engagement among individuals
with AN. Tregarthen et al. (2015) introduced a smart-
phone app enabling users to self-monitor meals, emo-
tions, behaviours, and thoughts, reaching over 100,000
users within two years. This app demonstrated the
potential to engage underserved populations not
receiving clinical treatment (Tregarthen et al. 2015).
Keshen et al. (2020) compared electronic self-monitoring
via Recovery Record to traditional paper records,
although finding no significant differences in effective-
ness, highlighted the varying preferences and contexts
in which digital tools may serve as adjunct or alterna-
tive monitoring methods (Keshen et al. 2020).

3.14.3. Sensing technologies for comprehensive
healthcare

The application of sensing technologies, inspired by
the Interpersonal Neurobiology Theory (IPNB), prom-
ises a holistic approach to healthcare for individuals
with AN. Almenara et al. (2022) suggested an approach
using various sensors, including body, sociometric, and
ambient sensors, to evaluate bodily processes, social
interactions, and environmental influences. This com-
prehensive monitoring has been suggested to be able
to provide deeper insights into the physiological, psy-
chological, and environmental factors impacting AN,
advocating for smarter healthcare solutions that con-
sider the complex interplay of these elements
(Almenara et al. 2022).

3.14.4. Smartphone-based ecological momentary
assessment (EMA)

Several studies have utilised smartphone-based eco-
logical momentary assessment (EMA) to investigate
the dynamic interplay of affect and behaviour in AN.
Kolar et al. (2016) conducted an EMA study using
smartphones with 20 female adolescents with AN and
20 HCs. The AN group showed significantly higher
mean and maximum levels of aversive tension.
Crucially, in the AN group, reported food intake was
associated with higher levels of aversive tension,
whereas school or sport-related events were not

specifically linked to aversive tension in this group.
This study highlights how EMA can pinpoint specific
contextual triggers for negative affective states in AN.
Using smartphone-based EMA in an epidemiological
cohort, findings suggested that experiential avoidance
was temporally linked to greater engagement in disor-
dered eating behaviours (DEBs), supporting theories
that DEBs may serve an avoidance function for
unpleasant inner experiences (Peschel et al. 2023). This
type of research demonstrates EMA's capacity to exam-
ine the micro-processes and maintaining mechanisms
of ED symptoms relevant to AN. The general utility of
EMA lies in its ability to capture momentary snapshots
of daily life, providing rich, contextualised data on the
antecedents and consequences of ED behaviours and
associated affective states (Shiffman et al. 2008;
Goldschmidt et al. 2018; Drexl et al. 2025). These
methods can inform ‘just-in-time adaptive interven-
tions’ (JITAls) (Smith et al. 2019; Linardon and Torous
2025; Pavlacic et al. 2025).

3.15. Markers of physical health risk and
refeeding markers

AN is a chronic disease with numerous psychiatric and
medical comorbidities. It can affect all organ systems
and thus leads to more serious physical harm than any
other mental illness. The 2011 meta-analysis by Arcelus
et al. (2011) provided an overview of the results of 36
studies. The mortality rate indicates the relative risk of
a patient group compared to a similar population
group. The studies reported outcomes of AN during
166 642 person-years, and the weighted mortality
rates (i.e. deaths per 1000 person-years) was 5.1 for
AN. The standardised mortality ratio for AN was 5.86.
One in 5 individuals with AN who died had committed
suicide (Arcelus et al. 2011).

This section explains the biological markers of the
physical health risk associated with AN. Table 4 sum-
marises these markers, the specific risk that they indi-
cate and the direction of change.

3.15.1. Body measures as risk markers

Low weight has been a core feature of the definition
of AN since its first modern-age description in the late
nineteenth century (Gull 1997). A meta-analysis by
Hubel, Yilmaz, et al. (2019) showed marked differences
in weight and BMI between persons with AN and HCs.
Low weight remains an essential diagnostic criterion
for AN (APA 2013; World Health Organization 2024). In
the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-5), while the diagnosis of



THE WORLD JOURNAL OF BIOLOGICAL PSYCHIATRY 47

Table 4. Overview of biological risk markers.
Parameter

Direction of change Risk factor for Comments Citation

Body weight and composition

BMI General morbidity, mortality Risk increases continuously (Cuntz et al. 2023; Gibson
with lower BMI et al. 2024)

Recent weight loss Low prealbumin and reduced (Whitelaw et al. 2018;
hand grip strength; Gibson et al. 2024)
bradycardia, lower pulse rate
nadir

Weight suppression ™ Increased likelihood of (Whitelaw et al. 2018;

(discrepancy between amenorrhoea, reduced systolic Gibson et al. 2024)
highest adult weight and blood pressure, (nadir)
current weight) haemoglobin; lower pulse rate
nadir, bradycardia
BMI after treatment N2 Relapse A higher BMI/weight/body fat (Sala et al. 2023)
was associated with lower
odds of relapse when it
was assessed at discharge
than when assessed at
admission.

Rapidity of weight loss o Electrolyte abnormalities, Likelihood of an admission (Brennan et al. 2024)

Weight loss rate dehydration, cardiovascular increases with increasing
complications (such as rate of weight loss and
bradycardia) and endocrine lower energy intake,
disturbances independent of

underweight.

Fat mass J Amenorrhoea (specifically Posttreatment fat mass and (Hibel, Yilmaz, et al. 2019)
associated with lower gain in fat mass during
extremity fat mass) treatment are negatively

associated with presence
of amenorrhoea.

% body fat N2 Amenorrhoea Fat percentage is a positive  (Winkler et al. 2017)

predictor of resumption of
menses (but not superior
measure to BMI).

Metabolism

Gonadal axis J Amenorrhoea, osteopenia caused by decreased energy  (Jada et al. 2021)

availability in patients
with AN
Adrenocorticotropic hormone ™ Impaired glucose tolerance, Indicators of activated HPA (Misra and Klibanski 2014;
(ACTH), cortisol, aldosterone elevated blood lipid levels., axis. Schorr and Miller 2017;
increased release of HPA axis is activated to Thavaraputta et al. 2023)
mineralocorticoids (=> provide energy for the
hypokalaemia, increased water organism when energy
retention) intake is too low.

Cholesterol ™ The increased cholesterol is not  Consequence of the activated (Ohwada et al. 2006;
the main reason for an HPA axis and the low T3 Affaticati et al. 2023)
increased cardiovascular risk levels.
in AN

Thyroid hormones (T3, T4) Hypothermia, bradycardia, (Wu et al. 2024)
constipation

Body temperature Unclear, whether independent (Brennan et al. 2023;
risk Ralph-Nearman et al.

2024)

Resting metabolic rate J Unclear, whether independent Resting energy expenditure (de Zwaan et al. 2002; Reed
risk increases with increased et al. 2024)

energy intake and body
weight.

Blood glucose J Hypoglycaemia, coma (Gibson et al. 2020)

Glucose tolerance NZ Impaired glucose tolerance (Casper 1996; Yasuhara et al.
predicts poorer refeeding 2005)
outcome, (slower weight gain)

Cardiovascular system

Heart rate NZ Bradycardia is a risk factor for Unclear whether dangerous  (Assalone et al. 2022; Jomah
orthostatic collapse and et al. 2024)
syncope

Tachycardia ™ Heart failure Seems to indicate high risk (Krantz and Mehler 2004)

Blood pressure N2 Orthostatic collapse (Sekaninova et al. 2020;

Jenkins et al. 2022)

QRS amplitude NZ Indicates low left ventricular
mass

QT Interval* ™ Potential risk indicator for Explained by hypokalaemia (Krantz et al. 2020)

ventricular arrhythmia or psychotropic

medication

(Continued)
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Table 4. Continued.

Parameter Direction of change Risk factor for Comments Citation
Left ventricular mass N2 might indicate risk of heart (Kuwabara et al. 2018)
failure
Pericardial effusion ™ Pericardial tamponade Mostly asymptomatic (Kuwabara et al. 2018)
Water balance, electrolytes and hepatic markers
Sodium N2 Adynamia, coma, pontine Mostly indicative for (Santonastaso et al. 1998;
myelinolysis polydipsia Lawson et al. 2012; Boyd
and Durant 2018; Che
Mokhtar et al. 2022)
Potassium N2 Nephropathy, seizures, More frequent in AN-BP (Puckett 2023)
arrhythmias, TdP (Torsades de
pointes)
Phosphate N2 Rhabdomyolysis (O'Connor and Nicholls
Marker for refeeding syndrome 2013)
- coma, death
Creatin kinase ™ Rhabdomyolysis (Stheneur et al. 2014; Riva
Refeeding syndrome et al. 2021; Tseng et al.
2023)
Creatinine clearance N Renal failure (Bouquegneau et al. 2012)
GFR N2 Renal failure (Bouquegneau et al. 2012)
Albumin N Oedema (Wu et al. 2024)
ALT/AST ™ Coagulopathy, hepatic failure, (Kheloufi et al. 2014; Rosen
death et al. 2017; Cuntz and
Voderholzer 2022)
Micronutrients/Vitamins
Zinc N2 (Winston 2012)
Iron N Iron deficiency anaemia (Winston 2012)
Folate N2 Macrocytic anaemia, (Patrick 2002; Castro et al.
2004; Winston 2012)
Vitamin B1 N2 Wernicke's encephalopathy (Patrick 2002; Tam et al.
2022; Affaticati et al.
2023)
Vitamin B12 ™M Macrocytic anaemia, funicular Several studies found (Hadigan et al. 2000; Tam
myelosis increased vitamin B12 et al. 2022; Affaticati
mean blood et al. 2023)
concentrations in people
with AN, but vitamin B12
deficiency has also been
reported.
Vitamin K N2 Osteoporosis (Urano et al. 2015)
Vitamin D N Osteoporosis, fractures (Mehler et al. 2018)
Bone density
Hematologic parameters
Erythrocytes N2 Anaemia, weakness (Hitter et al. 2009)
Haemoglobin N Anaemia, weakness (Walsh et al. 2020)
Haematocrit N2 Water overload, oedema, (Walsh et al. 2020)
anaemia
Leucocytes N2 Bacterial infections Gelatinous bone marrow (Bowers and Eckert 1978;
transformation Schafernak 2016; Walsh
et al. 2020; Keeler et al.
2025)
Thrombocytes (platelets) N2 Coagulopathy (Walsh et al. 2020)
NLR N No specific risk known (Bou Khalil et al. 2022;
Caldiroli et al. 2023)
Ferritin No specific risk known (Wanby et al. 2016)
Neurological (selected)
EEG No specific risk known

Nerve conduction velocity
Bone markers
BMD

IGF-I

Androgen

No specific risk known

High risk of bone fracture
total BMD.
Duration of amenorrhoea,

age and illness duration

are not significant
predictors of BMD.
Independent predictor of BMD

Independent predictor of BMD

Fat mass is associated with

(Lucas et al. 1999)

(Barrios et al. 2024; Fazeli
and Klibanski 2014)

(Fazeli and Klibanski 2014;
Thavaraputta et al. 2023)

Abbreviations: ACTH = adrenocorticotropic hormone; ALT=alanine aminotransferase; AN =anorexia nervosa; AN-BP =anorexia nervosa binge-purge subtype;
AST=aspartate aminotransferase; BMD=bone mass density; BMI=body mass index; EEG=electroencephalogram; GFR=glomerular filtration rate;
HPA = hypothalamic-pituitary-adrenal axis; IGF-1=insulin-like growth factor 1; NLR=neutrophil-lymphocyte ratio; TdP =Torsades de pointes; 1 = higher
values or an increase indicate an increased risk, |, = lower values or a decrease indicate an increased risk, 1|, = increased or decreased are found in

AN, and are both associated with a specific risk.



AAN is applied when all AN criteria are met except for
the weight criterion, i.e. weight is within or above nor-
mal range. Regarding medical status, low weight is
clearly associated with medical complications with
markedly high risk in cases of BMI < 13kg/m? (Cuntz
et al. 2023). A recent retrospective study of an adult
AN population (n=761), found that while recent
weight loss and weight suppression were associated
with markers of malnutrition including low prealbu-
min, reduced hand grip strength, amenorrhoea and
reduced systolic blood pressure, low BMI on admission
was predictive of all markers (Gibson et al. 2024).
Additionally, a recent meta-analysis found that low dis-
charge weight was a good predictor of symptom
recurrence and relapse. Stopping treatment too early
has a poor prognosis. Admission weight did not play a
significant role (Sala et al. 2023). For a synopsis of
meta-analytic results for physical health risk and
refeeding markers of AN see Tables S13 and S14, and
for a synopsis of included studies on anthropometric
biomarkers for AN see Table S15.

Nevertheless, accumulating data points to the dan-
gers which may be overlooked in normal-weight
restrictive  disorders. A systematic review and
meta-analysis of 8 studies including 2,331 participants
with AN or AAN, found between 29 and 42% of par-
ticipants presented with medical instability requiring
hospitalisation in the absence of low BMI (Brennan
et al. 2023). Another study following 205 AN/AAN
patients in London clinics identified weight loss rate
and low mean energy intake in patients requiring
admission independent of underweight (Brennan et al.
2024). This is in line with previous studies of adoles-
cents admitted for EDs, where about half of cases
exhibited the atypical weight presentation (Fisher et al.
2015; Garber et al. 2019), and to weight loss again
being associated with heart rate, a malnutrition marker
(Whitelaw et al. 2018; Garber et al. 2019). Considering
these data, it has been suggested that the straightfor-
ward weight criterion be omitted, and an evaluation of
weight loss be considered (Phillipou and Beilharz
2019). In addition, the recently updated clinical descrip-
tion of AN in the International Classification of Diseases,
11t Revision (ICD-11) refers to patients’ weight history
and adds that rapid weight loss, such as loss of more
than 20% of total body weight in 6months, may
replace the underweight criterion, provided all other
criteria are met (World Health Organization 2024).

A recent retrospective study in 545 patients with
severe AN or avoidant restrictive food intake disorder
hospitalised in a medical stabilisation unit between
2018 and 2021 found a mean BMI of 13kg/m? or less
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in 46% of patients with AN-R and in 39% with AN-BP.
Hypoglycaemia was common and correlated with ele-
vated liver function tests and low prealbumin.
Refeeding hypophosphataemia developed in 26% of
patients starting day 2 and was associated with lower
BMI. Hypokalaemia appeared on admission among
39%, twice as common in patients diagnosed with
AN-BP (Leach et al. 2024)

AN is a complex mental health and metabolic disor-
der. According to EWAS studies, for example, its bio-
logical features refer to cholesterol metabolism, lipid
synthesis, the structure and stability of connective tis-
sues, membrane transport and cell motility and the
differentiation of brown adipose tissue and lipid
metabolism (Booij et al. 2015; Kesselmeier et al. 2018;
Steiger et al. 2019; Iranzo-Tatay et al. 2022; Steiger
et al. 2023). In clinical settings, however, the attention
is often focussed on underweight and malnutrition
and their ramifications. With the obesity epidemic in
the background in recent years data have been accu-
mulating regarding AAN, which emerges as a compa-
rable entity to AN, clinically and medically. This has led
to suggestions that additional markers, including
degree of weight loss and rate of weight loss, may be
superior to BMI alone.

Of note, BMI alone, as a measure of weight in rela-
tion to height, is not sufficient to assess the individual
risk of patients. In fact, the variance in morbidity and
mortality is too large and it is necessary to identify
other criteria that help to assess individual risk. AN can
affect all organ systems, and individual risk markers
should quantify the degree of organ involvement that
contributes to individual risk.

3.15.2. Body composition, fat content

The meta-analysis by Hibel, Yilmaz, et al. (2019) pro-
vides a comprehensive evaluation of body composi-
tion changes in individuals with AN, highlighting
significant reductions in fat mass and fat-free mass
compared to HCs. Patients with AN had 50% lower fat
mass, with a MD of —8.8kg (95% confidence intervals
[CIl: —9.81 to —7.79), and 4.98kg lower fat-free mass
(95% Cl: —5.85 to —4.12) compared to HCs. During
early weight restoration, fat mass was preferentially
stored in the trunk region, differing from patterns in
HCs. Furthermore, fat mass remained altered in AN,
significantly lower than HC, even after weight resto-
ration. Altered fat mass distribution has been described
in AN with higher marrow adipose tissue and lower
subcutaneous (SAT) and visceral (VAT) adipose tissue
compared to HC (Fazeli et al. 2019). See sections 3.15.9
and 3.15.10 on bone marrow and bone markers.
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Comparing constitutional thinness with AN, Bailly
et al. (2021a) found that normal range fat percentages
(around 18.9%) were retained in the former, whereas
AN patients had significantly lower body fat percent-
ages (~11.4%). However, fat free mass was similar
between the two groups.

AN-associated alterations in body composition and
fat distribution are linked to clinical outcomes like
menstrual recovery, where a BMI of 19kg/m? or a fat
percentage of 23% predicts a 50% likelihood of resum-
ing menses (Winkler et al. 2017). In contrast, constitu-
tionally thin individuals do not show such disruptions,
suggesting that hormonal and metabolic factors
unique to AN play a pivotal role in these outcomes.
Additionally, constitutionally thin individuals have not
been reported to show alterations in thyroid parame-
ters or bone density parameters.

3.15.3. Metabolic changes

Metabolism in AN is characterised by inadequate
energy intake and the consequent need to conserve
energy and to mobilise remaining energy reserves and
make them available to the vital organs. This meta-
bolic adaptation can be measured and verified on the
one hand by a reduction in thyroid activity and the
associated low T3 constellation and an increase in
reverse T3 levels (metabolically inactive form of T3) as
part of the euthyroid sick syndrome (ESS). ESS is a
condition where thyroid hormone levels are abnormal
in individuals with nonthyroidal illnesses, but the thy-
roid gland itself is functioning normally. This hormonal
constellation leads to reduced energy consumption
(bradycardia) and reduced production of body heat
(hypothermia) (Misra and Klibanski 2014; Wu
et al. 2024).

Mobilisation of energy reserves is triggered by acti-
vation of the HPA axis, as measured by increased basal
cortisol levels. Consequences include impaired glucose
tolerance and elevated blood lipid levels. In addition,
increased HPA axis activity leads to release of miner-
alocorticoids and thus a tendency for hypokalaemia
and increased water retention (Tey et al. 2005; Yicel
et al. 2005; Ehrlich et al. 2006).

Thus, low T3, high basal cortisol levels, bradycardia,
hypothermia, hypercholesterolaemia, a tendency to
oedema and elevated postprandial glucose levels are
all adaptive to ensure functioning of the organism in
conditions of energy deprivation. On the one hand,
they merely reflect the poor nutritional status and are
not independent risk markers. On the other hand,
these metabolic adaptations lead to dangerous
changes in cardiac rhythm, electrolyte and water

balance and glucose metabolism, which most likely
contribute to the increased mortality in this group of
individuals.

AN is associated with pathological glucose metabo-
lism, including impaired glucose tolerance, stemming
from HPA axis abnormalities and hypercortisolism (de
Rosa et al. 1983; Casper 1996; Himmerich et al. 2010;
Thavaraputta et al. 2023). For example, a case-control
study by de Rosa et al. (1983) in patients with AN
showed reduced basal glucose levels with a flat glu-
cose curve and reduced insulin levels with a slight
increase after glucose administration. A similar
case-control study conducted by Fukushima et al.
(1993) showed that patients with AN had lower fasting
plasma glucose and insulin concentrations character-
ised by reduced insulin secretion, increased insulin
sensitivity, and reduced glucose effectiveness
(Fukushima et al. 1993). An observational study of
interstitial glycaemic cycles showed that patients with
AN had chronic, prolonged, mild hypoglycaemia over
24h, including day and night, despite normal fasting
glycaemia. This might be linked to the adaptive
increase in counter-regulatory hormones to protect
patients with AN from deeper hypoglycaemia (Germain
et al. 2023). Furthermore, serum glucose levels
increased significantly from admission to discharge
(Puckett et al. 2024). During refeeding, the rapid shift
from a starvation-adapted, catabolic state to a
carbohydrate-rich, anabolic state can lead to paradoxi-
cally elevated insulin levels. This initial surge in insulin,
is a key driver of refeeding syndrome and its charac-
teristic electrolyte imbalances (Ponzo et al. 2021).

Refeeding syndrome is a critical metabolic compli-
cation characterised by severe electrolyte and fluid
shifts following the reintroduction of nutrition in
chronically malnourished patients, such as people with
AN. Upon carbohydrate reintroduction, the subsequent
glycaemic load triggers a rapid surge in endogenous
insulin secretion. This anabolic stimulus drives the
intracellular uptake of glucose alongside the electro-
lytes phosphate, magnesium, and potassium which
can result in acute, life-threatening hypophosphatae-
mia and associated systemic consequences, including
cardiac arrhythmias and multi-organ failure (Gallagher
et al. 2022).

Importantly, a single blood glucose measurement
may miss ongoing hypoglycaemia. Thus, it has been
suggested that haemoglobin A1C (HbA1c) (in addition
to serum glucose) be measured as it reflects average
blood glucose levels over the preceding 2 to 3months
(Puckett et al. 2024). Hypoglycaemia has been sug-
gested to be a major factor in bradycardia, sinus arrest



and sudden death of patients with AN (Mehler et al.
2022). Since hypoglycaemia can be life-threatening,
one of the tasks of treatment is to keep energy intake
high enough to prevent hypoglycaemia.

3.15.4. Cardiovascular system

The severe energy deprivation associated with AN pro-
duces massive change in the cardiovascular system.
Blood flow is centralised, arterial blood supply is
reduced, and heart rate and blood pressure are
decreased. The consequences of these changes can be
inferred from the functional and morphological
changes in the circulatory system, whereby, in terms
of physical risk, a distinction must be made between
changes that are merely adaptive, reducing energy
expenditure, and thus only indicating the degree of
underweight or weight loss, and those that indicate
harmful consequences and thus are risk markers in the
true sense. In severe cases, physical restraint, place-
ment of a temporary pacemaker, or use of ionotropic
or chronotropic medication might be indicated.

3.15.4.1. Functional cardiovascular changes. The
resting electrocardiogram (ECG) in AN shows some
abnormalities due to centralisation of circulation and
smaller left ventricular muscle mass. As the pulmonary
circulation remains unchanged in contrast to the
systemic circulation, the ECG shows signs of relative
right heart strain, i.e. a steep or right-sided type, more
frequent incomplete right bundle branch block and a
shift of the R/S transition to the left. Peripheral low
voltage and a decrease in QRS amplitude indicate
reduced left ventricular muscle mass. All these changes
are adaptive and do not represent an independent
risk.

Recurrent vomiting and misuse of diuretics and lax-
atives may lead to hypokalaemia, which can cause a
significant risk of arrhythmias. Co-occurring hypercorti-
solism and hyperaldosteronism further intensify this
tendency.

The risk of arrhythmia can be read from the ECG
using the typical signs of hypokalaemia: T-wave flat-
tening, preterminal T-wave negativisation, U-waves and
QTc prolongation. These ECG changes make it possible
to estimate the potassium voltage between extracellu-
lar and intracellular spaces. The higher the concentra-
tion gradient between cell and intracellular space, the
higher the risk of cardiac arrhythmias, which can range
from simple premature beats to ventricular fibrillation.
These ECG changes therefore indicate a high car-
diac risk.

Prolongation of the QT interval can lead to increased
susceptibility to ventricular arrhythmias, including
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Torsade de Pointe (TdP) arrhythmias. For a long time,
the high mortality rate in patients with AN was
thought to be caused by fatal ventricular arrhythmias,
which in turn were caused by the increased
QT-dispersion associated with underweight (Cooke
et al. 1994; Swenne and Larsson 1999). However, the
relationship between underweight or weight loss and
the QT interval is increasingly being questioned: in a
2008 meta-analysis, although a prolonged QT interval
was found in AN compared with HCs, the QTc remained
within the normal range and showed no pathological
prolongation (Lesinskiene et al. 2008). It is possible
that the finding of a relative prolongation of the QT
interval is due to the correction formulae used, which
do not sufficiently consider the high tendency to bra-
dycardia in AN (Walter et al. 2015).

It is still considered likely that the increased mortal-
ity in AN is also caused by the occurrence of fatal ven-
tricular arrhythmias (Mehler et al. 2022). It has been
suggested that the QT interval may be responsible for
some of these events. It has also been observed that
in individuals with AN, the QTc interval fails to shorten
with exercise and increased heart rate, contrasting sig-
nificantly with the typical physiological response seen
in HCs (Janzen et al. 2020). Prolongation of the QT
interval is more common with medication (Gibson
et al. 2020), and electrolyte imbalances (Bomba et al.
2018), may also contribute (Geer et al. 2019). Another
theory is that low basal metabolic rate and increased
vagal tone contribute to increased QT variability, which
ultimately increases the risk of ventricular arrhythmias
(Koschke et al. 2010).

Ultimately, the QT interval is obviously not only pro-
longed by malnutrition. However, since other factors
accompanying AN can prolong the QTc time and this
prolongation is associated with an arrhythmia risk, the
QTc should be determined in patients with AN.

As an adaptation to low body weight and low
Triiodothyronine levels, adolescent girls with AN
showed significantly lower heart rates, lower systolic
blood pressure, and lower body temperature com-
pared with control subjects (Misra et al. 2004).
Underweight adolescents with AN are significantly
more likely to have lower blood pressure and brady-
cardia (Brennan et al. 2023). A systematic review
showed lower heart rate (HR) and higher heart rate
variability (HRV) in AN compared to HCs (Ralph-Nearman
et al. 2024).

On the ECG, bradycardia usually appears as sinus
bradycardia (Brennan et al. 2023; Jomah et al. 2024).
However, supraventricular replacement rhythms,
sinoatrial blocks and atrioventricular block patterns are
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also rarely seen (Kanbur et al. 2009; Cussen and
Harding 2021). In most cases, these bradycardic rhythm
disturbances do not result in syncope; usually there is
only mild orthostatic dysregulation. With exercise, the
heart rate increases, and the block patterns are revers-
ible. A pacemaker is therefore rarely required (Sall and
Timperley 2015). Nevertheless, bradycardic arrhythmias
are thought to possibly contribute to the mortality of
patients.

3.15.4.2. Structural heart changes. Malnutrition, low

weight, metabolic changes and centralisation of the

circulation also lead to morphological changes in the

heart that can be detected by echocardiography in

patients with severe forms of AN (Smythe et al. 2021).
Essentially, these changes consist of

1. The muscle mass of the heart, particularly of
the left ventricle, is reduced.

2. This is associated with changes in the diastolic
and systolic function of the heart.

3. Mitral and tricuspid regurgitation are more
common.

4. In more severe underweight, pericardial effu-
sions are regularly observed.

The lower the weight, the lower the muscle thick-
ness of the left ventricle. The left ventricular mass is
significantly reduced, and septum and posterior wall
are significantly thinner. Biopsy of the myocardium
shows increased connective tissue transformation in
severe AN (Lamzabi et al. 2015; Kuwabara et al. 2018;
Smythe et al. 2021).

It has been shown that the ejection fraction of the
left ventricle usually remains normal. Recent studies
using global longitudinal strain to measure left ventric-
ular systolic function have yielded conflicting results.
The presence of global systolic dysfunction in AN and
reduced left ventricular muscle cannot be confirmed
by this method (Justine et al. 2022; Gherbesi et al.
2024). On the other hand, diastolic dysfunction can be
regularly detected (Jomah et al. 2024).

There is an increased incidence of discrete mitral
and tricuspid valve regurgitation in AN. Cases in which
these insufficiencies require intervention are extremely
rare (Borgia et al. 2021; Santangelo et al. 2022).

The lower the weight, the more common pericardial
effusions are in patients with AN. These disappear with
weight gain and are usually without haemodynamic
significance (Docx et al. 2010).

These echocardiographic findings suggest that the
ability of the myocardium to compensate for increased
stress is reduced. There are few mechanisms available

to adapt to the stress caused by a decrease in intra-
vascular volume. Circulation is already largely cen-
tralised. Myocardial contractility is very limited. The
only way to maintain adequate circulation is to increase
heart rate. Tachycardia is therefore a risk marker for
impending heart failure (Krantz and Mehler 2004).

3.15.5. Micronutrient deficiency

AN is associated with deficiencies in micronutrients,
such as zinc, copper, vitamin C, riboflavin, and vitamin
B6 (Winston 2012). A retrospective study of the medi-
cal records from 1,026 adult patients with EDs who
were newly admitted to inpatient or residential care,
found that 30.0% of patients had vitamin D deficiency
(Mehler et al. 2018). In an observational study of 29
patients, 14 had developed vitamin A deficiency and
12 hypercarotenaemia (Silverman 1974). Plasma vita-
min B12 levels are often elevated in more severe forms
of AN. It has been suggested that there is a need for
future investigation of vitamin B12 as a potential bio-
marker of severity, probably due to liver involvement
(Tam et al. 2022; Affaticati et al. 2023).

Another study found zinc, copper, and iron binding
protein deficiencies, and suggested hypogeusia may
result from self-imposed nutritional restriction and lack
of zinc (Casper et al. 1980). Yet another study found
that adolescent patients with AN presented with nutri-
tional abnormalities such as folate and zinc deficien-
cies, but none had severe vitamin deficiencies (Castro
et al. 2004). Most deficiencies persisted after short-term
weight recovery. Furthermore, folic acid deficiency may
account for the persistence of anaemia (Castro et al.
2004). A cohort study in patients with untreated AN
showed vitamin D deficiency was present in over
one-third of patients and a strong relationship between
vitamin D status and hip bone mineral density (BMD)
values with benefits for those with 250HD levels above
20ng/ml (Gatti et al. 2015). The majority of patients
with EDs had at least one micronutrient deficiency.
The most common micronutrient deficiency was zinc
(64.3%), followed by copper (37%) and selenium (21%)
(Hanachi et al. 2019). The two most frequent vitamin
deficiencies were vitamin D and vitamin B1 for 54.2%
and 15% of patients, respectively. When comparing
the two subtypes of AN, selenium and vitamin B12
levels were lower in AN-BP patients, while copper level
was lower in AN-R (Hanachi et al. 2019).

One review suggested that, despite controversy,
elevated serum vitamin A levels were attributed to
inadequate intake of other nutrients required for vita-
min A metabolism (should this be catabolism).
Furthermore, food restriction in AN can lead to low



plasma thiamine levels. Vitamin B9, folic acid and
Vitamin B12 deficiency have also been reported in
patients with ED (Patrick 2002; Diaz-Marsa et al. 2017).

Although it is still unclear whether the above
described vitamin and trace element deficiencies have
any clinical significance, experts agree that the pro-
phylactic administration of thiamine is useful, at least
during the refeeding phase (da Silva et al. 2020; Preiser
et al. 2021). Thiamine plays an important key role in
carbohydrate metabolism and is needed to produce
energy via the Krebs cycle.

3.15.6. Water and electrolyte balance

Considerable shifts in water and electrolyte balance
occur in the context of EDs, especially AN and BN.
Abnormal eating habits often also involve drinking
behaviour, with polydipsia (to suppress hunger or
increase weight) and water restriction (to decrease
weight). Recurrent vomiting leads to volume loss, loss
of chloride and other electrolytes and metabolic alka-
losis. Abuse of diuretics and laxatives also leads to vol-
ume deprivation and shifts in electrolyte balance,
particularly hypokalaemia and sodium loss, but not
hypochloraemia. While disturbed regulation of electro-
lyte balance in EDs also affects other electrolytes such
as magnesium, chloride and calcium, potassium,
sodium and phosphate are particularly important for
assessing risk. Additionally, in general, it is important
to recognise that electrolyte aberrations are much
more common in those with purging behaviours ver-
sus those with restrictive eating.

Physical exercise can additionally exacerbate water
and electrolyte disturbances in people with AN by
water and electrolyte loss through sweat, dehydration,
hyponatraemia and hypokalaemia, and rhabdomyolysis
(El Ghoch et al. 2016; Quesnel et al. 2023).

3.15.6.1. Potassium. Hypokalaemia in the context of
EDs is most frequently caused by recurrent vomiting,
which leads to hypokalaemia via renal compensation
of the associated alkalosis (Mehler and Walsh 2016).
Diuretics and laxatives can also lead to a direct loss of
potassium. In cases of severe purging behaviour, the
associated hyperaldosteronism plays a major role (Lai
et al. 2017).

The loss of potassium initially affects the extracellu-
lar potassium concentration, while the intracellular
potassium concentration is less affected. This causes
an increase in the potassium voltage of muscle and
nerve cells and thus an increased electrophysiological
excitability of these cells. The rate of potassium loss is
decisive for the level of the resulting potassium volt-
age. Chronic potassium loss also leads to a drop in
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intracellular potassium concentration and thus to a
less pronounced change in potassium voltage. The risk
of cardiac arrhythmia is therefore less pronounced
with chronic potassium loss than with acute potassium
loss. The ECG changes associated with hypokalaemia
(Khan et al. 2007) allow estimation the resulting potas-
sium voltage and thus the arrhythmogenic risk.

Hypokalaemia in the context of AN (Sugimoto et al.
2003) or in the context of diuretic abuse (Copeland
1989) is thought to account for case reports for the
severe complication of pontine myelinolysis, even if
there was no concomitant hyponatraemia. There are
also case reports of rhabdomyolysis (Dive et al. 1991).
Chronic hypokalaemia combined with volume and
substrate deficiency are the conditions for the devel-
opment of hypokalaemia nephropathy (Bouquegneau
et al. 2012; Stheneur et al. 2014). This disease is char-
acterised by tubulointerstitial fibrosis, which is clini-
cally expressed as polyuria and metabolic alkalosis,
and can result in end-stage renal disease and the need
for haemodialysis.

In patients with AN-BP, recurrent or chronic hypoka-
laemia may eventually lead to hypokalaemic nephrop-
athy and the development of end stage renal disease
(ESRD). Because of the deleterious effect of prolonged
hypokalaemia on the kidneys, patients with AN-BP and
AN patients who regularly use over-the-counter laxa-
tives have an elevated risk of poor renal outcomes
(Khatri et al. 2023).

3.15.6.2. Sodium. A relative excess of water in relation
to sodium manifests itself in laboratory values as
hyponatraemia. It is caused by significantly increased
water intake (primary polydipsia) and/or impaired
water excretion, e.g. due to advanced renal insufficiency,
excessive release of antidiuretic hormone (ADH), or
inability to renally clear free water due to severe
weight loss.

The more acute the hyponatraemia, the greater
the risk of complications and the greater the need
for aggressive therapy. Serum sodium levels above
130 millimoles per litre (mmol/l) (or 130 milliequiva-
lents per litre [mEq/L]) are considered ‘mild hypona-
traemia;, levels between 120mmol/ and 130mmol
‘intermediate’; and levels below 120mmol/l (or
120mEqg/L) are considered severe. Clinical symptoms
include nausea, malaise, headache, lethargy and pos-
sibly seizures. In extreme cases of hyponatraemia,
coma and respiratory arrest (< 115 to 120 mEq/L)
and non-cardiogenic pulmonary oedema may occur.
Extreme hyponatraemia can lead to herniation of the
brain stem, which is the most feared complication of
hyponatraemia.
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The urgency and aggressiveness of treatment
depend on symptom severity, the acuity of the hypo-
natraemia, the level of serum sodium concentration
and the patient’s underlying disease. Care must be
taken not to correct hyponatraemia too quickly, as this
can lead to significant neurological damage (osmotic
demyelination syndrome and pontine myelinolysis),
especially in patients with chronic hyponatraemia.

3.15.6.3. Phosphate. One of the most feared
complications of refeeding is refeeding syndrome. To
understand what happens during refeeding,
intracellular phosphate concentration is crucial (Cuntz
et al. 2022; Medicine 2022). Much of the aetiology of
refeeding hypophosphataemia is due to increased
glucose supply causing insulin secretion which, in turn,
drives phosphorus to move intracellularly (Medicine
2022).

However, intracellular phosphate deficiency might
play an additional relevant role. The intracellular phos-
phate concentration is normally about 14 times higher
than in serum. The concentration gradient is main-
tained by an active transport mechanism. The recovery
of cellular metabolism during refeeding requires the
availability of intracellular phosphate to produce
energy-rich phosphates. In severe cachexia, the con-
centration gradient between serum and cells is signifi-
cantly lower, i.e. serum levels provide an inadequate
estimate of available phosphate.

Intracellular phosphate deficiency has detrimental
effects on all organs and systems (Subramanian and
Khardori 2000). In the heart, impaired contractility and
reduced cardiac output lead to ventricular arrhythmias
and heart failure (Kohn et al. 1998). Muscle dysfunc-
tion in various tissues may result in ophthalmoplegia,
dysphagia or ileus; rhabdomyolysis may cause severe
muscle pain and weakness or tubular necrosis along
with impaired diaphragmatic contractility and respira-
tory paralysis. Neurological symptoms may include
confusion, delirium, convulsions, tetany or coma (Dive
et al. 1991; Wada et al. 1992; Walder and Baumann
2008). At the latest when symptoms occur or when
creatine kinase rises, as an indication of rhabdomyoly-
sis, phosphate should be substituted orally or, if neces-
sary, parenterally. It is better to supplement oral
phosphate prophylactically at the start of refeeding
(Gallagher et al. 2022).

3.15.6.4. Water balance. When nutrition begins to
normalise as part of treatment, many patients with AN
show a pronounced tendency to oedema, characterised
by a disproportionate increase in extracellular volume
(Ehrlich et al. 2006; Rigaud et al. 2010; Fortune and

Kaplan 2012). The weight gain due to oedema
formation can be up to 10kg and often unsettles
patients and therapists alike and must therefore be
included in the assessment of weight progression.

In principle, one can distinguish between oedema
formation with refeeding and oedema due to Pseudo
Bartter syndrome (PBS) which is defined as hypokalae-
mic hypochloraemic metabolic alkalosis in the absence
of renal tubular pathology. PBS is a result of hyperal-
dosteronism secondary to volume depletion from
purging behaviours (Thavaraputta et al. 2023). The
activation of this mechanism leads to significantly
increased water retention and a tendency to hypoka-
laemia under conditions of normalisation of the diet.
In less pronounced cases, informing the patient of the
benign nature of the oedema formation and a
wait-and-see approach are sufficient, as the PBS nor-
malises completely within the first few weeks. If
oedema is pronounced, diuretic treatment, in this case
with aldosterone antagonists, should be considered.
However, diuretic treatment contributes to a delay in
normalisation of renal function.

Pathophysiologically, other factors have been impli-
cated in oedema formation. These include the reintro-
duction of insulin secretion combined with increased
insulin sensitivity, leading to sodium retention in the
distal tubule (Yucel et al. 2005). In cases with hypona-
traemia, the syndrome of inappropriate ADH secretion
(SIADH) due to pharmacological treatment should also
be considered - SIADH is also thought to occur more
frequently in AN (Challier and Cabrol 1995).

3.15.7. Renal function

The basic function of the kidneys is to remove harmful
water-soluble substances from the body while main-
taining electrolyte and water balance and regulating
pH. The kidneys are very sensitive to malnutrition,
partly because they are a highly active organ with a
high oxygen demand and therefore a high energy
requirement. Blood flow to the kidneys is very high
compared to other organs, accounting for about
20-25% of cardiac output to support the task of filter-
ing urine. Therefore, in addition to the direct damage
to the kidneys from malnutrition, the volume deple-
tion seen in ED (e.g. due to oligodipsia or repeated
vomiting) also threatens renal function.

Renal dysfunction is common in ED patients who
are admitted to hospital. Approximately 70% of
patients show signs of acute renal failure, including
the above-mentioned electrolyte disturbances and
impaired osmoregulation. Clinically, this manifests as a
decreased filtration fraction and impaired ability to



concentrate urine (Aperia et al. 1978). Renal function is
usually assessed clinically by glomerular filtration rate
(GFR), which is low in approximately one third of hos-
pitalised patients with AN (Gurevich et al. 2021; Riva
et al. 2021). However, GFR is calculated from creati-
nine, which is low relative to the loss of skeletal mus-
cle mass in AN and is therefore likely to underestimate
the degree of renal insufficiency.

Chronic renal failure is not uncommon in patients
with AN (Puckett 2023; Tseng et al. 2023). A study
conducted a 21-year follow-up of 84 patients after
their first hospitalisation for AN and reported that
5.2% of the patients had chronic renal failure requir-
ing haemodialysis (Zipfel et al. 2000). The most likely
cause of chronic renal failure in AN is chronic hypoka-
laemia associated with volume and substrate deple-
tion, which sets the stage for the development of
hypokalaemia nephropathy. This disease is character-
ised by tubulointerstitial fibrosis, and clinically mani-
fested by polyuria, metabolic alkalosis, proteinuria and
consequent progressive renal failure (Bouquegneau
et al. 2012). On the other hand, renal function is also
affected by the occurrence of nephrolithiasis and,
more rarely, nephrocalcinosis (Roberts et al. 2005;
Denburg et al. 2017).

3.15.8. Liver function

Elevated transaminases are a common laboratory find-
ing in patients with AN, with a correlation between
the degree of malnutrition and transaminase levels
(Rosen et al. 2017; Cuntz and Voderholzer 2022).
Extremely underweight patients with AN are at risk of
developing life-threatening liver failure (Furuta et al.
1999; Dowman et al. 2010; Chen et al. 2023). Such
cases are additionally characterised by coagulopathy
(International Normalised Ratio [INR]>1.5) and/or
hepatic encephalopathy, which are present alongside
significantly elevated liver values. These symptoms are
initially mild and manifest as behavioural changes,
slight confusion, slurred speech and sleep distur-
bances. However, they can progress to coma. An
improvement in the nutritional situation and provision
of sufficient energy has been shown to lead to a rapid
improvement of liver function. When the transami-
nases return to normal levels, INR and encephalopathy
severity also improve.

The mechanism behind the observed abnormalities
in liver function tests appears to be hepatic autoph-
agy. The underlying cause of autophagy and the sub-
sequent elevation of transaminases is the energy
deficiency caused by AN, which forces liver cells to
obtain energy through self-digestion. Histological
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examination typically shows the absence of portal
fibrosis or periportal inflammatory infiltrates, while
ultrasonography shows a normal echogenicity pattern
without anomalies. Conversely, microscopic analysis
reveals the presence of autophagosomes in vesicular
intracellular compartments containing secreted mate-
rial from cell organelles such as mitochondria or endo-
plasmic reticulum (Kheloufi et al. 2014).
Hypoglycaemia may be a sensitive indirect marker
of impending hepatic damage as individuals with AN
and starvation-induced hepatitis are at increased risk
of hypoglycaemia due to depleted glycogen stores
and impaired gluconeogenesis (Rosen et al. 2017).

3.15.9. Bone marrow suppression

The energy requirements of the bone marrow for pro-
duction and ongoing turnover of cells in the circulat-
ing blood is high. It is therefore not surprising that
the chronic energy deficiency associated with AN
leads to a significant reduction in the regenerative
activity of bone marrow cells, affecting all cell lines
(Walsh et al. 2020). These findings are more pro-
nounced the greater the degree of underweight. The
bone marrow is converted into a thick mucopolysac-
charide with serous fat atrophy, a process known as
gelatinous bone marrow transformation (Schafernak
2016; Shergqill et al. 2017).

Anaemia is frequently present, especially in severely
underweight patients, and can be very pronounced
(Cuntz et al. 2022). Consistent with the reduced cell
proliferation rate of the bone marrow, the anaemia is
usually aplastic. Iron deficiency is rarely a cause,
although many of the patients eat a vegetarian diet
and therefore consume less iron. As many patients are
amenorrhoeic, the iron loss is lower. It should be noted
that ferritin is paradoxically elevated in many cases
and does not allow a reliable estimate of the iron sup-
ply (Wanby et al. 2016).

Among the frequent changes in blood values in
patients with AN are reductions in cell counts, espe-
cially leukocytes (Keeler et al. 2025), which are often
reduced depending on the severity of the under-
weight. Leukocytes, especially granulocytes, are neces-
sary for defence against bacterial infections. Infection
represents a significant health risk. Therefore, leuko-
cytes should be regularly monitored. However, the
actual risk of infection has not been systematically
investigated, so only case reports can be referred to
(Birmingham et al. 2003; Brown et al. 2005).

Typically, leukocytopenia is the most noted blood
count abnormality, followed by anaemia and thrombo-
cytopenia (Walsh et al. 2020).
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3.15.10. Bone markers in an

In AN, a state of chronic energy deprivation leads to
compromised bone health and alterations in bone
markers which may persist after treatment and nutri-
tional stabilisation (Puckett 2023). BMD, the main indi-
cator of bone health is measured by dual-energy X-ray
absorptiometry (DXA) and is described in Z scores
compared to age and sex matched HCs, with osteope-
nia defined as a BMD between —-1.5 and —2.5, while
osteoporosis is defined as a BMD < —2.5.

Several meta-analyses have shown that individuals
with AN have significantly lower BMD compared to
HCs (Robinson et al. 2016; Solmi et al. 2016; Lopes
et al. 2022). In a meta-analysis of eight studies (Solmi
et al. 2016) reported that 21.6% of individuals with AN
had osteoporosis, while 45% had osteopenia. For a
synopsis of meta-analytic results see Table S16. More
recent large cohort studies with at least 300 patients
with AN have found low BMD rates of 40-70% (see
Table S17; (Workman et al. 2020; Leach et al. 2024)).
BMD has been found to be lower in AAN than HCs,
and though results have been inconsistent, larger
studies have found higher BMD in AAN compared to
AN (Nagata et al. 2019; Tuli et al. 2023; Davis et al.
2024). Low BMI, long illness duration, longer periods of
amenorrhoea, late menarche age and body composi-
tion were all found to predict low BMD in many, but
not all studies (Solmi et al. 2016; Workman et al. 2020;
Bemer et al. 2021; Lopes et al. 2022; Tuli et al. 2023).
Follow-up studies have described low BMD in some
AN patients five-20years after onset of AN, but these
studies are few and small in scale (Jagielska et al.
2017; Mumford et al. 2019). Risk of osteopenia and
osteoporosis is also increased by comorbid depression
(Ji et al. 2024) and potentially psychotropic medica-
tions like selective serotonin reuptake inhibitors (SSRI)
(Zhou et al. 2018) and antipsychotics (Al Jumaili and
Jain 2025).

The risk of fractures is another critical concern in
AN. In a meta-analysis of six studies, (Solmi et al. 2016)
found that AN patients had a significantly higher over-
all fracture risk compared to HCs, with an odds ratio
(OR) of 1.84 (p=0.008) across all skeletal sites. A large
retrospective cohort study from Denmark found that
risk of fractures was highest in patients with active AN
compared with recovered patients, who had a higher
risk than that of HCs, but no association between frac-
ture risk and BMD (Frglich et al. 2020a, 2020b).

Vitamin D is essential for bone health, and its defi-
ciency can exacerbate bone loss. A meta-analysis by
found individuals with AN that did not receive supple-
mentation had significantly lower levels of (Veronese

et al. 2015) 250H-D compared to HCs. In contrast,
patients with AN who received Vitamin D supplemen-
tation had higher levels compared to HCs. Interestingly,
there was no significant difference in dietary Vitamin D
intake between AN patients and HCs.

Bone turnover markers in patients with AN are dis-
turbed, showing different levels than HCs and altered
relationships with other bone markers or related hor-
mones or regulatory factors. Reductions in bone for-
mation i.e. dickkopf-1 protein (DKK-1) or IGF-1 have
been demonstrated, along with increased bone resorp-
tion (Maimoun et al. 2020; Maimoun et al. 2014).
Weight restoration has been associated with increase
in bone formation markers i.e. bone-specific alkaline
phosphatase (BALP) and N-terminal propeptide of type
1 procollagen (PTNP) and decreased resorption mark-
ers such as C-terminal collagen cross-links (CTX)(Giollo
et al. 2017).

Adipose Tissue and Bone Marrow Fat have been
explored with altered fat distribution described, includ-
ing higher marrow adipose tissue and lower SAT and
VAT compared to HC (Fazeli et al. 2019).

In terms of clinical management, the primary
approach involves nutritional rehabilitation and weight
restoration. Additionally, there may be a role for use of
long-term bisphosphonate use in adult women with
AN, and hormone replacement therapy (HRT) but more
research is required (Robinson et al. 2016).

3.16. Therapeutic drug monitoring and
pharmacogenetics

Therapeutic drug monitoring (TDM) is an important
measure for quality assurance in adolescent and adult
patients receiving psychoactive drugs like antipsychot-
ics, antidepressants or mood stabilisers (Egberts et al.
2015; Gerlach et al. 2016; Hiemke et al. 2018; Unterecker
et al. 2019; Eap et al. 2021; Schoretsanitis et al. 2021;
Wesner et al. 2023). TDM uses rigorous measures of
therapy surveillance including reliable measures of
adverse events and taking serum levels (and interpret-
ing them) of the drugs in use in the individual patient
in routine treatment for maximising safety and quality
assurance (Egberts et al. 2020). In particular in minors,
TDM is helpful and recommended as most treatments
are off-label (Egberts et al. 2022) and there is only pre-
liminary data on age-specific reference ranges for
serum levels in minors in general and in EDs in partic-
ular (Fekete et al. 2020).

In patients with AN all phases of pharmacokinetics
may be affected. Changes in gastrointestinal tract
function, such as delayed gastric emptying and altered
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intestinal motility, can lead to unpredictable absorp-
tion of oral medications. Laxative use (which is com-
mon among adolescents with AN) may intensify
abnormalities of drug absorption (Turner et al. 2000).
Loss of body fat and muscle mass alters the volume
of distribution (Vd) of medications. With reduced fat
stores, lipophilic drugs will have a smaller volume of
distribution and increased concentrations in blood
(van den Berg et al. 2023). Liver function, in particular
the activity of cytochrome P450 enzymes (CYP), can
be impaired in AN. In 24 patients with AN, the meta-
bolic activity of CYP3A4 was decreased, whereas the
metabolic activity of CYP1A2 was increased (Sandvik
et al. 2020). Such changes will affect drug concentra-
tions and may change the effectiveness and tolerabil-
ity of drugs. Altered pharmacokinetics require
individual dose adjustment when treating patients
with AN, best done in conjunction with TDM (Hiemke
et al. 2018).

However, to date, TDM has been rarely used in AN
or other EDs. Regarding olanzapine, most studies have
been small (Fekete et al. 2017), AN: n=37, BN: n=2;
(Bachmann et al. 2008) AN: n=5; (Theisen et al. 2006)
AN: n=13). A recent larger study proved the potential
of TDM of olanzapine in adolescents with AN. In this
study, Karwautz et al. (2024) found a high correlation
(0.72) of dosage and serum blood level, relatively few
adverse events (6.3%), clinical improvement in 75%
(Clinical ~ Global Impressions [CGI]), and BMI-
improvements (1.5kg/m?), and was able to define a
preliminary disorder- and age-specific therapeutic ref-
erence range for olanzapine in adolescent AN
(11.9-39.9ng/mL). In an additional publication (Krauss
et al. Submitted), that used the TDM-sample (n=47)
on olanzapine reported by Karwautz et al. (2024), the
olanzapine group was compared with a sample receiv-
ing no olanzapine (n=47). Patients in the olanzapine
group (mean 9mg/day) achieved greater weekly
weight gain (0.898 vs. 0.677 kg, p=0.004) compared to
the group without olanzapine. Both groups showed
similar reductions in ED pathology. The only study in
adults that measured serum levels of olanzapine was
an RCT where 75 participants were randomly assigned
to receive up to 10mg/day olanzapine, and 77 partici-
pants to receive placebo (Attia et al. 2019). This RCT
found mean plasma levels of 21.0ng/mL (standard
deviation [SD]=12.8) at week 8 and of 22.0ng/mL
(SD = 18.2) at week 16.

To date, only a single study used TDM for fluoxetine
in minors (n=138) including AN patients (Frey et al.
2023): n=13). However, diagnosis-specific data on ED
subsamples were lacking.
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When serum levels vary among patients receiving
the same drug dosage, investigating the genetics of
the hepatic CYP system can clarify this variance. Such
analysis helps identify why certain patients fail to
achieve therapeutic thresholds — often due to rapid or
ultrarapid metabolism or non-adherence - while oth-

ers experience increased toxicity due to poor
metabolism.
Despite its potential, pharmacogenetic research

remains virtually non-existent in EDs including AN. By
investigating specific genes within the CYP system
that govern the metabolism of medications, research-
ers and clinicians could better understand individual
pharmacokinetic profiles. Consequently, these insights
could guide clinical decision-making to determine the
optimal dosage for patients with AN.

4. Discussion
4.1. Summary and general comments

The biological markers of AN include genetic and epi-
genetic markers; neuroimaging markers of the brain;
molecular markers of brain plasticity and brain dam-
age; hypothalamic, gastrointestinal and adipose
tissue-related signalling molecules associated with the
regulation of appetite and metabolism; stress hor-
mones; sexual and social hormones; immunological
markers; metabolic and gut microbiome markers; neu-
rophysiological and digital markers. Additionally, AN is
associated with various physical health risks for which
specific risk markers are in clinical use, for example
body and body composition markers; metabolic, car-
diovascular and nutritional markers; markers of water
and electrolyte balance, renal, hepatic, bone and bone
marrow markers as well as neurological signs and
symptoms. Therapeutic drug monitoring and pharma-
cogenetics testing may identify markers related to the
treatment of AN. Methods for the determination of
these markers include neuroimaging, genetics and epi-
genetics, molecular diagnostics using blood or serum,
saliva, CSF, faeces or urine samples, clinical and neuro-
physiological testing as well as digital methods such
as actigraphy.

Only few of these biological markers seem to be
causally linked to AN, such as genetic markers that
convey a degree of risk of the metabolic and psychiat-
ric features of AN (Bulik, Carroll, et al. 2021) as well as
immunological markers such as auto-antibodies against
ao-MSH, ghrelin and leptin (Terashi et al. 2011;
Espinoza-Garcia et al. 2022; Seitz et al. 2024). Most of
the biological markers including neuroimaging,
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hormones, metabolomic, microbiomic, neurophysiolog-
ical or digital markers are consequences of
malnutrition.

Overall, the markers associated with AN are not
used in clinical practice yet, and they are mostly not
specific to AN. Only the physical risk markers in Section
3.15 are already in clinical use. However, they are not
specific for AN, and rather indicate a specific physical
risk as explained in Section 3.15.

For most of the markers there is a considerable
overlap between the values found in people with AN
and HC. Thus, none of these single markers can distin-
guish between AN and healthy people or between AN
and patients with other diseases that might also influ-
ence these markers. A pattern of several markers in
combination might be able to provide this distinction;
however, such patterns have not been established. It is
a challenge to ascertain whether biological markers
are state or trait markers as we see some improve-
ment after weight recovery, but a scar seems to remain.

Even though the neuroimaging, neuroplasticity,
appetite-regulating, stress-related, metabolic, micro-
biomic and digital biomarkers are potentially not
related to the causal factors of AN, they capture many
aspects of the psychosocial, metabolic and behavioural
symptomatology of AN. The reduction of GM volume
and connectivity together with the impairments in
neuroplasticity and neurogenesis have been sug-
gested to be related to the difficulties in memory,
bigger picture thinking and cognitive flexibility in
people with AN (Keeler et al. 2021). The disturbances
in hormones related to stress (e.g. cortisol), social
bonding (e.g. oxytocin) and sexuality (e.g. LH) are
linked to the relational difficulties, the social isolation
and the loneliness that people with AN are experienc-
ing (Sanchez-Sanchez and Rolland 2023). The micro-
biomic and metabolomic changes reflect the restricted
diet and its limited variety. Additionally, the low leptin
levels which induce an urge to exercise (Hebebrand
et al. 2003) and the increased level of physical activity
(Favaro et al. 2000) that can be measured using digi-
tal devices link to the over-exercise that people with
AN often display. Even though these biomarkers are
not specific to AN, they might inform the develop-
ment of future biological therapies. The fact that
these changes are rather consequences then causal
factors in the pathophysiology of AN does not neces-
sarily mean that they cannot serve as treatment tar-
gets. For example, several case reports have
demonstrated that metreleptin might help to break
the vicious cycle of malnutrition and the urge to exer-
cise (Hebebrand, Plieger, et al. 2024).

Research on biological markers for the diagnosis
and the treatment of EDs seems to be lagging other
areas of psychiatry as it appears to have a large vari-
ance of psychological risks and drivers. In AD, the CSF
biomarkers B-amyloid-42 (Ap-42), P-tau, and Amyloid 3
42/40 ratio are routinely used, particularly in the con-
text of early diagnosis and the assessment of the risk
of cognitive decline in subjects with mild cognitive
impairment. Therefore, it is worth emphasising that
the Neurochemical Dementia Diagnostics in AD is an
example of a very well defined COU discussed briefly
in the Introduction (Hansson et al. 2019; Dulewicz
et al. 2022). Similarly, TDM and pharmacogenetic test-
ing are already in clinical use in the pharmacological
treatment affective and psychotic disorders (Hiemke
et al. 2018), but the body of evidence in EDs is scarce.

There is no singular and generally accepted way to
classify biomarkers. They could be classified based on
how they are measured (e.g. neuroimaging, laboratory,
electrophysiological, digital), based on the biological
system level (molecular, cellular or tissue biomarkers)
or where they are used in the diagnostic or therapeu-
tic process (e.g. diagnostic, monitoring, outcome bio-
markers). They can also be classified as biomarkers of
risk, diagnosis or trait, state, stage, response and prog-
nosis (Berk 2015; Davis et al. 2015). However, the cur-
rent classifications use overlapping categories.

4.2. Genetics and epigenetics

EDs are finally coming to the fore in the genetic anal-
ysis, with increasingly large samples for meta-analyses
enabling improvement in the understanding of the
underlying genetic (and biologic) aetiology of AN, and
in due course other EDs also. At this stage, much evi-
dence supports the reconceptualization of AN both as
a disorder of the mind/brain and the body ie. a
metabo-psychiatric disorder (Bulik et al. 2019; Watson
et al. 2019).

It is also critical to highlight that genetic studies to
date have focused on women (both twin and molec-
ular). How genetic risk may differentially impact men
is not yet clear. In the current GWASs only approxi-
mately 3% of the cases are men (Watson et al. 2022).
There is some evidence, for example, that AN poly-
genic risk correlates with percent body fat differen-
tially between men and women (Hubel, Gaspar, et al.
2019), as well as anthropometric genetic correlations
being stronger in women (Duncan et al. 2017; Watson
et al. 2023). With women dominating samples at this
time in ED research, there is a need to expand to
large male case cohorts, and as much as possible to



other gender groups, to establish if risk variants vary
or are the same, and/or how polygenic predictors
behave in these populations. This criticism also applies
to gender and ancestry, with analyses overwhelm-
ingly based on European-ancestry samples. The dan-
ger of lack of diversity in genetics is assuming that
the same genetic factors influence disease risk across
populations and developing therapeutics based on
non-diverse GWAS that will ultimately increase rather
than decrease health disparities (Huckins 2022). The
PGC-ED is actively collecting genetic samples from
individuals across ancestries to address this imbal-
ance, and extending to BN, BED, ARFID, and OSFED.
This initiative will help to identify genes and path-
ways that are shared across conditions as well as
those that are specific, further clarifying the aetiol-
ogy of EDs.

Regarding epigenetics, accumulating literature on
DNA methylation in AN points to the intriguing possi-
bility that several aspects of phenomenology in AN
may be epigenetically regulated. With some consis-
tency, available EWAS studies have documented
probe-specific differences as to DNA methylation levels
observed in individuals with active AN when com-
pared to people who have either recovered from AN
or who have never been ill with it. Differentially meth-
ylated regions identified in the studies in question
tend to implicate genes involved in brain function,
metabolism and immune response. Together, these
results support an understanding of AN as having
multiple (psychiatric, metabolic and immune) determi-
nants, as would be consistent with the recently pro-
posed conceptualisation of AN as being a
‘metabo-psychiatric disorder’ (Duncan et al. 2017;
Watson et al. 2019). In addition, findings from available
EWAS studies have revealed that differential methyla-
tion findings at some DNA sites appear to be replica-
ble. The preceding is striking, given the low probability
with which chance repeated identifications of the
same genes (among tens of thousands of genes inter-
rogated using high throughput microarray technolo-
gies) would emerge across independent studies.

Studies emerging from the Steiger/Booij group
point to an additional possibility that altered DNA
methylation levels may be most pronounced in indi-
viduals with lowest BMIs and longest durations of ill-
ness, and reversible with weight restoration. Together,
such observations suggest potentials of DNA methyla-
tion changes as markers of illness staging, entrench-
ment and recovery. Should such effects be corroborated
in future longitudinal studies, findings have potential
to isolate genes (and biological systems they
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represent) that are involved in the development of
and, more importantly, remission from AN symptoms.

We add a comment on limitations of the epigenetic
literature in AN. Samples are invariably small, which
calls the stability of findings into question and height-
ens risk of spurious observations. Also, given tissue
specificity of DNA methylation, findings obtained using
peripheral tissues have uncertain relevance to brain
function (Edgar et al. 2017). Finally, none of the avail-
able EWAS studies apply measures of gene expression,
without which functional significance of altered meth-
ylation levels observed remains uncertain.

As a clinician, it is key not to assume EDs are
entirely genetically based, nor environmentally driven,
but a complex, nuanced, interplay between the two
that changes over critical developmental periods,
including entry to puberty, entry into young adult-
hood, and in women, across the perimenopausal
period (Klump et al. 2007; Klump et al. 2012; Wade
et al. 2013b; Fairweather-Schmidt and Wade 2015).
Twin studies indicate that interactions between genetic
and environmental factors are important, with peer
weight-related teasing posing a critical trigger of
increased genetic variance (Fairweather-Schmidt and
Wade 2017). In time, environmental contributors will
be integrated into predictive models that also include
polygenic risk, to better elucidate interactions, and the
additive  genetic and environmental contribu-
tions to EDs.

Molecular gene-environment interaction studies are
yet to be meaningfully explored in EDs and will neces-
sarily initially focus on the context of PRS. Ultimately,
the hope is that PRS will have clinical applicability,
most likely in combination with other risk factors, not
only predicting risk of developing a condition, but also
for screening, clarifying diagnoses, optimising treat-
ment allocation, predicting treatment response and
adverse reactions (Murray et al. 2021; Wray et al. 2021).
Given the nature of PRS and clear limits in their utility
to predict eating or other psychiatric disorders, they
should never be considered tests to be used for such
procedures as embryonic screening as this represents
a serious misuse of science. The inappropriate com-
mercialisation of PRS is not only a misapplication of
the science but can also convey false promise and
assurance to consumers who are seeking certainty in a
domain where complexity is the rule. Nonetheless
great promise stands in the integration of PRS into
models with other risk factors to better identify those
at risk, and target interventions in the future, and cru-
cially to better understand the underlying pathogene-
sis of these conditions.
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Ultimately, the promise of GWAS may lie in: 1)
informing EDs nosology based on genetic factors; 2)
understanding ways in which the various EDs are situ-
ated biologically vis a vis other psychiatric and meta-
bolic conditions; 3) clinical application of PRS to inform
treatment optimisation and personalisation; 4) provide
an empirical approach to understand how genetic fac-
tors can render some individuals more vulnerable to
environmental risk factors, i.e. genetics offering the
best strategy to understand environment.

4.3. Neuroimaging

In summary, structural neuroimaging has revealed sub-
stantial and widespread alterations in the brain associ-
ated with AN particularly in the acutely underweight
state. The available data point to significant reductions in
measures of GM and alterations in the WM connectome.
While neuroimaging shows promise in elucidating the
neurobiology underlying AN, several limitations remain.
Reliable relationships between structural measures and
ED psychopathology, other than those linked to weight
status, remain elusive. Future research incorporating mul-
tivariate analysis methods may offer more comprehensive
and reliable representations of brain-behaviour relation-
ships (Marek et al. 2022). The influence of important clin-
ical variables, such as illness duration and clinical subtype,
also warrants further investigation. Despite these chal-
lenges, neuroimaging research has provided vital insights
into how the brain is affected by acute AN and dynami-
cally changes following weight restoration. As neuroimag-
ing methods and analyses continue to evolve, these
techniques hold promise for uncovering brain processes
that can be targeted in treatments to promote more sus-
tained recovery from AN. Future research, especially in
longitudinal and larger samples, is essential for clarifying
the dynamic nature of both GM and WM changes and
their relationship to clinical outcomes.

The same applies to functional neuroimaging and
connectivity. Large-scale longitudinal studies are
needed to identify robust neural functional markers
associated with the development and maintenance of
AN. Such studies will also help clarify the roles of fac-
tors such as sex, age, and illness severity.

4.4. Markers of neuronal and synaptic plasticity

Understanding the role of neuronal biomarkers, includ-
ing tau, NFP/NFL, and synaptic markers, in EDs holds
immense promise for advancing diagnostic accuracy,
prognostic assessment, and treatment development in
these challenging conditions. By elucidating the neu-
robiological alterations associated with AN and BN,

researchers can pave the way for targeted interven-
tions that address underlying neuronal dysfunction
and promote recovery.

The investigation of neuronal biomarkers in EDs rep-
resents a cutting-edge area of research that offers pro-
found insights into the intricate interplay between
neurobiology and psychopathology. By harnessing the
power of advanced neuroimaging techniques, bio-
marker analyses, and translational studies, scientists are
poised to revolutionise our understanding and manage-
ment of AN and BN, ultimately improving outcomes for
individuals grappling with these debilitating disorders.

4.5. Connections and mutual influences of
hormonal and metabolic markers

Even though we structured this consensus statement
into different categories of biological markers, this is a
somewhat artificial approach that does not match the
pathophysiological reality where the regulatory and
effector molecules of various systems interact.

For example, the restricted eating and increased
physical activity lead to nutritional deficiency and,
consequently, to reduced adipose tissue. As a result of
the reduced fatty tissue, leptin production is reduced
leading to a decreased production of FSH and LH with
the consequence of amenorrhoea due to reduced fol-
licle growth and ovulation. This mechanism is revers-
ible along with weight restoration (Ballauff et al. 1999).
Additionally, restricted eating leads to low blood glu-
cose which activates the glucocorticoid cortisol,
because cortisol release is part of the body’s counter-
regulatory response to maintain blood glucose levels
(Lee et al. 2023). Together with the lack of the gonad-
otropic hormones FSH and LH, the increased cortisol
production leads to osteoporosis with a loss of bone
mass and an increased risk of fracture (Fazeli and
Klibanski 2018). Additionally, a reduced sexual desire
and sexual dysfunction in AN may be accounted for by
low concentrations of gonadotrophins, hypoestro-
genism, and elevated cortisol levels (Fichter et al. 1982).

Thus, there is, for example, an interaction between
sexual and metabolic hormonal signals which explains
the pathophysiological chain reaction from nutritional
deficiency to physical health consequences such as
amenorrhoea and osteoporosis.

4.6. Digital biomarkers

4.6.1. Actigraphy and accelerometers as digital
biomarkers in an

The application of actigraphy and accelerometers as
digital biomarkers in AN holds promise across several



clinical domains as diagnostic, monitoring and prog-
nostic biomarkers (see Table 5).

While not primary diagnostic tools, objective physi-
cal activity and sleep patterns could serve as adjunc-
tive diagnostic indicators or phenotypic markers. For
instance, a distinct pattern of light activity (Lehmann

Table 5. Candidates for digital biomarkers for anorexia nervosa.
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et al. 2018) or a specific sleep chronotype (Wilcox
et al. 2024) could contribute to a more nuanced diag-
nostic specification, especially in challenging cases or
for differential diagnosis from other conditions that
cause weight loss (Himmerich and Treasure 2024).
These objective behavioural signatures could provide

Device Index

Metric description

Findings in AN

Actigraphy
(Accelerometers)

Physical Activity
(Frequency, Intensity,
Duration)

activity occurs.

Metrics include step counts, energy
expenditure, and time spent in sedentary,
very light, light, moderate, and vigorous

activity.

Objectively quantify human motion, providing
date-time stamped information on how
often, how intensely, and how long physical High levels of light activity early in treatment

Excessive physical activity, often termed ‘driven
exercise; is reported in 30-80%.

may indicate a higher risk for slower recovery
or treatment resistance.

Acute activity urges have been linked to lower
early weight gain during inpatient treatment.

Objective measures overcome the tendency for
AN patients to overestimate PA in

self-reports.
Sleep Patterns

Total Screen Time

Smartphones

Diet and Fitness App Use

Treatment Support App
Patterns

EMA: Affective and
Behavioural Dynamics

Passive Sensing: Mobility
Patterns (via GPS)

Actigraphy is particularly suitable for
measuring various aspects of sleep,
including sleep fragmentation, sleep
efficiency, and napping sessions.

Objective tracking of the overall duration of
smartphone use via built-in applications.

Engagement with applications designed for
tracking diet (e.g. calorie counting) and
fitness (e.g. weight tracking).

Interaction data from apps designed for ED
treatment support (e.g. Recovery Record),
including frequency of meal logging,
consistency of self-monitoring, types of
emotions recorded, and engagement with
coping skills modules.

Real-time self-reports of mood, thoughts,
behaviours, and context delivered via the
smartphone interface, capturing momentary
snapshots of daily life.

Data collected from the phone’s GPS sensor to
track changes in daily movement range,
time spent at home versus other locations,
and patterns potentially indicative of social
avoidance or excessive exercise routines.

Specific sleep disturbances identified including
insomnia, sleep fragmentation, low sleep
efficiency, and an increased propensity for
napping, an ‘early riser’ chronotype.

Higher smartphone screen time was found and
positively correlated with overall ED
psychopathology and body dissatisfaction

General problematic smartphone use, rather than
specific platforms like Instagram, might be
more indicative of ED-related concerns.

These apps can trigger or exacerbate ED
symptoms and may reinforce unhealthy
obsessions.

App-augmented treatment associated with
significantly larger weight gain for patients in
low-weight categories

Usage logs generated by these apps hold
potential as dynamic indicators of treatment
engagement, symptom fluctuation, or relapse
risk.

Significantly higher mean and maximum levels
of aversive tension.

Reported food intake was associated with higher
levels of aversive tension.

Disordered eating behaviours may serve an
avoidance function for unpleasant inner
experiences.

Changes in daily movement range, time spent at
home versus other locations, avoidance of
social situations (especially those involving
food), or patterns indicative of excessive
exercise routines.

GPS is frequently used in general mental
health digital phenotyping.

Passive Sensing: Social
Interaction Proxies (via
call/text logs,
microphone)

or isolation.

Passive Sensing: Sleep
Proxies (via light sensor,
phone non-usage)

Data from call/text logs and ambient sound
captured by the microphone to infer
changes in communication frequency or
patterns that might reflect social withdrawal

Inferences about sleep patterns drawn from
data such as light sensor readings
(reflecting light exposure patterns) and

Changes in communication frequency or patterns
that might reflect social withdrawal or
isolation.

Disturbances like insomnia or altered
chronotypes.

periods of smartphone non-usage, which
can provide objective data on sleep
patterns, potentially complementing

actigraphy
Passive Sensing: Device
Usage Patterns (e.g. app
switching frequency)

Beyond total screen time, patterns such as
how frequently a user switches between
different applications, which could offer

Not detailed yet for AN in the provided sources.

subtle behavioural clues

Abbreviations: AN=anorexia nervosa; ED=eating disorder; EMA =ecological momentary assessment; GPS=global positioning system.



62 ‘ H. HIMMERICH ET AL.

additional evidence to support a clinical diagnosis or
characterise specific AN subtypes.

Continuous monitoring of PA levels (intensity, dura-
tion, frequency) and sleep parameters (efficiency, frag-
mentation) offers an objective means to track disease
progression and response to treatment. Changes in
these objective metrics could signal improvement or
deterioration, allowing clinicians to make timely adjust-
ments to therapeutic strategies. For example, a sus-
tained reduction in problematic light PA or an
improvement in sleep efficiency could objectively indi-
cate a positive treatment response.

The observed negative association between light PA
and psychopathological improvement (Alberti et al.
2013) suggests that specific objective PA patterns
could serve as prognostic indicators for treatment out-
come. Patients exhibiting certain activity profiles, par-
ticularly high levels of light activity early in treatment,
might be at higher risk for slower recovery or treat-
ment resistance. Similarly, the presence of acute activ-
ity urges has been linked to lower early weight gain
during inpatient treatment (Halbeisen et al. 2024).
These objective behavioural markers could help iden-
tify individuals who may require more intensive or tai-
lored interventions.

Despite their promising potential, several challenges
must be addressed for the widespread adoption and
optimisation of these technologies. A significant hurdle
is the methodological heterogeneity across studies,
including variability in device models, placement, data
processing algorithms, and outcome definitions (Alberti
et al. 2013; Lehmann et al. 2018; de Rijk et al. 2024;
Suau et al. 2024). This inconsistency limits the compa-
rability and generalisability of findings, underscoring
the need for greater standardisation in research proto-
cols. Many existing studies, particularly pilot investiga-
tions, suffer from small sample sizes (Karr 2017; Lim
et al. 2023), which limits statistical power and the gen-
eralisability of findings (de Rijk et al. 2024). Larger,
well-powered studies are therefore imperative.

4.6.2. The potential of smartphone technology
Smartphones, with their widespread adoption and
sophisticated capabilities, offer a unique platform for
collecting diverse data streams relevant to an individu-
al's behaviour and psychological state (Melbye et al.
2020; Almenara et al. 2022). Beyond dedicated acceler-
ometry for physical activity (which was the focus of the
above part), smartphones can provide data through:

Usage Logs: Screen time, specific application
usage patterns (Rozgonjuk et al. 2023).

«  EMA: Real-time self-reports of mood, thoughts,
behaviours, and context, delivered via the
smartphone interface (Shiffman et al. 2008;
Kolar et al. 2016; Peschel et al. 2023; Drexl et al.
2025).

«  Passive Sensing: Data from inbuilt sensors such
as global positioning system (GPS; location and
mobility), microphone (ambient sound, social
interaction proxies), light sensors (circadian
rhythm proxies), and call/text logs (social con-
nectivity) (Tregarthen et al. 2015; Harari et al.
2016; Insel 2017; Melbye et al. 2020; MacLeod
et al. 2021; Onnela 2021; Almenara et al. 2022;
Kilshaw et al. 2022; Aledavood et al. 2025;
Linardon and Torous 2025).

This approach aligns with the broader concept of
digital phenotyping, which aims to use data from per-
sonal digital devices to construct an individual’s ‘digital
phenotype; offering insights into their real-world func-
tioning and mental state (Tregarthen et al. 2015; Insel
2017; Macleod et al. 2021; Onnela 2021; Almenara
et al. 2022; Kilshaw et al. 2022; Rozgonjuk et al. 2023;
Stierle et al. 2023; Linardon and Torous 2025).

4.6.2.1. Objectively tracked total screen time. A notable
area of investigation involves the relationship between
objectively tracked total smartphone screen time and
ED psychopathology. A study by Rozgonjuk et al.
(2023) examined 119 women, including 29 with a self-
reported history of AN diagnosis. Using built-in
smartphone applications like iOS Screen Time and
Android Digital Wellbeing to track wusage, the
researchers found that objectively measured total
smartphone screen time was positively correlated with
overall ED psychopathology (measured by the Eating
Disorder Examination Questionnaire, EDE-Q) and body
dissatisfaction (measured by the Body Shape
Questionnaire, BSQ) in the total sample (Rozgonjuk
et al. 2023). Women with a history of an ED diagnosis
also reported higher smartphone screen time compared
to those with no such history (Rozgonjuk et al. 2023).
Interestingly, while total smartphone use showed these
correlations, objectively tracked Instagram use time
did not show a statistically significant difference
between those with and without an ED diagnosis
history, and its link to ED symptoms was less consistent
than that of total screen time (Rozgonjuk et al. 2023).
This suggests that general problematic smartphone
use, rather than engagement with a specific platform
alone, might be more indicative of ED-related concerns
(Rozgonjuk et al. 2023). However, it is important to
note that specific subgroup analyses for the AN
participants  concerning  their tracked overall
smartphone screen time and its correlation with ED



symptomatology or body dissatisfaction were not
detailed in the available documentation. The study
also highlighted discrepancies between self-reported
and objectively tracked technology use, emphasising
the value of objective data (Rozgonjuk et al. 2023).

4.6.2.2. Impact of diet and fitness apps. The use of diet
and fitness applications has also been identified as
potentially problematic. Qualitative research suggests
that these apps can trigger or exacerbate ED symptoms
by heavily focusing on quantification (e.g. calorie
counting, weight tracking), promoting overuse, and
providing feedback that may reinforce unhealthy
obsessions (Simpson and Mazzeo 2017). The constant
availability and discreet nature of these apps on
smartphones can facilitate continuous engagement
with potentially harmful content (Simpson and Mazzeo
2017). One study found that college students who
reported using diet and fitness apps had higher levels
of ED symptoms, though this relied on self-reported
app use rather than objective tracking (Simpson and
Mazzeo 2017).

4.6.2.3. Usage patterns of treatment support
apps. Smartphone applications designed to support
ED treatment, such as Recovery Record, offer another
avenue for data collection. These apps often allow
users to self-monitor meals, emotions, thoughts, and
behaviours (Fairburn and Rothwell 2015; Tregarthen
et al. 2015). Research on Recovery Record has indicated
that app-augmented treatment was associated with
significantly larger weight gain for patients in low-
weight categories (including AN) and a greater
percentage of patients moving into a higher BMI class
(Tregarthen et al. 2015). While these studies primarily
evaluate the app as an intervention tool, the usage
logs generated (e.g. frequency of meal logging,
consistency of self-monitoring, types of emotions
recorded before/after meals, engagement with coping
skills modules) hold potential as dynamic indicators of
treatment engagement, symptom fluctuation, or
relapse risk. However, detailed analyses correlating
specific patterns of app usage with clinical outcomes
in AN are an area for future development. The concept
of ‘closed-loop interventions, where app data could
trigger personalised support, is also relevant here
(Smith et al. 2019; Linardon and Torous 2025).

4.6.2.4. Digital phenotyping and its potential for
AN. Digital phenotyping aims to use these passively
collected digital traces to draw inferences about an
individual's psychological state and behavioural
patterns (Tregarthen et al. 2015; Insel 2017; Smith
et al. 2019; MacLeod et al. 2021; Onnela 2021; Almenara
et al. 2022; Kilshaw et al. 2022; Rozgonjuk et al. 2023;
Aledavood et al. 2025; Linardon and Torous 2025).
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For AN, potentially
include:

relevant data types could

«  Mobility Patterns (via GPS): Changes in daily
movement range, time spent at home versus
other locations, avoidance of social situations
(especially those involving food), or patterns
indicative of excessive exercise routines (Huckins
et al. 2019; MacLeod et al. 2021; Onnela 2021;
Kilshaw et al. 2022; Almenara et al. 2022; Cho
et al. 2024; Linardon et al. 2025). GPS is one of
the most frequently used sensors in general
mental health digital phenotyping (Onnela
2021; Linardon et al. 2025)

« Social Interaction Proxies (via call/text logs,
microphone for ambient sound): Changes in
communication frequency or patterns that
might reflect social withdrawal or isolation
(Harari et al. 2016; Kilshaw et al. 2022; Aledavood
et al. 2025)

«  Sleep Proxies (via light sensor, phone non-usage
patterns).

Device Usage Patterns: Beyond total screen
time, patterns like app switching frequency or
keyboard dynamics (though research on key-
board dynamics for AN is not apparent in the
provided material) could offer subtle behavioural
clues (Bangamuarachchi 2023; Stierle et al.
2023)

Artificial intelligence (Al) and ML are considered
essential for analysing these complex data
(D'mello and Kory 2015; Huckins et al. 2019;
Smith et al. 2019; MaclLeod et al. 2021; Almenara
et al. 2022; Bangamuarachchi 2023; Aledavood
et al. 2025; Linardon and Torous 2025; Woll
et al. 2025)

High-quality original research studies using pas-
sively collected smartphone sensor data (excluding
primary accelerometry) to derive AN-specific indica-
tors are currently very limited (Juarascio et al. 2015;
Linardon et al. 2025; Linardon and Torous 2025).
Reviews often highlight the potential but note a lack
of empirical studies in AN populations (Almenara
et al. 2022; Linardon et al. 2025; Linardon and
Torous 2025).

Objectively collected data such as actigraphy and
smartphone-derived data might be useful candidates
for digital biomarkers for AN. Future progress depends
on multimodal data integration, advanced Al/ML appli-
cation, longitudinal AN-specific studies, methodologi-
cal standardisation, and robust ethical frameworks, all
developed with patient-centred perspectives.
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4.6.3. The combination of digital technologies for
research in an

The evolving landscape of digital biomarkers and
wearable technologies heralds a promising future for
the diagnosis, monitoring, and treatment of AN. As we
advance, the integration of these technologies with Al
and ML algorithms will likely become more refined,
offering unprecedented precision in understanding
and predicting individual patient trajectories. Digital
biomarkers are transforming the AN care landscape by
allowing real-time personalised insights into the
patient’s behavioural and physiological patterns.
Ranging from smartphone-based monitoring to virtual
reality (VR) therapy and Al-driven interventions, such
tools target AN core challenges such as social with-
drawal, disgust and self-disgust emotional dysregula-
tion and distorted body image. VR enables clinicians
to provide complex exposure scenarios tailored for AN
patients. These include engaging with avatars, practic-
ing social eating, eliciting and measuring disgust and
experiencing larger body sizes to manage weight-related
distress (Keizer et al. 2016; Porras-Garcia et al. 2021;
Bektas et al. 2023).

Smartphone-based digital phenotyping utilises pas-
sive data such as geolocation, screentime, and heart
rate variability, and has shown promising value in
detecting early warning signs factors links to the
relapse of AN patients, specifically social withdrawal
and psychological distress. When paired with EMA,
such technology allows real-time tracking of behaviour
fluctuations and mood, supporting clinicians in identi-
fying when patients start to disengage from daily
functioning or portray signs of cognitive rigidity
around social settings and food. One example is
Porras-Segovia et al. (2020), who highlighted how pas-
sive sensing and EMA could identify precursors to
withdrawal and suicidal ideation, which are highly rel-
evant given the risk of emotional dysregulation and
suicidality in AN patients (Porras-Segovia et al. 2020).

In parallel, VR therapies have shown promise in
treating AN-specific symptoms, specifically in address-
ing fear of weight gain, body image disturbances and
cognitive distortions around self-perception. Behrens
et al. (2023) discovered that repeated exposure to
healthy-weight avatars in VR triggered strong emo-
tional responses and reduced fear of weight gain in
AN patients gradually. This suggests the ability of VR
to desensitise patients to anxiety-provoking stimuli in
a controlled immersive way (Behrens et al. 2023).
Similarly, Brizzi et al. (2025) utilised VR body-swapping
techniques to allow a hospitalised patient to experi-
ence embodiment in a health-weight body, which

resulted in immediate reductions in negative self-beliefs
and body dissatisfaction; common features in restric-
tive AN (Brizzi et al. 2025). Additionally, Ascione (2024)
integrated attentional bias modification along with
VR-based mirror exposure, leading to sustained
improvements in anxiety, drive for thinness and
body-checking behaviours at six-month follow up
(Ascione 2024). These interventions represent a new
frontier in exposure-based treatments and directly tar-
get cognitive-affective mechanisms specific to AN,
such as anxiety-driven avoidance, perceptual body
image distortion, and weight phobia.

Furthermore, Al-enabled digital health tools are
advancing behaviour interventions by reducing avoid-
ance, enhancing treatment engagement, and support-
ing day-to-day symptom regulation. For example,
Recovery Record, is a mobile app facilitating real-time
food and symptom logging, which supports in disrupt-
ing restrictive eating patterns by introducing real-time
accountability and clinician feedback. In outpatient
settings, it addressed comorbid affective symptoms
and physical recovery by resulting in fewer emergency
visits, decreases in depressive symptoms and higher
rates of weight gain in AN patients (Palacios et al.
2024). Likewise, Therabot, a generative Al chatbot
offered 24/7 conversational support for individuals at
high risk of EDs and led to significant reductions in ED
symptoms including shame, perfectionism, and rigid-
ity. Hence, the ability to access therapeutic dialogue
during moments of distress can reduce urges to restrict
or engage in compensatory behaviours, reinforcing
recovery motivation between therapy sessions and
emotional safety (Heinz et al. 2024).

Nevertheless, the promise of such technologies
must be tempered with caution. The failure of the
National Eating Disorders Association’s chatbot Tessa,
which provided harmful advice by encouraging contra-
dicting AN treatment protocols such as weight loss
strategies and calorie restriction (500-1000 calorie defi-
cit), highlights the ethical risks of integrating Al in sen-
sitive clinical contexts without proper oversight. The
suspension and backlash of the tool emphasise the
critical need for continuous monitoring, clinical valida-
tion and ethical guardrails while developing Al-driven
mental health support systems. As Torous and Nebeker
(2017) argued, without such safeguards, digital tools
can unintentionally reinforce disordered behaviours
like compulsive exercise, food restriction, or body
image distortion, thus worsening the conditions they
aim to treat (Torous and Nebeker 2017). The iatrogenic
risks of Al are being described in several psychiatric
disorders (@stergaard 2025), but AN is foremost.



As future research continues to refine personalised,
Al-driven interventions that adapt in real time to the
needs of AN patients, the ethical, privacy, and data
security aspects of digital health technologies will
remain paramount. Robust frameworks are essential to
safeguard patient information while enabling the inno-
vations’ transformative benefit. Furthermore, interdisci-
plinary collaboration between clinicians, technologists,
patients, and policymakers will be crucial to ensure
these solutions are accessible, equitable, and inte-
grated into existing treatment ecosystems. Ultimately,
the promise of digital biomarkers in transforming the
care of individuals with AN lies in their ability to bridge
gaps in current treatment paradigms facilitating early
detection, personalised care, real-time support, and
sustained recovery. By addressing the specific symp-
toms and treatment barriers of AN, such technologies
have the potential to significantly enhance outcomes
and long-term quality of life for those affected by this
complex disorder.

4.7. Innovative biomarkers and research questions
for future research

EWAS found methylation differences in the TNXB gene
between people with AN and HCs (Booij et al. 2015;
Kesselmeier et al. 2018; Steiger et al. 2019). These
results indicate a crucial role of the structure and sta-
bility of connective tissues in the development of AN.
Additionally, connective tissue changes were found in
the myocardium of patients with severe AN (Lamzabi
et al. 2015; Kuwabara et al. 2018; Smythe et al. 2021).
Moreover, clinical observations suggest that individuals
with connective tissue syndromes manifest with clini-
cal symptoms that overlap with AN, e.g. gastrointesti-
nal problems and lower BMI (Baeza-Velasco et al.
2021). Therefore, future research might elucidate the
relationship between abnormal connective tissue and
AN, the impact of starvation towards the development
of abnormal connective tissue and how the sensory
signals sent from potentially abnormal connective tis-
sue to the CNS impact interoception in AN (Gibson
and Mehler 2024).

Synaptic biomarkers, crucial for assessing synaptic
function and plasticity, have emerged as key players in
unravelling the neurobiological underpinnings of neu-
rological disorders. Although studies have suggested
alterations in synaptic proteins like synaptophysin,
postsynaptic density protein 95 (PSD-95), and SNAP-25
in individuals with various disorders implicating synap-
tic dysfunction such as dementia (Leuba et al. 2008)
there are as yet no studies in AN or other EDs.
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Other innovative biological markers could be mark-
ers of oxidative stress such as plasma advanced oxida-
tion protein products and advanced glycation end
products or activity markers like a4p6-GABAAR (Aoki
et al. 2014). In addition to blood-, saliva-, CSF, urine-,
and faeces-based biomarkers, there are breath- or
skin-based biomarkers available to reflect on the gas-
trointestinal, skin or ear-nose-throat microbiome.
Rather than relying on a single marker, integrating sig-
nal patterns that reflect the status of the brain, appe-
tite regulation, and physical activity may provide
greater specificity. However, the use of Al might be
necessary to calculate those patterns.

4.7.1. The economics of biomarkers
In addition to the many clinical benefits outlined, the
advances in the use of biomarkers in health care present
new opportunities in health adjacent disciplines, includ-
ing epidemiology, health services research, and health
economics. Widespread use of biomarker testing will
allow for better disease classification and epidemiologic
descriptive studies of prevalence or disease progression,
as well as predictive modelling (Hay et al. 2023). This
knowledge can lead to improved estimations of the bur-
den of disease and associated health care resource
needs at the system level (Davillas and Pudney 2020).
Questions remain regarding the economics of bio-
marker use, specifically the cost-effectiveness of bio-
marker testing, and the cost-effectiveness of
biomarker-guided or pharmacogenetic therapies. Most
interesting to health care systems is the question
whether reliance on biomarkers and biomarker-guided
therapy improves overall health outcomes sufficiently
to justify the costs of testing. Studies in this area have
focused primarily on oncologic treatments, and we did
not identify any cost-effectiveness studies related to
biomarkers in AN. Cost-effectiveness research of AN
treatments is overall relatively sparce (Faller et al.
2024). In general, the estimation of the cost-effectiveness
of biomarker testing is challenging because their
impact on health outcomes is indirect and difficult to
isolate (Kramer et al. 2025). There is early evidence
that biomarker guided treatment has the potential to
improve the allocation of resources by improving dis-
ease prevention and/or better matching patients with
the most appropriate treatments (Verbelen et al. 2017).

4.8. Markers of physical health risk and refeeding
markers

Several laboratory markers (e.g. electrolytes, liver
enzymes, blood count) are crucial to monitor physical
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health and to ensure the safety of people with AN
during the refeeding process (Himmerich et al. 2010;
Psychiatrists 2022). National clinical and scientific ED
societies have established guidance for general and
specialised clinicians based on these parameters. Those
guidelines like the Medical Emergencies in Eating
Disorders (MEED)(Psychiatrists 2022) indicate the phys-
ical risk level for patients with AN based on abnormal-
ities of laboratory parameters or results of the physical
examination.

Clinicians have also started to develop an overall
risk score for underweight patients with AN based on
clinically relevant laboratory parameters (Cuntz et al.
2023), and to develop algorithms about how to use
these risk parameters to aid diagnostic and therapeu-
tic processes at specific steps during the AN treatment
cycle (Himmerich and Treasure 2024). These efforts will

hopefully enable clinicians to intervene earlier, to dis-
cover and apply more targeted and individually-tailored
therapies and to change or escalate treatment where
necessary (Himmerich et al. 2024) in order to avoid
treatment resistance leading to a chronic course of AN.

4.9. Synopsis

In brief, biomarkers can serve as indicators of the biolog-
ical vulnerability to AN, reflect its metabolic and psychi-
atric symptoms, indicate physical health consequences
and medical risk, and offer utility in monitoring nutri-
tional, pharmacological or psychotherapeutic treatment
strategies. This is summarised in Figure 2. There is no
clear-cut distinction between markers related to the met-
abolic symptoms of AN and markers of its physical health
consequences, because the physical health consequences

Metabolic Markers

- Body weight, BMI
- Blood glucose

Metabo-Psychiatric Signature

Clinical biomarkers of malnutrition -

Treatment-Monitoring Markers
Nutritional Rehabilitation

Refeeding markers

Markers of refeeding syndrome: serum
phosphate

Pharmacological Treatment

Markers of Biological

Vulnerability

Predisposing Factors

Genetics

- GWAS: rs3821875, rs4641158

- Genetic correlations

- Polygenic risk scores

Epigenetics

- EWAS: NR1H3, TNXB, SYNJ2,
PRDM16, HDAC4

- DNA methylation

- Histone modifications

- Noncoding ribonucleic acid

Immunological factors

Appetite regulators and cannabinoids

- a-MSH, NPY, AEA, 2-AG, CB1R

Gastrointestinal signalling molecules

- Ghrelin, LEAP-2, GLP-1

Adipose tissue signalling molecules

- Leptin, Adiponectins

Sexual and social hormones

- LH, FSH, testosterone, oestradiol

Stress-related hormones

- CRH, ACTH, Cortisol

Immunological molecules

- IL-6, IL-7, IL-15, sIgA

Microbiome

- Richness, diversity, community structure,
metabolites, e.g., SCFAs

Pharmacokinetics and pharmacogenetics
- TDM

- CYPgenes

Psychotherapy

Digital treatment markers

- Use of (VR) treatment apps

¥

Markers of Physical Health

Consequences and Risk

Brain Volume, Connectivity and Plasticity
Neuroimaging

- Grey matter

- ClpB-/a-MSH-binding IgG i P e | - Functional connectivity

- Ghrelin-binding IgG Markers Indicative of Psychiatric = | Motecutar markers
Symptoms - Brain plasticity: BDNF
Digital AN-related psychopathology and - Neuronal damage: tau, NfL, GFAP
behaviour markers

Risk Markers

Clinical examination

- Clinical markers: heart rate, body temperature
Investigations

- Laboratory: electrolytes, leukocytes, CRP

- Neurophysiology: EEG, NCV

- Smartphone: EMA, fitness and diet app
and website use, passive sensing of
mobility, social interaction

- Actigraphy: physical activity, sleep

Figure 2. Overview of biological candidate markers of anorexia nervosa. For details see text. The arrows indicate the direction of
influence. The markers of biological vulnerability convey the risk for the manifestation of the metabo-psychiatric signature of AN.
The metabo-psychiatric markers are involved in the development of the physical health consequences and health risks. Treatment
monitoring markers are supposed to aid the treatment which alleviates AN and reduces its biological correlates and health con-
sequences. Abbreviations: a-MSH =a-melanocyte-stimulating hormone; 2-AG = 2-arachidonoylglycerol; ACTH=adrenocorticotropic
hormone; AEA=anandamide; AN=anorexia nervosa; BDNF=brain-derived neurotrophic factor; BMI=body mass index;
CB1R=Cannabinoid Receptor Type 1; ClpB=caseinolytic protease B; CRH = corticotropin-releasing hormone; CRP =C-reactive pro-
tein; CYP=cytochrome P450; DNA =deoxyribonucleic acid; EEG =electroencephalogram; EMA =ecological momentary assessment;
EWAS =epigenome-wide association study; FSH=follicle-stimulating hormone; GFAP=glial fibrillary acidic protein;
GLP-1=glucagon-like peptide-1; GWAS =genome-wide association study; HDAC4 =histone deacetylase 4; IgG=immunoglobulin G;
IgM=immunoglobulin M; IL=Interleukin; LEAP-2 =liver-expressed antimicrobial peptide 2; LH=luteinizing hormone; NCV=nerve
conduction velocity; NfL=neurofilament light chain; NPY =neuropeptide Y; NR1H3 =nuclear receptor subfamily 1 group H member
3; PRDM16=PR domain containing 16 (protein that tells a precursor cell to turn into a brown fat cell); SCFAs=short-chain fatty
acids; slgA =salivary immunoglobulin A; SYNJ2 =synaptojanin 2; TDM =therapeutic drug monitoring; TNXB =tenascin-X; VR =virtual
reality.



of AN - such as GM and functional connectivity loss —
perpetuate the illness and worsen its psychiatric and
metabolic symptoms. Figure 2 is therefore not meant to
visualise clear categories of biological markers but to
provide an overview of the various types of biological
candidate markers that have been associated with AN.

Alternative categorizations are possible, such as
grouping biomarkers into clinical, molecular, cellular,
neuroimaging, digital, cardiac, and neurophysiological
parameters based on their respective measurement
modalities, or into brain, CSF, saliva, plasma, serum or
faecal biomarkers according to the location where the
sample was taken.

4.10. Limitations

Our consensus statement on biological markers in AN
has several limitations. As it focuses on the markers
themselves, it did not explain the underpinning patho-
physiology. Not all molecules tested in AN could be
reported in this consensus paper. Therefore, the task
force selected the most promising candidate biomark-
ers and those with the highest level of evidence.
Examples of molecular markers not mentioned in the
results section are myostatin which is a myokine that
acts as an inhibitor of muscle growth and which has
been found to have lower concentrations in the plasma
of women with AN compared to controls (Maimoun
et al. 2022) and somatostatin, a polypeptide hormone
with numerous inhibitory roles in the body, which, for
example, shows a higher plasma level response to a
test meal in people with AN compared with HCs and
weight-recovered patients with AN (Pirke et al. 1994).
We mainly reported differences between people with
AN and HCs. Differences between AN and other disor-
ders associated with low body weight or starvation such
as ARFID, constitutional thinness, hyperthyroidism, can-
cer cachexia, other psychiatric disorders, depression with
appetite loss, or schizophrenia with delusion of poison-
ing were not incorporated into the paper. Similarly, we
did not include AAN even though many studies have
been unable to find psychological or medical differences
in patients of both disorders. This indicates that both
disorders represent a single restrictive ED (Golden and
Walsh 2024), and a homogenous illness conceptualisa-
tion with diagnostic subcategorizations may be more
appropriate (Hebebrand, Seitz, et al. 2024). Additionally,
AAN has become an increasingly important ED diagno-
sis in clinical practice. However, biological research into
AAN has been scant and unlike AN, which is listed as
one of the main Feeding and EDs in, AAN is summarised
under OFSED (American Psychiatric Association 2022).
Therefore, this consensus paper focused on AN.
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Overall, the scientific basis for the biological markers
discussed in this article are group comparisons. Studies
on the sensitivity, the specificity and the predictive
value of these markers for AN are lacking. At present,
biomarkers cannot be used as decision aids for diagno-
sis and treatment. Our review of the literature corrobo-
rates the view that currently biological makers only
reflect an indication of AN, biological or behavioural
features associated with AN, or a physical health risk as
a consequence of AN. There are no biological markers
available to monitor treatment success or to monitor
recovery from physical and mental health conse-
quences. However, TDM might help to increase safety
during the pharmacological treatment of AN.

Existing research is not yet at the stage where we
can make definitive conclusions about the distinctive-
ness or the specificity of different biomarkers, or cate-
gorise them as risk, diagnosis, trait, state, stage,
response or prognosis markers. These are scientific
questions for future research in biomarkers of AN.
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