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Highlights:
e AN resting state fMRI studies used seed-based, ICA, and graph analysis approaches
e Some overlap in results between resting-state methods concerning AN symptom domains
e Equally distributed usage of methods, and differences in a priori assumptions

e Results suggest impaired cognitive control and visual/somatosensory integration

Abstract

This paper systematically reviews the literature pertaining to the use of resting-state functional
magnetic resonance imaging (rsfMRI) in anorexia nervosa (AN), classifying studies on the basis of
different analysis approaches. We followed PRISMA guidelines. Fifteen papers were included,
investigating a total of 294 participants with current or past AN and 285 controls. The studies used
seed-based, whole-brain independent component analysis (ICA), network-of-interest ICA based and
graph analysis approaches. The studies showed relatively consistent overlap in results, yet little
overlap in their analytical approach and/or a-priori assumptions. Functional connectivity alterations
were mainly found in the corticolimbic circuitry, involved in cognitive control and visual and
homeostatic integration. Some overlapping findings were found in brain areas putatively important
in AN, such as the insula. These results suggest altered functional connectivity in networks/areas
linked to the main symptom domains of AN, such as impaired cognitive control and body image
disturbances. These preliminary evidences suggest that more targeted treatments need to be
developed that focus on these two symptom domains. Further studies with multi-approach analyses

and longitudinal designs are needed to better understand the complexity of AN.

Keywords: Eating disorders; Anorexia nervosa; Neuroimaging; Resting-state; Default mode

network; Insula; Cognitive control; Body image disturbances.



1. Introduction

Anorexia nervosa (AN) is a severe mental disorder with the highest rate of mortality in all
psychiatric disorders (Arcelus et al., 2013) and it typically affects adolescent girls and young
women. AN is characterized by self-induced starvation and severe weight loss, an intense fear of
weight gain or becoming fat, a distorted body image and food aversion (APA, 2013). To date, the
aetiology of AN is not fully understood. However, a growing consensus suggests a multifactorial
origin, in which neurobiological factors can contribute to the vulnerability, onset, maintenance and

relapse of AN (Kaye et al., 2013; Treasure et al., 2015; Zipfel et al., 2015).

Modern neuroimaging techniques have provided important insight for AN pathophysiology and its
neurobiological substrate. Both structural and functional neuroimaging techniques were used to
explore brain abnormalities in AN patients and to try to encode the neural circuits involved in AN.
Structural neuroimaging studies, via voxel based morphometry (VBM), showed that AN patients
have decreases in global gray and white matter and increases in cerebrospinal fluid (Van den Eynde
etal., 2012, Titova et al., 2013). Furthermore, a recent meta-analysis of VBM studies in AN
patients (Titova et al., 2013) highlighted regional gray matter decreases overlapping between
studies in specific areas: left hypothalamus, left inferior parietal lobe, right lentiform nucleus and
right caudate — areas related to appetite and somatosensory perception. On the other side, functional
neuroimaging studies have mainly used functional magnetic resonance (fMRI) utilizing specific
stimuli related to main AN symptoms, such as food-related, body-related and reward-related tasks,
as well as executive control-related tasks (Kaye et al., 2013, Gaudio & Quattrocchi, 2012). In
particular, altered functional activations were found in cognitive control areas in response to food
images (Brooks et al., 2011, Brooks et al., 2012), in the ventral anterior cingulate-striato-thalamic
areas in response to cognitive-behavioural flexibility tasks (Zastrow et al., 2009), and in the

posterior parietal areas and prefrontal cortex-insula network in response to tasks related to the



perceptive and the affective components of body image distortion respectively (Gaudio &
Quattrocchi, 2012). On the basis of neuroimaging findings as well as psychological descriptions, a
current neurobiological model of AN suggests that childhood temperament and personality traits
(e.g. anxiety, cognitive inflexibility, obsessionality and perfectionism) might be a sign of
neurobiological risk factors for the development of AN, and that altered eating patterns in those
with AN could be a means of decreasing negative mood brought about by altered interactions
between the serotoninergic system (i.e. aversive or inhibitory) and the dopaminergic (i.e. reward)
system (Kaye et al., 2013; Zipfel et al., 2015; Treasure et al., 2015). Particularly considering
neuroimaging findings, this neurobiological model suggests that AN patients may have an
imbalance in information processing, linked to alterations of the ventral limbic circuits (which
comprises amygdala, anterior insula, anterior ventral striatum, anterior cingulate cortex, and the
orbito-frontal cortex), as well as the dorsal executive circuits (which particularly includes dorsal
regions of the caudate, dorso-lateral prefrontal cortex, and parietal cortex). These two brain circuits
are primarily implicated in inhibitory decision making processes and reward-related behaviours and
their alteration might sustain AN symptomatology (Kaye et al., 2013). Other neurobiologically
informed models of AN have pointed out the role of anxiety, stress, and fear, the gratifying nature
of AN symptoms, and the consequent shift to habitual or compulsive behaviours as possible key

factors in the persistence of AN (Zipfel et al., 2015; Treasure et al., 2015).

During the last decade, several research groups have used a stimulus-free fMRI approach, defined
as resting-state fMRI (rsfMRI) (e.g. Fox and Greicius, 2010). In these studies, the participants are
positioned in the scanner in an awake-state without performing any particular task. This method
allows for making temporal correlations between brain areas, based on spontaneous task-
independent fluctuations of the blood-oxygenation level dependent (BOLD) signal in the brain
(Biswal et al., 2010; Greicius et al., 2009). RsfMRI considers the functional connectivity of brain

areas, whereas traditional, task-dependent fMRI concerns activity of particular brain areas in



response to a stimulus. RsfMRI is a simple procedure, has a short scan time — on the order of
minutes, and the reproducibility of results is robust within the same participant (Zuo et al., 2010).
However, while rsfMRI is thought to reflect fundamental traits in personality or psychological
function (Harmelech & Malach, 2013), some have criticized the ultimate usefulness of rsfMRI
results (Morcom & Fletcher, 2007). Moreover, the debate on the role of unwanted thoughts in
resting state functional connectivity is still open (Kuhn et al., 2013) and it could be a
methodological concern in psychiatric disorders, due to the fact that several psychiatric disorders
have intense forms of unwanted thoughts (e.g. obsessive compulsive disorder (Julien et al., 2007)
and rumination on weight and body shape is present in AN (APA, 2013). While generalities of the
basic methodology in rsfMRI would benefit from further standardization and optimization (e.g. scan
while eyes closed/open, or awake/asleep), rsfMRI has regardless emerged as a staple tool in

neuroimaging studies — perhaps equal in utility to task-based fMRI (Fox and Greicius, 2010).

A number of studies have used rsfMRI to investigate functional connectivity in patients with eating
disorders. Several different approaches can be used in rsfMRI analysis. In particular, the most
common are network-based and seed-based approaches (Fox & Raichle, 2007; van den Heuvel &
Hulshoff Pol, 2010). Regarding the first approach, independent component analysis (ICA) is the
most common analysis to investigate intrinsic neural networks, and it does not necessarily require
an a priori hypothesis. ICA analyzes the entire BOLD signal and isolates different independent
components putatively reflecting separate resting-state networks (RSNs) (Fox & Raichle, 2007; van
den Heuvel & Hulshoff Pol, 2010). RSNs are defined as the sets of brain areas that show strong
temporal coherence in the resting brain, and are thought to represent specific frameworks of brain
function (Damoiseaux et al., 2006; Smith et al., 2009). A number of RSNs have been identified and
investigated, and among these, the most studied network is the default-mode network (DMN) (eg.
Raichle et al., 2001; Smith et al., 2009). The DMN involves areas such as the medial prefrontal

cortex, the posterior cingulate/precuneus, hippocampus and the inferior parietal cortex (Raichle et



al., 2001). It is also known by alternative nomenclature, such as the task-negative network (TNN),
or the hippocampal-cortex memory system (Vincent et al., 2008). The DMN is recruited during
non-goal oriented cognitive activity, introspective rumination, low-level arousal, homeostatic- and
self-regulation, such as during “day-dreaming,” and supporting autobiographical, internally
focused, declarative, episodic memory retrieval (Smith et al., 2009). The DMN is deactivated
antagonistically and anti-correlated with the executive control network, which is a medial-frontal
system including the anterior cingulate and para-cingulate cortex (Smith et al., 2009; Barkhof et al.,
2014). The executive control network, or task-positive network, underlies executive functioning,
such as working memory, goal-oriented cognition, impulse-control, and emotional processing
(Smith et al., 2009; Barkhof et al., 2014). In addition to the DMN and executive control network,
there are many other major canonical resting state networks that are frequently identified in the
literature (for details see Smith et al., 2009; Barkhof et al., 2014). In particular, these networks
include the sensorimotor network (i.e. striatal and parietal cortex), visual network (i.e. occipital
cortex), cerebellum network (i.e. cerebellum), salience network (SN: frontal cortex, anterior
cingulate and anterior insular cortex circuitry), and dorsal attention network (DAN: insular cortex
and posterior parietal). The seed-based approach is based on an a priori hypothesis and it assesses
functional connectivity between a preselected seed region and other brain regions (van den Heuvel
& Hulshoff Pol, 2010). In brief, a functional connectivity map is extracted from the temporal

correlations between the region of interest and all other brain regions (e.g. Lee at al., 2014).

Other rsfMRI approaches include graph analysis and effective connectivity. In graph analysis, the
brain is considered a complex network consisting nodes (i.e. designated brain areas distributed
across the whole brain) connected by edges (i.e. the functional relationship between nodes), which
the underlying activity over time dividing and organizing brain networks within the field of nodes
(eg. Ribinov & Sporns, 2010, Geisler et al., 2015). Graph analysis assesses the global and local

properties of brain regions and analyzes a number of global and nodal metrics, such as the average



path length between all pairs of nodes, and the sum of the edges’ weights that connects to a given
node, called degree centrality (DC). Two other common techniques include dynamic causal
modelling (DCM) and Granger causality, which both calculate effective connectivity (Friston,
2011). In brief, the effective connectivity assesses the causal and dynamic influence of one region
on another, as well as the directionality of information flow between brain regions (e.g. Kullmann et

al., 2014).

Currently, the literature on rsfMRI studies in AN seems to point to a lack of consistency in the
analytic approaches and, subsequently, also the findings. The aim of this paper, therefore, is to
systematically review studies using rsfMRI in patients suffering from AN and explore whether
rsfMRI adds useful insight in understanding of AN pathophysiology. In pursuit of this aim, we also
compare the results and subsequent interpretations from the different rsfMRI approaches to
determine if there is consensus in the brain areas/networks affected. Lastly, we shall discuss the
relevant themes and future considerations regarding the ultimate usefulness of rsfMRI in AN

research and treatment.

2. Methods

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines (Moher et al., 2009). The statement consists of a checklist of recommended items to be
reported (Appendix A: PRISMA check list) and a four-step flow diagram (Appendix B: PRISMA

flow diagram).

2.1. Search strategy and inclusion criteria
Databases used for the search were: PubMed (from inception to May 2016) and Scopus (from

inception to May 2016). We searched using the terms: ‘‘anorexia nervosa’’ or ‘‘eating disorders”’



AND “fMRI”, “resting state”, or “functional connectivity”. The reference lists of examined full-text
papers were scrutinised for additional relevant publications. In addition, expert colleagues in the
field were contacted for suggestion on further studies not considered in our search.

To be included in the review, studies were required to: 1) be written in English, 2) investigate a
sample of participants with current or recovered from AN in cross-sectional case-control or
longitudinal design, 3) investigate brain functionality at rest. Studies using tasks or stimuli (e.g.
hunger state) during the MR scanning sessions were excluded. Due to the limited number of peer-
reviewed rsfMRI studies on AN, we did not consider confounding factors such as sample
inhomogeneity (e.g. AN subtypes), presence of psychiatric comorbidity or pharmacological history,
which may limit some of the studies included. The heterogeneity of rsfMRI approaches and lack of
sufficient number of papers using similar approaches or similar seed or networks of interest do not

allow us to perform a meta-analysis.

2.2. Quality assessment and data abstraction

To reduce a risk of bias, PRISMA recommendations for systematic literature analysis have been
strictly followed. Two authors (S.G. and L.W.) independently selected paper abstracts and titles,
and analyzed the full papers that met the inclusion criteria, resolving disagreements through

consensus.

Data extracted from each study were: sample type, study design, sample size, resting-state fMRI

approaches, and selected findings.

3. Results
Fifteen resting-state fMRI studies of participants with current or past AN were included in the

review (Appendix B: PRISMA flow diagram). Overall, the studies included a total of 294



participants with current or past AN and 285 control participants. Table 1 reports the sample
characteristics of each AN study. Of the fifteen studies included in this review, four studies used a
seed-based approach and eleven a data-driven approach (Table 2). Of the eleven data-driven
approach studies, two studies adopted a whole brain ICA based approach, five studies used a
network of interest ICA based approach, and four studies adopted graph analysis (Table 2). In the
following, studies that applied seed-based, whole brain ICA based, network of interest ICA based,
and graph analyses will be summarized. Fig. 1 reports the main findings of the rsfMRI studies in

AN.

3.1. Seed-based approach Studies (n=4)

The seed-based approach is the most common method to examine functional connections of an a
priori selected brain region with all other regions (van den Heuvel & Hulshoff Pol, 2010). The
region of interest can be selected from previous, task-dependent fMRI results or it can be an a priori
defined region. Four rsfMRI studies adopted a seed-based approach (Lee et al., 2014; Favaro et al.,
2013; Biezonski et al., 2015; Collantoni et al., 2016) each selecting different seeds (Table 2). Lee
and colleagues (2014) enrolled a sample of adult AN outpatients (18 AN, 20 BN and 20 controls)
utilizing a cluster within the dorsal anterior cingulate cortex (dACC) as the seed region. This area
was selected based on their previous fMRI study of AN patients showing altered functional
activation in response to high-calorie food images (Kim et al., 2012). The seed analysis showed that
AN patients had a stronger synchronous activity between the dACC and retrosplenial cortex and
between the dACC and precuneus compared to controls. Furthermore, both groups of eating
disordered patients (AN + BN) demonstrated stronger synchronous activity between the dACC and
precuneus compared to controls. In a second study, Favaro and colleagues (2014) scanned an adult
subsample of their participants, which comprised 33 AN patients and 30 controls. Three bilateral
seeds were selected: dorsolateral prefrontal cortex (DLPFC), ventromedial PFC (vmPFC), and

ventrolateral PFC (vIPFC). No significant differences were found between AN patients and



controls. However, when analyzing differences within the AN group on the basis of genotypes for
functional polymorphisms of the catechol-O-methyltransferase (COMT) protein, functional
connectivity differences were found in the prefrontal seeds between the Met- and Val- carrier
subsamples. The third study by Biezonski and colleagues (2015) examined a clinical sample of 16
late adolescent and adult AN inpatients and 15 controls, and tested seven bilateral thalamic seeds.
Each seed corresponded to a region of the thalamus with preferential connections to a specific lobe
or cortical region (Johansen-Berg et al, 2005) and functional connectivity analyses were focused on
thalamic connectivity with the frontal lobes. AN patients had greater connectivity between the
centralmedial thalamus and the bilateral DLPFC and lower functional connectivity between the
anterior thalamus and the left anterior PFC compared to controls. While the alterations in thalamo-
frontal connectivity were not associated with attention and visuospatial processing, they were
associated with impairments in performance on tasks assessing cognitive control and working
memory. Most recently, Collantoni and colleagues (2016) examined an adult subsample that
comprised 35 AN patients and 34 controls. They selected three different seeds: superior parietal
lobule, right inferior frontal gyrus and pre-supplementary motor area, considering them as part of
the dorsal attention, ventral attention, and pre-supplementary motor area networks respectively. The
authors found that AN patients showed altered functional connectivity in the right inferior frontal

gyrus compared to controls.

In sum, given that the seed-based rsfMRI studies use different brain region seeds, comparisons
between the studies are limited. Nevertheless, functional connectivity alterations were found
between dACC and the precuneus, in thalamus-frontal circuits, and in the right inferior frontal gyrus

— regions associated with cognitive control processes and rumination on weight and body shape.

3.2. Whole brain ICA based Studies (n=2)

10



The approach most utilised to examine whole-brain connectivity patterns is ICA (Fox & Raichle,
2007; van den Heuvel & Hulshoff Pol, 2010). This approach does not require an a priori seed
region, hence, is data-driven, and allows general patterns of connectivity between several brain
regions to emerge based on temporal synchronicity (van den Heuvel & Hulshoff Pol, 2010). ICA
then compares these patterns between groups. Since its development, rsfMRI studies via ICA have
robustly described several different and widely accepted resting-state networks (Damoiseaux et al.,
2006 and Smith et al., 2009), which have led to the network-of-interest based approach (see section
below).

Two rsfMRI studies investigated whole brain functional connectivity via ICA, focusing on the most
widely accepted resting-state networks (Cowdrey et al., 2014; Gaudio et al., 2015) (Table 2). The
first study was conducted on adult participants recovered from AN (16 past AN, 15 controls)
(Cowdrey et al., 2014). The AN patients had recovered by at least one year. Twelve resting-state
networks were identified, corresponding to previously-described RSNs (Smith et al., 2009). Altered
functional connectivity was found within the default mode network (DMN). In particular, AN
recovered participants showed increased resting-state functional connectivity between the DMN and
the precuneus and the DLPFC/inferior frontal gyrus compared to controls. The second study was
conducted on a sample of medication-naive adolescent outpatients at the earliest stages of AN (less
than 6 months of AN duration) and with no psychiatric comorbidity (Gaudio et al., 2015). Eight
resting-state networks were indentified and all of them corresponded to previously reported
significant RSNs (Smith et al., 2009). The functional connectivity maps showed alterations within
the executive control network. Specifically, decreased functional connectivity was found in AN
patients compared to controls between the executive control network and in a region of the ACC

close to the border of he paracingulate gyri.

To sum up, these two studies, while using the same approach (whole-brain ICA), investigated

samples that differed in age (i.e. adults vs adolescents) and stage of AN (recovery state vs earliest

11



stages of AN). The findings of the two studies implicated two different networks: the executive
control network and DMN. In particular, decreased functional connectivity between the executive
control network and the ACC was seen in the earliest stage of AN, brain regions associated with
cognitive control and emotional processing which are perhaps altered neural circuits in early stages
of the disorder. Conversely, increased functional connectivity between the DMN and the precuneus
and the DMN to the DLPFC/inferior frontal gyrus was seen in adults whom had recovered from
AN, a possible residual neural pattern associated with altered attentional and cognitive control

resources.

3.3. Network of interest ICA based approach Studies (n=5)

As mentioned above, a number of robust and widely accepted RSNs have been identified using ICA
(Damoiseaux et al., 2006; Smith et al., 2009). Building on this, another rsfMRI approach uses
established RSNs as a priori networks-of-interest similarly as in the seed-based approach (e.g.
Favaro et al., 2012). Five rsfMRI studies adopted this approach investigating one or more resting-
state networks of interest and focusing on AN patients (Amianto et al. 2013; Boehm et al., 2014;
Phillipou et al., 2016), participants with current or past AN (Favaro et al.,2012), or only participants
recovered form AN (Boehm et al., 2016) (Table 2). The first by Favaro and colleagues (2012),
focused on four network of interest: visual networks (i.e. medial, lateral, and ventral) and one
somatosensory network, hypothesizing an impairment of multisensory integration processing in
AN. They scanned a sample that was composed of AN patients (N = 29), AN recovered participants
(disease free for at least 6 months. n = 16) and controls (n = 26). The authors found that AN patients
showed altered functional connectivity within the ventral visual network and the somatosensory
network and that AN recovered participants only showed functional alterations within the ventral
visual network. Specifically, there was decreased functional connectivity between the ventral visual
network and the left occipitotemporal junction and increased functional connectivity between the

somatosensory network and the left superior parietal cortex in AN patients compared to controls.
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Decreased functional connectivity between the ventral visual network and the right middle frontal
gyrus was also found in AN recovered participants compared to controls. In the second study,
Amianto and Colleagues (2013) scanned a sample composed of 12 adult AN outpatients, 12 adult
BN patients and 10 controls, investigating the cerebellar network. The authors found a number of
differences between the groups. In particular, AN outpatients showed increased functional
connectivity between the cerebellar network and the vermis, left insula, bilateral temporal pole, and
posterior cingulate cortex and decreased functional connectivity between the cerebellar network and
parietal lobe compared to controls. BN patients and the mixed group of patients (AN+ BN) showed
partially similar results compared to controls. In addition, BN patients showed increased functional
connectivity between the cerebellar network and lateral hemispheric areas of the cerebellum, ACC,
and precuneus as well as decreased functional connectivity between the cerebellar network and the
right inferior frontal gyrus. A comparison between the AN and BN groups revealed AN patients had
increased functional connectivity between the cerebellar network and the bilateral anterior insula,
precuneus, and right inferior frontal gyrus, as well as decreased functional connectivity in the
cerebellar hemispheres and ACC. The third study by Boehm and colleagues (2014), focused on five
resting state networks: the DMN, the salience network, the fronto-parietal network, the visual
network, and somatosensory network, to investigate some important domains that may be of
relevance to AN clinical symptoms (e.g. self-referential processing, rewarding and emotional
stimuli processing, visual and somatosensory information processing). The authors studied a sample
of adolescent and young- adult patients with AN (n = 35) and a control sample (N = 35).
Differences were found within the DMN and the frontal-parietal network. Specifically, AN patients
showed increased functional connectivity between the DMN and the left anterior insula/frontal
operculum and increased functional connectivity between the frontal-parietal network and the left
angular gyrus compared to controls. A later study by Boehm et al., 2016, tested 31 women
recovered from AN against 31 age/sex-matched controls. Three networks (i.e. the default mode,

frontal-parietal, and salience netwroks) were tested, investigating within and between resting state

13



functional connectivity and functional network connectivity. No differences were found in the
DMN, but the frontal-parietal network had reduced connectivity with the dorsolateral prefrontal
cortex in the recovered AN participants compared to control. As was also reported in patients with
active AN (Bohem et al., 2014), a further hypothesis-driven analysis again found increased
connectivity between the frontal-parietal network and the left angular gyrus in the participants
recovered from AN. Finally, no differences were found in functional network connectivity. The
fifth study by Phillipou et al., (2016) investigated the DMN, sensorimotor network, and visual
network in 26 females with AN and 27 age/sex-matched controls. While this study technically was
not ICA-based (but ROI-to-ROI seed-based type), we have included it here, as it limited its analysis
to functional networks. No differences were found in the DMN, but reduced functional connectivity

was found between the sensory-motor and visual networks in AN patients compared to controls.

In sum, and similarly as in the seed-based approach mentioned above, the network-of-interest ICA
based studies did not always use the same a priori networks of interest, limiting an aggregation of
findings, and also comparison between studies. In particular, altered functional connectivity was
found in AN patients within and between the somatosensory and visual networks and within the
default mode, fronto-parietal and cerebellar networks. On the other hand, altered functional
connectivity was found in participants recovered from AN in the default mode, fronto-parietal and
visual networks. However, these results were partially discordant between both the rsfMRI studies
on AN patients and participants recovered from AN. In addition, differences between AN and
bulimia nervosa patients were found in the cerebellar network functional connectivity in the only
study which also recruited bulimia nervosa patients. Combined, this suggests that networks
implicated in cognitive control and visual and somatosensory integration may be affected in AN and
that these alterations could partially persist in participants recovered from AN. Furthermore, it can

be preliminary suggested that rsfMRI may be useful for differential ED types.
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3.4. Graph analysis Studies (n=4)

Graph analysis is similar to whole-brain ICA analysis in that both are emergent, data-driven
methods, which do not rely on a priori information. Graph analysis builds a network of nodes (i.e.
designated brain areas distributed across the whole brain), such as a grid of arranged nodes, and
creates weighted edges between nodes to describe functional connectivity between brain regions.
Here, we examine four studies utilizing such techniques (Kullmann et al., 2014; Ehrlich et al., 2015;
Geisler/Borchardt et al., 2015; Lord et al., 2016) (Table 2). The method employed by Kullmann and
colleagues (2014) built a network based on nodes with the most numerous, statistically-significant
edges (i.e., degree centrality). These highly-connected regions were then compared between three
different groups (all young adult females): 12 AN patients, 14 controls, and 12 athletes. Reduced
connectivity was found within the inferior frontal gyrus (IFG) bilaterally for AN patients compared
to controls. There were no differences between controls and athletes. The authors also performed a
seed-based analysis using the IFG as the a priori region. They further found decreased connectivity
between the right IFG and bilateral orbital frontal gyrus, and increased connectivity between the left
IFG to the bilateral insula in AN patients compared to controls. Again, no differences were found
between controls and athletes. The next study by Ehrlich and colleagues (2015) tested 35 AN
patients and 35 age-matched controls (all female, ranging from early teenager to young adult).
Networks were built by picking the cluster with the most numerous, statistically-significant
nodes/ROI based on resampling statistics. Compared to controls, they found decreased connectivity
in the AN group for a network of seven nodes with regions including the left amygdala, left
thalamus, right fusiform gyrus, bilateral putamen, and bilateral posterior insula. Geisler/Borchardt
and colleagues (2015) tested the same cohort using an initial graph of 160 nodes (arranged by meta-
analysis from fMRI (Dosenbach et al, 2010), and searched for networks in each participant by
recursively removing edges until all edges met statistical thresholds. Quantitative measurements of
the networks, as well as of individual nodes, were then compared between groups. In terms of the

network, the AN group had increased average path length (sum of edges) compared to the controls,
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indicating an inefficient network. More specifically, at the nodal level, AN patients had increased
path length in the left middle insula, right posterior insula, and bilateral thalamus. AN patients also
had low local efficiency in a right posterior occipital node, and increased efficiency in a node within
the right anterior prefrontal cortex, however, these differences in local efficiency seemed unstable.
A final graph-based rsfMRI study again examined the same cohort from Ehrlich et al., 2015 and
Geisler/Borchardt et al., 2015, comparing methodological strategies for graph analysis (Lord et al.,
2016). In this most recent work, Lord et al. compared graph analysis between the AN patients and
controls with two different bases for analysis: 1) an anatomical-based analysis where activity in
regions was assessed based on traditional, anatomically-defined regions (e.g., insula, cingulate,
etc.), and 2) a calculation-based analysis where activity was measured in the same 160 spherical
ROI nodes assigned as mentioned above (and established by Dosenbach et al., 2010). The two
schemes converged on only 5 out of 20 regions when detecting differences between AN patients
and healthy controls, with the anatomical analysis finding differences in parietal and cingulate
regions and the node-analysis finding differences in the insula and thalamus. The authors conclude
that the most prominent differences in activity between AN patients and controls are robust —
regardless of the scheme used for analysis. However, the authors recommend that an a priori
selection of regions, specific for a disease, are likely more useful than arbitrary or random

assignments.

In summary, partially consistent results were found for the graph analysis studies. Functional
connectivity alterations mainly involved the insula and thalamus as well as the inferior frontal
gyrus, amygdala, fusiform gyrus, or putamen. In particular, the last study by Lord et al., which
compared two types of graph analyses based on either an anatomical or a calculated basis, generally
echoes the differences found in our comparisons of the a priori and emergent, data-driven analyses:
while each type of analysis indeed detects differences between AN and controls at the most basic

level, the details can be variable. From all this, more standardization of resting-state methods,
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particularly graph analysis, is required. Regardless, the areas found to be related to AN in the above
studies can all reasonably be linked to the symptomology of AN regarding somatosensory/visual

integration processes and cognitive control.

4. Discussion

4.1. Main findings

The present paper is the first, to our knowledge, to systematically review resting-state functional
magnetic resonance imaging (rsfMRI) studies conducted with anorexia nervosa (AN) patients.
Although the use of rsfMRI in AN research is rather new, the number of published studies indicates
an increasing interest in this neuroimaging technique among groups of research. The growing
interest among researchers is related to the fact that rsfMRI is a simple procedure that can improve
the understanding of psychiatric disorders (Barkhof et al., 2014). In this systematic review, we
included 15 papers using different resting-state approaches (i.e. seed-based, whole brain ICA-bases,
network of interest ICA-based, and graph analysis studies), with a total of 294 participants with
current or past AN and 285 control participants. Overall, studies showed relatively consistent
overlap in results (see Table 2 and Figure 2), specifically involving the corticolimbic circuitry,
which helps to form a clinical perspective on the underlying neurobiological links to AN symptoms.
On the other hand, the studies had little overlap in their analytical approach and/or a-priori
assumptions. The seed-based studies focused on different seeds (see table 2) and showed functional
connectivity differences between AN and HC in the dACC (Lee et al., 2014), the Thalamus
(Biezonski et al., 2015), and the right inferior frontal gyrus (Collantoni et al., 2016). Moreover, the
network-of-interest ICA-based studies focused on different networks (e.g., visual, somatosensory,
cerebellar, fronto-parietal, default mode, and salience networks) in both AN patients (Favaro et al.,
2012; Amianto et al., 2013; Boehm et al., 2014) and participants recovered from AN (Favaro et al.,

2012; Boehm et al., 2016); all of which found altered functional connectivity within different
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networks (see Table 2). In particular, a recent study, via a ROI to ROI approach, focused on default
mode, visual, somatosensory networks and found decreased functional connectivity between the
sensory-motor and visual networks in AN patients compared to controls (Phillipou et al., 2016).
However, results were inconsistent between studies investigating the same networks (i.e. DMN and
visual networks) (Favaro et al.,2012; Boehm et al., 2014; Phillipou et al., 2016). Regarding the
visual networks, while Favaro and colleagues (2012) found decreased functional connectivity
within the ventral visual network in both AN patients and recovered AN participants, Boehm and
colleagues (2014) did not find differences in this network and Pilippou and colleagues only found
alterations between the visual and somatosensory networks in AN patients. Regarding the DMN,
increased functional connectivity was found in AN patients (Bohem et al., 2014), but no differences
were found in participants recovered from AN (Bohem et al., 2016) or when adopting a ROI to ROI
approach in AN patients (Phillipuo et al., 2016). Furthermore, the two data-driven approaches,
which do not have a priori hypotheses (whole-brain, ICA-based and graph analysis), also showed
different results. The two studies that used a whole-brain ICA-based approach showed functional
connectivity alterations in the DMN in participants recovered form AN (Cowdrey et al., 2014) and
executive control network in adolescent patients with AN (Gaudio et al., 2015), respectively. And
the four studies that adopted graph analysis found alterations involving either the inferior frontal
gyrus (Kullmann et al., 2014), insula (Ehrlich et al., 2015; Lord et al., 2016), or thalamus (Geisler et

al., 2015; Lord et al., 2016).

The discordant results between studies may partly be due to practical limitations such as differences
between cohorts: e.g. age, eating disorder duration, current or past pharmacological treatment,
psychiatric comorbidity, prandial state. In particular, severity and duration of AN are well-known
confounding factors in AN neuroimaging studies due to the impact of malnutrition on neural
processing (Kaye et al., 2013). Thus, sample heterogeneity could explain some differences in this

analysis. For example, the samples in two whole-brain ICA-based studies were composed of either
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adult participants recovered from AN (Cowdrey et al., 2014) or adolescent patients in the early
stages of AN (Gaudio et al., 2015), while the samples of the four graph-based studies included
adults and a mixed sample of adults and adolescent patients with unreported durations of AN
(Kullmann et al., 2014; Ehrlich et al., 2015; Geisler et al., 2015; Lord et al., 2016). The difference in
resting-state approach is another confounding factor, as even studies using the same cohort found
different results using different methods (Boehm et al., 2014; Ehrlich et al., 2015; Geisler et al.,
2015). This is expected to some extent, as some rsfMRI studies (such as network-of-interest, ICA-
based) are limited to specific areas/networks and have very specific testing hypotheses (e.g.
Amianto et al., 2013). Results of seed-based studies, as well, are limited to the a priori regions
chosen for analysis, and different seed regions may produce better overlapping results with the
emergent, whole-brain ICA and graph-based approaches. In addition, it cannot be excluded that
differences may be partially due to unwanted thoughts that can occur during the scan (Kuihn et al.,
2014) and could be related to AN symptoms (e.g. rumination on food and body shape) (APA.

2013), that are currently unexplored in rsfMRI studies.

4.2. AN symptom domains and etiological and clinical insight: overlap in results between the
rsfMRI studies

Despite the differences among the findings of the reviewed rsfMRI studies, the results

show functional alterations in networks and/or areas related to the main symptom domains of AN:
impaired cognitive control and flexibility, and impaired visual and somatosensory integration,
which can sustain ruminations about food/eating and body image disturbances (see Table 2). In
particular, the different seed regions used (i.e. dACC, inferior frontal gyrus, thalamus) are all
involved in cognitive control circuits (Lee et al. 2014, Biezonsky, 2015, Collantoni, 2016), and
some of these areas are also part of well-known resting state networks, such as the executive control
network (i.e. ACC) and ventral attention network (i.e. inferior frontal gyrus). Taken together, seed-

based findings seem to describe excessive top-down control, which has previously been implicated
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in the neuropathology of AN (Kaye et al 2011; Brooks et al., 2012; Brooks, 2016). Furthermore,
altered fronto-parietal network alterations, a brain network involved in cognitive control functions,
were found in both AN patients (Bohem et al., 2014) and participants recovered from AN (Bohem
et al., 2016). These resting-state findings may underlie the impaired cognitive control of appetitive
processes as well as ruminations concerning the self and body image. Furthemore, it is of interest
that altered functional connectivity of the fronto-parietal network persists in participants recovered
from AN, suggesting persistent alteration of cognitive control functions (Bohem et al., 2016). This
is of note for the clinician, as altered activation at rest of the executive control and/or frontro-
parietal areas may be a significant biomarker for disease and recovery as well. This suggestion is in
line with current neurobiological models of the development and maintenance of AN (e.g. Treasure
et al. 2015; Zipfel et al., 2015), particularly implicating dysfunctional activation of cognitive control
networks (Kaye et a., 2013; Brooks, 2016).

On the other hand, alterations were found between the visual and somatosensory networks
(Phillipuo et al., 2016) and within the visual, somatosensory (Favaro et al., 2012) and occipital
networks (Amianto et al., 2013) in three network of interest ICA-based studies. These networks are
also related with integration process of visual and somatosensory signals (Smith et al., 2009;
Barkhof et al., 2014) and may be involved in body image disturbances (Favaro et al., 2012,
Phillipuo et al., 2016). These brain networks/areas partially also overlap with the findings of fMRI
studies that used tasks related to body in AN patients (Gaudio and Quattrocchi, 2012) and seem to
confirm the complexity of this puzzling symptom of AN (Zipfel et al., 2015, Treasure et al., 2015,
Dakanalis et al., 2016).

Some areas overlapped between methods: insula (network-of-interest ICA, graph analysis) (Boehm
etal., 2014; Ehrlich et al., 2015; Geisler et al., 2015; Lord et al., 2016), and thalamus (seed based,
graph analysis) (Biezonski et al., 2015; Ehrlich et al., 2015; Geisler et al., 2015; Lord et al., 2016)
(also see Figure 2). The insula showed functional connectivity alterations as part of the DMN

(Boehm et al. (2014) as well as nodes in the graph analyses (Ehrlich et al., 2015; Lord et al., 2016).
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The DMN is mainly involved in self-reflection (Raichle et al., 2001) (for network details also see
the introduction paragraph). The insula is functionally connected with multiple areas (also see table
2) and is mainly involved in interoception of bodily feelings and sensorimotor integration (Craig et
al., 2002; Simmons et al., 2013). The rsfMRI results discussed further implicate the insula in AN
and its body-image disturbances via several functional connections (see Table 2, main interpretation
column), which are also observed in some task-related fMRI studies (Gaudio and Quattrocchi,
2012, Frank et al., 2016). The thalamus showed altered functional connectivity both as an explored
seed region (e.g. altered connectivity between thalamus and prefrontal cortex) (Biezonski et al.,
2015) and as a node in graph analysis (Geisler et al., 2015; Lord et al., 2016). The thalamus is
comprised of multiple distinct nuclei with many patterns of anatomical connectivity that are seldom
reported (Zhang et al., 2008, 2010). In particular, the listed rsfMRI studies found altered thalamo-
prefrontal cortex connectivities, mainly involved in cognitive and executive processes (Biezonski et
al., 2015). Furthermore, altered functional connectivity was found in a subnetwork that also
includes the posterior insula and is speculated to be a source of impaired integration between
visuospatial and somatosensory signals in AN patients (Ehrlich et al., 2015; Geisler et al., 2015;
Lord et al., 2016). Also considering the above reported alterations of visual and somatosensory
networks, these resting-state findings suggest that several brain regions could be involved body
image disturbances and may sustain an impaired integration between real and perceived
internal/external state of one’s own body in AN patients (Favaro et al., 2012; Gaudio & Riva, 2013;
Ehrlich et al., 2015; Geisler et al., 2015; Phlippou et al., 2016; Lord et al., 2016), that may partially
persist after AN recovery (Favaro etal., 2012). Further studies with multiple approaches, for
example rsfMRI and diffusion tensor imaging, are needed to better clarify the role of these
functional connectivity alterations and their role in AN pathogenesis and complex AN

symptomatology.
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While specific pathways between regions were generally not replicated between the different
studies and approaches, these altered areas/networks which differ between studies are related to AN
symptomatology and offer useful etiological and clinical insight. In particular, two ICA-based
rsfMRI studies (whole-brain and network-of-interest analyses) found altered functional connectivity
within the DMN for participants recovered from AN (Cowdrey et al., 2014) and those with a current
AN diagnosis (Boehm et al., 2014), although there were differences between the affected areas (see
table 2), while no differences were found in this network in two subsequent network of interest
ICA-based study on and patients with AN (Philippou et al., 2016) and participants recovered from
AN (Bohem et al., 2016) respectively. These findings suggest that the DMN is pertinent to consider
in terms of the neuropathology of AN, because it is perhaps low-level arousal (linked to appetitive
and affective processes for example) that is being excessively controlled and that also drives self-
and body-focused ruminations (Bohem et al., 2014). On the other hand, only functional connectivity
alterations within the executive control network (i.e. decreased functional connectivity between the
executive control network and the anterior cingulate cortex) were found at the earliest stages of AN
(in whole-brain, ICA-based analysis) (Gaudio et al., 2015). Interestingly, altered functional
connectivity of the anterior cingulate cortex was found using this area as a seed region (Lee et al.,
2014) (also see above and Table 2). The five network-of-interest ICA based studies did not
investigate the executive control network (Favaro et al., 2012, Amianto et al.., 2013; Bohem et al.,
2016; Phillipou et al., 2016; Bohem et al., 2016) and two of them did not investigate the DMN
(Favaro et al., 2012, Amianto et al.., 2013). These results suggest that the DMN and executive
control network, for example, may be differentially affected depending on the time-course of the
disease state, such that networks related to cognitive control and emotional processing may be
involved within the early stages of AN, while the DMN, mainly involved in self-referential
processing, may display long-term dysfunction. In particular, the three previously reported ICA-
based studies with participants recovered from AN [adopting a network of interest (Favaro et al.,

2012; Bohem et al., 2016) or a whole brain (Cowdrey et al., 2015) ICA-based approach] showed
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different results: altered functional connectivity was found within the DMN (Cowdrey et al., 2015),
the visual network (Favaro et al., 2012), and the fronto-parietal network (Boehm et al., 2016). These
findings suggest that functional connectivity may be differently affected after recovery from AN
and that the different alterations could represent possible neurobiological traits and/or scar effects of
AN. These last points speak to the need of longitudinal studies with a data-driven approach (i.e.
ICA whole-brain and graph analysis) to confirm these findings and to investigate the different

stages of AN and its recovery.

5. Conclusions

In conclusion, the variety of rsfMRI approaches seem to effectively describe the neural phenomena
of AN, although the variation of rsfMRI approaches and the relatively low number of AN studies in
comparison to other fields makes definitive assumptions untenable at present. Each of the resting-
state approaches listed seemed to adequately quantify the trends of increased/decreased functional
activity, showing several functional alterations in the networks and/or areas mainly involved in
cognitive control and visual and homeostatic integration, with at least some overlap in brain
areas/networks putatively important in AN, such as the insula.

Overall, rsfMRI studies provide preliminary evidence of brain alterations at rest in networks/areas
involved with the main symptom domains of AN both in patients with current AN and in
participants recovered from AN: cognitive inflexibility and altered processing/integration of body
signals. The functional brain alterations related to cognitive control could sustain rumination on
food and weight and the functional brain alterations related to body signal integration/processing
could sustain the complex body image disturbances of AN, with a possible interconnection between
the two domains. These findings suggest developing more targeted treatment strategies focused on

the two symptom domains of AN.

23



Sample heterogeneity and methodological differences are likely the most important factors for the
differences between studies. It remains crucial to improve our understanding of altered functional
connectivity at rest in AN and its involvement in complex AN symptomatology. Multicentre studies
with larger and homogeneous samples and with longitudinal designs are needed to better clarify the
role and the nature of functional connectivity alterations in AN. Furthermore, although the seed-
based and the network of interest approaches have been favoured because of the simplicity in
interpreting findings, the whole-brain approaches (whole-brain ICA and graph analysis) should be
encouraged with the aim to establish a comprehensive view of the functional connectivity at rest in
AN. As done by a group of authors (Boehm et al., 2014; Ehrlich et al., 2015; Geisler et al., 2015;
Lord et al., 2016), future studies could adopt a multi-approach analysis, integrating methods with
and without a priori assumptions, and also exploring unwanted thoughts related to the disease
during scan (Kuhn et al., 2014). In addition, it would be useful to combine different methods using
both diffusion tensor imaging and rsfMRI to investigate both structural and functional connectivity.
Resting-state neuroimaging methods remain a means to improve our knowledge on AN
pathophysiology, investigate functional differences throughout stages of disease, and help in

defining possible neural markers involved in the development and maintenance of AN.
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Figure legend:

Figure 1. Main brain areas implicated in resting-state functional MRI. Diagram of the main
findings from each resting-state fMRI study of AN patients classified on the basis of the different
resting state approaches. Each circle represent the regions where AN patients exhibited functional
connectivity alterations: yellow refers to the seed based approach studies (seeds are reported); green
refers to whole-brain ICA-based studies (altered areas within the networks are reported); red refers
to network-of-interest ICA-based studies (altered areas within the networks are reported); blue
refers to graph analysis studies (altered areas are reported). Labels are reported in Table 2. See

Table 2 for specific details of the areas implicated by each method.
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Table 1. Sample characteristics of resting-state-fMRI studies

Study Participants Age (years) BMI ED duration
(years)
Mean (SD) Mean (SD) Mean (SD)
Amianto et al. (2012) AN:n=12 20.00  (400) 1627  (0.99) 091 0.41
BN:n=12 2300  (5.00) 2157  (2.38) - -
HC:n =10 2400  (3.00) 2135  (3.16) - -
Biezonski et al. (2015) AN:n=15 19.00 (0.50) 17.37 (0.29) 4.73 (0.83)
HC:n=16 20.31 (0.77) 2157 (0.45) - -
Boehmetal. (2014) *  AN:n=35 16.10 (2.56)  14.78 (1.26)  1.57 (2.25)
HC:n=35 16.16  (2.64) 2081  (2.72) - -
Bohem et al. (2016) rec-AN:n=31 2227  (3.08) 2069  (162) 3.72 (2.66)
HC:n=31 21.73 (2.99) 21.37 (2.10) - -
Collantoni et al. (2016) AN:n=35 25.40 (6.90) 15.80 (1.80) 6.70 (6.90)
HC:n=34 25.00 (6.20) - - - -
Cowdrey et al. (2014)  rec-AN: n =16 23.06 (3.55) 21.33 (2.17) 3.50 (2.38)
HC:n=14 2411  (285) 2101  (1.56) - -
Ehrlich etal. (2015) *  AN:n =235 16.10  (2.56) 1478  (1.26) - -
Geisler et al. (2015) *
Lord et al. (2016)* HC:n=35 16.16 (2.64) 20.81 (2.72) - -
Favaro et al. (2012) AN:n=29 25.80 (6.90) 14.50 (2.30) 6.20 (6.90)
rec-AN:n=16  23.80 (4.80)  19.20 (1.00)  (2.30)  (1.70)
HC:n =26 26.70 (6.70)  21.80 (3.20) - -
Favaro et al. (2013) AN: n =33 2690  (7.30) 1580  (1.90) - -
HC: n =30 2580  (6.70) - - - -
Gaudio et al. (2015) AN: n=16 15.80 (1.70) 16.20 (1.20) 0.33 (0.15)
HC:n=16 16.30  (1.40) 2110  (1.90) - -
Kullmann et al. (2014) AN:n=12 23.30 (4.70) 15.50 (1.50) - -
HC:n=14 2460  (290) 2140  (1.50) - -
HCA:n=12 2410  (3.20) 2200  (1.90) - -
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Lee et al. (2014) AN:n =18 2520  (420) 1600  (1.70)  3.80 (2.60)

BN: n =20 2290  (3.90) 2160  (2.30)  3.80 (4.70)

HC: n =20 2330  (1.80) 19.90  (1.90) - -

AN: n= 26 2281  (667) 1663  (L19)  6.42 (7.43)
Phillipuo etal. (2016) .y — o7 2246  (316) 2260  (353) - -

Note : BMI = Body mass index. ED = eating disorder. AN = anorexia nervosa. BN = Bulimia Nervosa. HC = healthy
control. rec- AN = recovered AN. HCA = healthy control athletes. * these four samples are composed by the same

participants.



Table 2. Description of resting-state fMRI studies in AN

Brain regions and/or
networks analysed

Main findings

Main clinical interpretation

Label Study

Seed-based studies

A Lee etal.
(2014)

B Favaro et al.
(2013)

C Biezonski et
al. (2015)

D Collantoni et
al. (2016)

Seed: dorsal anterior
cingulate cortex
(dACC)

Seed: dorsolateral,
ventrolateral and
ventromedial
prefrontal cortex
Seed: seven bilateral
thalamic seeds. Only
connectivity with the
frontal lobes was
investigated

Seed: superior parietal
lobule, right inferior
frontal gyrus and pre-
supplementary motor
area

AN patients showed stronger synchronous activity between
the dACC and retrosplenial cortex and between the dACC
and precuneus. ED group demonstrated stronger
synchronous activity between the dACC and precuneus.
Analyses did not reveal any significant differences between
AN patients and healthy women. Within AN sample, FC
differences were detected between patients with different
variants for the COMT protein.

AN patients showed greater connectivity between the
central medial thalamus and the bilateral dorsolateral
prefrontal cortex and lower FC between the anterior
thalamus and the left anterior prefrontal cortex.

AN patients showed altered FC (in both the positive and
negative connectivity) of the right inferior frontal gyrus,
considered as part of the ventral attention network

The altered dACC-precuneus synchrony might be associated
with the disorder-specific rumination on eating, weight and
body shape in patients with eating disorders.

AN patients with a particular variant for the COMT protein had
increased prefrontal cortex FC compared to carriers of a
different variant.

Alterations in thalamo-frontal circuits may have a role in
mediating aspects of cognitive dysfunction in AN patients.

Impaired ventral attention network connectivity (i.e. the right
inferior frontal gyrus alteration) may affect cognitive control
processes and exogenous stimuli filtering.

Whole brain ICA based Studies

Twelve resting-state
networks identified
and investigated
Eight resting-state
networks identified
and investigated

Increased temporal coherence between the DMN and the
precuneus and the dorsolateral prefrontal cortex/inferior
frontal gyrus in subjects recovered from AN.

Decreased temporal correlation between the executive
control network FC maps and the anterior cingulate cortex
(ACC) in AN patients.

The findings are compatible with the core symptoms of AN
including ruminative preoccupation on eating, weight and
shape, excessive planning and impaired cognitive flexibility.
The decreased FC between executive control network and the
ACC could explain the impaired cognitive flexibility in relation
to body image and appetite in AN patients.

Network of interest ICA based studies

E Cowdrey et
al. (2014)
Gaudio et al.

F (2015)

G Favaro et al.
(2012)

H Amianto et al.
(2013)

Networks of interest:
medial, lateral, and
ventral visual
networks and
somatosensory

Networks of interest:
cerebellar

Decreased FC in the left occipitotemporal

junction within the ventral visual network and increased
FC in the left superior parietal cortex FC within the
somatosensory network in AN patients.

Decreased FC in the right middle frontal gyrus within the
ventral visual network in recovered AN subjects.
Alterations within the cerebellar network between ED
patients compared to controls (e.g., increased connectivity
with insulae and vermis decreased connectivity with
parietal lobe). Increased connectivity with the insulae in

The findings may explain the failure of the integration process
between visual and somatosensory perceptual information that
sustains body image disturbance.

The findings support the role of the cerebellum as a key area of
integration of different functions important in ED
psychopathology.
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Boehm et al.
(2014)

Bohem et al.
(2016)

Phillipou et
al. (2016)

Networks of interest:
fronto-parietal,
default mode,
salience, visual and
sensory-motor
Networks of interest:
fronto-parietal,
default mode, salience

Networks of interest:
ROIs of default mode,
sensory-motor and
visual networks. a
ROI to ROI approach
was used. (see the
paper for details)

AN compared to BN, increased connectivity with anterior
cingulate cortex in BN compared to AN

Increased FC between the angular gyrus and the fronto-
parietal network and between the anterior insula and the
default mode network in patients with AN.

Recovered AN subjects showed reduced FC between the
dorsolateral prefrontal cortex and the fronto-parietal
network. Additional a priori analysis found increased FC
between angular gyrus and FPN in recovered subjects. No
differences were found in the DMN.

Decreased FC were found between the sensory-motor and
visual networks in AN patients compared to controls. In
particular, AN patients showed reduced FC between
primary somatosensory, and secondary visual and
associative visual areas; and between primary motor, and
secondary visual and associative visual areas.

No differences were found in the DMN.

Increased FC within the fronto-parietal network may be related
to excessive cognitive control in AN patients. The anterior
insula/DMN alterations may be related to ruminations about
food and bodily appearance.

Some altered FC patterns found in AN patients are still present
after long-term AN recovery. In particular, DMN alterations
seem to normalize, while fronto-parietal network alterations,
also related to cognitive control functions, seem to persist. The
authors suggested this interpretations on the basis of their
previous study [i.e. Bohem et al (2014) (label I)].

Reduced FC between sensorimotor and visual networks may
suggest an altered visuospatial processing in AN patients,
related to body image disturbances.

Graph analysis studies

L

Kullmann et
al. (2014)

Ehrlich et al.

(2015)

Geisler et al.

(2015)

Lord etal.
(2016)

degree centrality and
effective connectivity

Network-based
statistic approach and
regional homogeneity

7 global and 7 nodal
graph metrics (see the
paper for details)

Global and local
network properties,
including network-
based statistics,

Reduced FC of the inferior frontal gyrus (IFG) bilaterally
and altered effective connectivity (i.e. from the right IFG to
the middle cingulate cortex, from the bilateral orbitofrontal
gyrus to the right IFG and from the bilateral insula to the
left IFG) in AN patients

A subnetwork of connections had decreased connectivity in
AN patients, areas included the amygdala, thalamus,
fusiform gyrus, putamen and the posterior insula.

Decreased connectivity strength and increased path length
in the posterior insula and thalamus in AN patients.

FC alterations were found in AN patients compared to
controls including the insula and thalamus. These
differences were consistent across the parcellation
approaches.

Reduced connectivity within the cognitive control system of the
brain and increased connectivity within regions important for
salience processing.

The findings might reflect changes in the propagation of altering
sensations to urgent homeostatic imbalances and pain-processes,
which are known to be severely disturbed in AN and might
explain the striking discrepancy between patients' actual and
perceived internal body state.

Reduced local network efficiency in the thalamus and posterior
insula may reflect a mechanism explaining the impaired
integration of visuospatial and homeostatic signals in AN
patients.

Reduced FC in a subnetwork including the insula and

thalamus (as found in this study independent of type of atlas)
could be related to an altered processing of signals such as body
size, hunger and pain.
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comparing two
common parcellation
approaches (i.e.
anatomical and
literature based
analyses) (see the
paper for details)

Note: Dorsal anterior cingulate cortex = dACC. Anorexia nervosa = AN. Eating disorder = ED. Functional connectivity = FC. Default mode network = DMN. Anterior cingulate
cortex = ACC. Bulimia nervosa = BN. Inferior frontal gyrus = IFG.
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