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Abstract

Purpose Various neurobiological models have utilised symptom categories to explore the underlying neural correlates in
both anorexia nervosa (AN) and bulimia nervosa (BN). The aim of this research was to investigate the brain activity patterns
associated with viewing food stimuli in anorexia nervosa and bulimia nervosa.

Methods Electronic databases including PsycInfo and PubMed were systematically searched from data base inception
until 1st of December 2020, identifying 14 suitable functional magnetic resonance imaging studies (fMRI), involving 470
participants. ALE meta-analysis was used to statistically analyse the overlap of activation foci from different fMRI studies
in response to visual food stimuli.

Results Comparing patients with AN with healthy control (HC), we detected hypoactivation in brain areas related to reward
processing (i.e., amygdala and lentiform nucleus), and interoceptive processing (i.e., insula). In addition, patients with AN
showed hyperactivations in cognitive control areas (i.e., prefrontal and anterior cingulate cortex). In contrast, patients with
BN exhibited hyperactivations in brain areas related to reward processing (i.e., lentiform nucleus), and interoceptive process-
ing (i.e., insula). Furthermore, patients with BN showed hypoactivations in brain regions associated with cognitive control
(i.e., prefrontal and anterior cingulate cortex).

Conclusions Our study shows differing neural endotypes of the two types of eating disorders, that underpin their behavioural
phenotypes. While exploratory in nature, these findings might be relevant for guiding new emerging therapies, including
invasive and non-invasive neuromodulation techniques in treatment of eating disorders.

Level of evidence Level I, meta-analysis.

Keywords fMRI - Eating disorder - Anorexia nervosa - Bulimia nervosa

Introduction

Anorexia nervosa (AN) and bulimia nervosa (BN) are psy-
chiatric disorders with a very high burden of disease. Eating
disorder patients commonly suffer several medical complica-
tions involving endocrine, cardiovascular, gastrointestinal,
renal and neurological systems [46]. Consequently, eating
disorders are associated with increased rates of mortality
compared with the general population [46], and individuals
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with AN have the highest mortality rates of all other psychi-
atric disorders [33, 45].

AN and BN feature overlapping (such as fixation on
weight and appearance) as well as distinct symptoms (such
as extreme restriction of calorie intake vs. binging and
purging) [1]. While several factors including sociocultural,
psychological and biological aspects have been suggested
to contribute to the development and maintenance of these
eating disorders, the aetiology is still inconclusive [45].

Analogous with several other psychiatric illnesses, there has
been increasing research surrounding the underlying neurobio-
logical links associated with the contribution and maintenance
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of eating disorders [31]. Various neurobiological models have
utilised symptom categories to explore the underlying neural
correlates, both AN and BN share and what contributes to
their differing clinical presentations [31]. For example, food
restriction is a key characteristic of AN, and imbalances in the
brain systems involved in emotion, reward processes and deci-
sion-making processes, have been implicated in AN presenta-
tion [28]. By contrast, high levels of impulsivity and a lack of
inhibition-control leading to binge-eating can be demonstrated
in BN, and differences in these neural correlates compared to
AN have been suggested [31, 60].

Reward processing has been proposed to have an integral
role in accounting for extreme differences in food intake
between individuals presenting with eating disorders [23].
Individuals with anorexia commonly report anhedonia, an
impaired ability to derive pleasure from usually enjoyable
activities [38]. Instead, food restriction is thought to be per-
ceived as initially rewarding, due to weight-related cognitions,
and subsequently, sustained due to the conditioning of the
reward [28, 56]. Reduced reward sensitivity has been dem-
onstrated in individuals with AN, with an increased ability to
delay monetary rewards for example [28]. In contrast, indi-
viduals with BN report increased novelty seeking and reward
sensitivity [23]. The complex neural mechanisms underlying
reward processing employ multiple brain regions [32] to per-
form a series of sub-processes, including reward anticipation
reward association, re-appraisal of reward value, and reward-
seeking behaviour regulation. Key areas are the striatum, pre-
dominantly the including the nucleus accumbens (NAc) [22],
as well as the amygdala [47].

Second, interoceptive processing refers to the perception
of one’s physiological functions, such as fullness, hunger,
and taste [57]. Interoception centers on the anterior insula,
through which the peripheral nervous system communicates to
the limbic and cortical control centres of homeostasis [7, 30].
Due to individuals with eating disorders displaying abnormal
perceptions of hunger, theories have suggested that impaired
interoceptive processing has contributed to the maintenance
of their disorders [9, 18, 28, 55].

Finally, cognitive control regions are interconnected with
both, reward-related regions and areas involved in interocep-
tion, and are considered to modulate eating behavior [22, 32,
46]. Chiefly, the prefrontal cortex, is thought to integrate goals,
affective valence, interoceptive states, and sensory input to
guide control functions, such as behavioural inhibition, plan-
ning and decision making [21, 22, 41, 47, 65]. Furthermore,
the anterior cingulate cortex performs additional executive
functions associated with affect-value attribution, emotional
regulation, and conflict monitoring [64]. Finally, the orbito-
frontal cortex aids in subjective value attribution and decision
making [22, 32].
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Using neuroimaging to investigate
the mechanisms of eating disorders

Recent advances in neuroimaging techniques have allowed
for an increase in research surrounding the underlying neu-
ral mechanisms associated with the initiation and main-
tenance of eating disorders [31]. Especially, functional
magnetic resonance imaging (fMRI), the most popular
neuroimaging tool, has led to substantial advancements
in the understanding of neurobiological models of eating
disorders [17].

While the use of fMRI studies to identify neural regions
associated with eating disorders has been undoubtedly
advantageous, the findings are inherently variable. fMRI
studies often use relatively small sample sizes, which can
lead to issues with replicability and false positive results [9,
17, 51]. Therefore, inconsistencies between existing fMRI
studies investigating eating disorders are not uncommon,
which makes drawing conclusion about the neurobiological
underpinnings problematic [17].

To address these limitations, coordinate-based meta-anal-
ysis can be used. This method statistically establishes con-
currence across fMRI studies by pooling activation data [12,
51]. Pooling data across similar studies allows for increased
statistical power, determines inter-study trends, and enables
findings occurring by chance to be separated from the con-
sistent results [51]. One of the most widely used tools for
coordinate-based meta-analysis is Activation Likelihood
Estimation (ALE) [10, 51, 58].

Current study

The aim of this study was to conduct a systematic ALE
meta-analysis of existing fMRI studies to explore the com-
monalities and differences in brain activation patterns asso-
ciated with AN and BN, relative to healthy controls (HC).
Given the relevance of food for eating disorders, this review
focused on task-based fMRI studies that required partici-
pants to observe food stimuli.

Hypotheses

1. We hypothesised that when looking at food stimuli, AN
patients would show hypoactivity (i.e., reduced activity)
in the brain regions related to reward processing, relative
to HC. In contrast, we predicted BN patients to show
hyperactivity (i.e., increased activity), relative to HC.

2. We hypothesised that when looking at food stimuli, both
AN and BN patients would exhibit abnormal activity,
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relative to HC, in brain regions related to interoceptive Method

processing.

3. We hypothesised that patients with AN would show  Literature search and article selection

hyperactivity in brain regions related to cognitive con-

trol, while individuals with BN would show hypoactiv-  The review was conducted in accordance with the Preferred

ity, both relative to HC.

Reporting Items fo Systematic Reviews and Meta-Analysis
(PRISMA) guidelines [42] (see Fig. 1).

Fig. 1 Prisma flowchart of search and selection procedure
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Search strategy, eligibility criteria and data
extraction

The electronic databases employed for the search included
PsyclInfo and PubMed. To identify additional relevant stud-
ies, manual searches within the reference lists of examined
studies were conducted. All relevant published journal arti-
cles, with no year limits were included in the search. The
key terms used were (“fMRI” OR “functional magnetic reso-
nance imaging””) AND (“Anorexia Nervosa” OR “Bulimia”
OR "Eating Disorder”). After screening for duplicates, the
titles and abstracts and of 631 studies were independently
assessed by two reviewers for the following criteria: (a)
involving patients with AN or BN in ill state (i.e., not recov-
ered); (b) using task-based fMRI (i.e., no resting-state stud-
ies); (c) written in English. This initial screening stage led to
the rejection of 451 articles. The full-text of the remaining
180 articles were independently assessed by two reviewers
for the following additional criteria: (e) using tasks focused
on food stimuli; (f) involving a statistical contrast of a patient
sample (AN or BN) relative to a HC sample. This led to the
exclusion of a further 164 articles. Finally, two articles were
excluded for not reporting activation coordinates (i.e., those
two studies used an region of interest-based approach). The
final sample of studies comprised, therefore, 14 studies (see
Table 1). From those studies two reviewers independently
extracted the type of disorder (i.e., AN, BN, and HC), the
sample size, the tasks performed, and the fMRI activation
coordinates.

Activation likelihood estimation

To identify the commonalities and differences in brain pat-
tern associated with AN and BN, an activation likelihood
estimation (ALE) analysis was performed, using GingerALE
software Version 3.0.2 [10, 12, 58]. ALE is a method for
conducting coordinate-based meta-analysis to statically
analyse the overlap of activation foci from different fMRI
studies [10]. For each included study, the software gener-
ates a model activation (MA) map by merging each study’s
total foci coordinates (x, y, z). Individual MA maps are then
combined across studies to form an ALE map. This ALE
map provides a statistical map of consistent activations
across studies [10, 51]. To account for risk of bias, Gin-
gerALE applies an uncertainty of random effects model. To
account for the natural variability across participants spatial
smoothing is also applied. That is, the analysis models foci
as Gaussian probability distributions, using a Full-Width-
Half-Maximum (FWHM), allowing for the smoothing of
data over nearby voxels. The distribution width reflects study
size, with larger sample sizes weighted more strongly than
smaller sample sizes [10, 12]. To control for the problem
of multiple comparisons within the same voxel resulting in
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false positive clusters, a cluster level FWE threshold was
employed [10]. Specifically, statistical contrasts were com-
puted using a height threshold of p < 0.1 and a cluster-defin-
ing threshold of p <0.05 (FWE corrected for multiple com-
parisons), based on 1000 permutations, which is considered
an optimal thresholding level [10, 11]. To be able to combine
and compare activation patterns form different studies it is
necessary to use normalised data within the same stereotaxic
space [35]. The icbm2tal conversation algorithm, as imple-
mented in GingerALE, was used to convert any activation
foci reported in Talairach space to MNI space [36]. To view
and display the activation likelihood maps produced by Gin-
gerALE coordinates, Mango version 2.5 software was used
(http://ric.uthscsa.edu/mango/).

Statistical contrasts

To identify how brain patterns associated with viewing food
images in AN and BN differ from those in HC, four between
group contrast analyses were conducted. (1). Testing for
hyperactivated brain regions when viewing food stimuli in
AN relative to HC (AN >HC). (2). Testing for hypoactivated
brain regions when viewing food stimuli in AN relative to
HC (HC > AN). (3). Testing for hyperactivated brain regions
when viewing food stimuli in BN relative to HC (BN >HC).
(4). Testing for hypoactivated brain regions when viewing
food stimuli in BN relative to HC (HC > BN).

Results
Anorexia nervosa vs. healthy controls

The analysis was based on nine individual studies and
revealed four clusters that showed significantly higher activ-
ity in AN patients relative to controls (i.e., hyperactivations
related to viewing food images) that were located bilater-
ally in areas related to cognitive control (i.e., the frontal
and cingulate cortex), as well as cerebellum (see Fig. 2 and
Table 3). The reverse comparison revealed 11 clusters that
showed significantly lower activity in anorexia patients com-
pared to HC (i.e., hypoactivations related to viewing food
images). Hypoactivated brain areas included those related to
reward processing (i.e., amygdala and striatum) and intero-
ceptive processing (i.e., insula). Additional areas of hypoac-
tivations included the parietal cortex, cerebellum, thalamus,
parahippocampal gyrus and lingual gyrus (see Fig. 2, and
Table 2).

Brain regions showing hyperactivations (red) and hypo-
activations (green) in patients with AN compared to HC.
Contrasts were computed with a cluster-defining threshold of
p <0.05, FWE corrected for multiple comparisons. Abbrevi-
ations: CG cingulate gyrus, IPL inferior parietal lobule, LG
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Table 1 Studies included ALE meta-analysis

Study Participants AN Subtype Duration of Illness Age BMI MRI Field Task
Strength
(Tesla)
Bohon and Stice (2011) 13 with BN Not stated 203 239 3 Viewing a glass of choco-
13 HC 203 232 late milkshake vs. a
glass of water
Brooks et al. (2011) 8 with BN 12 years 25 21.6 1.5 Viewing a wide range
24 HC 26 217 of food vs. non-food
stimuli
Brooks et al. (2012) 18 with AN 11 rAN, 7 bpAN, 7.2 years 26 157 1.5 Viewing a wide range
24 HC 26 217 of food vs. non-food
stimuli
Holsen et al. (2012) 12 with AN 12 rAN 5 years 21.8 18*% 3 Viewing a wide range
11 HC 21.6 224 of food vs. non-food
stimuli
Horndasch et al. (2018) 16 with AN 8 rAN, 7 bpAN, 1 8.7 years 26.7 162 3 Viewing a wide range
16 HC atypAN 26.8 214 of food vs. non-food
stimuli
Joos et al. (2011) 11 with AN 11 rAN 5 years 25 162 3 Viewing savory and
11 HC 26 21.1 sweet food vs. non-food
stimuli
Kim et al. (2012) 18 with AN 6 rAN, 12 bpAN 3.8 years 252 16 1.5 Viewing high-calorie food
20 with BN 3.8 years 229 21.6 vs. non-food stimuli
20 HC 233 199
Lee et al. (2017) 12 with BN 7.5 years 237 215 3 Viewing a wide range
14 HC 233 204 of food vs. non-food
stimuli
Santel et al. (2006) 13 with AN 13 rAN 0.8 years 16.1 16 1.5 Viewing high-calorie
10 HC 20.5 savory and sweet food
vs. non-food stimuli
Scaife et al. (2016) 12 with AN 12 rAN 10.3 years 294 154 3 Viewing of high calorie
16 HC 243 212 vs. low calorie food
stimuli
Schienle et al. (2009) 14 with BN 7.3 years 23.1 221 15 Viewing a wide range
19 HC 223 21.7 of food vs. non-food
stimuli
Uher et al. (2004) 16 with AN 9 rAN, 7 bpAN 13.1 years 269 16 1.5 Viewing savory and
10 with BN 14.8 years 29.8 224 sweet food vs. non-food
19 HC 26.7 224 stimuli
Van den Eynde et al. 21 with BN Predominately in 28 234 15 Viewing savory and
(2013) 23 HC the 5-10 years 273 213 sweet food vs. non-food
range stimuli
Young et al. (2020) 16 with AN  Not specified 15.4 years 314 159 1.5 Viewing a wide range
20 HC 26.7 21.2 of food vs. non-food
stimuli

The Holsen et al. (2012) study used the DSM-IV weight criterion for AN (i.e., < 85th percentile of normal body weight). According to the ICD-
10 criterion for AN (BMI<17.5), some patients would be considered weight restored
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lingual gyrus, MedFG medial frontal gyrus, MFG middle
frontal gyrus, PHG parahippocampal gyrus, SFG superior
frontal gyrus, 7h Thalamus.

Bulimia nervosa vs. healthy controls

The analysis was based on seven individual studies and
revealed six clusters that showed significantly higher
activity in BN patients relative to controls (i.e., hyper-
activations related to viewing food images). Hyperacti-
vated brain areas included those related reward processing
(striatum), interoception (insula), and visual processing
(cuneus, lingual and fusiform gyrus). In addition, there
was significant hyperactivity in the bilateral cerebellum)
(see Fig. 3 and Table 4). The reverse comparison revealed
seven clusters that showed significantly lower activity
in BN patients compared to HC (i.e., hypoactivations
related to viewing food images). Hypoactivated brain
areas included predominantly those related to cognitive
control (prefrontal and cingulate cortex). Additional areas
of hypoactivations included the precunues and temporal
cortex (see Fig. 3, and Table 3).

Brain regions showing hyperactivations (red) and hypo-
activations (green) in patients with BN compared to HC;
contrasts were computed with a cluster-defining threshold of
p<0.05, FWE corrected for multiple comparisons. Abbre-
viations: CB cerebellum, FG,fusiform gyrus, IFG inferior
frontal gyrus, LG lingual gyrus, MFG middle frontal gyrus,
MTG middle temporal gyrus, OG occipital gyri, PHG

Fig.2 Hyperactivations and
Hypoactivations in Patients in
AN

parahippocampal gyrus, SFG superior frontal gyrus, STG
superior temporal gyrus.

Discussion

Our first hypothesis was that patients with AN would show
hypoactivity in the brain regions related to reward process-
ing compared to HC. In contrast, BN patients were predicted
to show hyperactivity in brain regions related to reward
processing. The results of the ALE analysis supported both
predictions, by showing decreased activity in amygdala and
striatum for the anorexia group and increased striatal activity
for the bulimia group. Second, we hypothesized that when
looking at food stimuli, both AN and BN patients would
exhibit abnormal activity, relative to HC, in brain regions
related to interoceptive processing. Again, the results of the
ALE analysis supported both predictions, showing decreased
insula activity for the anorexia group, and increased activity
for the bulimia group. Finally, we hypothesised that patients
with AN would show hyperactivity in brain regions related
to cognitive control, while individuals with BN would
show hypoactivity, both relative to HC. Also here, the ALE
analyses supported the predictions; the AN group showed
increased activity in cognitive-control-related areas (i.e.,
prefrontal cortex) relative to the HC group, while the BC
group exhibited an inverse pattern (i.e., decreased activity
of the prefrontal cortex).

The first key finding of the ALE analysis was decreased
activity in amygdala and striatum for the anorexia group and
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Brain regions showing hyperactivations (red) and hypoactivations (green) in

patients with AN compared to HC. Contrasts were computed with a cluster-

defining threshold of p <0.05, FWE corrected for multiple comparisons.

Abbreviations: CG: cingulate gyrus; IPL: inferior parietal lobule; LG: lingual

gyrus; MedFG: medial frontal gyrus; MFG: middle frontal gyrus; PHG:

parahippocampal gyrus; SFG: superior frontal gyrus; Th: Thalamus.
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Table 2 AN hyperactivations and hypoactivation relative to HC

Region Hemisphere BA MNI coordinates ALE P Zz Cluster size
X y z Vol/mm?
AN>HC
Cerebellum R - 14 - 74 - 16 7.672E-03 1.25E-04 3.663 68,432
Cerebellum R - 11 -35 -26 7.666E-03 1.25E-04 3.663
Cerebellum R - 34 —46 -20 7.662E-03 1.28E-04 3.656
Cerebellum R - 30 - 74 -26 7.570E-03 1.37E-04 3.638
Lingual gyrus R 18 22 - 74 -2 7.416E-03 1.58E-04 3.602
Precuneus R 31 32 - 76 24 6.862E-03 3.03E-04 3.429
Medial frontal gyrus L 9 8 47 12 6.967E-03 2.70E-04 3.460 38,704
Superior frontal gyrus R 10 28 64 0 7.144E-03 1.97E-04 3.544
Middle frontal gyrus R 46 44 42 10 6.646E-03 5.13E-04 3.283
Cingulate gyrus L 24 -03 6.3 46 3.60E-04 3.19E-02 1.853 32,784
Cerebellum L - —-42 -72 -22 7.829E-03 3.02E-05 4.011 22,944
Cerebellum L - - 18 - 74 -24 7.592E-03 1.33E-04 3.646
HC> AN
Striatum R - 33 8 4 6.707E-03 2.52E-04 3.479 31,240
Inferior frontal gyrus R 47 36 23 - 11 6.529E-03 3.73E-04 3.372
Amygdala L - -21 - 10 -11 6.519E-03 3.73E-04 3.372 30,656
Thalamus L - -3 -7 -5 6.336E-03 4.31E-04 3.332
Lingual gyrus R 18 14 - 86 -6 6.618E-03 2.75E-04 3.455 17,200
Parahippocampal gyrus L 30 -9 —40 1 6.519E-03 3.73E-04 3.372 16,776
Insula L - - 30 17 7 6.519E-03 3.73E-04 3.372 16,768
Inferior parietal lobule L 40 -34 - 44 50 7.831E-03 8.12E-05 3.771 14,552
Cerebellum L - -32 - 78 -20 7.958E-03 4.03E-05 3.942 14,480
Cerebellum R - 20 —44 -20 8.638E-03 9.62E-06 4.273 14,040
Insula R 13 48 -24 -2 8.234E-03 1.58E-05 4.162 14,016
Inferior parietal lobule R 40 49 -31 48 7.876E-03 7.71E-05 3.784 13,344
Precuneus R 19 35 -73 36 7.876E-03 7.71E-05 3.784 13,240

Anatomical locations and spatial coordinates of ALE analysis showing significant activations (with a cluster-defining threshold of p <0.05, FWE

corrected for multiple comparisons)

BA brodmann area

increased striatal activity for the bulimia group. The amyg-
dala is known to be play a central role in emotional pro-
cessing [44] and conditioned learning, such as punishment
anticipation and reward learning [22, 32]. The decreased
activity in the anorexia group is, therefore, likely indicative
that food rewards are indeed less rewarding. These findings
are also in line with fMRI studies focused on gustatory per-
ception which observed reduced amygdala activation in AN
patients in response to taste stimuli [43, 63].

In addition, we identified decreased activity in the stri-
atum for the anorexia group and increased activity in the
bulimia group. The activation cluster covered both, the ven-
tral and dorsal striatum. The ventral striatum is well known
for its role in reward-related behaviour [8], but also the dor-
sal striatum is known to respond to reward stimuli [2], even

though it is better known for its role in habit learning [14].
In addition, the dorsal striatum had been found to mediate
behaviours involving eating, particularly of highly palat-
able, high-calorie foods [19, 29]. As individuals with AN
are known to typically avoid high-calorie foods, whereas
bulimia patient embrace it [20, 29], this in line with the dif-
ferential brain activity patterns observed in this study.
Distinctions between the two patient groups in terms of
reward processing are also indicated by differential activity
patterns in visual cortex, i.e., we found decreased activity in
anorexia patients and increased activity in bulimia patients,
suggesting different degrees of visual attention being paid
to food stimuli. Decreased activation in visual processing
areas found in AN subjects may indicate they are employ-
ing cognitive strategies to show less attention towards the
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stimuli to support and maintain the anorexic state [62]. In
contrast, BN individuals’ increased engagement towards
the food stimuli, together with increased reward process-
ing brain regions, suggests they display a heightened reward
sensitivity towards food [13].

The second key finding of our analysis was decreased
insula activity for the anorexia group, and increased activ-
ity for the bulimia group. Those activity patterns suggest
that higher activity relates to greater interoceptive respon-
siveness, such as increased feelings of hunger or appetite
in bulimia patients [34]. In contrast, the lower-than-normal
activity in the anorexia group suggests, therefore, less intero-
ceptive responsiveness to food stimuli [7], and potentially
impaired ability to recognise internal hunger cues [7, 34].

Finally, our prediction of brain activity patterns indica-
tive of lower-than-normal cognitive control in the bulimia
group, and increased cognitive control in the anorexia group
were supported by the ALE results. More specifically, the
AN group displayed hyperactivity in the prefrontal cortex,
inclusion specifically medial and lateral prefrontal areas
that form part of the cognitive control network, governing
effortful regulation of affective valence, selective attention,
and inhibition control [22, 64, 66]. Increased activity of this
network in the AN group is likely to represent a compensa-
tory attempt to exert cognitive control over emotional and
reward responses from food stimuli. Overall, these findings
suggest an increased responsiveness in terms of monitor-
ing and regulating emotions and food-related motivations,
which subsequently lead to restrictive appetitive behavioural

Fig.3 Hyperactivations and
Hypoactivations in Patients in
BN

responses commonly seen in individuals with AN [17, 27,
28, 55].

In contrast, BN patients displayed hypoactivity in the pre-
frontal control network, suggesting a decreased responsive-
ness in terms of monitoring and modulating the emotions
and reward-related motivations that the food stimuli may
induce [65]. Therefore, this indicates that individuals with
BN have less effective cognitive control, thus allowing for
their heightened appetitive and reward systems to impinge,
eventually resulting in binge eating behaviours [65, 67]. Our
observations are also in line with studies showing reduced
prefrontal activity in individuals with BN during tasks that
require (non-food-related) response inhibition tasks [39, 40].
Furthermore, repetitive transcranial magnetic stimulation
(TMS) of the prefrontal cortex has been found to reduce
food cravings in women prone to strong food cravings [59]
and to binge eating [60].

Interestingly, both AN and BN patients showed hyperac-
tivity in the cerebellum relative to HC. While not directly
related to our hypotheses, this finding indicates a functional
role for the cerebellum in the control of feeding behaviour.
A cluster of nuclei within the cerebellum have been previ-
ously shown to have an inhibitory effect on glucose-sensitive
neurons within the hypothalamus, suggesting a role in blood
glucose homeostasis through regulation of food intake [69].
Another explanation may lie in the emerging evidence of a
role of the cerebellum in the perception and regulation of
emotions through its connectivity with the limbic networks

[3].
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Brain regions showing hyperactivations (red) and hypoactivations (green) in

patients with BN compared to HC.; contrasts were computed with a cluster-

defining threshold of p <0.05, FWE corrected for multiple comparisons.

Abbreviations: CB: cerebellum; FG: fusiform gyrus; IFG: inferior frontal gyrus;

LG: lingual gyrus; MFG: middle frontal gyrus; MTG: middle temporal gyrus; OG:

occipital gyri; PHG: parahippocampal gyrus; SFG: superior frontal gyrus; STG:

superior temporal gyrus.
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Strength and limits

To allow for valid conclusions, quantitative meta-analysis
require a high degree comparability and constancy across
the included studies. We, therefore, restricted the analysis
on studies that involve viewing of food stimuli. While this
ensures a high degree of internal consistency and validity it
also limits the generalizability of the findings. For instance,
our study does not provide insights into other facets of eating
disorder, such as those related to body image. Our stringent
exclusion criteria also resulted in a relatively low number of
included studies (i.e., 14 studies, involving 470 participants)
and the results should be, therefore, considered explorative
in nature. It is important to note though that pooling data
across a relatively small number of studies still has consider-
able advantages compared to results based on single studies.
The evidence base in our analysis was also still sufficiently
large to allow for stringent statistical thresholding (i.e., FWE

correction), which provides a high level of confidence in the
reliability of the results. A larger sample of studies would,
however, also permit assessing effects of duration of illness
on brain activation patterns. Structural imaging work has
indicated that prolonged AN is associated with atrophy spe-
cifically in the cerebellum [15]. Nevertheless, in the current
study, the typical duration of illness was comparable for the
two disorders (Median,y=7.2 years; Mediangy=7.5 years)
and is, therefore, not a probable source of bias.

Another limitation to this study was that the AN sam-
ple was not split by restricting and binge-purge subtypes.
While the minimum severity BMI criteria is still required for
both subtypes of AN [1], it has been argued that the clinical
features of AN binge-purge subtype may align more with
BN symptomology in relation to eating behaviours [28, 31].
While many of the included studies in this meta-analysis
reported the importance of considering AN by subtypes,
the majority of these studies subsequently did not split their

Table 3 BN hyperactived and hypoactivated brain regions when looking at food images relative to HC

Region Hemisphere BA MNI coordinates ALE P V4 Cluster size
X y z Vol/mm?®
BN>HC
Insula L - -36 -6 -8 7.563E-03 9.06E-05 3.744 42,184
Insula L 13 -42 2 -4 7.532E-03 9.16E-05 3.741
Insula L - - 38 0 4 7.374E-03 1.01E-04 3.716
Striatum L - -26 -4 2 7.369E-03 1.01E-04 3.716
Insula L 13 —44 6 -4 7.368E-03 1.01E-04 3.716
Insula L 13 —40 12 -4 7.361E-03 1.22E-04 3.669
Striatum L - 18 4 - 10 7.361E-03 1.22E-04 3.669
Middle temporal gyrus L 37 —-48 - 44 -4 7.144E-03 1.84E-04 3.562 22,272
Fusiform gyrus L 37 —40 - 64 -8 6.444E-03 5.52E-04 3.263
Cerebellum R - 4 —-42 -8 7.876E-03 6.84E-05 3.814 21,424
Cerebellum R - 4 - 58 -22 6.471E-03 5.46E-04 3.265
Cuneus L 17 -22 - 80 12 8.430E-03 2.26E-05 4.080 21,040
Superior Occipital gyrus L 19 - 34 -72 34 7.144E-03 1.84E-04 3.562
Anterior cingulate R 32 12 42 21 7.331E-03 1.40E-04 3.633 18,504
Superior frontal gyrus R 8 20 44 48 7.144E-03 1.84E-04 3.562
Cuneus R 17 24 - 80 12 8.371E-03 2.32E-05 4.073 18,072
Lingual gyrus R 19 26 -70 2 7.157E-03 1.55E-04 3.607
HC>BN
Middle frontal gyrus L 10 —44 44 -8 7.951E-03 4.88E-05 3.896 14,464
Middle frontal gyrus L 46 —48 28 24 8.026E-03 2.99E-05 4.014 14,296
Precuneus L -27 -59 42 7.876E-03 7.88E-05 3.779 14,176
Precuneus R 5 11 —41 66 7.876E-03 7.88E-05 3.779 14,168
Middle temporal gyrus R 21 58 - 26 - 10 8.453E-03 1.01E-05 4.263 13,976
Superior temporal gyrus L 22 - 54 - 16 -2 8.374E-03 1.40E-05 4.189 13,928
Middle temporal gyrus R 39 48 - 68 30 8.482E-03 6.29E-06 4.367 11,216

Anatomical locations and spatial coordinates of ALE analysis showing significant activations (with a cluster-defining threshold of p <0.05, FWE
corrected for multiple comparisons)

BA brodmann area

@ Springer



2318 Eating and Weight Disorders - Studies on Anorexia, Bulimia and Obesity (2022) 27:2309-2320

data by subtypes, due to limitations of small sample sizes
[9, 16, 51].

Finally, while ALE is the most commonly meta-analytical
tool for fMRI data, it is not the only approach. Seed-Based
Analysis (also known as SDM) is an alternative approach,
which in contrast to ALE takes also the effect size of
included studies into consideration [48—50]. It is important
to note that differences in meta-analytical approaches might
lead to some degree of variability in the outcomes.

Despite this limitation our study provides a valuable
summative assessment of the distinct the neural mecha-
nisms underpinning eating disorders, which in turn might
guide targeted future interventions, such as neuromodulation
approaches treatments [60].

What is already know on the subject?

Several existing fMRI studies have investigated the neural
mechanisms underpinning AN and BN. There is, however,
a large degree of variability among the results.

What your study adds?

Using an ALE meta-analysis approach, allowed us to iden-
tify unique as well as overlapping brain activity for AN and
BN relative to HC.
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