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Structural and Functional Neural Correlates

of Anorexia Nervosa

Anoreksiya Nervozamn Sinir Sistemindeki
Yapisal ve Islevsel Etkileri

Deniz Atalayer
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Sinirbiliminden son on yil icinde elde edilen bulgular, psikiyatrik hastaliklann algilanig bicimiyle
ilgili anlayisimizi sekillendirdi. Psikiyatrik bozukluklan agiklamada, psikolojik ve sosyokiiltiirel
faktorlere dayanan daha geleneksel teorilere ek olarak, genetik ve nérolojik bilesenleri de iceren gok
yonlii bir etyolojiyi destekleyen kanitlar her gecen giin artmaktadir. Kendini a¢ birakma ve asin
derecede diisiik viicut agirhgi ile tanimlanan ve dlimciil olma riski yiiksek bir psikiyatrik bozukluk
olan anoreksiya nervoza, bu bulgular iiginda, bir beyin bozuklugu olarak siniflandirlabilir. Birbirin-
den farkl sonuglar mevcut olmakla birlikte, anoreksiya nervoza hastalarinin beyinlerindeki yapisal
ve ndrokimyasal degisiklik ve anomalileri ve bunlarin islevsel dnemi ve bilissel sonuglarini aragtiran
bircok calisma bulunmaktadir. Bu derlemenin amaci, anoreksiya nervozada saptanan anomali ve
degigiklikleri ve bunlari hedef alan birtakim tedavi yaklagimlari ile ilgili giincel literatiiri bir araya
getirmektir.

Anahtar sozciikler: Anorexia nervosa, beyin, sinirsel, yapisal, ilevsel.

Abstract

The findings from neuroscience have shaped our understanding in the past decade regarding the
way we perceive psychiatric illness. In addition to the more conventional theories that are based
solely on the psychological and sociocultural factors to explain psychiatric disorders, there is grow-
ing evidence supporting a multifactorial etiology with genetic and neurological components.
Anorexia nervosa, a life-threatening psychiatric disorder with relentless restrictive eating resulting
in extremely low body weight, is one such illness that may be categorized as a brain disorder based
on the recent findings. Although inconsistencies exist, several studies investigated the structural
and the neurochemical alterations in the brain as well as the functional significance and the cogni-
tive manifestations of these abnormalities in anorexia nervosa patient. This review aims to summa-
rize the current literature on the neural aberrations and several treatment approaches targeting
these abnormalities in anorexia nervosa.
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THE MORBID question of why without being suicidal, people would starve them-
selves to the point of death has led the researchers and clinicians for the quest of an
effective answer to help persons with anorexia nervosa (AN), a psychiatric disorder with
pathology related to eating behavior. Technological advances in the 21st century al-
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lowed investigators to use more refined methods to examine the neurobiological and
the physiological substrates potentially underlying the pathogenesis related to psychiat-
ric disorders have shaped our understanding regarding how we perceive mental illness-
es. In addition to the more conventional theories that are based solely on the psycho-
logical and sociocultural factors to explain psychiatric disorders, there is growing evi-
dence supporting a multifactorial etiology with genetic and neurological components
and the literature on the brain-related impairments in patients suffering from AN has
grown in the past decade.

Neuroimaging methods such as a positron emission tomography (PET), single-
photon emission computed tomography (SPECT), diffusion weighted imaging (DWI),
and magnetic resonance imaging (MRI), and functional MRI (fMRI) are being used to
assess the alterations in neural regions and the related symptoms in AN patients com-
pared to the healthy population (Giney and Kuruoglu 2007). Although inconsistencies
exist, common findings from studies employing these methodologies have elucidated a
neuropathology related to AN. Specifically, brain abnormalities including global and
regional volume reductions and neural response aberrations, as well as differences in the
structural and functional neural circuitry in regions associated with executive function,
reward evaluation, visuospatial abilities, interoception, and behavioral inhibition (Casi-
ero and Frishman 2006, Teng 2011, Warren 2011, Lipsman et al. 2015, Collantoni et
al 2016) have all been reported in patients with AN. Although neuroimaging is not
being utilized as a diagnostic tool, several groups also suggested therapeutic interven-
tions targeting the brain such as deep brain stimulation (DBS), transcranial magnetic
stimulation (TMS) as well as pharmaceutical agents targeting the proposed aberrant
neural signaling (Lipsman et al. 2013).

Currently, assumed effective therapies exist for AN however, remission rates are not
ideal (Hay 2013, Fairburn et al. 2015, Turner et al. 2015). Thus, in the quest to devel-
op novel interventions, attention to the structural and the functional neural alterations
associated with AN may lead to the development of more effective novel interventions
for AN. In this review, general contributions of studies analyzing the structural and
functional (global and regional) alterations in the brain as well as the neural functional
connectivity in patients with AN are summarized.

Definition of Anorexia Nervosa

AN is a life-threatening psychiatric disorder of unknown etiology involving heteroge-
neous environmental and genetic factors and has a complex psychopathology and path-
ophysiology. AN persons exhibit an obsessive concern about becoming overweight and
excessive dietary restraint (restrictive subtype) which may also present in conjunction
with binge eating and subsequent purging (binge-eating/purge subtype) or other forms
of compensatory behavior (e.g., laxative misuse, excessive exercise) to avoid weight gain
despite being severely underweight. It affects about 0.9% of women and 0.3% of men
(Hudson et al. 2007) and has the highest mortality rate of any mental disorder (Sullivan
1995). Most recent diagnostic criteria according to the fifth edition of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-5) includes extremely low body
weight, obsessive fear of gaining weight or becoming fat, relentless pursuit of thinness,
distorted body image (a skewed perception of body shape) and psychological suffering
and anxiety related to the changes in body weight (APA 2013).
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Neuropsychological Processes and Symptomatology

Patients with AN, despite being dangerously thin and having a cognitive preoccupation
with food, are faithfully obsessed with restricting their food intake to lose weight and
maintain an extreme level of thinness, which may be stemming from a distorted body
image. Distorted body image, a puzzling symptom of AN, is defined by thinking one is
fat despite being cachectic that displays itself as a significant influence of weight and
shape on one’s self-evaluation and was suggested to be partially caused by a cognitive
bias in AN (Williamson 2004). Specifically, weak central coherence -a bias towards
processing details rather than the whole picture i.e. a processing preference for local
(detail-focused) over global (“bigger picture”) information, has been proposed in AN
patient (Lopez et al. 2008b, Southgate et al. 2008). Perfectionism, an overcontrolling
personality trait (i.e., dietary restraint), is implicated in AN symptomatology (Dawe
and Loxton 2004, Bardone-Cone et al. 2007). This agrees with the reports for the
other end of the spectrum related to the eating-related disorders, that suggest an associ-
ation such as between the undercontrolling personality trait i.e. impulsivity and lack of
control in eating (i.e. bulimia nervosa, binge eating disorder, obesity) (Slof-Op’t Landt
et al. 2013, Boone et al. 2014). Harm avoidance, a measure of anxiety and strong be-
havioral inhibition, that is defined as the tendency of responding intensely to a previ-
ously established aversive stimulus, passively avoiding punishment, and being slow to
adapt changes (Cloninger et al. 1998), has been shown to be elevated in AN. Harm
avoidance has been shown to negatively associate with positive emotionality, self-
esteem (Cloninger et al. 1998), and mood disorders (Young et al. 1995), and was re-
ported to also persist after recovery in persons with AN (Klump et al. 2004, Cassin and
von Ranson 2005, Wagner et al. 2006).

Collectively, the results from numerous studies with multidisciplinary approach
seem to imply that impairments in one or multiple cognitive components may underlie
AN symptomatology (Renwick et al. 2015, Tenconi et al. 2016). These include but not
limited to deficits in visuospatial abilities (Szmukler et al. 1992, Kingston et al. 1996,
Favaro et al. 2012), memory (Green et al. 1996, Seed et al. 2000, Nikendei et al. 2011),
reward-related cognitive processes (Goethals et al. 2007, Wagner et al. 2007), executive
functions, i.e. set-shifting, that is defined as rigid response to criteria-change, elevated
perseverative responses, and switching errors (T'chanturia et al. 2004, 2012, Holliday et
al. 2005, Steinglass et al. 2006, Roberts et al. 2007, 2010, Zastrow et al. 2009, Sato et
al. 2013, Guillaume et al. 2015, Collantoni et al. 2016), as well as social cognition
(Perginel et al 2014). Studies also showed that only partial remission in these cognitive
alterations to have been achieved following weight recovery (Tchanturia et al. 2004,
Roberts et al. 2010, Kanakam et al. 2013). Specifically, abnormal neuropsychological
tests (verbal abilities, cognitive efficiency, reading, mathematics, and long-term verbal
memory) after 6 years of the initial diagnosis (Chui et al. 2008) and impaired cognitive
flexibility after 3.6 years of recovery (Friedrich et al. 2012) have been reported. A study
in a group of acute and recovered persons with AN and bulimia nervosa (BN), although
reported a lack of correlation between BMI and cognitive flexibility measured by set-
shifting, found an association of cognitive flexibility with the duration and severity of
illness (Roberts et al. 2010). Lastly, the same study and others (Holliday et al. 2005,
Roberts et al. 2010) also reported that poorer cognitive flexibility (set-shifting) was
found in healthy sisters of AN patients implying a possible genetic component. These
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findings seem to suggest that aberrations in cognitive processes may potentially be
considered as a transdiagnostic endophenotype to develop AN (Lopez et al. 2008a,
Tchanturia et al. 2012) rather than a mere consequence of malnutrition and extreme
negative energy balance in AN individuals.

Structural Neural Alterations

Several longitudinal studies with small sample sizes and short-term follow-ups exist
examining structural alterations in AN patients using brain imaging methods. The
majority of studies used an analysis technique called the voxel-based morphometry
(VBM), which compared the intensity differences in images acquired via MRI with
voxel-based probability. Studies also employed DWI, a method assessing the micro-
structural white matter (WM) organization. Common findings from several meta-
analyses collectively looking at these studies indicate volumetric alterations in the brain
in acute AN patients such as reductions in total and regional gray matter (GM), WM,
and cerebrospinal fluid (Van den Eynde et al. 2012, Titova et al. 2013, Seitz et al.
2014). Among these alterations, although GM reductions have been commonly found,
inconsistencies exist regarding the alterations in WM and CSF volumetrics in AN.
Moreover, several studies reported recovery of these alterations with remission suggest-
ing state-related factors underlying these aberrations in AN (King et al. 2015, see for
details Seitz et al. 2014).

Gray Matter Volume

Studies consistently reported gray matter volume (GMV) decreases in AN patients
(Castro-Fornieles et al. 2009, Suchan et al. 2010, van Gaudio et al. 2011, Joos et al.
2010, 2011, Friedrich et al 2012, Via et al 2014, Opstal et al. 2015, Bomba et al. 2015).
Majority of these studies showed that this effect occurs on a weight-dependent fashion
(Bomba et al. 2013) thus, although it is not clear whether they normalize completely,
total GMV reductions showed remission at the weight recovery follow-up (Kingston et
al. 1996, Katzman et al. 1997, Lambe et al. 1997, Swayze et al. 2003, Wagner et al.
2006, Mubhlau et al. 2007, Castro-Fornieles et al. 2009, Gaudio et al. 2011, Friedrich et
al. 2012, Van den Eynde et al. 2012, Bomba et al. 2015).

Regional GM reductions have also been examined. Volumetric alterations in the
corticolimbostriatal neurocircuitry, a system involved in reward processing, mood,
motivation, and decision making, have been implicated to underlie the impaired cogni-
tive and behavioral abnormalities in AN (Frank et al. 2005, Friederich et al. 2006,
2012, Wagner et al. 2007, Kaye et al. 2009, Zastrow et al. 2009, Keating et al. 2012,
Roberts et al. 2010, Bomba et al. 2015). Kaye et al. (2005, 2009) describes two parts of
this system (ventral and dorsal) of which dysfunctions could be related to AN patholo-
gy. The ventral (limbic) part of this neurocircuit is composed of areas (i.e. ventral stria-
tum including nucleus accumbens (NAc), ventral anterior cingulate cortex (ACC),
orbitofrontal cortex (OFC), amygdala, insula) that are collectively involved in recogniz-
ing the emotional significance of the stimuli and in creating an effective response to
them (Rolls et al. 2010). The dorsal (cognitive) part of the neurocircuit is composed of
areas (hippocampus, dorsal ACC, dorsal striatum, dorsolateral prefrontal cortex
(DLPFC), parietal cortex, and other cortical regions) that are implicated in modulating
selective attention, planning an effortful regulation of affective states (Toni and
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Passingham 1999, Baldo and Kelley 2007, Robinson et al. 2009, Ghahremani 2012,
Robbins et al. 2012, Schultz 2012, Jimura et al. 2013, Bar et al. 2015, Volkow and
Baler 2015). Volumetric GM reductions in the ventral part i.e. ACC, frontal opercu-
lum, temporal cortex (i.e. superior temporal gyrus and temporoparietal junction), occip-
itotemporal cortex, parietal cortex (i.e. precuneus and inferior parietal lobe), and sup-
plementary motor area (SMA), have been consistently reported in AN patients (Cas-
tro-Fornieles et al. 2009, Joos et al. 2010, Suchan et al. 2010, Gaudio et al. 2011,
Friederich et al. 2012, van Opstal et al. 2015). The studies with SPECT, have shown
hypoperfusion in the bilateral ACC in adults with AN (Naruo et al. 2001, Kojima et al.
2005, Takano et al. 2001) and in weight restored AN (Kojima et al. 2005). Significant
GMV reductions in dorsal striatum (i.e. putamen), thalamus, midbrain regions, amyg-
dala and hippocampus/parahippocampus in AN have been reported by several groups
(Husain et al. 1992, Neumarker et al. 2000, Giordano et al. 2001, Kojima et al 2005,
Connan et al. 2006, Brooks et al. 2011, Friederich et al. 2012, van den Eynde et al.
2012, Fonville et al. 2014, Bomba et al. 2015, Sanders et al. 2015). Findings regarding
the regional GMV reductions in hippocampus however, have not been consistent
(Giordano et al. 2001, Connan et al. 2006, Chui et al. 2008, Brooks et al. 2011, Mainz
et al. 2012) as some studies also reported no difference in this region (Castro-Fornieles
et al. 2009, Joos et al. 2010, Gaudio et al. 2011).

Additionally, cortical thickness has been recently suggested to be a better predictor
for structural alterations than volume. It has been previously shown that GMV is, both
globally and regionally, a function of cortical thickness and surface area, which are
independent and heritable (Panizzon et al. 2009, Winkler et al. 2009). In patients with
AN, Wagner and colleagues (Bar et al. 2015) recently showed significantly lower corti-
cal thickness in the frontocingulate and parietal regions. Moreover, a relationship be-
tween BMI and the cortical thickness in the left superior parietal/occipital cortex and
left post central cortex was reported in AN patients (vs. healthy controls) (Lavagnino et
al. 2016).

White Matter Volume

White matter volume (WMV) related results in AN have been mostly controversial.
Reductions in total WMV (Katzman et al. 1997, Swayze et al. 2003, Bomba et al.
2015) that may persist after weight recovery (1-year follow-up) (Bomba et al. 2015)
have been shown using MRI. However, no change in WMYV has also reported (Castro-
Fornieles et al. 2009, Joos et al. 2010, Suchan et al. 2010, Friedrich et al. 2012) in AN
patients, along with no difference between recovered AN patients and healthy controls
(Wagner et al. 2006, Muhlau et al. 2007).

Studies using DWI, a method assessing the microstructural WM organization as an
indicator of fiber quality potentially providing estimates of number of neural connec-
tions, may seem to partially explain the inconsistent reports on WMV alterations in
AN. DWI is based on the analysis of the brain’s water diffusion, and allows the evalua-
tion of even the subtle microstructural WM pathology reflecting de-myelination and/or
WM integrity which may not be detected with a volumetric approach such as VBM
(Le Bihan et al. 2001). Findings from such reports indicate abnormalities in WM
micro-structure in adult acute (Kazlouski et al. 2011, Frieling et al. 2012, Via et al.
2014) and recovered (Yau et al. 2013, Hayes et al. 2015) AN patients as well as AN
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adolescents (Frank et al. 2013). Specifically, greater left parieto-occipital cortices and
lower thalamus connectivity (Hayes et al. 2015) and significant microstructural reduc-
tions in superior lon-gitudinal fasciculus (a major association fiber, connecting frontal
to parietotemporal and occipital areas), ACC, and fornix —a fiber bundle between hip-
pocampus, mammillary bodies and thalamus, reported in AN (Kazlouski et al. 2011,
Via et al. 2014, Hayes et al. 2015,). This agreed with previous studies reporting micro-
structural abnormalities in bilateral fimbria—fornix, superior and inferior fronto-
occipital fasciculi, and posterior cingulum (a bundle between cingulate cortex and hip-
pocampal formation) (Kazlouski et al. 2011, Frank et al. 2013), and right corpus callo-
sum, the largest bundle connecting the cerebral hemispheres, and the right superior
longitudinal fasciculus (Nagahara et al. 2014) in AN. Moreover, a recent study showed
greater WM connections and lower WM integrity in fibers projecting from insula to
ventral striatum and OFC, which was predicted by illness duration (Shott et al. 2016).
Thus, although inconsistencies exits, these findings collectively support a role for WM
pathology of specific neural circuits in AN.

Cerebrospinal Fluid

Several studies reported increased cerebrospinal fluid (CSF) volume in AN patients that
normalizes after recovery in a weight dependent manner (Castro-Fornieles et al. 2009,
Joos et al. 2010, Bomba et al. 2015). Consistent with this, earlier studies also found
enlarged ventricles (Artmann et al. 1985, Golden et al. 1996, Kingston et al. 1996,
Swayze 1996). On the other hand, reports of no change in CSF also do exist (Wagner
et al. 2006, Suchan et al. 2010, Friedrich et al. 2012). Interestingly however, in one of
such reports, the CSF levels of the control participants were almost two times higher
(753 [unit not reported]) (Suchan et al. 2010) than the control participants in the stud-
ies showing the CSF increase (221 cm?, 163 cm?, 253 cm?, 186 [unit not specified], 313
ml) (Bomba et al. 2015, Castro-Fornieles et al. 2009, Friedrich et al. 2012, Joos et al.
2010, Wagner et al. 2006, respectively). It is possible that there may be a ceiling effect
of the high baseline in the group of participants in the study by Suchan et al. (2010).
Thus, collectively a trend towards an increase in CSF in AN patients (vs. healthy con-
trols) seems to be apparent.

Functional Alterations

Although the functional relevance of regional structural abnormalities in AN is largely
unknown, studies have explored the neural processes underlying visuospatial ability
(Palazidou et al. 1990, Jones et al. 1991, Szmukler et al. 1992, Kingston et al. 1996,
Favaro et al. 2012), attention and memory (Jones et al. 1991, Szmukler et al. 1992,
Green et al. 1996, Kingston et al. 1996, Seed et al. 2000, Nikendei et al. 2011), reward
processing, emotional regulation (Jinsch et al. 2009, Joos et al. 2009, Cowdrey et al.
2012), social cognition (McAdams and Krawczyk 2011), cognitive flexibility (Uher et
al. 2003, Garret et al 2014) and perfectionism (Tchanchuria et al. 2004, Roberts et al.
2007, Zastrow et al. 2009, Sato et al. 2013) in acute and recovered AN patients. These
studies examining the neurofunctional aspects of AN indicate aberrations in activity
within the cortico-limbo-striatal system, including but not limited to DLPFC, ACC,
OFC, insula, ventral and dorsal striatum, and the thalamus (Friederich et al. 2006,
Wagner et al. 2007, 2008, Zastrow et al. 2009, Frank et al. 2012, Kaye et al. 2013).
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Cortical Structures

Anterior Cingulate Cortex

In line with the reductions in regional blood flow and volume in ACC (Kojima et al.
2005), functional alterations in the ACC in both the acute and weight-restored AN
patients have been reported (Frank et al. 2002, Uher et al. 2003, Pieters et al. 2007,
Zastrow et al. 2009). Hypoactivation in the ACC in AN compared to healthy persons
has been reported during a Stroop test —a task requiring response flexibility (Ferro et al.
2005) via SPECT and during a target detection task (using geometric shapes) measur-
ing cognitive shifts in AN which persisted after recovery (via fMRI) (Zastrow et al.
2009). Along with reduced ventral and dorsal striatum activity, ACC hypoactivation
(fMRI) was also shown in response to sucrose vs. water administration in AN patients
(vs. healthy controls) (Wagner et al. 2008). Conversely, several {MRI studies reported
abnormally elevated ACC activity AN patients, in response to food stimuli in (Uher et
al. 2003, Sanders et al. 2015), and in a Wisconsin Card Sorting Test (Sato et al. 2013),
a frequently used task for measuring cognitive flexibility and problem-solving ability
(Stuss et al. 2000). The inconsistency may be partially explained by the multimodal and
heterogeneous feature of ACC with potential heterogeneous functions (e.g. emotional
evaluation, response selection, processing hedonic properties of food, body image per-
ception etc.) (Vogt et al. 1995, Carter et al. 1998, Bush et al. 2002, Kjaer et al. 2002, de
Araujo and Rolls 2004, Margulies et al. 2007).

Ventral ACC has been predominantly reported to decrease in both the acute and
weight-restored AN patients (Pieters et al. 2007 [via EEG], Sato et al. 2013, Zastrow
et al. 2009 [both via fMRI]). It is involved in motivational and emotional aspects of
reward processing (Delgado et al. 2000), and mostly projects to OFC and amygdala
(Schultz et al. 2000) together comprising the ventral (limbic) pathway of reward pro-
cessing (Kaye et al. 2009, 2013). On the other hand, the dorsal ACC, which, to a
greater extent is involved in cognitive processes such as conflict detection and complex
information processing (Bush et al. 2000), was shown to have increased activity (via
fMRI) in AN (Uher et al. 2003, Bar et al. 2015). It is part of the proposed dorsal (cog-
nitive) pathway (Kaye et al. 2009, 2013) and also has bilateral projections with DLPFC
(Sallet et al. 2011), an area specifically involved in impulse control and cognitive inhibi-
tion (Diamond 1990, Chikama et al. 1997), task switching based on the information at
hand (Kerns et al. 2004, Hikosaka and Isoda 2010). Activity in DLPFC was also found
to show weight independent (Brooks et al. 2011) increases in AN patients (Zastrow et
al. 2009, Frank et al. 2012, Castellini et al. 2013, Sato et al. 2013, Garret et al. 2014).
Thus, collectively it is possible to postulate that in AN patients, decreased ventral ACC
activity may be involved in processes related to decreased reward-salience assessment
whereas increased dorsal ACC may be speculated to be involved in the processing of
greater behavioral control over eating. In line with this, a recent fMRI study by Walsh
and colleagues (Foerde et al. 2015) reported higher activity in dorsal striatum (but not
ventral striatum) in AN (vs. healthy controls) during food choice. However, results
from the same study did not show higher activity in dorsal striatum during the earlier
taste or health rating phases of the study. Thus, it appears that higher dorsal striatum
activity correlates with the food-related decision making rather than the assessment of
the interoceptive sensory properties of the tastants. Another interpretation would be
that the increased dorsal striatum activity may be a compensation mechanism for a
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deficit in interoception as the recognition of emotional states of the self that was shown
to be impaired in these patients (Matsumoto et al. 2006) which may be supported by
the reduced activity in both ventral and dorsal striatum in response to sucrose that has
been shown previously (Wagner et al. 2008).

Insula and Orbitofrontal Cortex

The insular cortex, another region of the corticolimbostriatal pathway, is involved in
taste sensation, physical properties, and the incentive value of the food (Small et al.
2001) and its sub-optimal functioning has been proposed to be considered a predispos-
ing risk factor associated with AN (Nunn et al. 2008). It is the primary gustatory cortex
(Ogawa et al. 1994) and interconnects the prefrontal cortical areas (a large group of
regions involved in executive function) and dorsal striatum directly to the ventral stria-
tum (Kaye et al. 2009, Craig 2010), a region is important for dopamine-mediated
reward learning (O'Doherty et al. 2003, Hinton et al. 2004).

In healthy individuals increased insula and OFC activity have consistently been
shown at a fasting state, compared to the states of satiety (Haase et al. 2009, Vocks et
al. 2011). Activity in insula was shown in response to the ingestion following a fasting
state however was failed to be found in AN patients (Vocks et al. 2011). Another study
however, reported increased insula activity in response to sucrose versus water ingestion
in AN persons compared to the healthy persons as well as obese individuals (Frank et
al. 2012). It is possible that AN individuals have decreased baseline activity in insula
however, in response to ingestion, activity may be higher these patients. In line with
this, increased insula activity in AN is reported in response to a body image task
(Fladung et al. 2010, Friederich et al. 2010, Mohr et al. 2010) and a cognitive flexibility
task (set shifting) (Sato et al. 2013) as well as high calorie food pictures (Kim et al.
2012). A study reported no insula activation in the AN patients have also been reported
to high and low calorie food pictures vs. non-food pictures (Sanders et al. 2015). It is
possible that the opposite results of increased (Kim et al. 2012) vs. no activity (Sanders
et al. 2015) in insula may stem from the caloric content of the food used in the cues, as
using both high and low calorie food pictures (Sanders et al. 2015) may have blunted
the results and that AN persons may have an abnormal activity in response to high
calorie foods specifically (Kim et al. 2012). In recovered AN individuals, insular activity
did not correlate with pleasantness ratings for sucrose while it did for healthy persons
(Wagner et al. 2008) and decreased insula in response to repeated sucrose and water
ingestion (Wagner et al. 2008), as well as during food anticipation (Oberndorfer et al.
2013) have been shown, which may indicate that insula activity to be dependent on the
illness status.

Moreover, Kullmann et al. (2014) showed increased connectivity in AN OFC and
insula (Kullmann et al. 2014) and increased OFC responsivity to high calorie food (vs.
non-food) pictures reported in AN (Frank et al. 2012). Insula also interconnects the
prefrontal cortical areas and dorsal striatum directly to OFC (Kaye et al. 2009), an area
that fine-tunes striatal dopamine activation and the motivation to approach food (Rolls
et al. 2010). Majority of studies agree that OFC has a unique role in the eating behav-
ior related decision-making processes (Kringelbach 2004), and considered the second-
ary olfactory and gustatory cortices after insula (Pritchard et al. 2007, Shepherd 2007,
Simmons et al. 2007). Moreover, humans with ventromediofrontal cortex (medial OFC
+ adjacent ventral region of medial PFC) damage were shown to have deficits in adap-
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tation of a new economical strategy from a prepotent disadvantageous item to the newly
advantageous one (Fellows 2007). This may be considered as the function of cognitive
flexibility (set-shifting) which was reported to be poor and heritable in AN patients
(Holliday et al. 2005, Roberts et al. 2010). Thus, it is possible that AN patients may
possess a taste-related reward salience fails to be processed in the insula which reflects
in the OFC activity regarding the taste-related decision making. This appears to be
supported by the findings showing reduced insula activity in response to the sensory
information of taste (Frank et al. 2012, Sanders et al. 2015), and reduced insula projec-
tions to the OFC, ACC, amygdala and the ventral striatum shown via DWI (Shott et
al. 2016) in AN population. These might comprise the mechanism that underlie the
ventral pathway aberrations shown in AN and may suggest lower sensoryhedonic expe-
riences for the motivational components of food reward in AN (Kaye et al. 2009).

To summarize some of these findings, a recent report by Kaye and colleagues
(Wierenga et al. 2015) may be of importance, an increased activity was shown in reward
salience neural pathway (ventral striatum, dorsal caudate, ACC, insula during pro-
cessing of immediate non-food reward in healthy individuals when fasted whereas
satiety was shown to increase the activity in the cognitive control circuitry (prefrontal
cortex). However, AN persons in remission failed to show reward circuitry activity
when hungry and showed elevated activity in cognitive control circuitry regardless of
the energy balance (Wierenga et al. 2015). This decreased sensitivity to the motivation-
al drive of hunger was speculated to be the mechanism underlying the ability of AN
patients to restrict food when emaciated (Wierenga et al. 2015) which cannot be ex-
plained by a neural deficit in the primitive neural pathways of the energy homeostasis
(i.e. hypothalamus). This was supported by the no differences found between AN
patients vs. controls in response to a glucose load in hypothalamic activity (via fMRI)
and volume (via VBM) (van Opstal et al. 2015).

Occipito-Parietal Regions

Regarding the most puzzling symptom of AN, the distorted body image, several studies
examining the structural WM connectivity indicated a role of fronto occipito-parietal
regions (Via et al. 2014, Hayes et al. 2015). Specifically, decreased activity in precuneus,
an area involved in visuo-spatial imagery, episodic memory retrieval and self-processing
operation (Cavanna et al. 2006), and parietal lobe in AN patients have been shown in
response to the images of one’s own body (Vocks et al. 2010), to the line drawings of
female body shapes of different body weight (Uher et al. 2005), to the morphed images
of subjects' own bodies (Wagner et al. 2003, Mohr et al. 2010). Moreover, decreased
activity in the inferior parietal lobule (IPL), a region related to tool use judgment and
manipulation, visual working memory (Ishibashi et al. 2011), was reported in response
to visual food stimuli in AN (Uher et al. 2003, Brooks et al. 2011) and in AN and BN
combined (Uher et al. 2004). Similarly, abnormal spatiotemporal activity measured by
fMRI in AN and people with body dysmorphic disorder for configural/holistic visual
information was reported (Li et al. 2015). These reductions in neural activity in these
regions are in line with the reductions in GMV in IPL and precuneus (Castro-
Fornieles et al. 2009, Joos et al. 2010, 2011, Gaudio et al. 2011) together may be re-
flecting a general failure to represent and evaluate one's own body in a realistic fashion.

Of note, a possible general deficit in sensory (gustatory, olfactory, visual perception)
information detection or integration was negated by studies showing that AN persons
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were correct in estimating the width of various objects (Bowden et al. 1989, Goldzak-
Kunik et al. 2012). It is possible that the visual sensory deficit may be specific to human
body in AN. This was indicated by both decreased GMV (Suchan et al. 2010) and
functional reductions in response to images of human bodies or body parts in AN
patients vs. healthy controls (Wagner et al. 2003, Uher et al. 2005, Suchan et al. 2015)
as well as ingestion (Vocks et al. 2011) in extrastriate body area (EBA), an area involved
in the perception of whole bodies and body parts of the human body (Downing et al.
2001, Urgesi et al. 2004). Moreover, reduced functional connectivity between fusiform
gyrus (a face recognition area) and EBA has been shown in AN (Suchan et al. 2013).
These functional reductions were found to increased following treatment (Vocks et al.
2010). Adding to this, interestingly, although they have biased self-perception AN
patients were not different than the healthy controls in their responses to ‘Which do
you think others consider the most beautiful?’ question (Goldzak-Kunik et al. 2012).
This may be indicative of a major perception bias towards the ‘self’. Collectively, infor-
mation processing deficit leading the skewed perspective of ‘ideal body” in AN may be
specific to visual stimuli related to human body which also occurs specifically when
applied to the ‘self.

Subcortical Structures

Amygdala

Goldzak-Kunik and colleagues (2012) interpreted the mechanism underlying the dis-
torted body image symptom as affective-cognitive, rather than a perceptual, distortion
in AN. The hypothesis of a general cognitive-affective deficit in AN may be supported
by the reported impairments in emotion processing (Jinsch et al. 2009, Joos et al.
2009), attention bias towards negative facial expression (Cserjési et al. 2011). Further-
more, undifferentiated neural responsivity in amygdala (a key fear/emotion processing
area) and fusiform gyrus, when exposed to fearful or happy facial expressions have also
been reported in recovered AN patients (Cowdrey et al. 2012). On the other hand, fear
processing has been shown to differ in AN patients related to food. Specifically, it has
been shown that food cues may predict fear for individuals with AN (Connan et al.
2003). Adding to this, a meta-analysis of fMRI studies showed that in response to
visual food cues, patients with AN (vs. healthy controls) had stronger activity in regions
of fear processing, especially in the amygdala (Zhu et al. 2012). The amygdalar activity
is known to have inhibitory projections to the brainstem, i.e. the lateral hypothalamus
(Swanson and Petrovich 1998), part of the hypothalamic regions involved in satiety
(Teitelbaum and Stellar 1964). Collectively, one may speculate that decreased limbic
responses to food cues and a co-morbid occurrence of a deficit in reward salience per-
ception together may result in a failure to process and identify the salient food stimuli
and thus play a role in the suppression of food intake in AN.

Hypothalamic Network

It has been generally accepted that the restricted eating behavior in AN does not stem
from an impairment in the homeostatic pathways (i.e. hypothalamus, brainstem) sig-
naling hunger, however consequential homeostatic alterations have been reported in
AN. Starvation and extreme low body weight have both been show to associate with an
increase in orexigenic peptides and a decrease in anorexigenic peptides in AN patients
(Prince et al. 2009, Monteleone and Maj 2013, Smitka et al. 2013), possibly as a com-
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pensatory mechanism to counteract the negative energy balance in these patients
(Berthoud 2002). Specifically, increased plasma levels of ghrelin, a hormone signaling
hunger (Ariyasu et al. 2001), and impaired ghrelin response to meal (Prince et al. 2009,
Terashi et al. 2011) and low levels of leptin (Monteleone et al. 2000, Dostalova et al.
2005), a hormone secreted in proportion to the body fat and involved in regulating
energy homeostasis through stimulating hypothalamic anorexigenic neurons and inhib-
iting orexigenic neurons (Blundell et al. 2001), have both been shown. Decreases in
leptin also inhibit the activity of the hypothalamic-pituitary-adrenal stress (HPA) axis,
the key neural pathway for stress, (Roubos et al. 2012) and thus low leptin in AN may
contribute to HPA axis hyperactivity. Supporting this, the patients with AN have been
found (Kaye et al. 1987, Lo Sauro et al. 2008) to show increased corticotropin-releasing
factor (CRF) and hyperactivity of the HPA axis, both of which are known to be the
neural substrates of chronic stress (Bremner et al. 1997). The anorexic effects of the
sympathetic stress response are well documented, (Veling et al. 2011, Petrovich, 2013)
which may contribute AN pathology (Lawson et al. 2013). Moreover, fasting and
negative energy balance are known stressors reducing brain serotonin levels (Haleem
and Haider 1996) and affecting the HPA axis leading further stress (Gold et al. 1986).
Thus, the anorectic effects of CRF may be involved in starvation and sustained negative
energy balance in AN both of which might drive further HPA dysregulation driving
further food restriction creating a vicious circle (Kaye et al. 2009).

Alterations in the Functional Neural Connectivity

While patterns of neural activation during certain cognitive tasks have been studied in
AN, the patterns of functional connectivity between brain regions remain relatively less
explored. However, how the human brain produces cognition ultimately depends on
the large-scale organization of the neural networks (Bressler and Menon 2010). These
functional neural networks are examined via functional connectivity analyses that assess
the simultaneous activity in the brain areas (connectomics) (Lichtman and Sanes, 2008)
and the simultaneous activity of the brain areas with a particular seed region, i.e. psy-
chophysiological interactions (PPI) (Friston et al. 1997) during a particular task or at
resting state. Thus, the outputs from these analyses provide support for neural interac-
tivity, or “crosstalk,” between brain regions suggestive of a certain neural network un-
derlying a status of interest such as cognitive processes, behaviors, traits, illness status
etc. The resting state networks of functional connectivity via resting-state fMRI (rs-
fMRI) are also a target of interest for researchers as they indicate functional organiza-
tion of the brain (Zhang and Raichle 2010). Studies showed differential functional
connectivity of networks involved in visuospatial tasks (Suchan et al. 2013) and soma-
tosensory processing at rest (Favaro et al. 2012) in AN patients (vs. healthy individu-
als). Abnormal functional connectivity of the thalamus with the DLPFC and anterior
PFC (thalamo-frontal pathway) measured via rs- fMRI in AN was shown to associate
with lower Stroop task performance and working memory (Biezonski et al. 2016).
Another recent study using rs-fMRI showed alterations in large-scale neural networks
and locally decreased con-nectivity strength and increased path length in the posterior
insula and thalamus in AN patients vs. healthy controls (Geisler et al. 2016). Moreover,
altered microstructure of WM shown via DWI (a measure of bundle of fibers structur-
ally connecting brain sites indicative of a functional connection), mentioned earlier in
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this review, also suggests an altered functional connectivity in AN patients. However,
further research with connectivity analyses is needed to support these results.

Neurochemical Alterations

Neurotransmitter systems such as dopamine (DA), opioids, and serotonin (5-TH) are
implicated in the regulation of appetitive/incentive (food “wanting”) and pleas-
ure/palatability (food “liking”) motivational states of feeding which have separable
neural substrates (Berridge 1996) and might critically contribute in taste perception and
preference (Pecifia and Smith 2010). Aberrations in the principle neurotransmitters
involved in these neural pathways may result in the dysregulation of energy balance,
appetite, and eating behavior as well as mood, and impulse control. Specifically, altera-
tions in DA and 5-HT have been implicated in AN (Daw et al. 2002, Kaye et al.
2009).

Alterations in the dopaminergic system have been proposed to be responsible of a
devalued reward and reduced food intake in AN (Kaye et al. 1999, 2009, Lawrence et
al. 2003, Bergen et al. 2005, Friederich et al. 2006, Kaye 2008, Avena and Bocarsly
2012). Specifically, polymorphisms in DA receptor (D2DR) gene (Bergen et al. 2005)
and reduced DA metabolite levels in the CSF in acute AN (Kaye et al. 1999), and
increased DA receptor (D2/D3) binding (via PET) in the ventral striatum in recovered
AN persons (Frank et al. 2005) have been reported. In healthy persons, it has been
shown (via PET) that there is a negative correlation between harm avoidance and DA
receptor (D2/D3) availability in regions related to cognition and locomotion (Kim et al.
2011). However, finding of no differences in DA receptor binding in acute (Broft et al.
2015) and recovered AN patients compared to healthy controls has also been reported
(Bailer et al. 2013, Broft et al. 2015). Although there are inconsistent findings on the
receptor binding, it appears that potential DA-related abnormalities are strongly sup-
ported by the majority of the studies.

Evidence shows abnormal functional activity of the 5-HT system in persons with
AN during illness (Kaye 2008) and after recovery (Kaye et al. 2005, Bailer et al. 2007b,
2013) and in animals (Santana et al. 2004, Verhagen et al. 2009, Jean et al. 2012).
Associations have been shown between AN symptomatology and polymorphisms in the
gene coding for the 5-HT receptor and transporter (Gorwood et al. 2003, Brown et al.
2007, Martiskovi et al. 2009, Lee and Lin 2010, Calati et al. 2011, Collantoni et al.
2016, Tenconi et al. 2016) and between reduced food ingestion and increased 5-HT
transmission (Steiger 2004). The functional significance of 5-HT in AN is yet to be
elucidated however, few theories have been proposed. Serotonergic neurons were shown
to be sensitive to aversiveness (Vicario 2013) which is one of the core symptoms of AN,
characterized by a marked disgust sensitivity for food and the human body (Harvey et
al. 2002). In PET studies exploring exaggerated binding potential of 5-HT 1A recep-
tors but not 5-HT2A in acute AN (Bailer et al. 2007a) and following recovery (Bailer
et al. 2005, 207b) have been reported. Moreover, along with DA (Frank et al. 2005),
alterations in 5-HT (Bailer et al. 2005, 2007a) have been shown to be related to harm
avoidance in AN (Bailer et al. 2013). Thus it is possible that 5-HT and DA interac-
tions may be contributing to HA behaviors in AN. Moreover, using a novel approach
with neurogenetics, Favaro and colleagues (Collantoni et al. 2016) reported that in
during a task measuring inhibitory control, an executive function of behavioral adapta-
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tion while considering both internal demands and external contingencies, 5-HT trans-
porter protein (5S-HTTLPR) genotype significantly interacted with the functional
connectivity (via rs-fMRI) of ventral attention network, however AN patients did not
differ from the controls. Nevertheless, it would be beneficial to employ neurogenetic
tools to elucidate the functional significance of the serotonergic disruptions in AN
symptomatology as well as potential etiology in the further studies.

It has been suggested that endogenous opioid systems are elevated in patients with
AN (Marrazzi et al. 1997, Monteleone et al. 2005) and gene polymorphisms of the
delta-1 receptor has been linked to restricting-type AN (Brown et al. 2007). The link
between opioids and exercise has been well documented (Sforzo 1989), and excessive
exercise is a hallmark symptom of AN (APA 2013). Literature shows that exercise
increases the serum concentrations of endocannabinoids which is involved in the exer-
cise-induced alterations of mental status (e.g. runner’s high, exercise-induced analgesia
and sedation) (Dietrich and McDaniel 2004, Sparling et al. 2003). One hypothesis is
that intensive/excessive exercise may result in an addicted state (i.e. tolerance and phys-
ical dependence) to the effects of endocannabinoids which may partially play a role in
the preoccupation in excessive exercising in AN. However, these speculations have yet
to be validated in the context of AN.

Alterations in neuropeptides such as corticotropin releasing hormone, melanin con-
centrating hormone, melanocortin 4 rceptor; alVISH: Alfa melanosit "stimulating”
hormon; NPY: Noéropeptid Y; POMC: Propiomelanokortin; TRH: Tirotropin "releas-
ing" hormone, have been considered to be a consequence of serotonergic, dopaminer-
gic and opioid alterations in eating disorders (Annagtir and Bozkurt, 2012). Thus, the
neuroendocrinal alterations both prior to and as a result of weight loss following AN
have not been discussed in this review (for a review on eating disorders and endocrino-
logical alterations see Zincir, 2014).

Treatment Applications

Interventions with Neuromodulatory Tecbm'gues

Neuromodulatory techniques such as TMS and DBS have been shown to have thera-
peutic potential as valuable option for weight restoration for patients with several
treatment-refractory psychiatric disorders (Mayberg et al. 2005, Bewernick et al. 2010,
McLaughlin et al. 2013).

DBS is a reversible neurosurgical procedure that drives continuous, high-frequency
stimulation of the targeted brain areas that has gained attention as a treatment agent for
AN patients (see for details Oudijn et al. 2013). In AN cortico-limbo-striatal circuits
(Friederich et al. 2012) that have been suggested to underlie pathological behaviors in
AN are commonly targeted for neuromodulation via DBS (Mayberg et al. 2005, Israel
et al. 2010, Lipsman et al. 2013, Zhang et al. 2013). Specifically, weight recovery was
reported in AN patients at the 12-month (N=2) (Wang et al. 2013) and 38-month
follow-up (N=4) (Wu et al. 2013) after DBS in NAc, a part of the ventral striatum.
Another study using PET scan showed decreases in the hypermetabolism of the frontal
lobe, hippocampus, and lentiform nucleus 6 months after the NAc-targeted DBS inter-
vention (N=4) (Zhang et al. 2013). Significant activity reductions in the ACC and
insula, as well as activity increases in the parietal lobe have been shown after 6 months
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following a DBS procedure (N=6) in subgenual cingulate cortex (SCC) (Lipsman et al.
2013). Israel et al. (2010) reported a lasting remission (several years) of AN following a
SCC-targeted DBS treatment despite relapses in the depressive episodes in a case
report of a patient with a long history of AN and depression. The technique is yet at
the investigational stage, and the normalization of body weight after DBS does not
necessarily translate into the normalization of other AN symptomatology (e.g. distorted
body image etc). Moreover, the decision for such invasive techniques for psychiatric
disorders requires specific criteria to define a treatment-refractoriness in AN (Couturier
and Lock 2006, Hutton 2013). Thus, it may yet be premature to suggest DBS as a
treatment for AN as there are several ethical issues raised regarding the side effects and
the generalizability of the results (Nestler et al. 2013, de Zwaan and Schlaepfer 2013,
Maslen et al. 2015). However, it undeniably provides fundamental insight for the un-
derlying neural substrates of AN, especially when there is a lack of bona fide animal
models in AN research.

The use of repetitive TMS (rTMS) in eating disorders is a novel approach pro-
posed as a therapeutic method for AN (Tsai 2005). One session of high frequency
repetitive rTMS delivered to the left DLPFC has been shown to reduce subjective
ratings related to the eating disorder (e.g. urge to restrict, feeling full etc.) during the
exposure to visual and real food stimuli (van den Eynde et al. 2013). Similar findings
have been reported for the improvement in eating disorder symptomatology and mood
after 19-20 sessions of neuronavigated rTMS, and these changes persisted or continued
to improve at follow-up (McClelland et al. 2013).

Psychopharmacological Interventions

The reports on the neurochemical substrates allowed researchers to develop pharmaco-
logical agents combating AN. Although lower serotonergic activity has been implicated
in AN pathology, serotonin reuptake inhibitors (SSRI) have not been effective in treat-
ing AN and, in some cases, may contribute to further weight loss (Vaswani et al. 2003).
Specifically, no significant differences in neural activity in response to food stimuli were
found between those who were taking SSRIs and those who were not (Brooks et al.
2011). However, in some small sized clinical trials, olanzapine, atypical antipsychotics
effective on both 5-HT and DA system among others, has been shown to results in
improvements in body weight, eating behavior and some AN-related psychopathology
(i.e. obsession with body image and fear of gaining weight, anxiety) (Brewerton 2012,
Milano et al. 2013, Kesic and Lakic 2014). Similarly, a case study with 4 adolescents
with AN using aripiprizole, a partial DA agonist that works as an antagonist on 5-HT,
showed some benefits for the patients (Frank 2016). However, when the context of an
intense therapeutic inpatient treatment environment is considered, it seems that the
effect of these treatments to become insignificant to none. Similarly, a preliminary
report including results from seven randomized control trials (N=201) investigating the
effects of second generation antipsychotics (olanzapine, quetiapine, risperidone) in AN
subjects showed that none of the antipsychotics was significantly superior to placebo/no
treatment in achieving BMI gain and no significant between-group difference in mean
BMI change when comparing the pooled group of drugs with the control pool (Dold et
al. 2015). Thus, although it was reported that the medication was well tolerated by AN
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patients (Dold et al. 2015), more research is required to categorize which AN patients
could potentially benefit from such interventions.

Endorphins have been implicated in the eating behavior pathology (Yim et al.
1984), and opioid antagonists such as Naltrexone (Marrazzi et al. 1997) and Tramadol
(Mendelson 2001), a selective mu opiate agonist (with significant norepinephrine and
serotonin agonistic effects), have been reported to be useful in the treatment of AN. D-
Cycloserine is a glutamatergic (NMDA) receptor agonist was shown to help increase
BMI in AN patients with a potential mechanism related to learning (Levinson et al.
2015) possibly based on the glutamate signaling (Hofmann et al. 2013, Siegmund et al.
2011). Increased plasma levels of anandamide, an andogenous ligand of the canabinoid
receptors (CB1R), was found in women with AN and binge eating disorder, BED, (an
eating disorder of uncontrollable bingeing behavior large amount of food) (Monteleone
et al. 2005). Although it should be noted that the plasma levels may not necessarily
reflect the central levels of anandamine, the findings from a PET imaging study also
indicated a possible increase in central CB1R in cortical and subcortical brain areas in
AN patients (vs. age-matched healthy controls) (Gérard et al. 2011). Regionally, an
increase of CB1Rs in the insular cortex in both AN and BN patients, has been reported
(Gérard et al. 2011). Adding to the hypothesis of altered endocannabinoid signaling,
polymorphisms for gene encoding the CB1R (Monteleone et al. 2009) and elevated
levels of CB1IR mRNA in the blood (Frieling et al. 2009) were found in AN and bu-
limia nervosa (an eating disorder of uncontrollable food binging followed by purging)
patients compared to healthy controls. Moreover, in both AN and BN, polymorphism
has been reported in the gene encoding fatty acid amide hydrolase (FAAH) (Montele-
one et al. 2009), and enzyme degrading anandamine and of which inhibitors leading to
elevated anandamide levels with its potential therapeutic use (Gaetani et al. 2009,
Hwang et al. 2010). These results, the very least, may hint on the rewarding aspects of
the disordered patterns of eating behavior in AN along with BN and BED albeit for
the latter two, of which eating behavior aberrations are at the opposite end of the spec-
trum than AN. Thus, therapeutic use of the endocannabinoid signaling may be of value
in the treatment of eating disorders. Few clinical trials reported increased appetite and
body weight in cachexic cancer and AIDS patients following the administration of
cannabinoid agonists (Jatoi et al. 2002). From the same token, CB1 agonism has been
suggested as a therapeutic orexigenic in AN and few studies used agents such as THC
(psychotropic component of cannabis plant that binds to cannabinoid receptors) and
dronabinol (a synthetic form of cannabionoid receptor agonist), and reported showed
modest weight gain in AN (Nelson et al. 1994, Gross et al. 2013).

Neuropsychological Interventions

Cognitive-behavioral therapies (CBT) have been used in AN (Fairburn et al. 2009,
Zipfel et al. 2014) and was reported to the superior to interpersonal psychotherapy
(Fairburn et al. 2015). Results from studies using cognitive remediation therapy (CRT)
as a supplement for inpatient AN, a pre-treatment focusing on increasing awareness of
cognitive style (Davies et al. 2005, Abbate-Daga et al. 2012, Lang et al. 2015) showed
improvements in AN patients, with the most benefit for those who have difficulties
with cognitive flexibility regardless of the CRT (Tchanturia et al. 2012). Neurocogni-
tive feedback where direct neuropsychological task feedback is given with healthy and
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eating disorder forms is suggested as an outpatient supplementary strategy based on
motivational enhancement therapy is also suggested (Lopez et al. 2008b). The effects of
these techniques are potentially subserved by the neural pathways of which activity may
aid to predict favorable outcome to cognitive treatments. Therefore, incorporating
multiple modules considering the neurological substrates of AN (Hartman et al. 2015)
into standard clinical treatment of eating disorders has potential to improve treatment
outcome by targeting poor flexibility and reward re-evaluation as a cognitive maintain-
ing factor.

Limitations

One of the limitations of the current literature regarding the research on structural and
functional correlates of AN may be related to the methodological aspects. Regional
VBM has been considered superior than the region of interest (ROI) analysis and was
shown to give a more rapid and extensive survey of different gray and white matter
alterations. VBM approach provides global and regional assessment of changes in vol-
ume and density of gray and white matter and, unlike ROI-based morphometric meth-
od, does not require a priori decision regarding which brain regions are more relevant to
the target behavior/cognitive process. A further limitation is the lack of basic research
with animal models. Most models involve forced calorie restriction of rodents and
activity-based or stress-based anorexia all of which may have their advantages and
disadvantages and limited face validity. Given the limitations of the study of this disor-
der in humans due to ethical issues and its intricacies, it is especially imperative to
develop animal models that allow us to further characterize the neurobiological, physio-
logical and behavioral aspects of this disorder. Possible peripheral nervous system al-
terations should also be investigated (Aras et al 2015)

Conclusion

Although there are data gaps and inconsistencies in the literature, there are common
findings that are summarized in this review: Majority of the neuroimaging studies
reported reductions in GMV in AN patients which may be ameliorated following
weight recovery whereas reports on alterations in WMV and CSF have not been con-
sistent. There seems to be a considerable amount of evidence supporting the view that
neural correlates of abnormal cognitive processes (e.g. cognitive inflexibility, set-
shifting etc) can be identified in acute and recovered AN patients. This supports that
the cognitive impairment may not be related solely on malnutrition and may possess
causality and thus may be useful as a biomarker to predict treatment response. Howev-
er, the multiple symptomatology in AN implies a potential dysregulation in several and
interactive neural circuits with both afferent and efferent projections underlying multi-
ple functions. Studies commonly implicated that the disruption of the reward network
in patients with AN suggests lower efficiency of bottom-up signal filtering that may be
overridden by the greater top-down signal, which might be involved in set-shifting (i.e.
rigid response to criteria-change, elevated preservative responses, switching er-
rors). Thus AN should be considered a multifactorial disorder with the possible altera-
tions in several neurocircuits related to reward value and emotional processing, cogni-
tive control as well as metabolic and hormonal processes related directly to food intake,
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which may be difficult to detangle. Therefore, it is difficult to ascribe a particular region
as a substrate for a single symptom and thus a complex strategy for treatment and re-
covery may be required as both psychophamcological agents and also multimodal psy-
chotherapies that are effective on more than one component.

To sum up, it seems that there is a need to conduct long-term studies with larger
sample sizes to help elucidate, 1) the potential long-lasting deficits, 2) whether a vol-
ume loss applies to all or just selective patients with AN, 3) whether the psychopathol-
ogy in AN is a cause or consequence of a starvation state, 4) the requirements for a
complete recovery of the brain to prevent relapse. It is important to note that the learn-
ing abilities and cognitive flexibility necessary for a successful long-term psychological
treatment may only be present after successful partial weight rehabilitation as weight
catabolic state affects brain activity. Thus, interventions facilitating learning (i.e. cogni-
tive remediation therapy) may also be beneficial as a support therapy leading healthy
habit formation along with targeting associated clinical features such as ED rituals,
social anxiety, self-harm, poor set-shifting and poor self-esteem alongside a module
fostering increased flexibility. Extensive (re-) training of these cognitive functions
might positively influence short- and long-term outcome of these patients. Future
research aimed at identifying drugs that act on neurotransmitter systems (dopamine,
serotonin, endocannabinoids, glutamate) begs for attention and will possibly lead to
developments for novel pharmacotherapies for treating AN. Moreover, familial studies
with twins and siblings at neurocognitive, neuroanatomical and genetic levels will help
researchers detect preexisting changes in the brain predisposing individuals and thus
will shed light on causality regarding whether it is best understood as a biomarker or
heritable endophenotype.
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