
Contents lists available at ScienceDirect

NeuroImage: Clinical

journal homepage: www.elsevier.com/locate/ynicl

Alterations in serotonin transporter and body image-related cognition in
anorexia nervosa
Masamichi Yokokuraa, Tatsuhiro Teradab, Tomoyasu Bunaib, Kyoko Nakaizumia, Yasuhiko Katoa,
Etsuji Yoshikawac, Masami Futatsubashid, Katsuaki Suzukib, Hidenori Yamasuea,
Yasuomi Ouchib,⁎

a Department of Psychiatry, Hamamatsu University School of Medicine, Hamamatsu, Japan
bDepartment of Biofunctional Imaging, Preeminent Medical Photonics Education & Research Center, Hamamatsu University School of Medicine, Hamamatsu, Japan
c Central Research Laboratory, Hamamatsu Photonics K.K., Hamamatsu, Japan
dHamamatsu PET Imaging Center, Hamamatsu Medical Photonics Foundation, Hamamatsu, Japan

A R T I C L E I N F O

Keywords:
Anorexia nervosa
Serotonin transporter
Positron emission tomography
Body image distortion

A B S T R A C T

The serotonin system has been implicated in the pathophysiology of anorexia nervosa (AN). A recent report
proposed that body image distortion (BID), a core symptom of AN, may relate to abnormalities of the serotonin
system, especially the serotonin transporter (5HTT). Positron emission tomography (PET) studies of underweight
patients with active AN reported alterations in serotonin receptors, but not 5HTT. Here, we aimed to disclose the
clinicopathophysiology of AN by focusing on 5HTT and cognitive functions, including BID, in groups with active
AN. Twenty-two underweight female patients with AN (12 restricting-type AN (ANR); 10 binge-eating/purging-
type AN (ANBP)) and 20 age-matched healthy female subjects underwent PET with a 5HTT radioligand [11C]
DASB. The binding potential (BPND) of [11C]DASB was estimated semiquantitatively, and clinical data from
Raven's colored progressive matrices for general intelligence, the Stroop test for focused attention, the Iowa
gambling task for decision making and a dot-probe task designed for BID were compared with the levels of BPND

in different groups. [11C]DASB BPND was significantly decreased in the medial parietal cortex in patients with AN
and in the dorsal raphe in patients with ANR compared with healthy subjects (p < .05 corrected). Patients with
ANR showed a significantly negative correlation between [11C]DASB BPND in the dorsal raphe and performance
on the dot-probe task (p < .05 corrected). While reduced 5HTT in the medial parietal cortex (the somatosensory
association area) is pathophysiologically important in AN in general, additional 5HTT reduction in the dorsal
raphe as seen in ANR is implicated for the clinicopathophysiological relevance.

1. Introduction

Anorexia nervosa (AN) is a psychiatric disorder characterized by a
persistent restriction of energy intake, leading to significantly low body
weight, an intense fear of gaining weight, and disturbances in the
normal perception of body shape (American Psychiatric Association,
2000). The relative risk was > 10 times as high in the relatives of pa-
tients with AN as in the relatives of healthy subjects (Strober et al.,
2000). Two genome-wide association studies did not find a genome-
wide significance, but the results strongly suggested that true findings
exist, requiring larger sample sizes (Boraska et al., 2014; Wang et al.,
2011). Risk factors for AN were birth-related perinatal complications,
experiences of sexual abuse or physical neglect, higher levels of

ineffectiveness and perfectionism, and negative self-evaluation (Jacobi
et al., 2004). Women are > 10 times more likely to suffer from AN than
men (Javaras et al., 2015). Women with AN tend to exhibit more severe
pathology and lower body weights than men with AN (Kinasz et al.,
2016). The mortality rate for AN is higher than for many other psy-
chiatric disorders (Hoang et al., 2014). Although various treatments
(i.e., weight restoration and pharmacological and psychological treat-
ments) have been proposed, reported long-term recovery rates have not
exceeded 30% (Fichter et al., 2017). Therefore, the biological ab-
normalities underlying the persistence or progression of disease should
be explored to address the lack of effective therapies for AN.

The restriction of energy intake normally reduces the levels of ser-
otonin (5HT; 5-hydroxytryptamine) in the central nervous system,
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which induces hyperphagia and obesity (Burke and Heisler, 2015).
Despite low levels of 5HT in the central nervous system in underweight
patients with AN, energy intake does not increase, and body weight
remains low (Kaye et al., 1984). Compared with healthy subjects, a 5HT
metabolite 5-hydroxyindoleacetic acid, is significantly decreased in the
cerebral spinal fluid in underweight patients with AN and it increases in
the long-term recovered state (Kaye et al., 1984, 1991). In both un-
derweight and recovered patients with AN but not in healthy subjects,
acute depletion of tryptophan, a 5HT precursor amino acid, reduces the
levels of 5HT in the central nervous system, which decreases anxiety
(Kaye et al., 2003). The anxiolytic effect on tryptophan depletion might
induce underweight patients with AN to restrict energy intake, leading
to dietary-induced tryptophan reduction (Kaye et al., 2003). In contrast,
in the periphery, a lower density of platelet 5HT2A receptor was re-
ported in underweight patients with AN (Sigurdh et al., 2013). These
lines of evidence suggest that the pathophysiology of AN resides in the
5HT system.

The 5HT system involves 14 or more receptor subtypes (e.g. 5HT1A,
5HT1B, 5HT2A, 5HT4, 5HT6, and 5HT7) and the 5HT transporter
(5HTT). 5HT1A receptors play two roles as autoreceptors on the raphe
nucleus producing 5HT and as postsynaptic receptors in several brain
regions innervated by serotonergic projections (Beck et al., 1992;
Hamon et al., 1990; Riad et al., 2000). 5HT1B receptors are auto-
receptors on both serotonergic and nonserotonergic presynaptic term-
inals throughout the brain, inhibiting neurotransmitter release (Chenu
et al., 2008; Ding et al., 2015; Hannon and Hoyer, 2008; Liu et al.,
2015). 5HT2A receptors act as postsynaptic excitatory receptors located
in broad brain regions (Savli et al., 2012). 5HT4 receptors are expressed
in limbic regions and act to increase intracellular cAMP levels, which
elevates neuronal activity (Hannon and Hoyer, 2008; Tanaka et al.,
2012). 5HT6 receptors, located in the basal ganglia, cortex, hippo-
campus amygdala, and hypothalamus, are reported to be related to
inducing an antidepressant-like effect (Carr et al., 2011; Hannon and
Hoyer, 2008). 5HT7 receptors, present in the limbic and cortical re-
gions, have been found to be involved with the hypothalamus-pituitary-
adrenal axis (Hannon and Hoyer, 2008; Laplante et al., 2002). 5HTT
mainly exists in the midbrain, brain stem, thalamus and basal ganglia,
and it regulates the extracellular 5HT concentration through reuptake
(Bel and Artigas, 1992; Savli et al., 2012).

Most previous positron emission tomography (PET) studies of un-
derweight or recovered patients with AN have targeted the 5HT1A and
5HT2A receptors and 5HTT. 5HT1A receptors are increased in patients
with AN irrespective of their condition (underweight or postrecovery,
where a recovered state is defined as the normalization of body weight
with at least a 1-year absence of AN symptoms) (Bailer et al., 2007b;
Bailer et al., 2005; Galusca et al., 2008). The persistence of the in-
creased 5HT1A receptors in patients with AN through underweight to
postrecovery were considered to be consequences of malnutrition as
part of the anxiolytic effect of tryptophan depletion. While 5HT2A re-
ceptors did not change in underweight patients with AN, they were
decreased in recovered AN patients (Bailer et al., 2007b; Frank et al.,
2002). Although 5HTT levels were reported to be unchanged in re-
covered patients with AN in an examination of five brain regions (the
subgenual cingulate cortex, dorsal caudate, thalamus, antero-ventral
striatum and dorsal raphe) (Bailer et al., 2007a), no PET studies of
5HTT have examined ailing underweight patients with active AN. In
addition, biochemical studies of peripheral blood for gene polymorph-
isms of 5HTT and platelet 5HTT density have not shown consistent
results in underweight patients with AN (Bruce et al., 2006; Sigurdh
et al., 2013; Solmi et al., 2016). Because it is known that 5HTT is re-
lated to cognito-motivational functions in humans (Enge et al., 2014;
Suzuki et al., 2008), the cognitive aspects specific to patients with AN
need be explored in light of the molecular role of 5HTT in this disorder.

Disturbances in the normal perception of body shape, known as
body image distortion (BID), are a core symptom of AN (Frank and
Kaye, 2012; Gaudio et al., 2016). BID has been detected in body size

estimations based on not only self-images in a mirror but also on self-
memory in patients with AN (Overas et al., 2014). The body size esti-
mation from self-memory can be modified by a virtual reality technique
using a distorted image of one's own body in healthy subjects (Serino
et al., 2016). Compared with healthy subjects, patients with AN recalled
a lower number of emotional experiences and had more ambiguous
episodic memories (Bomba et al., 2014). Many types of memory im-
pairments (e.g., spatial, episodic and working memory impairments)
have been observed in patients with AN (Bomba et al., 2014; Huber
et al., 2015; Serino et al., 2015; Terhoeven et al., 2017; Weider et al.,
2015). Spatial memory impairment has also been observed in 5HT1A or
5HT7 receptor knockout mice (Ballaz et al., 2007; Glikmann-Johnston
et al., 2015; Sarkisyan and Hedlund, 2009). 5HTT knockout animals
show episodic memory impairment (Olivier et al., 2009; Wu et al.,
2016b). Blockade and ablation of the 5HT2A receptor affects retrieval
of episodic memory in animals (Bekinschtein et al., 2013; Morici et al.,
2015). 5HTT polymorphisms are associated with working memory
impairment in healthy subjects (Anderson et al., 2012; Price et al.,
2013). Because patients with AN are considered to be poor at correcting
their body image based on self-memory due to these various memory
impairments, some reviews have proposed that one possible reason for
BID is body memory impairment, especially impairments in auto-
biographical allocentric memory of body-related events, reflecting a
broader impairment in multisensory body integration (Dakanalis et al.,
2016; Gadsby, 2017; Riva and Dakanalis, 2018). Moreover, Riva and
Dakanalis suggested that BID is possibly involved in identifying internal
bodily signals with their potential pleasant consequences (Riva and
Dakanalis, 2018). Previous neuroimaging studies of the neural corre-
lates of BID in patients with AN used visual tasks involving digitally
distorted images of the subject's or another person's body. These fMRI
studies assumed that BID reflects the presence of abnormal neural
networks peculiar to AN (Gaudio et al., 2016). Interestingly, 5HTT
knockdown animals show object and spatial memory impairment with
diminished fear memory (Kalueff et al., 2010; Olivier et al., 2009; Wu
et al., 2016b), and the short allele of the serotonin transporter gene has
been associated with poor memory performance in healthy subjects
(Price et al., 2013). BID is speculated to be related to impaired memory
processes arising from 5HT system dysfunction, especially 5HTT hy-
pofunction (Riva, 2016). To our knowledge, no previous PET studies of
patients with active AN have evaluated BID or other cognitive assess-
ments, even though many types of cognitive impairment have been
reported in AN (e.g., decision making showed a large effect size) (Wu
et al., 2014, 2016a). Thus, the combination of 5HTT alterations with
cognitive impairments, including BID, in underweight patients with
active AN is considered important for understanding its pathophy-
siology.

AN is classified into two subtypes: binge-eating-/purging-type AN
(ANBP), characterized by binge-eating or purging behavior, and re-
stricting-type AN (ANR), characterized by restricting food consumption
without binging or purging (American Psychiatric Association, 2000).
Although the clinical features of these subtypes are different, most
previous studies have combined both AN subtypes into a single group.
Some studies have investigated the differences between subtypes. Pa-
tients with ANBP showed significant improvement in body mass index
(BMI) and emotional dysregulation after treatments, but they had a
significantly higher relapse rate compared with patients with ANR
(Brambilla et al., 2007; Carter et al., 2012; Fioravanti et al., 2014).
Although 5HTT availability in the antero-ventral striatum and dorsal
raphe has been reported to be lower in patients with ANBP than in
patients with ANR under postrecovery conditions (Bailer et al., 2007a),
differences in 5HTT between subtypes before recovery (i.e., under ac-
tive AN conditions) have not been investigated. While several meta-
analyses have shown many types of cognitive impairments in patients
with AN (Wu et al., 2014, 2016a), few studies have investigated any
differences in cognitive impairments between the subtypes (Van
Autreve and Vervaet, 2015). Detecting differences in 5HTT and
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cognitive ability between AN subtypes might be helpful for under-
standing the pathophysiology of different clinical features.

The purpose of this study was to investigate whether 5HTT was
altered in underweight patients with AN and each subtype compared
with healthy subjects and whether it correlated with the score of the
cognitive assessments in each group, using PET measurement to eval-
uate 5HTT changes and the associations between 5HTT changes and
cognitive impairment, specifically focusing on BID, in order to elucidate
the clinicopathophysiology of the active AN condition.

2. Materials and methods

2.1. Participants

Because women exhibit a higher incidence of AN, more severe pa-
thology, and lower body weights than men (Javaras et al., 2015; Kinasz
et al., 2016), we recruited female patients with AN. The inclusion cri-
teria for patients with AN were as follows: (1) diagnosed with AN ac-
cording to the DSM-IV-TR, and (2) aged between 18 and 35 years. The
exclusion criteria for patients with AN were as follows: (1) the presence
of white matter changes on T2 and FLAIR magnetic resonance images;
(2) the regular use of any medication with nootropic activity, such as
antipsychotics, antidepressants, anxiolytics, and hypnotics, in the
3 months prior to PET measurement; (3) major medical illness; and (4)
history of neurological or psychiatric disorders other than AN. Struc-
tured clinical interviews for the DSM-IV were used to assess the pre-
sence of psychiatric disorders (First et al., 1997; First et al., 2002). Age-
and sex-matched healthy subjects who were free from any history of
neurological or psychiatric disorders and did not drink or smoke reg-
ularly were also included in this study. Because previous studies have
reported lower levels of 17β-estradiol in patients with AN and because
17β-estradiol has been found to affect cognitive function in healthy
women (Graham et al., 2017; Ohwada et al., 2007), we measured the
levels of 17β-estradiol in all participants and conducted PET

measurements for the healthy female subjects within the first 10 days of
the self-reported follicular phase, when 17β-estradiol is at the lowest
levels in healthy women, to facilitate between-group comparisons
without confounding from this hormonal factor. This study was con-
ducted according to the Declaration of Helsinki. The study was ap-
proved by the Ethics Committee of the Hamamatsu University School of
Medicine. We obtained written informed consent from all participants
after informing them of the objectives, procedures and possible risks of
the experimental procedure verbally and in writing. All of the partici-
pants were recruited from Hamamatsu University Hospital between
April 3, 2013, and May 24, 2017.

2.2. Psychological and cognitive assessments

On the day of PET measurement, all of the participants underwent
the following psychological and cognitive tests: psychological profiles
were assessed using the Eating Disorder Inventory-2 to determine dis-
ease severity (DM, 1991), the Beck Depression Inventory-II to de-
termine the level of depression (Beck et al., 1996), the State-Trait An-
xiety Inventory to determine the level of anxiety (Spielberger et al.,
1983), and the Yale-Brown Obsessive-Compulsive Scale to determine
the level of obsession-compulsion (Goodman et al., 1989). The parti-
cipants' cognitive profiles were assessed using Raven's colored pro-
gressive matrices for general intelligence to assess impaired general
cognitive processing (JC, 1936), the Stroop test of focused attention to
assess an attentional ability unrelated to BID using Stroop interference
because of the positive correlation between the performance on the
Stroop test and 5HTT availability of PET measurement (Madsen et al.,
2011; Treisman and Fearnley, 1969), and the Iowa gambling task of net
total score to assess decision making, which showed the largest effect
size in patients with AN and an association with 5HTT gene poly-
morphisms (Bechara et al., 1994; Miu et al., 2012; Wu et al., 2016a).

Fig. 1. Design of the dot-probe task.
(A) One trial of the dot-probe task consists of three phases (i.e., the fixation, perception, and decision phases). (B) The stimulus frames consist of a pair of computer-
generated distorted images of another person's body.
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2.3. Dot-probe task designed for BID

Because previous studies of BID revealed that patients with AN
spent more time looking at body images and exhibited significant brain
activation in response to pairs of distorted images of another person's
body compared with healthy subjects (Horndasch et al., 2012; Miyake
et al., 2010), we developed a computer-based cognitive test to measure
reaction time in response to pairs of distorted images of another per-
son's body in order to assess an attentional bias. This task is called the
dot-probe task and was originally developed by MacLeod et al. (1988).
Previous studies of the dot-probe task revealed an attentional bias in
patients with AN using some kinds of parameters (i.e., reaction time,
attentional bias score, and saccade latency) for various styles of body
images (i.e., thin or obese images and images of the participant's or
another person's body) (Blechert et al., 2010; Kim et al., 2014; Pona
et al., 2017). To decide the parameter in this study, a preliminary
analysis of the dot-probe task was conducted in 32 patients with AN (20
patients with ANR and 12 patients with ANBP) and 38 healthy subjects;
it indicated that the statistical power of the reaction time for all dis-
torted images was > 0.8, suggesting that this measure was sufficient to
detect differences (Supplementary Table 1). As shown in Fig. 1A, each
trial of the dot-probe task consists of three phases: (1) a fixation phase,
in which a fixation cross is presented for 500 milliseconds (ms); (2) a
perception phase, in which a stimulus frame (a pair of computer-gen-
erated distorted images of another person's body) is randomly pre-
sented for 500 ms; and (3) a decision phase, in which participants are
required to press a button as quickly as possible to indicate the side on
which a dot randomly appeared. The dot appeared randomly on either
the left or right side in a counterbalanced manner. We measured the
reaction times between dot presentation and button-press and the
numbers of correct and incorrect responses. The reaction times for in-
correct answers were not included in the analysis. As shown in Fig. 1B,
the stimulus frames contained a pair of images of a woman, one with
her original body size and one with one of eight computer-generated
distorted body sizes, ranging from 80% thin to 120% thick at 5% in-
tervals (80% thin, 85% thin, 90% thin, 95% thin, 105% thick, 110%
thick, 115% thick, and 120% thick). The distorted body images were
presented on the left or right side at random in a counterbalanced
manner. We prepared 256 pairs of distorted body images (eight dif-
ferent women × eight distorted body sizes × two right- or left-side
distorted image positions × two right- or left-sided dot positions) and
16 pairs of original body-sized images (eight different women × two
right- or left-side dot positions). Thus, each participant performed a
total of 272 trials in the dot-probe task. We obtained the task data from
the participants prior to their PET measurements on the same day.

2.4. Magnetic resonance imaging (MRI) acquisition

MRI was performed to determine the regions of concern for estab-
lishing volumes of interest (VOIs) and to investigate possible brain
structural differences using a 1.5T MRI scanner (Signa HDxt, GE,
Orlando, USA) with the following acquisition parameters: 3-dimen-
sional mode sampling, TR/TE (25/minimum), 30° flip angle, 1.5-mm
slice thickness with no gap and 256 × 128 matrices. The MRI para-
meters and a mobile PET gantry allowed us to reconstruct the PET
images parallel to the intercommissural (ACPC) line without reslicing.
Thus, we were able to locate the VOIs in the target regions of the ori-
ginal PET images (Ouchi et al., 1998).

2.5. PET data acquisition

All of the participants underwent PET scans with carbon 11-labeled
3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile ([11C]
DASB) after MRI scanning. We used a high-resolution brain PET scanner
(SHR12000, Hamamatsu Photonics K.K., Hamamatsu, Japan) capable
of yielding 47 tomographic images (Watanabe et al., 2002). After

backprojection and filtering (Hanning filter, cut-off frequency of
0.2 cycles per pixel), the image resolution was 2.9 × 2.9 × 3.4 mm
FWHM. The voxel of each reconstructed image measured
1.3 × 1.3 × 3.4 mm. After the intravenous injection of [11C]DASB
(5 MBq/kg), dynamic PET scans of [11C]DASB with 38 frames (time
frames: 4 × 30, 20 × 60, and 14 × 300 s) were performed over 92 min.

2.6. PET image data processing

The binding potential (BPND) of [11C]DASB was estimated based on
an MRTM2, in which we used a normalized time activity curve based on
the cerebellar cortex of each participant (Ichise et al., 2003). All BPND

parametric PET images were generated using PMOD 3.2 software
(PMOD Technologies, Ltd., Switzerland).

2.7. Statistical analysis

All statistical analyses were performed using SPSS, version 21 (IBM,
Armonk, NY). Because the current AN group included patients with
ANR and ANBP, we used t-tests to compare each parameter of the
participants' characteristics in four combinations (i.e., patients with AN
vs. healthy subjects, patients with ANR vs. healthy subjects, patients
with ANBP vs. healthy subjects, and patients with ANR vs. patients with
ANBP). The statistical threshold was assumed to be p < .05 corrected.
Our other image analysis methods are described below.

2.8. SPM analysis

We examined the whole brain using a voxelwise analysis in SPM8
(Wellcome Department of Cognitive Neurology, London, UK). All [11C]
DASB BPND parametric and MRI images were first normalized to the
Montreal Neurological Institute (MNI) space and smoothed with an
isotropic Gaussian kernel of 8 mm. The above-mentioned group com-
parisons were performed using t statistics on a voxel-by-voxel basis,
with a statistical threshold of p < .001 uncorrected at the voxel level
and p < .05 corrected for multiple comparisons using familywise error
at the cluster level. In the t statistics for [11C]DASB BPND parametric
images, BMI was used as a covariate. We used voxel-based morpho-
metry (VBM) to evaluate possible brain volume alterations using the
same statistical threshold.

2.9. VOI analysis

To explore any differences in 5HTT, we manually set VOIs in the
dorsal raphe, thalamus, dorsal caudate, antero-ventral striatum and
subgenual cingulate, which were reported to have high 5HTT avail-
ability in healthy individuals and were investigated in the previous PET
study in recovered patients with AN (Bailer et al., 2007a; Spies et al.,
2015). Examples of VOIs are shown in Supplementary Fig. 1. We ob-
tained [11C]DASB BPND values for each VOI and conducted comparisons
between the patients with AN and the healthy subjects using t-tests with
the Bonferroni correction for multiple comparisons and among the two
subtypes and healthy subjects using one-way ANOVA. We estimated the
statistical power for each VOI in a post hoc manner with G*Power 3.1
software (http://www.gpower.hhu.de/) (Faul et al., 2007). To in-
vestigate any associations between 5HTT availability and cognitive
impairments, we examined the correlations of the [11C]DASB BPND

values in each VOI with the score of the cognitive assessments in each
group using a regression analysis with the Bonferroni correction for
multiple comparisons with a statistical threshold of p < .0025 (=
0.05/20) uncorrected because the correlations consisted of 5 VOIs and
4 cognitive assessments.
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3. Results

3.1. Participant characteristics

The participants' characteristics are shown in Table 1. Twenty-two
female patients with active AN (12 with ANR and 10 with ANBP) and
20 age-matched healthy female subjects participated in our study. The
current BMI and education history of the patients with AN, ANR, and
ANBP were significantly lower than those of the healthy subjects, and
the patients with ANR had significantly lower current BMIs than the
patients with ANBP. The scores on all of the psychological profiles for
the patients with AN, ANR, and ANBP were significantly higher than
those of the healthy subjects. Regarding the cognitive profiles, the
scores for Raven's colored progressive matrices and the Stroop inter-
ference test were not significantly different among the groups. The net
total scores on the Iowa gambling task were significantly lower in the
patients with AN, ANR, and ANBP compared with the healthy subjects.
Although the number of incorrect answers on the dot-probe task was
not significantly different among the groups (Supplementary Table 2),
the reaction times on the dot-probe task were significantly longer in the
patients with AN, ANR, and ANBP compared with the healthy subjects.
Sixteen patients with AN (eight patients with ANR and eight with
ANBP) were nootropic naïve, and three patients with AN smoked and/
or drank alcohol regularly (two patients with ANBP smoked and drank,
one patient with ANBP smoked, and one patient with ANBP drank)
(Supplementary Table 3).

3.2. SPM analysis

The results of the SPM analysis are presented in Table 2 and Fig. 2.
Compared with the healthy subjects, the patients with AN, ANR, and
ANBP showed significantly lower BPND values of [11C]DASB in the
medial parietal cortex (i.e., the precuneus or paracentral lobule), and
the patients with ANR showed significantly lower BPND values in the
dorsal midbrain (i.e., the upper and lower dorsal midbrain). There were

no significant differences in the BPND values of [11C]DASB between the
patients with ANR and ANBP (Table 2). The results of the SPM and VBM
analyses did not overlap for each between-group comparison (Supple-
mentary Figs. 2, 3, and 4). We show the BPND values of the medial
parietal cortex and cerebellar cortex using scatter plots in Fig. 3 and
Supplementary Fig. 5.

3.3. VOI analysis

Compared with the healthy subjects, the patients with AN did not
show significant differences in [11C]DASB BPND values in the dorsal
raphe, thalamus, dorsal caudate, antero-ventral striatum, or subgenual
cingulate (Supplementary Fig. 5). The patients with ANR showed sig-
nificantly lower BPND values of [11C]DASB in the dorsal raphe com-
pared with the healthy subjects (Fig. 3). There were no significant
differences in the [11C]DASB BPND values between patients with ANBP
and healthy subjects (Fig. 3). We show the mean BPND values of [11C]
DASB and the statistical power for each VOI in Supplementary Fig. 6.
The statistical power in the dorsal raphe comparing the patients with
ANR with the healthy subjects was 0.9. We conducted the regression
analysis between the [11C]DASB BPND values in each VOI and the scores
of the cognitive assessments with the Bonferroni correction. Only in the
patients with ANR, not in the patients with ANBP, was a significantly
negative correlation observed between the [11C]DASB BPND values and
the reaction time on the dot-probe task in the dorsal raphe (r= −0.79,
p < .05 corrected) (Fig. 4 and Supplementary Fig. 7). We did not find
any other significant correlations between the BPND values of each VOI
and the scores of the other cognitive assessments.

4. Discussion

To the best of our knowledge, this is the first study to use PET to
examine 5HTT alterations and their association with cognitive proces-
sing in patients with active AN, ANR and ANBP. The results of the SPM
analysis showed significant reductions in [11C]DASB BPND values in the

Table 1
Characteristics of participants.

All participants AN subtypes

Healthy subjects Patients with AN p value
(vs. healthy
subjects)

Patients with ANR p value
(vs. healthy
subjects)

Patients with ANBP p value
(vs. healthy
subjects)

p value
(vs. patients
with ANR)(n= 20) (n= 22) (n= 12) (n= 10)

Mean SD Mean SD Mean SD Mean SD

Demographic profiles
Age, years 22.4 3.2 24.8 6.0 0.10 24.3 6.0 0.30 25.4 6.2 0.17 0.69
Current BMI, kg/m2 20.5 2.2 14.4 1.4 < 0.001 13.8 1.3 < 0.001 15.2 1.3 < 0.001 < 0.05
Disease duration, years na na 5.2 5.7 na 4.2 5.0 na 6.4 6.5 na 0.37
Length of amenorrhea, years na na 3.2 3.9 na 3.3 4.6 na 3.2 3.1 na 0.92
Education history, years 14.8 1.7 13.0 1.9 < 0.005 12.9 1.6 < 0.005 13.2 2.3 < 0.05 0.74
17β estradiol, ng/l 83.0 29.5 90.8 20.2 0.35 92.8 14.5 0.31 87.9 26.9 0.70 0.61

Psychological profiles
Eating disorder inventory-2 27.7 20.6 115.5 70.3 < 0.001 99.6 52.5 < 0.001 134.7 86.2 < 0.005 0.25
Beck depression inventory-II 4.9 4.2 26.1 13.7 < 0.001 21.4 10.5 < 0.001 31.7 15.4 < 0.001 0.08
State anxiety score of STAI 34.6 5.1 54.3 11.1 < 0.001 54.8 10.9 < 0.001 53.8 12.0 < 0.001 0.83
Trait anxiety score of STAI 40.9 8.7 58.7 14.1 < 0.001 55.7 14.3 < 0.001 62.4 13.6 < 0.001 0.28
Y-BOCS 17.5 2.8 13.3 11.6 < 0.001 9.8 10.8 < 0.05 17.4 11.7 < 0.005 0.13

Cognitive profiles
RCPM 34.5 1.7 34.6 1.5 0.78 34.5 1.6 0.83 34.6 1.4 0.81 0.98
Stroop interference 5.4 6.9 6.1 8.9 0.77 7.5 6.0 0.40 4.6 11.7 0.80 0.46
Net total score of Iowa gambling

task
17.9 19.4 −3.6 22.3 < 0.005 −1.8 24.0 < 0.05 −5.8 21.1 < 0.05 0.69

Reaction time in dot-probe task,
milliseconds

408.7 55.2 470.6 59.9 < 0.005 452.8 58.5 < 0.05 491.9 57.1 < 0.001 0.13

Abbreviations: AN, anorexia nervosa; ANR, restricting-type AN; ANBP, binge-eating/purging-type AN; BMI, body mass index (calculated as weight in kilograms
divided by height in meters squared); STAI, state-trait anxiety inventory; Y-BOCS, Yale-Brown Obsessive Compulsive Scale; RCPM, Raven's colored progressive
matrices; na, not applicable.
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medial parietal cortex of patients with AN, ANR, and ANBP and in the
dorsal midbrain (raphe) of patients with ANR. The results of the VOI
analysis revealed that the [11C]DASB BPND values in the dorsal raphe of
patients with ANR were significantly decreased and negatively corre-
lated with reaction times on the dot-probe task, which indicated the
presence of a biological-cognitive connection of relevance in ANR.

The current results revealed decreased 5HTT availability in the
medial parietal cortex of patients with AN compared with healthy
subjects (Table 2 and Fig. 2). In rodents, chronic food restriction was

reported to induce 5HTT reduction in the somatosensory cortex, which
is equivalent to the lateral and medial parietal cortex in human subjects
(Medina-Aguirre et al., 2008). Previous fMRI studies of underweight
patients with AN reported associations between altered functional
connectivity in the somatosensory cortex and impaired visuospatial
ability, which is thought to be involved with BID (Favaro et al., 2012;
Gaudio et al., 2016). Because a fMRI study of healthy subjects also
suggested that the medial parietal cortex might be involved in encoding
spatial allocentric memory (Baumann and Mattingley, 2010), 5HTT

Table 2
Results of SPM analysis.

Cluster level (p < .05 corrected) Peak level (p < .001 uncorrected)

kE p value T value MNI coordinates (x, y, z) Anatomical name

Patients with AN vs. healthy subjects 690 0.004 4.95 1, −54, 64 Right precuneus (BA 7)

Patients with ANR vs. healthy subjects 484 0.011 5.70 6, −38, −16 Right upper dorsal midbrain
4.84 10, −45, −30 Right lower dorsal midbrain

455 0.014 4.62 2, −52, 62 Right precuneus (BA 7)
4.22 5, −38, 78 Right paracentral lobule (BA 1)
4.08 2, −44, 72 Right paracentral lobule (BA 1)

Patients with ANBP vs. healthy subjects 503 0.019 4.31 −2, −54, 62 Left precuneus (BA 7)
4.27 4, −52, 58 Right precuneus (BA 7)

Patients with ANBP vs. patients with ANP None

Abbreviations: AN, Anorexia nervosa; ANR, restricting-type AN; ANBP, binge-eating/purging-type AN; BA, Brodmann area; MNI coordinates, Montreal Neurological
Institute coordinates.

Fig. 2. Regions of significantly decreased [11C]DASB binding potential (BPND) values in the patients with AN, ANR, and ANBP compared with healthy subjects.
The images show regions of significantly decreased [11C]DASB binding potential (BPND) values with a significance threshold set at p < .001 uncorrected at the voxel
level and p < .05 corrected for multiple comparisons using familywise error at the cluster level.
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reduction in this region might play a possible role in recalling the
smaller number of ambiguous emotional memories in patients with AN
(Bomba et al., 2014). Additionally, because some meta-analyses of
neuroimaging studies showed that the precuneus, a part of the medial
parietal cortex, was related to some tasks on self-face recognition or
self- and external agency (Platek et al., 2008; Sperduti et al., 2011),

5HTT alteration in this region might be associated with self-re-
presentation. Consistently, our statistics showed a significant reduction
in 5HTT in this region (the somatosensory association area) in both
subtypes (Table 2 and Fig. 2). Collectively, a series of these findings
support that 5HTT reduction in the medial parietal cortex is a key pa-
thophysiological factor in AN in general.

Fig. 3. [11C]DASB binding potential (BPND) in the dorsal raphe, thalamus, dorsal caudate, antero-ventral striatum, subgenual cingulate, medial parietal cortex and
cerebellar cortex among the subtypes of anorexia nervosa and the healthy subjects.
The open circles represent healthy subjects, the closed triangles represent patients with restricting-type anorexia nervosa (ANR), and the closed inverted triangles
represent patients with binge-eating-/purging-type anorexia nervosa (ANBP). Error bars represent the standard errors. An asterisk (*) indicates significance at
p < .05 using one-way ANOVA.

Fig. 4. Correlations of the patients with restricting-type anorexia nervosa between [11C]DASB binding potential (BPND) values and the reaction times on the dot-
probe task in the dorsal raphe, thalamus, dorsal caudate, antero-ventral striatum and subgenual cingulate.
The closed triangles represent patients with restricting-type anorexia nervosa (ANR) in the scattergrams. The significance threshold was set at p < .05 with the
Bonferroni correction for multiple comparisons.
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Compared with healthy subjects, patients with ANR showed de-
creased 5HTT availability in the dorsal midbrain in the SPM and VOI
analyses (Table 2, Fig. 2 and Fig. 3). The statistical power in the dorsal
raphe comparing the patients with ANR with the healthy subjects
was > 0.8, suggesting that our sample size was sufficient to detect al-
terations in the region in this study. The similarity of the 5HTT re-
duction in the SPM and VOI analyses indicated that the dorsal midbrain
examined in the SPM analysis mainly represented the dorsal raphe re-
gion. In animal experiments, chronic food restriction caused 5HTT re-
ductions in the rat dorsal raphe (Jahng et al., 2007), and these reduc-
tions were normalized by the administration of the 5HT precursor
tryptophan (Pratelli et al., 2017). Previous single photon emission
computed tomography studies showed that 5HTT availability in the
thalamus is not altered in food-restricted weight loss and is not corre-
lated with BMI in obese human subjects without any history of psy-
chiatric disorders (Nam et al., 2018; Versteeg et al., 2017b), while
5HTT availability in the midbrain is correlated negatively with BMI in
obese healthy human subjects and positively in nonobese ones (Nam
et al., 2018), suggesting that 5HTT reduction in a limited 5HTT-rich
region (i.e., the midbrain) might be the key etiology of AN. This finding
is significantly different from the 5HTT reduction over the extensive
5HTT-rich regions, such as the midbrain, thalamus and amygdala, as
seen in depression (Spies et al., 2015). The positive correlation between
5HTT availability in the midbrain and BMI in nonobese healthy human
subjects suggests that the underweight state itself may be associated
with changes in 5HTT availability as seen in our study.

The hormone insulin is also important with regard to body mass. In
the cultured rat pineal gland, insulin increased tryptophan activity
leading to the modulation of 5HT synthesis (Garcia et al., 2008).
Measuring concentrations in the rat central nervous system by micro-
dialysis showed that 5HT increased insulin levels and vice versa
without altered peripheral levels of insulin and glucose (Orosco et al.,
2000). 5HT1B receptor knockout or 5HTT knockout mice showed
higher insulin secretion than wild-type mice, leading to insulin re-
sistance (Chen et al., 2012; Nonogaki et al., 1998). Obese human sub-
jects with high 5HT2A receptor gene methylation have high insulin
levels (Perez-Cornago et al., 2014). 5HTT availability in the dience-
phalon is reduced in insulin-resistant obese human subjects (Versteeg
et al., 2017a) In these lines of evidence, these associations might be
changed due to malnutrition and provide a possible explanation for
5HTT alterations in AN. In addition, a previous PET study showed
normal levels of 5HTT availability in the dorsal raphe in each recovered
subtype compared with healthy subjects (Bailer et al., 2007a), in-
dicating that the 5HTT availability in the dorsal raphe decreased in
underweight patients with ANR and was normalized in the recovered
patients. Because the 5HTT availability in the dorsal raphe was not
altered in recovered patients with ANR, decreased 5HTT availability in
this region in underweight patients may be a pathophysiological sign of
premorbid features or the postonset progression of the disease. Ad-
ditionally, because in the dorsal cochlear nucleus (a well-established
brainstem region of sensory integration) that receives a dense ser-
otonergic input from the dorsal raphe, 5HT specifically decreased input
from auditory nerve fibers among the other multisensory inputs (Tang
and Trussell, 2017), the 5HTT reduction in the dorsal raphe might
impair the multisensory integration, leading to a broader deficit in
patients with ANR. Thus, a difference in susceptibility of the dorsal
raphe between ANR and ANBP might suggest the severity of the disease
in view of multisensory integration. At the moment, there is no clinical
report on the effectiveness of improving decreased 5HTT for medicating
AN. Because it was reported that 5HTT reduction in the dorsal raphe
could be normalized in an animal experiment (Pratelli et al., 2017),
further study on the normalization or elevation of the reduced 5HTT in
this region might help patients with ANR.

Regarding the cognitive measures used in the current study, the net
total scores on the Iowa gambling task and the reaction time on the dot-
probe task differed significantly between the patient groups and the

healthy subjects (Table 1). The correlation analyses (levels of tracer
binding vs. cognitive impairments) used in the present study indicated
that lower 5HTT availability in the dorsal raphe in patients with ANR
was associated with longer reaction times on the dot-probe task (Fig. 4).
A recent SPECT study revealed that lower 5HTT binding in the dien-
cephalon was associated with longer reaction times in response to vi-
sual stimuli related to food in healthy lean male subjects (Koopman
et al., 2016). These correlational findings support the notion of a clin-
icopathological linkage between BID and 5HTT hypofunction in the
dorsal raphe. Based on previous reports and the current findings (i.e., a
significant 5HTT reduction in the dorsal raphe, which was associated
with BID in the present study, and the absence of this reduction in a
postrecovery condition in a previous study (Bailer et al., 2007a), 5HTT
stimulation in this region may be a therapeutic intervention target. This
possibility should be investigated in future studies.

Our results and previous findings indicate that 5HT system altera-
tions in patients with AN take the forms of increased 5HT1A receptors,
decreased 5HT2A receptors and regional 5HTT reduction.
Antidepressants, which block 5HTT function, are sometimes prescribed
for patients with AN in clinical practice, but their efficacy has been
controversial (Garner et al., 2016; Marvanova and Gramith, 2018). In
patients with depression, a gene polymorphism study showed a poor
antidepressant response in cases of low 5HTT function (Manoharan
et al., 2016). Thus, 5HTT hypofunction might partly account for the
limited response to antidepressants in patients with AN. Moreover, a
previous trial of antidepressants with tryptophan, a 5HT precursor
amino acid, to augment 5HT levels in the central nervous system failed
to show effectiveness in patients with AN (Barbarich et al., 2004).
Current psychopharmacological use of antidepressants targeting 5HTT
function might be limited. No beneficial outcome in the trial to boost
5HT levels in the blood by tryptophan load may be ascribed to the al-
terations of 5HT1A and 5HT2A receptors. Currently, instead of blocking
5HTT function and correcting 5HT levels, a partial agonist of the
5HT1A receptor (e.g., Aripiprazole) has been shown to be effective in
patients with AN (Frank, 2016; Frank et al., 2017; Marzola et al., 2015).
Experimentally, the long-term administration of a selective 5HT2A re-
ceptor antagonist was shown to upregulate decreased 5HT2A receptors
in animal studies (Rinaldi-Carmona et al., 1993; Yadav et al., 2011).
Taken together, these findings indicate that although no method for
stimulating 5HTT has been used in practice, collecting evidence re-
garding 5HTT from clinical and preclinical studies is necessary for ad-
vancing the pharmacological treatment of AN.

Our study has some limitations. First, some of the patients with AN
in the current study engaged in habitual smoking and drinking.
However, no significant effect of smoking or drinking on [11C]DASB
BPND was reported in a previous study (Erritzoe et al., 2010). Second,
the current results revealed a significant difference in BMI between the
ANR and ANBP groups. We minimized the effects of differences in body
weight by including BMI as a covariate in the SPM analysis. Ad-
ditionally, the present VBM analysis revealed no effect of brain atrophy
on [11C]DASB BPND levels in the target region in AN patients. Third,
this study had a cross-sectional design. To clarify any differences in
5HTT vulnerability between the two subtypes, it may be useful to
conduct a longitudinal study of both AN subtypes rather than a cross-
sectional study. Fourth, although we used the reaction time for all
distorted body image in our dot-probe task to assess an attentional bias
based on our preliminary analysis (Supplementary Table 1), previous
studies of the dot-probe task evaluating an attentional bias in patients
with AN used some kinds of parameters (i.e., reaction time, attentional
bias score, and saccade latency) for various styles of body image (i.e.,
thin or obese images and images of the participant's or another person's
body) (Blechert et al., 2010; Kim et al., 2014; Pona et al., 2017). To
investigate the meaning of the relationship between the reaction time
for all images and the 5HTT availability in this study, we will need to
evaluate each parameter for each body image in the future. Finally,
although the distorted body images used in our study were similar to
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those used in previous fMRI studies (Miyake et al., 2010), a correla-
tional study may be required to further elucidate the associations be-
tween the dot-probe task and the neural networks involved in BID in
underweight patients with active AN.

5. Conclusion

We found significantly decreased 5HTT availability in the medial
parietal cortex (the somatosensory association area) in underweight
patients with both active AN subtypes, indicating that 5HTT vulner-
ability in this region might be pathophysiologically important in AN in
general. In addition to this alteration, an involvement of 5HTT reduc-
tion in the dorsal raphe highlights the significance of the clin-
icopathophysiological aspect as seen in patients with active ANR, sug-
gesting possible involvement with impaired multisensory integration.
Hence, a therapeutic intervention on this raphe 5HTT hypofunction
may help ameliorate BID-related symptoms in active ANR. The 5HT
system contributes to the pathophysiology of AN.
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