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Abstract 

Background Bulimia nervosa (BN) is an eating disorder characterized by recurrent binge eating and compensatory 
behaviors. The thalamus plays a crucial role in the neural circuitry related to eating behavior and needs to be further 
explored in BN.

Methods In this study, 49 BN patients and 44 healthy controls (HCs) were recruited. We applied the fractional ampli-
tude of low-frequency fluctuation to investigate regional brain activity in the thalamus and functional connectivity 
(FC) to examine the synchronization of activity between thalamic subregions and other brain regions in both groups. 
All results underwent false discovery rate (p < 0.05, FDR correction) correction. Pearson correlation analysis was per-
formed to assess the relationship between the patients’ abnormal clinical performance and the thalamic alterations 
(p < 0.05, FDR correction).

Results We found no significant differences in neural activity between BN patients and HCs in the sixteen thalamic 
subregions. However, compared to the HCs, the individuals with BN showed decreased FC between the thalamic sub-
regions and several regions, including the bilateral prefrontal cortex, right inferior parietal lobule, right supplementary 
motor area, right insula, cingulate gyrus and vermis. Additionally, BN patients showed increased FC between the tha-
lamic subregions and visual association regions, primary sensorimotor cortex, and left cerebellum. These altered FC 
patterns in the thalamus were found to be correlated with clinical variables (the frequency of binge eating/purging 
per week and external eating behavior scale scores) in the BN group. All results have passed FDR correction.

Conclusions Our study provides evidence that there is disrupted FC between thalamic subregions and other brain 
regions in BN patients during resting state. These regions are primarily located within the frontoparietal network, 
default mode network, somatosensory, and visual network. These findings elucidate the neural activity character-
istics underlying BN and suggest that thalamic subregions have potential as targets for future neuromodulation 
interventions.
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Background
Bulimia nervosa (BN) is an eating disorder characterized 
by recurrent binge eating and compensatory behaviors, 
and is frequently associated with severe medical compli-
cations and psychiatric comorbidities [1]. While remis-
sion occurs in up to 80% of treated patients, the 20% 
relapse rate still poses a clinical challenge, and the disor-
der is also associated with a higher rate of mortality [2]. 
Further improvements in the characterization and identi-
fication of brain functional abnormalities as direct targets 
for novel therapies are crucial [3].

Several psychopathological dimensions, such as cogni-
tive challenges, impulsivity, attention difficulties, inability 
to delay reward, and negative self-evaluation regarding 
body image, are believed to be associated with abnor-
mal eating behaviors in BN patients [4]. The thalamus is 
commonly viewed as a sensory relay station for informa-
tion flow from the various sensory pathways to the cer-
ebral cortex [5, 6]. The thalamus serves as a higher-order 
relay station, playing a vital role in the cortico-thalamo-
cortical information pathway, with its functional activi-
ties encompassing cognition, somatosensory perception, 
visual processing, and more [5, 6]. Therefore, it holds the 
potential to serve as a critical node for investigating the 
neural circuitry associated with BN. While there have 
been few in-depth studies on the changes in thalamic 
neural activity in patients with BN, previous studies 
have identified BN-related brain functional and struc-
tural changes in the thalamus and its associated projec-
tion regions. For instance, a brain functional network 
analysis revealed that individuals with BN exhibit hypo-
connectivity between the thalamus and the sensorimo-
tor and unimodal visual association regions and that this 
connectivity is significantly associated with binge eating 
behavior [7]. Wang et  al. [8] revealed that the thalamus 
exhibited higher positive resting-state functional connec-
tivity (FC) in striatal nuclei, including the dorsal caudate, 
ventral striatum, and nearly all of the putamen subre-
gions, in BN patients than in healthy controls (HCs).
Subsequently, a graph-theoretical analysis revealed that 

individuals in the BN group exhibited reduced partici-
pation coefficients at the node level within the anterior 
prefrontal cortex, inferior parietal lobule, and thalamus. 
Moreover, these altered participation coefficients were 
significantly correlated with clinical variables, including 
the drive for thinness, bulimia, and interoceptive aware-
ness of the patients [9]. Meanwhile, Berner et  al. [10] 
examined the impact of age on subcortical volume in 
individuals with full and subthreshold BN, as well as in 
age-matched HCs. Their findings indicated that the shape 
of the left thalamus was inversely associated with age in 
the BN group, whereas it displayed no significant corre-
lation with age in the HCs group. This suggests poten-
tial deviations in the developmental trajectory of this 
structure in individuals with BN. However, to date, the 
resting-state neural activity and FC with respect to the 
thalamus, especially its subregions, needs to be explored 
further in BN.

The human brainnetome atlas (HBA) is a valuable tool 
for understanding the organization of the human brain 
as it based on connectional architecture [11]. Based on 
the HBA, each side of the thalamus is divided into eight 
subregions, namely, the medial pre-frontal thalamus 
(mPFtha), pre-motor thalamus (mPMtha), sensory thala-
mus (Stha), rostral temporal thalamus (rTtha), posterior 
parietal thalamus (PPtha), occipital thalamus (Otha), 
caudal temporal thalamus (cTtha) and lateral pre-frontal 
thalamus (lPFtha). The fractional amplitude of low-fre-
quency fluctuation (fALFF) analysis is a technique used 
to detect changes in regional signals in spontaneous brain 
activity. This method measures the relative contributions 
of low-frequency fluctuations within a specific frequency 
band (0.01–0.08 Hz) to the entire frequency range [12].
In comparison to the amplitude of low-frequency fluc-
tuation (ALFF) approach, the fALFF method mitigates 
nonspecific signal components in resting-state fMRI 
data, which leads to improved specificity and sensitivity 
in detecting spontaneous regional brain activity[12]. The 
aim of the present study is to utilize the fALFF method 
to investigate spontaneous regional brain activity in 

Plain English summary 

The high recurrence rate of bulimia nervosa (BN) poses a clinical challenge, and thus, it is crucial to improve the char-
acterization and identification of brain functional abnormalities as direct targets for novel therapies. To investigate 
the neural circuitry associated with BN, the thalamus is a critical node since it serves as a higher-order relay point 
in the cortico-thalamo-cortical information pathway. Our findings reveal that altered functional connectivity (FC) 
between thalamic nuclei and other brain regions is evident throughout the whole brain, particularly within the fron-
toparietal network, default mode network, somatosensory, and visual network. These changes in FC are significantly 
associated with disordered eating behavior and the severity of illness in BN patients. Therefore, these findings help 
identify the neural mechanisms underlying disordered eating behavior and BN severity and suggest potential targets 
for future neuromodulation interventions.
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targeted thalamic subregions. Additionally, we performed 
a seed-based FC analysis to examine the synchronization 
of activity between these thalamic subregions and other 
eating-related brain regions that are spatially separated 
within the whole brain range [13].

Given the psychological traits of BN and the neural 
correlates uncovered by previous neuroimaging research, 
we hypothesized that the thalamus may show regional 
functional changes and exhibit abnormal FC between its 
regions and several brain regions associated with reward 
processing, cognitive control, and sensory processing in 
BN patients. Moreover, abnormal activity in the thalamus 
may be associated with disordered eating behaviors in 
individuals with BN.

Methods
Participants
The study was conducted in accordance with the Helsinki 
Declaration and approved by the Ethical Committee of 
the Beijing Friendship Hospital. All participants signed 
written informed consent forms prior to undergoing the 
scans.

The sample set consisted of 56 BN patients (2 male) 
and 46 HCs (4 male). Individuals with BN were recruited 
through hospital outpatient services, and HCs were 
recruited through local advertising. The diagnosis of BN 
was assessed via the Mini-International Neuropsychi-
atric Interview (MINI) 7.0.2 [14], a structured clinical 
interview developed according to the “Feeding and Eat-
ing Disorders” chapter of the diagnostic and statistical 
manual of mental disorders, fifth edition (DSM-5) [15]. 
Nine patients had previously been prescribed antidepres-
sants to address symptoms related to anxiety or depres-
sion. Subsequently, they voluntarily discontinued their 
medication for various reasons, including symptom alle-
viation or inadequate treatment response. Importantly, 
none of the patients had been on psychotropic medica-
tions for a minimum of two months prior to undergo-
ing the MRI scan. Nine BN patients had had anorexia 
nervosa (AN) in their lifetime, but they did not meet 
the diagnostic criteria of the DSM-5 during the prior 
15 months. We excluded patients with major psychiatric 
disorders (except depression or anxiety), such as dissoci-
ative disorders, schizophrenia, and borderline personality 
disorder, to ensure that potentially confounding effects 
did not influence the results. We also performed profes-
sional face-to-face interviews with each HC based on the 
MINI 7.0.2 in the DSM-5 to exclude individuals with psy-
chiatric disorders. All participants underwent serological 
tests to rule out metabolic conditions such as hyperthy-
roidism, diabetes and hyperlipidemia. Furthermore, par-
ticipants with a history of malignant neoplastic disease, 
neurological disorders, intellectual disability, brain injury, 

pervasive developmental disorder, pregnancy, metal 
implants or claustrophobia were excluded. Among the 
patients included, one patient had a breast tumor, two 
had metal braces, and one had claustrophobia, which 
prevented them from undergoing an MRI examination. 
To reduce the influence of biological rhythm to the great-
est extent possible, the subjects were informed to ensure 
that they obtained 8 h of sleep per night one week before 
the examination to maintain good sleep patterns and 
a good mental state. All participants underwent MRI 
examinations between 8 a.m. and 10 a.m. after fasting for 
at least eight hours. All participants completed a series of 
self-report questionnaires on the day of the scan, includ-
ing the Dutch Eating Behavior Questionnaire (DEBQ) 
[16], which was used to assess eating behavior and con-
siders three eating styles (33 items): emotional eating 
(distress-induced food intake), external eating (eating in 
response to food cues), and restraint eating (eating less 
than desired); the bulimia subscales from the eating dis-
order inventory-1 (EDI-1) [17]; 26-item eating attitude 
test (EAT) [18]; the 21-item Beck Depression Inventory-
II(BDI-II) test [19]; and a 20-item Self-rating Anxiety 
Scale (SAS) questionnaire [20].The reliability and validity 
of the above scales have been verified in the Chinese pop-
ulation [17, 18, 21–25]. Furthermore, we recorded data 
based on the duration of the disease and the frequency of 
binge eating/purging behavior (which reflects the sever-
ity of the disease) for patients with BN.

Data acquisition
All MRI images were acquired using a 3.0 T MRI system 
(Prisma, Siemens, Erlangen, Germany) and a 64-chan-
nel phased array coil. Axial T2-weighted imaging was 
performed to identify lesions. Resting-state functional 
images were obtained using a gradient-echo echo-planar 
imaging (EPI) sequence with the following parameters: 
240 time points; 33 sections with 3.5-mm slice thickness; 
repetition time (TR)/echo time (TE), 2000/30  ms; flip 
angle (FA), 90°; field of view (FOV), 224 × 224  mm2; and 
a 64 × 64 matrix. High-spatial-resolution T1-weighted 
images were acquired using a three-dimensional mag-
netization-prepared rapid gradient-echo (3D-MPRAGE) 
sequence with the following parameters: 192 slices; 
slice thickness, 1  mm; TR/TE, 2530/2.98  ms; inversion 
time (TI), 1100  ms; FA, 7°; FOV, 256 × 256  mm2; and a 
256 × 256 matrix.

Participants were instructed to remain awake and 
maintain steady breathing throughout the scan. Meas-
ures were taken to minimize head micromotion and 
noise interference, such as the use of air padding between 
the lateral sides of the head and earplugs. Participants 
were positioned in a supine position and placed head first 
into the MRI scanner. After the scan were completed, all 
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participants reported being awake throughout the proce-
dure. The total scanning time was approximately 14 min.

Data preprocessing
Data Processing and Analysis for Brain Imaging (DPABI, 
http:// www. restf mri. net) software was used to preproc-
ess the functional images in the MATLAB 2013b envi-
ronment with Statistical Parametric Mapping 12 (SPM12, 
http:// www. fil. ion. ucl. ac. uk/ spm). The first 10 dummy 
volumes were discarded for magnetic field equilibra-
tion and subject adaptation to the scanning noise. The 
remaining 33 interleaved acquisition volumes were rea-
ligned to a reference slice (mean TR slice). Participants 
with excessive head motion (> 2° rotational and > 2  mm 
translational movement) were excluded (5 partici-
pants in total, 3 from the BN group and 2 from the HC 
group). To account for confounding effects caused by 
head micromotion, the mean framewise displacement 
(FD) was calculated, and participants with FD ≥ 0.20 mm 
were excluded. The FD was also used as a covariate in the 
subsequent analyses. A total of 93 subjects were deemed 
acceptable for further analysis (see Table  1). The rea-
ligned individual brain images were normalized and res-
ampled to 3 mm × 3 mm × 3 mm voxel size in Montreal 
Neurological Institute (MNI)-labeled space using the dif-
feomorphic anatomical registration through exponenti-
ated lie algebra (DARTEL) algorithm [26]. Smoothing 
was performed using a 6  mm full-width half-maximum 
(FWHM) isotropic Gaussian kernel, and detrending was 
performed for each voxel. Covariates including the white 
matter (WM), cerebrospinal fluid (CSF), and Friston 
24-parameter head motion were regressed from the time 
series of each voxel to reduce the effects of head move-
ment and nonneural activity information. The images 
were then bandpass filtered in the 0.01–0.08  Hz range 
(this step was applied only to preprocess the data for the 
FC calculation and not for the fALFF calculation). Data 
artifact scrubbing was implemented by deleting the data 
for bad time points, which were defined as any volume 
with FD > 0.3 mm [27]. The number of excluded volumes 
per participant was minimal, and there was no difference 
between the two groups (t = 0.67, p = 0.51). The num-
ber of excluded volumes for the HC and BN groups was 
18.70 ± 2.82 and 14.05 ± 2.01, respectively.

The structural images were preprocessed using the 
Computational Anatomy Toolbox  12 (CAT12: http:// 
dbm. neuro. uni- jena. de/ cat/) in the SPM12 software in 
MATLAB. The structural images were segmented into 
gray matter (GM), WM, and CSF using the unified seg-
mentation protocol to calculate the tissue volumes. The 
GM segments were normalized according to the MNI 
template using the DARTEL algorithm and smoothed 
with a 6-mm FWHM isotropic Gaussian kernel [28]. To 

account for the potential effects of brain volume changes 
on the fMRI results [29], the normalized GM volume 
maps were included as voxelwise covariates in the subse-
quent functional data analyses.

Definition of the thalamus and its subregions
The thalamus was defined based on the HBA [11], and 
the thalamus was further divided in sixteen subregions 
on the bilateral sides. Please refer to the Additional file 1 
for details. This atlas was applied to all participant fALFF 
and FC maps by spatially normalizing all individual maps 
to the atlas template space (Fig. 1).

fALFF calculation
We utilized the DPABI toolbox to calculate the fALFF, 
which can be used to measure the intrinsic functional 
architecture of local oscillation power in spontaneous 
brain activity [12]. The fALFF was determined by divid-
ing the sum of the amplitude values in the low frequency 
range of 0.01–0.08  Hz by the sum of the amplitudes in 
the entire detectable power spectrum range of 0–0.25 Hz 
[12]. To normalize the data, the fALFF map for each voxel 
was divided by the mean global value of each participant.

Table 1 Demographic and clinical data of participants

Data are presented as the mean ± standard deviation, *Statistical significance 
P < 0.05

BN bulimia nervosa, HCs healthy controls, y years, m months, BMI body mass 
index, FD frame-wise displacement, Frequency the frequency of binge eating/
purging per week, DEBQ Dutch Eating Behavior Questionnaire, EDI Eating 
Disorders Inventory, EAT Eating Attitude Test, BDI Beck Depression Inventory, SAS 
Self-Anxiety Scale
a Chi-squared test
b Two-sample t tests

Variables BN (n = 49) HCs(n = 44) Analysis

t/χ2 p

Race (Asian) 49 44 NA NA

Sex (female/male) (47/2) (40/4) 0.313 0.576a

Age (y) 24.18 ± 5.88 25.43 ± 2.77 -1.285 0.202b

BMI (kg/m2) 21.05 ± 4.04 20.83 ± 2.04 0.317 0.752b

Education (y) 16.27 ± 2.01 16.86 ± 2.05 -1.420 0.159b

Mean FD 0.074 ± 0.03 0.069 ± 0.03 0.747 0.457b

Frequency 6.02 ± 4.42 NA NA NA

Duration of illness (m) 40.63 ± 47.22 NA NA NA

DEBQ-emotional 46.10 ± 12.52 27.91 ± 9.28 8.015  < 0.001b*

DEBQ-externality 34.96 ± 6.33 31.07 ± 4.33 3.488 0.001b*

DEBQ-restraint 38.24 ± 5.91 28.55 ± 7.25 7.018  < 0.001b*

EDI-BN 32.20 ± 6.87 11.57 ± 4.44 17.372  < 0.001b*

EAT 42.82 ± 10.79 12.95 ± 9.08 14.487  < 0.001b*

BDI 23.16 ± 8.77 3.57 ± 3.56 14.372  < 0.001b*

SAS 54.50 ± 11.85 33.43 ± 6.91 10.604  < 0.001b*

http://www.restfmri.net
http://www.fil.ion.ucl.ac.uk/spm
http://dbm.neuro.uni-jena.de/cat/
http://dbm.neuro.uni-jena.de/cat/
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Voxelwise FC analysis
FC calculations were performed in a seed-to-voxel man-
ner using the DPABI toolbox. The sixteen thalamic sub-
regions were utilized as seed points. The reference time 
series for each seed point was obtained by averaging the 
time series of all voxels for each seed point, and their cor-
relations with the rest of the brain were computed [13]. 
This procedure generated sixteen thalamus FC maps 
(eight per hemisphere) for each participant. The correla-
tion coefficient maps were normalized by a Fisher r-to-z 
transformation.

Statistical analysis
The demographic and clinical data differences between 
the two groups were analyzed using SPSS version 26.0 
(IBM Corp., Armonk, New York, USA). The normality 
of continuous variables was assessed using Kolmogo-
rov‒Smirnov (Lilliefors) tests. For normally distributed 
variables, two-sample t tests were used to examine group 
effects; otherwise, Wilcoxon rank-sum tests or Kruskal‒
Wallis tests were used. Categorical variables were 
assessed using chi-square tests. Statistical significance 
was set at p values < 0.05.

To determine the between-group differences in 
the fALFF and FC for the thalamic subregions, two-
sample t test were performed, controlling for age, sex, 

education level, body mass index (BMI), GM, and mean 
FD values across the whole brain. Then, cluster-level 
false discovery rate (FDR) corrections were conducted, 
with a corrected threshold of P < 0.05. Pearson correla-
tion analysis was used to estimate relationships in the 
clinical-MR imaging data. The clinical data includes: 
the duration of illness in patients with BN, the fre-
quency of binge eating/purging per week, scores from 
the DEBQ, EDI-BN, EAT, BDI, and SAS questionnaires. 
The MR imaging data includes fALFF and FC values in 
the BN group. Statistical significance was set at P < 0.05, 
and FDR correction was conducted. The data process-
ing steps are shown in Fig. 2.

Results
Demographic and clinical data
The demographic and clinical data were analyzed and 
are presented in Table 1. No significant differences were 
found between patients with BN and healthy controls 
(HCs) in terms of sex, age, education level, body mass 
index (BMI), and mean FD values. However, patients 
with BN exhibited higher scores on the DEBQ, EDI-BN, 
EAT, BDI, and SAS scales than HCs (P ≤ 0.001). In addi-
tion, the frequency of binge eating/purging per week and 
duration of illness are shown in Table 1 for patients with 
BN.

Fig. 1 Definition of thalamic subregions based on the human brainnetome atlas. mPFtha, medial pre-frontal thalamus; mPMtha, pre-motor 
thalamus; Stha, sensory thalamus; rTtha, rostral temporal thalamus; PPtha, posterior parietal thalamus; Otha, occipital thalamus; cTtha, caudal 
temporal thalamus; lPFtha, lateral pre-frontal thalamus



Page 6 of 15Wang et al. Journal of Eating Disorders          (2023) 11:207 

Between‑group differences in the thalamus fALFF
The fALFF values in all sixteen thalamic subregions did 
not differ significantly between the BN and HC groups 
(P < 0.05, cluster-level FDR-corrected) (Fig. 3).

Between‑group differences in the thalamus FC
LPFtha
Compared to HCs, patients with BN exhibited decreased 
FC between the left LPFtha and the bilateral prefrontal 

Fig. 2 Data analysis flow chart

Fig. 3 Comparison of the fractional amplitude of low-frequency fluctuation (fALFF) values in thalamic subregions between the BN and HC groups. 
No significant differences were found between the two groups after cluster-level FDR corrections were performed. mPFtha, medial pre-frontal 
thalamus; mPMtha, pre-motor thalamus; Stha, sensory thalamus; rTtha, rostral temporal thalamus; PPtha, posterior parietal thalamus; Otha, occipital 
thalamus; cTtha, caudal temporal thalamus; lPFtha, lateral pre-frontal thalamus; BN, bulimia nervosa; HCs, healthy controls
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cortex, including the left middle frontal gyrus (MFG) 
and right superior frontal gyrus (SFG), compared to HCs 
(corrected threshold of cluster size > 77, P < 0.05).

PPtha
Compared to HCs, patients with BN showed decreased 
FC between the left PPtha and right MFG (corrected 
threshold of cluster size > 188, P < 0.05).

mPFtha
Compared to HCs, patients with BN showed decreased 
FC between the left mPFtha and prefrontal cortex (right 
MFG and left SFG) (corrected threshold of cluster 
size > 105, p < 0.05), right mPFtha and prefrontal cortex 
(right MFG and left SFG) and cingulate gyrus and Ver-
mis_8 (corrected threshold of cluster size > 79, P < 0.05); 
increased FC between the left mPFtha and visual associa-
tion regions, including the left fusiform gyrus (FFG) and 
left calcarine fissure (CAL), and primary sensorimotor 
cortex, including the right precentral gyrus (PreCG) and 
right postcentral gyrus (PoCG) (corrected threshold of 
cluster size > 65, P < 0.05); and increased FC between the 
right mPFtha and left CAL and right PreCG (corrected 
threshold of cluster size > 167, P < 0.05).

Stha
Compared to HCs, patients with BN showed decreased 
FC between the left Stha and prefrontal cortex (left MFG 
and right SFG) (corrected threshold of cluster size > 59, 
P < 0.05).

cTtha
Compared to HCs, patients with BN exhibited: decreased 
FC between the left cTtha and right MFG and right sup-
plementary motor area (SMA) (corrected threshold of 
cluster size > 143, p < 0.05); increased FC between the 
left cTtha and left lingual gyrus (LING) and right supe-
rior temporal gyrus (STG) (corrected threshold of cluster 
size > 124, p < 0.05); and increased FC between the right 
cTtha and bilateral paracentral lobule (PCL) and right 
STG and left cerebellum_superior (cerebelum_4_5) (cor-
rected threshold of cluster size > 63, p < 0.05).

Otha
Compared to HCs, patients with BN exhibited 
decreased FC between the left Otha and the right insula 
(INS), right MFG, right inferior parietal lobule (IPL) 
and right SMA (corrected threshold of cluster size > 59, 
p < 0.05, FDR).

All the above results were corrected with FDR cor-
rection at the cluster-level p < 0.05. Further details are 
included in Table 2, Figs. 4, 5, and 6.

MR imaging data and clinical relationships
In BN patients, the FC between the left cTtha and 
left LING and between the right cTtha and left cer-
ebelum_4_5 showed negative correlations with the fre-
quency of binge eating/purging times per week. The FC 
between the thalamus subregions (Stha, LPFtha) and pre-
frontal cortex (MFG, SFG) was negatively correlated with 
DEBQ-Externality scores (Table 3; Fig. 7). All the above 
results were corrected with FDR correction at the clus-
ter-level p < 0.05.

Discussion
In this study, fALFF and seed-based FC analyses were 
used to investigate thalamic neural activity and FC 
throughout the brain in both the BN and HC groups, 
with thalamic nuclei used as seed points. The results 
showed no significant differences in neural activity in the 
thalamus between the two groups. However, in contrast 
to HCs, the patients in the BN group showed significant 
changes in FC between thalamic nuclei and other brain 
regions, including the central components of the fron-
toparietal network (FPN), default mode network (DMN), 
somatosensory and visual network. This observation 
may imply that among individuals with BN, local neural 
activity within the thalamus remains relatively stable. In 
contrast, notable changes in thalamic regulation occur 
within the functional network at the whole-brain level. 
Consequently, it becomes imperative to shift our atten-
tion towards the thalamus’s pivotal role in modulating 
the comprehensive functional network across the entire 
brain, rather than solely concentrating on localized func-
tional activity changes within the thalamus. Additionally, 
we observed significant changes in FC between the tha-
lamic subregion and core brain regions within the FPN, 
somatosensory and visual network through correlation 
analysis. These alterations were closely associated with 
clinical symptoms in patients with BN, including disor-
dered eating behavior and the severity of illness. There-
fore, these findings suggest that changes in FC between 
the thalamic subregion and the FPN, somatosensory 
and visual network may play a crucial role in regulating 
abnormal eating behaviors in BN. The thalamus, serv-
ing as a central hub in the regulation of feeding behav-
ior and functioning as a higher-order relay station relay 
station for neural processes, may offer further insights 
into the neurobiological patterns underlying eating dis-
turbances in individuals with BN through alterations 
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in its FC. Simultaneously, the core brain regions within 
the FPN, somatosensory and visual network hold prom-
ise as potential targets for future neuromodulation 
interventions for BN, laying a solid theoretical founda-
tion for enhancing clinical outcomes in therapy. Further 
clarification of these patterns is expected to enhance our 
comprehension of the neural regulatory mechanisms in 
BN, thereby providing additional theoretical support for 
subsequent research related to alterations in core brain 
regions associated with appetite regulation.

The thalamus is responsible for conveying various 
types of information, such as cognition, execution, inter-
ception, emotion, and vision function, through different 
nuclei in parallel pathways [11, 30]. In the present study, 
although the regional functional activity of thalamic 
subregions did not differ significantly between individu-
als with BN and HCs, significant alterations in FC were 
observed at the whole-brain level, with certain subre-
gions acting as seed nodes. These subregions included the 
left lPFtha, left PPtha, bilateral mPFtha, left Stha, bilateral 

Table 2 Regions showing group differences (BN vs. HCs) in thalamus connectivity

LPFtha lateral pre-frontal thalamus, PPtha posterior parietal thalamus, mPFtha medial pre-frontal thalamus, Stha sensory thalamus, cTtha caudal temporal thalamus, 
Otha occipital thalamus, MFG middle frontal gyrus, SFG superior frontal gyrus, FFG fusiform gyrus, CAL calcarine fissure, PoCG Postcentral gyrus, PreCG precentral 
gyrus, PCG posterior cingulate gyrus, DCG median cingulate and paracingulate gyri, SMA supplementary motor area, LING Lingual gyrus, STG superior temporal gyrus, 
Cerebelum_4_5 cerebellum superior, PCL paracentral lobule, INS Insula, IPL inferior parietal lobule, MNI Montreal Neurological Institute, BN bulimia nervosa, HCs 
healthy controls; All results were corrected by cluster-level false discovery rate (FDR) correction with a corrected threshold of P < 0.05

Seed Region with altered FC Peak MNI coordinate Cluster size Peak intensity

X Y Z

Left LPFtha Left MFG − 21 42 30 77 − 4.481

Right SFG 21 48 24 160 − 6.157

Left PPtha Right MFG 24 48 30 188 − 5.399

Left mPFtha Right MFG 24 48 24 259 − 5.181

Left SFG − 27 48 39 105 − 4.322

Left FFG − 27 − 33 − 24 65 3.874

Left CAL − 9 − 60 6 303 5.051

Right PoCG 57 − 12 15 181 4.264

Right PreCG 36 − 21 63 96  3.739

Right mPFtha Vermis_8 6 − 63 − 36 86 − 3.909

Right PCG 6 − 33 21 98 − 4.449

Right MFG 27 51 24 114 − 4.318

Left SFG − 27 48 39 199 − 5.084

Right DCG 0 − 18 30 79 − 3.800

Left CAL − 9 − 60 6 167 4.442

Right PreCG − 3 − 30 57 766 4.635

Left Stha Left MFG − 21 42 30 59 − 4.347

Right SFG 21 48 24 124 − 5.966

Left cTtha Right MFG 27 45 36 143 − 4.612

Right SMA 6 12 57 154 − 4.410

Left LING − 6 − 63 0 190 4.660

Right STG 69 − 12 9 126 5.191

Right cTtha Left Cerebelum_4_5 − 6 − 45 − 3 113 4.094

Right STG 69 − 15 9 76 4.408

Right PCL 9 − 33 72 146 4.635

Left PCL − 15 − 21 78 63 4.104

Left Otha Right INS 42 15 0 68 − 4.466

Right MFG 30 39 36 183 − 4.563

Right IPL 48 − 45 33 59 − 4.105

Right SMA 18 3 75 248 − 5.459
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cTtha and left Otha. Thus, while the functional activity 
of the thalamus itself may not be abnormally altered at 
rest in individuals with BN, the pathways through which 
other brain regions communicate with the thalamus may 
be altered.

Specifically, we found that the bilateral MFG, bilateral 
SFG and right IPL, which are all central components of 
the FPN [31, 32], had significantly decreased FC with tha-
lamic nuclei in BN patients compared to that in HCs. The 
FPN is regarded as a top-down processing system that is 
implicated in various executive functions, including cog-
nition, attention and emotion [32–34]. Previous studies 
have shown that functional and anatomical alterations in 
the FPN are associated with BN. [9, 35, 36]. For example, 
abnormal cortical thickness and structural connectiv-
ity in FPN regions have been linked to cognitive impair-
ment in individuals with BN, and changes in FC within 
the FPN have been linked to symptom improvement in 
BN patients [35, 36]. Lan et  al. [9] found that reduced 

inter-modular connections between the FPN and cere-
bellum, as well as altered nodal properties in the prefron-
tal cortex and IPL, were associated with clinical variables 
such as interoceptive awareness, maturity fears, and 
bulimia symptoms. Based on the previous literature, our 
study has revealed further alterations in the FC between 
the thalamus and brain regions in the FPN. Furthermore, 
evidence from functional neuroimaging studies suggests 
that the STG plays a role in social cognition, emotion, 
and top-down attentional control, similar to the func-
tional activity of the FPN [37, 38]. For instance, Balodis 
et al. [39] used an fMRI Stroop task to investigate the cor-
relation between neural activity and inhibitory control. 
They observed diminished activity in the superior tem-
poral areas in individuals with binge-eating compared to 
individuals without binge-eating. This implies that altera-
tions in the functional activity of the STG may be asso-
ciated with inhibitory control deficits among individuals 
with BN [39].

Fig. 4 The functional connectivity (FC) of eight thalamic subregions was altered at the whole brain level in patients with bulimia nervosa (BN) 
compared to that of healthy controls (HCs). The red line indicates increased FC in the BN group, while the blue line indicates decreased FC in the BN 
group (p < 0.05, false discovery rate (FDR) correction at the cluster level). The brain regions represented in the plot include the lateral pre-frontal 
thalamus (LPFtha), posterior parietal thalamus (PPtha), medial pre-frontal thalamus (mPFtha), sensory thalamus (Stha), caudal temporal thalamus 
(cTtha), occipital thalamus (Otha), middle frontal gyrus (MFG), superior frontal gyrus (SFG), fusiform gyrus (FFG), calcarine fissure (CAL), postcentral 
gyrus (PoCG), precentral gyrus (PreCG), posterior cingulate gyrus (PCG), median cingulate and paracingulate gyri (DCG), supplementary motor area 
(SMA), lingual gyrus (LING), superior temporal gyrus (STG), cerebellum superior (Cerebelum_4_5), paracentral lobule (PCL), insula (INS), and inferior 
parietal lobule (IPL)
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Overall, our results suggest that the altered FC between 
the thalamus and brain regions in the prefrontal, inferior 
parietal, and superior temporal cortices may be related to 
cognition, impulsivity, and attention function in individ-
uals with BN. Furthermore, the FC between the prefron-
tal cortex (MFG, SFG) and thalamic nuclei appears to be 
related to external eating behaviors, indicating a neurobi-
ological correlate between the altered functional activity 
of the FPN and abnormal eating behaviors in individu-
als with BN. However, future studies using task-based 
designs are needed to confirm these associations.

In addition, our study found that compared to HCs, 
individuals with BN showed significantly altered FC 
between thalamic nuclei and central components of the 
somatosensory and visual networks, such as the PoCG, 
PreCG, SMA, PCL, cerebellum, FFG, CAL, and LING 
[40, 41]. The somatosensory and visual networks inte-
grate sensorimotor and visual information to construct 
body image perceptions, and a distorted representation 

of one’s own body is a diagnostic criterion for BN [40, 
42]. Previous studies have suggested that individuals 
with BN overestimate their body size [43]. Wang et al. 
[8]found changes in FC across sensorimotor and visual 
regions with the striatum, and Lavagnino et  al. [44] 
revealed reduced FC across the somatosensory network 
and visual cortex in patients with BN, which further 
supports our findings.  According to the results of our 
study, the altered FC between the thalamic nuclei and 
these sensorimotor and visual regions may be related 
to negative self-evaluation of body image in individu-
als with BN. Moreover, we observed that the altered FC 
between the thalamic nuclei and LING and cerebellum 
was correlated with the frequency of BN symptoms. 
These results may suggest that somatosensory and visu-
ospatial disturbances are correlated with illness severity 
in BN patients.

The PCC is part of the DMN, which is closely linked 
to self-referential mental activity, particularly during rest. 
Numerous studies have shown that the DCG is asso-
ciated with cognitive function, possibly as part of the 
default network [45–47]. The DMN is highly correlated 
with cognitive function [48], and failure to deactivate the 
DMN may lead to constant preoccupation with food or 
body image-related thoughts in individuals with BN [49]. 
The insula, which is often referred to as the salience net-
work, integrates neural systems involved in processing 
external sensory information and interoceptive aware-
ness [50]. Previous research has highlighted the insula’s 
importance in processing food stimuli, with spatial brain 
patterns in the right insular cortex achieving the greatest 
diagnostic accuracy for separating BN patients from nor-
mal-weight controls [51]. In a study using a well-validated 
cued breathing load task, Berner et al. found that individ-
uals in remission from BN showed increased activation 
in the insula, PCC, and middle cingulate gyrus during 
breathing load anticipation, suggesting altered antici-
pation and experience of body sensations in individuals 
with eating disorders [52]. Our findings add to increasing 
evidence that functional alterations in the insula and cin-
gulate gyrus are highly related to BN [51–55]. In addition, 
according to our results, the altered FC between thalamic 
nuclei and the cingulate gyrus and insula may be related 
to the altered interoceptive awareness of body sensations 
and processing of external sensory information (i.e., body 
image and food stimuli processing) in individuals with 
BN.

Individuals with anorexia nervosa (AN) often display 
an intense preoccupation with their own body size and 
weight, and they may also experience a profound dis-
tortion in their perception of body image, often incor-
rectly believing themselves to be overweight despite 
having a dangerously low actual weight [15]. Hence, it 

Fig. 5 The "connectome ring" plot indicates altered interhemispheric 
functional connectivity (FC) patterns at the whole brain level 
in patients with bulimia nervosa (BN) compared to healthy controls 
(HCs). The FC differences between the BN and HC groups remained 
after cluster-level false discovery rate (FDR) corrections were 
performed (P < 0.05). The brain regions represented in the plot 
include the lateral pre-frontal thalamus (LPFtha), posterior parietal 
thalamus (PPtha), medial pre-frontal thalamus (mPFtha), sensory 
thalamus (Stha), caudal temporal thalamus (cTtha), occipital thalamus 
(Otha), middle frontal gyrus (MFG), superior frontal gyrus (SFG), 
fusiform gyrus (FFG), calcarine fissure (CAL), postcentral gyrus (PoCG), 
precentral gyrus (PreCG), posterior cingulate gyrus (PCG), median 
cingulate and paracingulate gyri (DCG), supplementary motor area 
(SMA), lingual gyrus (LING), superior temporal gyrus (STG), cerebellum 
superior (Cerebelum_4_5), paracentral lobule (PCL), insula (INS), 
and inferior parietal lobule (IPL)
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is reasonable to hypothesize that there may be some 
degree of neurophysiological similarities in the self-
assessment of body shape and weight between BN and 
AN, particularly the binge-purging subtype of AN (AN 
binge-purging subtype). The thalamus plays a crucial 
role in transmitting sensory signals and holds significant 

importance in the development and maintenance of AN 
[56]. Several studies have extensively investigated the 
alterations in thalamic white matter microstructure in 
individuals with AN. Specifically, changes in thalamic 
white matter microstructure may lead to disruptions in 
self-regulation functions among patients with AN [57] 

Fig. 6 A map of the brain network, illustrating the functional connectivity (FC) between various thalamic subregions and brain regions located 
within the frontoparietal, somatosensory, visual, and default mode networks. In bulimia nervosa (BN) patients, the FC between the thalamic 
subregions, including the lateral pre-frontal thalamus (LPFtha), posterior parietal thalamus (PPtha), medial pre-frontal thalamus (mPFtha), sensory 
thalamus (Stha), caudal temporal thalamus (cTtha), and occipital thalamus (Otha), and the brain regions in the frontoparietal network were 
observed to be altered compared to that in healthy controls (HCs) (A, B). The FC between thalamic subregions, including mPFtha, cTtha, and Otha, 
and brain regions in the somatosensory and visual networks was observed to be altered in BN patients compared with that in HCs (C, D). The FC 
between the mPFtha and brain regions within the default mode network was observed to be altered in BN patients compared with that in HCs (E, 
F). The blue line denotes decreased FC, while the red line indicates increased FC
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and could also contribute to alterations in their visual 
processing of food [58]. Furthermore, research has indi-
cated a potential association between structural changes 
in the thalamus and the body weight of AN patients 
[59]. Despite clinical similarities between AN and BN 
patients, differences in body weight hold crucial diagnos-
tic significance. Therefore, building upon the research on 

thalamic white matter microstructure in AN patients and 
our investigation into thalamic functional activity in BN, 
further exploration of how thalamic structure influences 
cognitive regulation, visual processing, and body weight 
regulation in BN patients will provide robust support for 
a deeper understanding of the mechanisms underlying 
eating disorders.

Table 3 The correlation between clinical characteristics and MR-imaging data

*Statistical significance (FDR correction); Frequency the frequency of binge eating/purging per week, DEBQ Dutch Eating Behavior Questionnaire, Stha sensory 
thalamus, LPFtha lateral pre-frontal thalamus, LING Lingual gyrus, Cerebelum_4_5 cerebellum superior, MFG middle frontal gyrus, SFG superior frontal gyrus

Clinical characteristics MR‑imaging data Coefficient P value

Frequency FC of cTtha.L/LING.L − 0.391 0.021*

FC of cTtha.R/Cerebelum_4_5. L − 0.392 0.021*

DEBQ-externality FC of Stha.L/SFG.R − 0.369 0.033*

FC of Stha.L/ MFG.L − 0.459 0.018*

FC of LPFtha.L/ MFG.L − 0.447 0.018*

FC of LPFtha.L/ SFG.R − 0.399 0.027*

Fig. 7 Significant correlations were observed between the functional connectivity (FC) of thalamic nuclei and behavioral measures in patients 
with bulimia nervosa (BN). Negative correlations were found between the frequency of binge/purge eating episodes per week and the FC 
of the left caudal temporal thalamus (cTtha.L) and left lingual gyrus (LING.L), as well as the FC of the right cTtha/left Cerebelum_4_5. Negative 
correlations were observed between the scores on the Dutch Eating Behavior Questionnaire-Externality (DEBQ-Externality) test and the FC 
between the thalamic nuclei and prefrontal cortex, including the right superior frontal gyrus (SFG) and left middle frontal gyrus (MFG)
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This study has several limitations that must be con-
sidered. First, the sample size of this study is moder-
ate, and the sample size should be increased in future 
studies to enhance the reliability of the findings. Sec-
ond, a study on thalamic volume in patients with AN 
has shown that during the acute phase of the disor-
der, there is a reduction in both thalamic volume and 
complexity [59]. Collantoni et al. [59]. speculate on the 
substantial influence of malnutrition-related mecha-
nisms on the structure of the thalamus in individu-
als with AN. Both AN and BN are classified as eating 
disorders. Patients with AN typically exhibit a body 
weight significantly lower than that of healthy indi-
viduals, while individuals with BN tend to fall within 
the normal weight or overweight range [15]. Con-
sequently, additional research is required to explore 
thalamic structural changes in individuals with BN 
and to further investigate the relationship between 
malnutrition-related mechanisms and alterations in 
thalamic structure. Third, additional studies should 
be performed to explore causal relationships between 
thalamic network changes and BN and to examine 
potential interventions targeting thalamic circuits to 
improve treatment outcomes in BN patients. Fourth, 
in future research, we intend to collect data on the pre-
cise temporal intervals between the last binge/purge 
episode, other compensatory behaviors, and the timing 
of the MRI scans. This enhanced data collection will 
facilitate a more in-depth investigation into the inter-
play between neural activity in individuals diagnosed 
with BN and their patterns of eating behavior.

Conclusions
In this study, the resting-state functional activity of the 
thalamus was investigated in patients with BN in this 
study. Our findings indicate that the FC between tha-
lamic nuclei and other brain regions is altered through-
out the whole brain. These changes were primarily 
observed within the FPN, DMN, somatosensory and 
visual network. Importantly, the changes in FC between 
thalamic nuclei and brain regions within the FPN, soma-
tosensory and visual networks were significantly associ-
ated with disordered eating behavior and the severity of 
illness in BN patients. Although we did not observe sig-
nificant differences in regional neural activity in the thal-
amus between the BN and HC groups, our results suggest 
that disrupted thalamic connectivity may contribute to 
the pathophysiology of BN. The above findings may help 
identify the neural mechanisms underlying disordered 
eating behavior and the severity of illness in BN, and may 
also suggest potential targets for future neuromodulation 
interventions.
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