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Abstract
Background  Somatic Symptom Disorder (SSD) is a condition often linked to excessive health anxiety and somatic 
symptoms. In recent years, studies have found associations between the cerebellum and various mental illnesses, 
including SSD. However, the microstructure of cerebellar subregions in SSD using diffusion magnetic resonance 
imaging has not been fully defined.

Methods  This is a cross-sectional study, that included 30 SSD patients and 30 age- and gender-matched healthy 
controls to investigate the microstructure of the cerebellum using diffusion magnetic resonance imaging. SSD 
diagnosis followed DSM-5 criteria, excluding major psychiatric comorbidities, while healthy controls underwent 
rigorous screening to exclude psychiatric or neurological histories. Clinical evaluations utilized standardized scales 
to assess depressive, anxiety, and cognitive symptoms. MRI data were acquired using a 3T Siemens Prisma scanner, 
including T1-weighted and diffusion-weighted imaging (30 directions, b = 1000/2000 s/mm²). Multi-compartment 
diffusion magnetic resonance imaging metrics from free water elimination diffusion tensor imaging and neurite 
orientation dispersion and density imaging were used to observe microstructural changes in the cerebellum’s white 
matter and gray matter subregions in SSD patients.

Results  Compared to the control group, patients with SSD exhibited significant alterations in white matter 
microstructure. These changes were characterized by increased free water-eliminated fractional anisotropy and 
neurite density index, as well as decreased free water-eliminated mean diffusivity and radial diffusivity. Furthermore, 
the cerebellum displayed varying microstructural changes across 26 gray matter subregions. These changes included 
reduced mean diffusivity, free water-eliminated axial diffusivity, and free water-eliminated radial diffusivity, alongside 
increased neurite density index and orientation dispersion index. Importantly, the study identified significant 
correlations between these microstructural changes and clinical symptoms. Specifically, Vermis X and the left lobule 
VIIb showed significant associations with both depression and anxiety scores.

Conclusions  The findings suggest greater neurite density and enhanced diffusion restriction in the cerebellum of 
patients with SSD, which may indicate possible adaptive changes associated with chronic stress.
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Introduction
In 2013, the American Psychiatric Association intro-
duced “somatic symptom disorder” (SSD) in DSM-5 
(300.82) as a new diagnostic category, characterized by 
distressing somatic symptoms, excessive health-related 
thoughts/behaviors, and persistence over 6 months [1, 
2]. General population studies using self-report ques-
tionnaires [3] found a mean SSD frequency of 12.9% [1]. 
SSD significantly impairs quality of life, and its pathologi-
cal mechanisms remain unclear. Neuroimaging studies 
reveal abnormalities in brain structure and function, par-
ticularly in cognitive control, emotion regulation, stress, 
and somatic-visceral perception networks [4–6], with the 
cerebellum playing a key role in SSD pathology [7, 8].

Recent research highlights the cerebellum’s expanding 
role in mental illness, moving beyond its traditional asso-
ciation with motor coordination and balance to include 
higher-order cognitive, emotional, and autonomic func-
tions [9–11]. The cerebellum is now recognized as cru-
cial in regulating motivational and emotional states, with 
implications for cognitive, emotional, and reward pro-
cesses [9, 12, 13]. Its developmental and functional alter-
ations are linked to neurodevelopmental disorders like 
autism spectrum disorder and attention deficit hyperac-
tivity disorder [14]. Furthermore, neuroimaging studies 
reveal cerebellar abnormalities in psychiatric conditions 
such as post-traumatic stress disorder (PTSD) [15–17], 
schizophrenia [18, 19], depression, and anxiety [20, 21], 
underscoring its significance in emotion and psychiatric 
disorders [22].

Analyses using the Human Connectome Project data-
set reveal that specific cerebellar cortex regions are 
involved in diverse functions, including movement, 
language, working memory, social interactions, and 
emotional regulation [23]. Motor functions primarily 
engage lobules IV/V/VI and VIII, while nonmotor func-
tions involve lobule VI/Crus I, Crus II/VIIB, and lobule 
IX/X [23, 24]. Previous studies found abnormal cerebel-
lar structure and function in SSD patients [7, 8], but the 
relationship between specific cerebellar subregion abnor-
malities and SSD remains unclear. Given the cerebellum’s 
extensive functional connections with the forebrain and 
its regulatory role in brain functions [25, 26], we hypoth-
esize that localized cerebellar subregion changes in SSD 
affect corresponding brain functions and contribute to 
SSD’s pathological and behavioral manifestations.

High-resolution diffusion tensor imaging (DTI) and a 
cerebellar atlas were utilized to investigate microstruc-
tural changes in cerebellar subregions of SSD patients 
and their correlation with clinical symptoms. Advanced 
multi-compartment diffusion MRI metrics, including 
free water elimination DTI (FWE-DTI) [27] and neurite 
orientation dispersion and density imaging (NODDI) 
[28], were employed to assess white and gray matter 

microstructure in SSD patients compared to healthy con-
trols (HCs). This approach offers significant advantages 
over traditional DTI: (1) FWE-DTI minimizes cerebro-
spinal fluid partial volume effects, enhancing structural 
observations in cerebellar subregions near cerebrospinal 
fluid [27]; (2) FWE-DTI and NODDI enable simultane-
ous examination of both white and gray matter micro-
structure, unlike conventional DTI metrics primarily 
suited for white matter; (3) NODDI incorporates physi-
ological assumptions about intra/extra-neurite processes 
and free water compartments, providing a more biologi-
cally plausible model of tissue microstructure than stan-
dard DTI [28]. This methodological advancement allows 
for a more precise characterization of cerebellar abnor-
malities in SSD.

Methods and materials
Study design and setting
This study was a cross-sectional case-control study by 
retrospectively analyzing DTI data of patients with SSDs 
and HCs that had been collected in the past, as well as 
clinical scores of patients with SSDs. The aim was to 
investigate microstructural abnormalities in cerebel-
lar subregions and their association with clinical symp-
toms (anxiety, depression, etc.) in patients with SSDs. 
This study involved 60 participants in total: 30 SSD 
patients, who were all recruited between 2018 and 2020 
from Shanghai Jiao Tong University School of Medicine’s 
9th People’s Hospital. Thirty age- and gender-matched 
healthy control (HC) participants were recruited through 
offline advertising and online recruitment. The recruit-
ment process can be found in Supplementary Material 1.

Eligibility criteria
SSD patients were diagnosed by hospital neurologists 
and psychiatrists according to the DSM-5. The inclu-
sion criteria for SSD patients were as follows: (1) age 
between 20 ~ 69 years; (2) right-handedness; (3) diag-
nosed with SSD based on DSM-5 criteria requiring two 
or more somatic symptoms; (4) not suffering from any 
other major psychiatric disorders in addition to SSD-
related symptoms (Patients with minor SSD-related anxi-
ety and depression, are not excluded). HCs were closely 
screened through diagnostic interviews to exclude par-
ticipants with a current or past history of major illness 
or psychiatric illness and a family history of psychiatric 
illness. The following criteria were used to exclude SSD 
patients and HCs: (1) had a prior medical history of cen-
tral nervous system disease or severe head injury; (2) is 
or has been suffering from another major mental illness, 
such as schizophrenia, bipolar disorder, mental retarda-
tion, etc.; (3) alcoholism, or met the criteria for substance 
abuse or dependence; (4) left-handedness; (5) having 
symptoms that make an MRI scan inappropriate, such 
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as claustrophobia. After explaining the study’s goal and 
scanning requirements, written informed consent was 
obtained from each participant before participation.

Collection of clinical data
Every participant’s demographic information, includ-
ing age and gender, was documented. Clinical informa-
tion about SSD patients, such as the primary complaint, 
length of sickness, and emotional state, was also reported. 
The Depressive Symptom Screening Scale (PHQ-9) [29], 
the Generalized Anxiety Self-Rating Scale (GAD-7) [30], 
the Hamilton Anxiety Inventory (HAMA) [31], the Ham-
ilton Depression Scale (HAMD) [32], and the Brief Men-
tal State Examination (MMSE) [33] were used to assess 
the patients’ mood disorders. The PHQ-9 comprises nine 
items, each rated on a 4-point Likert scale ranging from 
0 (“not at all”) to 3 (“nearly every day”). The total score 
ranges from 0 to 27, with a score of ≥ 10 typically indi-
cating moderate depressive symptoms and a score of ≥ 20 
suggesting severe depression. Similarly, the GAD-7 con-
sists of seven items, also scored on a 4-point scale from 
0 (“not at all”) to 3 (“nearly every day”). The total score 
ranges from 0 to 21, with scores of 5, 10, and 15 gener-
ally representing mild, moderate, and severe anxiety 
symptoms, respectively. The HAMA includes 14 items, 
each rated based on symptom severity on a scale from 
0 to 4. The total score ranges from 0 to 56, with a score 
of ≥ 17 typically indicating clinically significant anxiety 
symptoms. The HAMD consists of 17 items, each scored 
on a scale from 0 to 4 based on symptom severity. The 
total score ranges from 0 to 52, with scores of ≥ 7 indi-
cating mild depressive symptoms, ≥ 20 indicating mod-
erate depression, and ≥ 30 suggesting severe depression. 
The MMSE evaluates cognitive functions, including ori-
entation to time and place, memory, attention, language, 
and visuospatial abilities. The total possible score is 30, 
with scores below 24 potentially indicating cognitive 
impairment.

MRI data acquisition
All MRI data were acquired on a 3 Tesla Siemens Prisma 
system using a 64-channel head coil. Three-dimensional, 
high-resolution T1-weighted whole-brain images were 
obtained utilizing magnetization-prepared rapid-acqui-
sition gradient-echo sequences. The parameters were 
defined as follows: image resolution of 1 × 1 × 1  mm³; 
repetition time of 2.53  s; echo time of 2.34  s; inversion 
time of 1.1  s; and a flip angle of 7 degrees. In addition, 
to exclude participants with abnormal white matter 
changes, whole-brain T2-weighted images were also 
acquired in this study.

All participants covered the entire brain for the scans 
performed. A diffusion-weighted spin-echo echo-pla-
nar imaging sequence acquired MR diffusion data in 30 

directions at two b values (b = 1000 s/mm² and b = 2000 s/
mm²), and 10 non-diffusion-weighted images (b = 0  s/
mm²) were also acquired. The data acquisitions were 
accelerated using parallel imaging with a factor of 4. Sev-
enty-four consecutive slices were generated in the brain 
using the following parameters: isotropic voxel size of 
2 × 2 × 2 mm³, repetition time of 5 s, and echo time of 95 
ms.

MRI data analysis
FMRIB Software Library (FSL version 5.0, ​h​t​t​p​:​/​/​f​s​l​.​f​m​r​
i​b​.​o​x​.​a​c​.​u​k​​​​​) was used to process the MRI data. Pre-pro-
cessing was performed with FSL, including data quality 
checking and format conversion, head motion artifacts 
and eddy current distortions, gradient directions correc-
tion, and removal of non-cerebral tissue to obtain a brain 
mask. After gathering pre-processed data from each par-
ticipant, the analysis moved on to the next step.

FWE-DTI analysis
FWE-DTI was performed by fitting the signal Si[34] 

	 Si = S0[f exp (−bDiso) + (1 − f)exp(−bgT
i Dgi )]

In the above equation, S0is the signal from the non-dif-
fusion-weighted (b = 0) volumes,

f is the volume fraction of free water contamination, b 
is the diffusion weight (i.e., the b-value), Diso is the iso-
tropic diffusion coefficient of free water, which is set to 
be 3.0 × 10− 3 mm2/s, gi is the direction of the diffusion 
gradient, and D is the diffusion tensor of the tissue. The 
free water parameters are f  and D, where the character-
istic decomposition of D yields DTI metrics (indicated by 
a ‘t’ suffix, i.e., FAt, MDt, ADt, RDt) [27]. In this study, 
the free water exclusion diffusion tensor model of dipy 
software [35]. The preprocessed data was utilized to fit 
the model, calculate the FWE-DTI metrics, and derive 
the free water index (FAt, MDt, ADt, RDt, FW).

NODDI analysis
NODDI is based on a three-compartment tissue, which 
assumes the presence of three different types of move-
ment-restricting water molecules in each pixel: glial cells, 
axons, and extra-cellular space [28]. It categorizes the 
microstructural environment into three distinct com-
partments: intracellular, extracellular, and cerebrospinal 
fluid compartments. Each compartment significantly 
influences water diffusion within the environment [36] 
and generates a distinct normalized MR signal. The com-
plete normalized signal A can be expressed as [28]:

	 A = (1 − viso) (vicAic + (1 − vic) Aec) + visoAiso

http://fsl.fmrib.ox.ac.uk
http://fsl.fmrib.ox.ac.uk
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The variables Aic and vic represent the normalized signal 
and volume fraction of the intracellular compartment, 
respectively. The variable Aecindicates the normalized 
signal of the extracellular compartment. Additionally, 
Aiso and viso correspond to the normalized signal and 
volume fraction of the cerebrospinal fluid compartment, 
respectively. In this study, AMICO software [37] was 
used to estimate NODDI indicators, accelerate the fit-
ting speed of the NODDI model without affecting the 
significance, and calculate and derive NODDI metrics: 
free water fraction (FWF), orientation dispersion index 
(ODI), neurite density index (NDI).

Extraction of mean signal values from cerebellar ROIs
ROI-averaged signals were also extracted in the FSL. 
Firstly, all the metrics of FWE-DTI and NODDI derived 
above were aligned to the standard space using the FNIRT 
tool, using linear and nonlinear alignment, respectively. 
Secondly, the average image and white matter skeleton 
were constructed based on all the metrics aligned to the 
standard space. Next, based on the cerebellar SUIT tem-
plate that has been aligned to standard space [38, 39], the 
Johns Hopkins University White Matter Structural Atlas 
[40–42], the fslmaths tool was used to extract the gray 
matter brain ROIs in the cerebellum (the extracted brain 
regions included: lobules I-IV; the left and right lobules 
V; the left and vermis lobules Crus I; the left, vermis and 
right lobules VI, Crus II, VIIb, VIIIa, VIIIb, IX, and X), 
and extracted white matter brain ROIs in the cerebellum 
(extracted brain regions: left and right superior cerebellar 
peduncle, middle cerebellar peduncle, and left and right 
inferior cerebellar peduncle). Finally, the average signal 
values of the cerebellar ROIs for the corresponding met-
rics were extracted using the fslmeants tool.

Statistical analysis
SPSS statistical software (version 26.0, IBM, Armonk, 
NY, USA) assessed the differences between SSD patients 
and HCs. The Shapiro-Wilk test was used to assess the 

normality of the data. In contrast, the demographic data 
were analyzed using independent samples t-test and 
chi-square test for continuous and categorical variables, 
respectively. The statistical significance of all two-sided 
tests was set at 0.05. A general linear model was applied 
for the ROIs signal values of FWE-DTI and NODDI met-
rics between-group comparisons, with age and gender as 
covariates. To control for false positives due to multiple 
comparisons, we conducted false discovery rate (FDR) 
correction on the p-values of all metrics, grouped by 26 
different cerebellar subregions, and performed a total of 
8 such corrections. The corrected p-values were used to 
determine statistical significance, with a significance level 
set at p < 0.05 after correction.

Correlation analysis
The mean signal values of different cerebellar regions of 
FAt, MDt, ADt, RDt, FW, FWF, ODI, and NDI extracted 
from SSD patients were correlated with clinical data. 
Expectation maximization method, an iterative algo-
rithm based on great likelihood estimation, was used to 
fill in the missing values of the clinical data to improve 
the completeness of the data and to reduce the bias due 
to missing data. The ROIs signal values and the clinical 
score (i.e., PHQ-9, GAD-7, HAMA, HAMD, and MMSE 
scores) were analyzed by bivariate Pearson correlation. 
To control for false-positive results due to multiple com-
parisons, we applied false FDR correction to the p-values 
that were significant at the 0.05 level. These p-values were 
grouped according to five different clinical scores for the 
same brain regions and indicators, resulting in a total of 
19 groups, with a total of 95 comparisons. The corrected 
p-values were used to determine statistical significance.

Results
Patients with SSDs included 17 females and 13 males, 
age: 53.50 ± 9.46; HCs included 18 females and 12 males, 
age: 53.50 ± 9.72. The age (t = 0.000, p = 1.000) and sex (χ2

= 0.069, p = 0.793) distributions of SSD patients and HCs 
did not differ significantly. Among the SSD patients, 14 
complained of headaches, dizziness, or other symptoms, 
and 16 complained of localized body numbness or other 
physical discomfort. All SSDs were either in mild anxiety 
or depression except for individual patients who had no 
symptoms of depression and anxiety. Cognition was nor-
mal in all patients. Table 1 displays the participants’ clini-
cal scores and demographic information.

Cerebellar white matter microstructure based on white 
matter atlas
Based on the white matter atlas from Johns Hopkins Uni-
versity, compared with HCs, patients with SSDs exhib-
ited significantly increased FAt in the SCP, MCP, and ICP. 
Except for the left SCP, NDI was significantly increased 

Table 1  Demography and clinical scores of the SSDs group and 
HCs group

SSD group HC group p-value
Gender (F, M) 17, 13 18, 12 0.79
Age (year) 53.50 ± 9.46 53.50 ± 9.72 1.00
Disease duration (months) 39.67 ± 5.48 -
PHQ-9 7.40 ± 0.85 -
GAD-7 6.77 ± 0.87 -
HAMA 9.63 ± 0.86 -
HAMD 9.57 ± 1.07 -
MMSE 27.38 ± 0.24 -
Data are presented as numbers, mean ± SD. SSD, somatic symptom disorders; 
PHQ-9, Patient Health Questionnaire; GAD-7, Generalized Anxiety Disorder; 
HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale; MMSE, 
Minimum Mental State Examination;-, no data
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in all subregions, RDt was significantly decreased in all 
subregions (Table  2; Fig.  1). Additionally, MDt was sig-
nificantly decreased in the right SCP and the MCP. The 
right ICP showed significant decreases in FW (Table  2; 
Fig.  1). For more detailed information regarding these 
results, please refer to Supplementary Material 2 stable1. 
The supplementary material includes comprehensive sta-
tistical analyses, such as p-values, effect sizes, and 95% 
confidence intervals (CIs) for all reported findings.

Microstructure of cerebellar gray matter subregion based 
on SUIT template
With age and gender as covariates and considering a sig-
nificant group difference with FDR-corrected p < 0.05 
as the criterion, the following findings were observed 
based on the SUIT template for cerebellar parcellation. 
Compared with HCs, individuals with SSDs exhibited 
significantly decreased MDt in all cerebellar gray mat-
ter subregions except for the right lobules I–IV, Crus 
II, VIIb, VIIIb, and the vermis and right side of lobule 
X (Table  2). RDt values showed significant decreases in 
the same regions as MDt, with additional significant 
reductions in lobules I–IV. ADt values were significantly 

Table 2  FWE-DTI and NODDI metrics changes in cerebellar regions in somatic symptom disorders
Region FWE-DTI parameters NODDI parameters

FAt MDt (mm2/s) ADt (mm2/s) RDt (mm2/s) FW FWF ODI NDI
White matter (JHU-WM labels)
Left SCP ↑ - - - - - - -
Right SCP ↑ ↓ - ↓ - - - ↑
MCP ↑ ↓ - ↓ - - - ↑
Left ICP ↑ - - ↓ - - - ↑
Right ICP ↑ - - ↓ ↓ - - ↑
Gray matter (SUIT)
I-IV - - - ↓ - - - ↑
Left V - ↓ - ↓ - - - ↑
Right V - ↓ ↓ ↓ - - - ↑
Left VI - ↓ ↓ ↓ - - - ↑
Vermis VI - ↓ ↓ ↓ - - ↑ ↑
Right VI - ↓ ↓ ↓ ↓ - ↑ ↑
Left Crus I - ↓ ↓ ↓ ↓ - - ↑
Vermis Crus I - ↓ - ↓ - - ↑ ↑
Left Crus II - ↓ ↓ ↓ ↓ - ↑ ↑
Vermis Crus II - ↓ ↓ ↓ - - ↑ ↑
Right CrusII - - - - - - - ↑
Left VIIb - ↓ ↓ ↓ - - - ↑
Vermis VIIb - ↓ ↓ ↓ - - - ↑
Right VIIb - - ↓ - - - - ↑
Left VIIIa - ↓ ↓ ↓ - - - ↑
Vermis VIIIa - ↓ ↓ ↓ - - - ↑
Right VIIIa - ↓ ↓ ↓ - - - ↑
Left VIIIb - ↓ - ↓ - - - ↑
Vermis VIIIb - ↓ ↓ ↓ - - - ↑
Right VIIIb - - - - - - - ↑
Left IX - ↓ - ↓ - - - ↑
Vermis IX - ↓ ↓ ↓ - - - ↑
Right IX - ↓ ↓ ↓ - - ↑ ↑
Left X - ↓ - ↓ - - - ↑
Vermis X - - - - - - - ↑
Right X - - - - - - - ↑
Arrows indicate increases or decreases in corresponding parameters in cerebellar-related regions in SSD patients compared with healthy controls. FWE-DTI, free 
water elimination diffusion tensor imaging; NODDI, neurite orientation dispersion, and density imaging; SCP, superior cerebellar peduncle; MCP, middle cerebellar 
peduncle; ICP, inferior cerebellar peduncle; FAt, free water elimination fractional anisotropy; MDt, free water elimination mean diffusivity; ADt, free water elimination 
axial diffusivity; RDt, free water elimination radial diffusivity; FW, free water; FWF, free water fraction; ODI, orientation dispersion index; NDI, neurite density index; ↑, 
controlling for age and gender as a covariate, the signal value of this indicator was significantly higher in SSD patients (p < 0.05). ↓, controlling for age and gender as 
a covariate, the signal value of this indicator was significantly lower in SSD patients (p < 0.05). -, No significant change. The p-values for both white and grey matter 
were parametrically corrected for FDR
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decreased in the right side of lobule V, lobule VI, the left 
side and vermis of Crus I, the left side, and vermis of Crus 
II, the vermis and right side of lobule VIIb, the vermis of 
lobule VIIIa, the vermis and right side of lobule VIIIb, 
and the vermis and right side of lobule IX (Table 2). FW 
values were significantly decreased on the right side of 
lobule VI, the left side of Crus I, and the left side of Crus 
II (Table  2). ODI values were significantly increased in 
the vermis and right side of lobule VI, Crus II, and the 
right side of lobule IX (Table 2; Fig. 2). NDI values were 
significantly increased across the entire cerebellar region 
(Table 2; Fig. 2). No significant changes were observed in 
FAt or FWF in the cerebellar gray matter (Table 2). For 
details, see Supplementary Material 2 stable2 (includes 
p-values, effect sizes, 95% CIs).

Correlation with clinical scores
FAt, FW, ODI, and FWF values in cerebellar lobules I-IV, 
Crus II, VIIb, VIIIa, IX, and X were significantly corre-
lated (p < 0.05 uncorrected) with clinical data. However, 
no significant correlation was found between MDt, ADt, 
RDt, NDI, and clinical data in all cerebellar regions. More 
details are in Table 3.

After applying the FDR correction, the diffusion met-
rics of the left lobule VIIb of the cerebellum demon-
strated robust and statistically significant correlations 
with various clinical measures. Specifically, FAt exhib-
ited a significant negative correlation with the GAD-7 
score (r = -0.502, p = 0.025). In contrast, FW showed sig-
nificant positive correlations with the HAMA (r = 0.412, 
p = 0.040), the HMAD (r = 0.507, p = 0.013), and the 
MMSE (r = 0.497, p = 0.013). Additionally, the FWF 
was significantly positively correlated with the PHQ-9 

(r = 0.400, p = 0.047), HAMA (r = 0.496, p = 0.020), and 
HMAD (r = 0.475, p = 0.020).

Furthermore, the FAt of the vermis of lobule X in the 
cerebellum also revealed significant negative correlations 
with multiple clinical measures, including PHQ-9 (r = 
-0.435, p = 0.016), GAD-7 (r = -0.405, p = 0.027), HAMA 
(r = -0.480, p = 0.024), and HMAD (r = -0.464, p = 0.024). 
These findings suggest that microstructural alterations 
in specific cerebellar regions, as indicated by diffusion 
metrics, are closely associated with variations in anxiety, 
depression, and cognitive function, even after stringent 
correction for multiple comparisons.

Discussion
This study identified significant microstructural altera-
tions in both white matter and gray matter of the cerebel-
lum in patients with SSDs. In white matter, SSD patients 
exhibited increased FAt, decreased MDt and RDt, and 
elevated NDI, particularly in the bilateral SCP, ICP, and 
MCP. In gray matter, microstructural changes were 
observed across 26 subregions, characterized by reduced 
MDt, ADt, RDt, FW, and FWF, alongside increased NDI 
and ODI. These findings suggest enhanced neurite den-
sity and diffusion restriction in the cerebellum of SSD 
patients, potentially reflecting adaptive neuroplastic 
responses to chronic stress [43]. Notably, alterations in 
the left lobule VIIb of the cerebellum were significantly 
correlated with clinical symptoms of depression and anx-
iety, underscoring the cerebellum’s involvement in SSD 
pathophysiology. These results highlight the cerebellum 
as a potential therapeutic target for modulating neural 
plasticity and mitigating associated psychiatric symp-
toms in SSDs.

Fig. 1  FWE-DTI and NODDI metrics changes in cerebellar white matter tract in somatic symptom disorders. FWE-DTI, free water elimination diffusion ten-
sor imaging; NODDI, neurite orientation dispersion, and density imaging; SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; ICP, inferior 
cerebellar peduncle; FAt, free water elimination fractional anisotropy; NDI, neurite density index; *, indicates statistically significant group comparisons 
with P < 0.05; **, indicates statistically significant group comparisons with P < 0.01; ***, indicates statistically significant group comparisons with P < 0.001
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Fig. 2  Changes in NODDI metrics in cerebellar gray matter subregions in patients with somatic symptom disorders and healthy controls. NODDI, neu-
rite orientation dispersion and density imaging; ODI, orientation dispersion index; NDI, neurite density index; *, indicates statistically significant group 
comparisons with P < 0.05; **, indicates statistically significant group comparisons with P < 0.01; ***, indicates statistically significant group comparisons 
with P < 0.001
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DTI is a highly sensitive imaging modality capable of 
detecting subtle microstructural changes in the brain. 
By employing advanced diffusion models, such as DTI-
FWE and NODDI, this study extracted detailed micro-
structural information that surpasses the limitations of 
traditional single-compartment diffusion metrics. DTI-
FWE utilizes a dual tensor model to differentiate intra-
cellular and extracellular free water diffusion, enabling a 
more precise assessment of tissue microstructure [44]. 
NODDI, on the other hand, provides specific estimates 
of neurite density and orientation dispersion, offering 
deeper insights into the factors contributing to fractional 
anisotropy [28]. By integrating DTI-FWE and NODDI 
parameters, this study elucidated the microstructural and 
physiological changes associated with SSDs, providing a 
comprehensive understanding of the disorder’s neurobio-
logical underpinnings.

According to the White Matter Structural Atlas analy-
ses, SSD patients demonstrate greater diffusion restric-
tion (i.e., higher FAt/NDI, lower MDt/RDt) in the white 
matter tract than HCs. The cerebellum is a brain region 
that is sensitive to stress, and previous literature has 
found that the cerebellum changes in both animals and 
humans after experiencing stress [43]. A comprehensive 
meta-analysis has demonstrated that individuals with 
PTSD display significantly elevated FA in the inferior 
frontal-occipital fasciculus and the left inferior temporal 
gyrus [45]. Extremely stressful life experiences that lead 
to PTSD are associated with significant changes in the 
brain’s white matter network at global, nodal, and modu-
lar levels [46]. RD indicates the level of isotropic diffusion 
in brain tissue, measured perpendicular to maximal dif-
fusion direction, and NDI reflects the density of neurites, 
including axons and dendrites, based on intracellular dif-
fusion [47]. NDI is sensitive to age-related differences in 
the developing brain; neurite density is known to increase 
with development, and NDI was found to increase with 
age [48]. Thus, we speculate that SSD patients have more 
neurite density in the cerebellar white matter, leading to 
an increase in RDt, a decrease in MDt, and an increase in 
FAt. The elevation of NDI may indicate that in SSDs, cer-
ebellar white matter changes neuroplasticity under stress 
[43].

Similar changes seem to occur in the gray matter of 
the cerebellum, manifested as widespread greater diffu-
sion restriction (i.e., higher NDI/ODI, lower MDt/ADt/
RDt) in gray matter than HCs.ADt indicates the degree 
of isotropic diffusion in brain tissue along the direction of 
maximum diffusion, while ODI reflects the distribution 
of neurites (axons and dendrites) in the intracellular com-
partment [47]. The increase in NDI/ODI may directly 
lead to a decrease in MDt/ADt/RDt, and the change in 
NDI/ODI may be the leading cause of microstructural 
changes. The decrease of NDI/ODI in gray matter is often 

observed in degenerative diseases, while the increase of 
NDI/ODI is often related to brain development [49]. The 
cerebellum is linked to stress-related brain regions, and 
many studies indicate that it responds to stress, connect-
ing it to stress-related psychopathologies [43]. Previous 
literature indicates that adverse childhood experiences 
linked to higher NDI values are clinically significant in 
the pathophysiology of PTSD symptoms in individuals 
with autism spectrum disorder [50]. Baek et al. results 
indicated that the tegmental area projecting cerebellar 
neurons proactively regulates the development of depres-
sion-like behavior [21]. The elevation of NDI/ODI in SSD 
patients suggests some pathological changes in the cer-
ebellum, which may be related to compensatory or adap-
tive changes in the cerebellum. Research indicates that 
acute and repeated stress exposure in animals impacts 
the cerebellum, and stressful experiences also alter cere-
bellar activity and structure in humans [43]. SSD patients 
suffer from long-term psychological stress accompanied 
by changes in cerebellar structural adaptability.

More and more evidence supports the role of the cer-
ebellum in the pathophysiology of psychiatric disorders 
and neurodevelopmental disorders [14]. Although there 
are extensive cerebellar microstructural changes in SSD, 
more severe microstructural changes occur locally in 
the cerebellum. Especially in the right VI, left Crus I, 
and Crus II regions, additional decreases in FW and 
FWF indicate a decrease in extracellular space and more 
severe microstructural changes. The VI, Crus I, and Crus 
II are the core regions of cerebellar cognitive/affective 
first and second representations, while VI is also the first 
representation of motor [23, 24]. Cerebellum proposal 
plays a key role in regulating emotion [9]. A meta-anal-
ysis showed that the Crus II cerebellum is specialized for 
social mentalizing and emotional self-experiences [51]. 
According to the dysmetria of thought theory, the cer-
ebellum enhances the accuracy, consistency, and appro-
priateness of cognitive and emotional functions, just as 
it does for motor-related tasks [9, 25, 26]. We speculate 
the microstructural changes in the cerebellum of SSD 
include both motor and emotional representations of the 
cerebellum, which may be due to function abnormalities 
in somatic sensation and emotional regulation in SSD 
patients [9, 25, 26].

Correlation analysis revealed significant associations 
between the microstructure of cerebellar subregions and 
the somatic symptoms and emotional scores of patients 
with SSD, with SSD-related symptoms predominantly 
localized in the secondary representation areas of cer-
ebellar motor function and the secondary and third 
representation areas of non-motor functions, such as 
cognition and emotion, which are believed to be involved 
in higher-order regulatory processes [23, 24]. Specifi-
cally, lobule VIII, corresponding to the secondary motor 
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representation area, demonstrated mild correlations with 
the PHQ-9, GAD-7, and HAMA, suggesting a potential 
link to physical discomfort, while lobules VIII and IX/X, 
encompassing both secondary motor and third cogni-
tive representation areas, showed mild correlations with 
the MMSE, implicating these regions in cognitive pro-
cessing. Furthermore, the left lobule VIIb and vermis X, 
associated with secondary cognitive representation and 
third non-motor (cognition and emotion) representa-
tion, exhibited strong correlations with HAMA, HMAD, 
and PHQ-9 scores, highlighting their critical role in 
emotional regulation and cognitive-affective process-
ing. Damage to distinct cerebellar subregions can lead to 
diverse functional impairments and clinical symptoms, 
such as cerebellar cognitive affective syndrome result-
ing from cognitive-limbic region impairment [25], while 
structural alterations in cerebellar subregions, frequently 
observed in psychiatric disorders like PTSD and schizo-
phrenia spectrum disorder, are characterized by reduced 
cerebellar volumes in regions such as lobule VIIB, Crus 
II, vermis (VI, VIII), lobule X, and the corpus medullare 
[17, 52]. Given the cerebellum’s role in predictive pro-
cessing, structural abnormalities may disrupt predictive 
mechanisms, leading to an overestimation of negative 
outcomes in challenging situations and exacerbating neg-
ative emotional states such as anxiety and depression [20, 
53]., underscoring the importance of cerebellar micro-
structure in the pathophysiology of SSD and related psy-
chiatric conditions.

This study has several limitations that should be 
acknowledged. Firstly, although various diffusion MRI 
parameters detected microstructural changes in the cer-
ebellum of patients with SSD, the specific physiological 
and pathological mechanisms underlying these altera-
tions remain unclear. For instance, the observed increases 
in NDI and ODI suggest unusual microstructural reorga-
nization, but their exact biological significance requires 
further investigation. Secondly, this is a cross-sectional 
study, which limits our ability to infer causal relationships 
or longitudinal changes. It remains unknown whether 
these cerebellar microstructural alterations in SSD 
patients have persisted since childhood or represent tran-
sient changes associated with the current state of the dis-
order. Additionally, the relatively small sample size of 30 
SSD patients and 30 healthy controls may limit the gener-
alizability of the findings and reduce the statistical power 
to detect subtle effects. Future studies with larger cohorts 
are needed to validate these results and explore poten-
tial subgroup differences. Furthermore, the study did 
not adjust for potential confounding variables, such as 
medication use, comorbidities, or lifestyle factors, which 
could influence cerebellar microstructure. The inability 
to account for these confounders represents a signifi-
cant methodological limitation and should be addressed 

in future research. Despite these limitations, this study 
provides valuable preliminary insights into the cerebellar 
microstructural changes associated with SSD, laying the 
groundwork for more comprehensive investigations.

In summary, this study found that there are extensive 
microstructural changes in the white matter fiber bundles 
and subregions of cerebellar gray matter in SSD patients, 
with SSD patients exhibiting higher density of neural 
processes and greater diffusion restriction in the cerebel-
lum, which may indicate adaptive changes due to chronic 
stress. We speculate that the microstructural changes 
in the cerebellum of SSD include both motor and non-
motor representations of the cerebellum, possibly due to 
function abnormalities in somatic sensation and emo-
tional regulation in SSD patients. The exact physiological 
mechanisms underlying the microstructural changes in 
the cerebellum of SSD require further research.
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