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Abstract
Background Primary Sjögren’s syndrome (pSS) manifests a spectrum of neuropsychological symptoms, primarily 
cognitive impairment, but the mechanism of central nervous system damage remains unclear. This study sought to 
analyze differences in the static and dynamic fractional amplitude of low-frequency fluctuation (fALFF) and region 
homogeneity (ReHo) between pSS patients and healthy controls (HCs), aiming to elucidate regional brain function 
alterations and investigate underlying mechanisms.

Methods Using stringent inclusion and exclusion criteria, 68 pSS patients and 69 HCs were assessed, including 
rs-fMRI, neuropsychological assessments, and laboratory tests. Static fALFF (sfALFF), static ReHo (sReHo), dynamic 
fALFF (dfALFF), and dynamic ReHo (dReHo) were calculated separately using two-sample t-tests to identify differences 
in brain regions between the two groups. Correlations between these regions and disease duration, laboratory 
indicators, and neuropsychological test scores were also examined.

Results Static index analysis revealed increased sfALFF in the right supplementary motor area in pSS patients, with 
significant decreases in sReHo in the left orbital media frontal gyrus, left caudate nucleus, and right precuneus lobe. 
Dynamic index analysis showed significant increases in dfALFF in the left supplementary motor area and dReHo in the 
right dorsolateral superior frontal gyrus. Furthermore, sReHo in the right precuneus lobe negatively correlated with 
NCT-A scores (P = 0.005), and dReHo in the right dorsolateral superior frontal gyrus negatively correlated with DST 
scores (P = 0.007).

Conclusion PSS patients experience notable changes in regional brain function, as evidenced by alterations in both 
static and dynamic brain indicators. Integrating these metrics provides a holistic view of the brain function alterations 
in pSS patients.
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Background
Primary Sjögren’s syndrome (pSS), an autoimmune 
pathology marked by lymphocytic proliferation and exo-
crine gland deterioration, often extends beyond glandular 
dysfunction to systemic and multi-organ afflictions [1], 
with the central nervous system (CNS) being a significant 
non-glandular target exhibiting incidence rates from 10 
to 60% [2–5]. The clinical spectrum of pSS ranges from 
minor cognitive disturbances to severe cerebrovascular 
events [5–9], critically affecting patient morbidity and 
mortality. Despite its prevalence, the mechanisms driv-
ing CNS compromise in pSS remain poorly understood, 
exacerbated by the absence of standardized diagnos-
tic criteria [7, 8], particularly during initial stages when 
symptoms like cognitive decline may be subtle. We will 
attempt an applicable diagnostic method to explore the 
mechanism related to early detection and prognosis of 
CNS involvement in individuals with pSS.

Resting-state Functional Magnetic Resonance Imaging 
(rs-fMRI) is currently the most widely used non-invasive 
functional imaging technique, offering advantages such 
as ease of operation, high patient acceptance, and excel-
lent stability and repeatability [10, 11]. It detects spon-
taneous neural activity by measuring low-frequency 
fluctuations in blood oxygen level-dependent (BOLD) 
signals, providing insights into brain function [12]. The 
analysis of rs-fMRI typically encompasses two primary 
methodologies: functional integration and functional 
segregation. Functional integration examines the inter-
actions among diverse time series signals and is widely 
applied in the study of neurological disorders [13–15]. 
However, while it reveals comprehensive connectivity 
abnormalities, it lacks the granularity to pinpoint spe-
cific affected brain regions. To address this, Zang et al. 
introduced the Amplitude of Low-Frequency Fluctua-
tions (ALFF) and Regional Homogeneity (ReHo) metrics 
[16, 17], which focus on regional spontaneous neuronal 
activity (i.e., functional segregation). This approach ana-
lyzes individual voxel or local region signals, facilitating 
the identification of precise brain areas affected by neu-
rological conditions. Compared to integration analysis, 
functional segregation analysis offers simpler operations 
and yields results with enhanced interpretability and 
specificity.

The ALFF value reflects the magnitude of fluctua-
tion amplitude of each voxel’s individual time series sig-
nal, indicating the intensity of local spontaneous brain 
activity. Currently, only Zhang et al. [8] have employed 
ALFF analysis to study Sjögren’s syndrome. However, 
this method has limitations, as it can be influenced by 
non-neurophysiological fluctuations such as respiration, 
cardiac activity, cerebrospinal fluid movement, and vas-
cular pulsation [18]. To address these limitations, the 
Fractional Amplitude of Low-Frequency Fluctuation 

(fALFF) was developed. fALFF assesses the relative con-
tribution of specific ALFF to the entire frequency range 
[19] and effectively reduces the influence of physiological 
noise, thereby improving the specificity and sensitivity of 
detecting spontaneous neural activity signals [20]. How-
ever, to date, no scholars have employed the fALFF analy-
sis method to study regional brain functional changes 
in pSS patients. ReHo is another measure used to assess 
the consistency of regional brain functional activity 
[21]. Although Xing et al. [22] have employed ReHo to 
explore central functional changes in pSS patients, their 
study suffered from a small sample size and limited gen-
eralizability. Moreover, existing research has relied on 
the assumption of signal stationarity during scanning, 
neglecting the dynamic temporal changes in spontaneous 
brain activity, which may result in the oversight of criti-
cal information. In light of these limitations, our study 
adopts a combined static and dynamic approach, utilizing 
both fALFF and ReHo analyses and expanding the sample 
size to robustly investigate CNS functional changes in 
pSS patients. This methodology aims to provide a more 
comprehensive understanding of the neural underpin-
nings of pSS, incorporating both static and time-varying 
aspects to capture a fuller spectrum of neural dynamics.

Specifically, this study combines static fALFF (sfALFF) 
and static ReHo (sReHo) with dynamic fALFF (dfALFF) 
and dynamic ReHo (dReHo) to analyze regional brain 
functional changes in pSS patients, aiming to elucidate 
the central mechanisms involved. Our hypotheses are as 
follows: (1) there are observable modifications in sfALFF 
and sReHo across multiple cerebral regions in pSS sub-
jects; (2) variations in dfALFF and dReHo also manifest 
across several brain regions, offering additional insights 
when compared with static indices; (3) specific cerebral 
regions demonstrating these changes may be linked to 
the psychosocial manifestations associated with pSS. 
This comprehensive analysis seeks to enhance the under-
standing of the brain’s role in the pathophysiology of pSS 
and potentially guide therapeutic strategies.

Methods
Participants
This study prospectively collected clinical and imaging 
data of pSS patients at the Rheumatology and Immunol-
ogy Department of the First People’s Hospital of Hang-
zhou from March 2021 to August 2023. Approval was 
obtained from the Research Ethics Committee (2021-
023-01 and ZN-20230331-0053-01), adhering to the Hel-
sinki Declaration, with all participants providing written 
informed consent.

Inclusion criteria for pSS patients were as follows: (1) 
Patients diagnosed with pSS according to the European-
American consensus criteria; (2) Absence of psychiat-
ric and psychological disorders prior to pSS diagnosis; 
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(3) Absence of other connective tissue diseases such as 
systemic lupus erythematosus, antiphospholipid syn-
drome, systemic sclerosis, and rheumatoid arthritis; (4) 
Age between 20 and 75 years; (5) Right-handedness; (6) 
Absence of motor, auditory, and visual system disorders, 
no language barriers, and normal corrected vision; (7) 
Voluntary participation in the study.

Inclusion criteria for healthy controls (HCs) were: (1) 
Age between 20 and 75 years; (2) Right-handedness; (3) 
Good physical condition, no history of tumors or psychi-
atric disorders; (4) Absence of motor, auditory, and visual 
system disorders, no language barriers, and normal cor-
rected vision; (5) Voluntary participation in the study.

Exclusion criteria were: (1) Severe hypertension, diabe-
tes, and other diseases affecting brain function; (2) Previ-
ous history of cerebral organic lesions, head trauma, or 
invasive surgery; (3) Contraindications to MRI scans; (4) 
History of alcohol dependence or substance abuse.

After quality control assessment, 68 pSS patients and 
69 HCs were included in the final analysis following the 
exclusion of invalid data (Fig. 1).

Disease duration, disease activity assessment, and 
neuropsychological assessments
The time of the first diagnosis of pSS was defined as the 
onset of the disease. Therefore, the disease duration was 
calculated as the period from disease onset to inclusion 
in the study.

The extent of inflammatory activity in systemic tis-
sues and organs caused by pSS is referred to as disease 
activity. In this study, disease activity was assessed using 
the EULAR Sjögren’s Syndrome Disease Activity Index 
(ESSDAI), developed by the European League Against 

Rheumatism in 2009. The ESSDAI evaluates disease 
activity across twelve domains: systemic symptoms, 
lymph nodes, joints, glands, skin, lungs, kidneys, mus-
cles, central nervous system, peripheral nervous system, 
hematological system, and serological markers. The total 
score reflects the overall disease activity of the patient. 
Higher scores in a specific domain or overall indicate 
greater disease activity in that domain or the entire 
system.

All participants underwent a series of neuropsycholog-
ical tests within 2  h after the MRI examination. Cogni-
tive function was evaluated using the Mini-Mental State 
Examination (MMSE). Anxiety and depression states 
were assessed using the Self-Rating Anxiety Scale (SAS) 
and the Self-rating Depression Scale (SDS), respectively. 
Attention and information processing speed assessed 
using with the Digit Symbol Test (DST), whereas psy-
chomotor ability was evaluated with the Number Con-
nection Test-Type A (NCT-A). All assessments were 
conducted by the same physician to ensure consistency.

MRI parameters
Participants underwent MRI data acquisition using a 
3.0 T MRI scanner (Siemens, MAGNETOM Verio, Ger-
many) with an 8-channel phased-array head coil. They 
were instructed to remain awake with their eyes closed 
and to wear foam pads and earplugs to minimize head 
motion and scanner noise interference.

Initial scans included T1-weighted imaging (T1WI), 
T2-weighted imaging (T2WI), T2 fluid attenuated inver-
sion recovery (T2 FLAIR), and diffusion-weighted imag-
ing (DWI) to rule out intracranial pathologies, with 
the following parameters: T1WI: repetition time (TR)/

Fig. 1 Exclusion of invalid data. FD, Framewise displacement
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echo time (TE) = 500ms/8.5ms, matrix = 120 × 256, 
field of view (FOV) = 230  mm×230  mm, slice thick-
ness = 5  mm, slice gap = 1.5  mm, number of slices = 20. 
T2WI: TR/TE = 5000ms/117ms, matrix = 248 × 320, 
FOV = 220  mm×220  mm, slice thickness = 5  mm, 
slice gap = 1  mm, number of slices = 20. T2 FLAIR: 
TR/TE = 8000ms/94ms, matrix = 186 × 256, 
FOV = 230  mm×230  mm, slice thickness = 5  mm, 
slice gap = 1  mm, number of slices = 20. DWI: 
TR/TE = 5100ms/100ms, matrix = 192 × 192, 
FOV = 230  mm×230  mm, slice thickness = 5  mm, slice 
gap = 0.4  mm, number of slices = 20, b-value = 1000s/
mm².

Anatomy images were obtained using a three-
dimensional T1-weighted imaging (3D-T1WI) 
sequence with the following parameters: TR = 1900ms, 
TE = 2.52ms, inversion time = 900ms, flip angle = 9°, 
FOV = 256  mm×256  mm, slice thickness/slice 
gap = 1/0 mm, matrix = 256 × 256, with a total of 176 sag-
ittal slices.

Rs-fMRI data were acquired using a gradient-
echo imaging sequence with the following param-
eters: TR = 2000ms, TE = 30ms, slice thickness/slice 
gap = 3.2/0 mm, FOV = 220 mm×220 mm, flip angle = 90°, 
with 250 time points collected per scan.

Image preprocessing
Examine the quality of all 3D-T1WI and rs-fMRI images, 
excluding incomplete or artifact-affected images. Rs-
fMRI data preprocessing utilized the Data Processing and 
Analysis of Brain Imaging (DPABI) 6.2 toolbox on MAT-
LAB (2018b, MathWorks, Natick, MA, United States).

The following were the specific image preprocessing 
steps: (1) Removal of the first 10 time points of each rs-
fMRI dataset to ensure MRI signals reached a stable state; 
(2) Temporal alignment of the remaining rs-fMRI data; 
(3) Correction of head motion, while excluding subjects 
with maximum head displacement exceeding 3 mm, rota-
tion exceeding 3°, or frame-wise displacement exceeding 
0.5; (4) Registration of the subject’s structural image to 
the corresponding mean functional image; (5) Segmenta-
tion of the registered structural image into gray matter, 
white matter, and cerebrospinal fluid to obtain registra-
tion matrices between the mean functional image and the 
standard space; (6) Transformation of subject data from 
the original space to the Montreal Neurological Insti-
tute standard space by applying the registration matrices 
onto the functional image, with voxel size resampled to 
3  mm×3  mm×3  mm; (7) Removal of linear drift by lin-
ear regression to eliminate signal changes due to machine 
heating during continuous operation; (8) Regression of 
covariates, including Friston-24 head motion parameters, 
cerebrospinal fluid signal, and white matter signal; (9) 
Band-pass filtering of rs-fMRI data using a 0.01 ∼ 0.08 Hz 

bandpass filter to remove low-frequency linear drift and 
high-frequency physiological noise such as respiration 
and heartbeat, with this step specifically applied for ReHo 
value calculation.

Static indicators calculation
A fast Fourier transform was performed on whole-brain 
voxels to convert the BOLD signal into the frequency-
domain power spectrum. The square root of the power 
spectrum was calculated at each frequency, and the aver-
age value within the range of 0.01 to 0.08  Hz was used 
to calculate the sfALFF metric. sReHo values were calcu-
lated using Kendall’s coefficient of concordance method, 
which assesses the temporal synchronization between 
the time series of a voxel and its 26 neighboring voxels 
to generate whole-brain sReHo values for each partici-
pant. To ensure comparability, sfALFF and sReHo values 
of individual voxels were normalized to the mean values 
of the entire brain. Spatial smoothing was applied using 
a Gaussian kernel with a full width at half maximum 
(FWHM) of 6  mm to minimize incomplete registration 
and improve the image signal-to-noise ratio, thereby 
improving the reliability of the results.

Dynamic indicators calculation and validation
The analysis of dfALFF and dReHo was performed using 
the DPABI-based dynamic analysis toolbox. Dynamic 
indicators were calculated using a sliding window 
approach, recognized for its sensitivity in detecting tem-
poral changes and assessing whole-brain indicator vari-
ability [23]. The length of the sliding window is a critical 
parameter. It should be sufficiently large to enable robust 
analysis of the lowest frequencies of interest in the sig-
nal, yet small enough to capture transient signals [24]. 
For our analysis, a sliding window length of 50 TRs (100s) 
was used, with a moving step of 2 TRs (4s). Subsequently, 
the standard deviation of fALFF and ReHo for each voxel 
within the time window was calculated to generate the 
dfALFF and dReHo matrices, which characterize the 
dynamic variations in fALFF and ReHo. Lastly, consis-
tent with the static indicators, spatial smoothing was per-
formed using a Gaussian kernel with an FWHM of 6 mm.

To ensure the reliability of the results, dfALFF and 
dReHo results were further validated using dynamic 
methods with sliding window lengths of 50 TRs (100s) 
and moving steps of 5 TRs (10s), as well as sliding win-
dow lengths of 100 TRs (200s) with a moving step of 2 
TRs (4s).

Statistical analysis
The Shapiro-Wilk test was performed to evaluate the 
distribution of continuous variables using SPSS 25.0 
software. Normally distributed data were presented 
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as mean ± standard deviation (
−
x ± s) and compared 

between groups using the independent samples t-test. 
Non-normally distributed data were presented as median 
(interquartile range) [M (P25, P75)] and compared 
between groups using the Wilcoxon rank sum test. The 
chi square test is used for inter group comparison of 
categorical variables. Statistical significance was set at 
P < 0.05. In DPABI software, a two independent samples 
t-test was used to compare pSS patients and HCs on 
sfALFF, sReHo, dfALFF, and dReHo indicators within 
the classic frequency band (0.01~0.08  Hz). Group com-
parisons were conducted applying Gaussian random-field 
theory (GRF, voxels P < 0.001, clusters P < 0.05). sfALFF, 
sReHo, dfALFF, and dReHo values were extracted from 
brain regions exhibiting significant differences between 
pSS and HC groups. Subsequently, partial correlation 
analysis was used to evaluate the relationships between 
disease duration, treatment, laboratory indicators, and 
neuropsychological scores with these significant brain 
regions. Gender, age, years of education, and head 
motion were included as covariates in the analysis. Sta-
tistical significance was assessed using a Bonferroni-cor-
rected threshold of P < 0.008 (0.05/6).

Results
Demographic information, laboratory indicators, and 
neuropsychological assessments
A total of 68 pSS patients and 69 HCs were included in 
this study. Categorical variables were compared between 

the two groups using the chi-square test, and continu-
ous variables were compared using the Wilcoxon rank-
sum test. The results showed that the SAS scores in the 
pSS group were significantly higher than those in the HC 
group (P < 0.001). No statistically significant differences 
were observed in the remaining parameters (all P > 0.05) 
(Table 1).

Analysis of clinical symptoms (involvement) and treatment 
status
This study analyzed the clinical symptoms (involvement) 
of 68 patients with pSS, identifying a total of 20 symp-
toms. These symptoms included dry mouth (n = 56), dry 
eyes (n = 40), dry and itchy skin (n = 9), fatigue (n = 9), 
caries (n = 7), interstitial lung disease (n = 7), hemato-
logical abnormalities (n = 8), joint pain (n = 6), skin ery-
thema (n = 4), abnormal renal function (n = 3), abnormal 
liver function (n = 3), myalgia (n = 2), reduced limb mus-
cle strength (n = 1), mouth ulcers (n = 2), mumps (n = 1), 
conjunctivitis (n = 1), dry and painful external genitalia 
(n = 1), weight loss (n = 2), lymphadenopathy (n = 1), and 
threatened abortion (n = 1) (Supplementary Figure S1). 
Some patients presented with multiple symptoms at the 
onset of the disease.

Among the pSS patients included in this study, 21 
patients did not receive treatment prior to MRI, and 47 
patients received treatment. Specifically, patients with-
out systemic involvement beyond lacrimal and sali-
vary gland were treated with hydroxychloroquine, total 
glucosides of paeony, or a combination of both, with 

Table 1 Demographic information, laboratory indicators, and neuropsychological tests of all subjects
Characteristics pSS (N = 68) HCs (N = 69) χ2/Z value P value
Age (years) 50.22 ± 13.42 54.00 (46.00, 59.00) -0.612φ 0.541
Sex (Male/Female) 1/67 1/68 0.000# 0.992
Education (years) 9.00 (6.00, 14.25) 9.00 (6.00, 12.00) -1.019φ 0.308
Head motion 0.05 (0.04, 0.09) 0.06 (0.05, 0.09) -0.263φ 0.793
Disease duration (months) 12.00 (0.00, 48.00) / / /
Treatments (yes/no) 47/21 / / /
ESSDAI (scores) 2.00 (1.00, 5.00) / / /
MMSE (scores) 29.00 (28.00, 30.00) 29.00 (28.00, 30.00) -0.581φ 0.561
SAS (scores) 31.38 ± 5.45 26.00 (24.00, 30.00) -4.736φ < 0.001*

SDS (scores) 27.00 (22.25, 31.00) 27.00 (23.00, 30.00) -0.060φ 0.952
NCT-A (seconds) 47.00 (38.25, 64.50) 47.35 ± 11.97 -0.532φ 0.595
DST (scores) 37.50 (21.25, 55.00) 34.36 ± 11.51 -1.208φ 0.227
IgG (g/L) 19.60 (15.15, 22.18) / / /
IgA (g/L) 3.11 ± 1.50 / / /
IgM (g/L) 1.36 (0.94, 1.82) / / /
C3 (g/L) 0.81 ± 0.03 / / /
C4 (g/L) 0.19 ± 0.00 / / /
anti-La/SS-B (negative/ positive) 44/24 / / /
anti-Ro/SS-A (negative/ positive) 8/60 / / /
Note: pSS, primary Sjögren’s syndrome; HCs, healthy controls; ESSDAI, EULAR Sjögren’s Syndrome Disease Activity Index; MMSE, Mini-Mental State Examination; SAS, 
Self-Rating Anxiety Scale; SDS, Self-rating Depression Scale; NCT-A, Number Connection Test-Type A; DST, Digit Symbol Test; # indicates χ2 test; φ indicates Wilcoxon 
rank sum test; * indicates a significant level of P < 0.05
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hydroxychloroquine monotherapy being more com-
mon (n = 28). While patients with systemic involvement 
beyond lacrimal and salivary gland were treated with 
immunosuppressants (e.g., cyclophosphamide, azathio-
prine and cyclosporine) and appropriate hormone ther-
apy (n = 19).

Group differences in SfALFF and sReHo
Compared with the HCs, the pSS group showed signifi-
cantly higher sfALFF values in the right supplementary 
motor area (SMA_R) and increased sReHo values in the 
left orbital middle frontal gyrus (Frontal_Med_Orb_L), 
left caudate nucleus (CAU_L), and right precuneus lobe 
(PCUN_R) (GRF; voxel-level P < 0.001, cluster-level 
P < 0.05) (Table 2; Fig. 2).

Group differences in DfALFF and dReHo
Compared with the HCs, the dfALFF value of the left 
supplementary motor area (SMA_L) and the dReHo 
value of the right dorsolateral superior frontal gyrus 
(Frontal_Sup_R) in the pSS group showed signifi-
cant increases (GRF; voxel-level P < 0.001, cluster-level 
P < 0.05) (Table  3; Fig.  3). The results remained robust 
after verification with different sliding window lengths 
and moving steps (Supplementary Table S1 and Supple-
mentary Figure S2).

Correlations between static and dynamic indicators with 
disease duration, treatment, laboratory indicators, and 
neuropsychological assessments
In this study, partial correlation analysis was further 
employed to investigate the relationships between 
sfALFF, sReHo, dfALFF, and dReHo values in the afore-
mentioned brain regions and disease duration, treatment, 
laboratory indicators, and neuropsychological test scores 
in pSS patients. The results revealed a negative correla-
tion between the sReHo value in the right precuneus and 
the NCT-A score (P = 0.005), as well as a negative corre-
lation between the dReHo value in the right dorsolateral 
superior frontal gyrus and the DST score (P = 0.007). No 
other significant correlations were found (all P > 0.008) 
(Table  4; Fig.  4). Prior to correction, the sReHo value 
of PCUN_R demonstrated a negative correlation 
with C4 (P = 0.045), and the dfALFF value of SMA_L 

demonstrated a positive correlation with anti-SSB anti-
bodies (P = 0.022). However, these correlations were no 
longer significant after correction.

Discussion
This study, for the first time, combines two regional brain 
functional indices of rs-fMRI (fALFF and ReHo) and inte-
grates static and dynamic indices to explore the central 
damage mechanism in pSS patients. The findings dem-
onstrate that both static (sfALFF, sReHo) and dynamic 
(dfALFF, dReHo) neuroimaging metrics reveal significant 
alterations in multiple brain regions of pSS patients, with 
no overlap between regions identified by above neuroim-
aging metrics, indicating that dynamic measures provide 
complementary insights to static assessments. Further-
more, some metrics in specific brain regions exhibit a 
negative correlation with neurocognitive scores, under-
scoring their potential relevance in assessing cognitive 
impairment. Overall, our study highlights the utility of 
combining static and dynamic rs-fMRI metrics, offering 
a more nuanced understanding of functional brain altera-
tions in pSS patients.

Abnormal brain regions in SfALFF and sReHo
fALFF reflects the relative intensity of brain functional 
activity, with higher values potentially signaling increased 
activity within a specific frequency range, which may be 
associated with the importance of that brain region in 
particular cognitive tasks. ReHo assesses the consistency 
of regional neural activity within specific brain regions, 
with higher values indicating greater consistency of activ-
ity within that area [20].

The findings of this study reveal an elevated sfALFF 
value in the SMA_R of pSS patients, indicating a com-
pensatory increase in brain functional activity in this 
region. Meanwhile, decreased sReHo values in the Fron-
tal_Med_Orb_L, CAU_L, and PCUN_R in pSS patients 
suggest abnormalities in the internal activity coherence 
of multiple brain regions.

The supplementary motor area (SMA), first described 
by Penfield et al. [25], is located in Brodmann area 6 
and is part of the sensorimotor network. It is involved 
in motor planning, execution, language processing, and 
mental disorder regulation [26–28]. The pre-SMA, a 

Table 2 Brain regions with changed SfALFF and sReHo between the pSS and HC groups
Indices Brain region MNI coordinate Voxels Peak intensity

X Y Z
sfALFF SMA_R 9 3 78 54 4.7558
sReHo Frontal_Med_Orb_L -3 57 -6 261 -5.3779

CAU_L 0 3 3 85 -4.9138
PCUN_R 12 -66 30 92 -4.0166

Note: pSS, primary Sjögren’s syndrome; HC, healthy control; sfALFF, static fractional amplitude of low-frequency fluctuation; sReHo, static regional homogeneity; 
SMA_R, right supplementary motor area; Frontal_Med_Orb_L, left orbital middle frontal gyrus; CAU_L, left caudate nucleus; PCUN_R, right precuneus lobe; MNI; 
Montreal Neurological Institute
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subregion of the SMA, plays a key role in cognition and 
non-motor tasks [29, 30]. Notably, the SMA has not 
been reported in prior rs-fMRI studies of pSS, offering a 
potential focus for future CNS research.

The frontal lobe, particularly the prefrontal cortex, is 
critical for voluntary movement, higher cognition, and 
emotional regulation [31, 32]. The orbitofrontal cortex, 
linked to the limbic system, mediates emotional and cog-
nitive processes, while the middle frontal gyrus supports 

Table 3 Brain regions with changed DfALFF and dReHo between the pSS and HC groups
Indices Brain region MNI coordinate Voxels Peak intensity

X Y Z
dfALFF SMA_L 6 3 78 53 5.9228
dReHo Frontal_Sup_R 24 57 0 92 4.3796
Note: pSS, primary Sjögren’s syndrome; HC, healthy control; dfALFF, dynamic fractional amplitude of low-frequency fluctuation; dReHo, dynamic regional 
homogeneity; SMA_L, left supplementary motor area; Frontal_Sup_R, right dorsolateral superior frontal gyrus; MNI; Montreal Neurological Institute

Fig. 2 Brain regions with significant alterations of sfALFF and sReHo between pSS and HC. Note: pSS, primary Sjögren’s syndrome; HC, healthy control; 
sfALFF, static fractional amplitude of low-frequency fluctuation; sReHo, static regional homogeneity; SMA_R, right supplementary motor area; Fron-
tal_Med_Orb_L, left orbital middle frontal gyrus; CAU_L, left caudate nucleus; PCUN_R, right precuneus lobe; *** indicates a significant level of P < 0.001, 
Bonferroni correction
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executive attention, decision-making, and motor plan-
ning [33, 34]. Previous studies have identified abnormal 
activity or connectivity in the frontal and frontoparietal 
regions of pSS patients [2, 7, 22, 35]. This study further 
supports the frontal lobe as a key abnormal region in pSS, 
with decreased sReHo in the left orbital middle frontal 
gyrus (Frontal_Med_Orb_L) suggesting reduced coher-
ence and potential links to cognitive impairments such as 
attention, memory, and executive function deficits.

The caudate nucleus is a key component of the basal 
ganglia, collaborating with the cerebral cortex and 
cerebellum to regulate muscle tension and postural 
reflexes during voluntary movements. Previous studies 
by Kchaou et al. [36] reported a case of pSS with initial 
symptoms of bradykinesia and increased muscle ten-
sion, indirectly suggesting that pSS may have a certain 
impact on the function of the caudate nucleus. Addition-
ally, the caudate nucleus is also connected with emotion 
control and learning memory. Tzarouchi et al. [2] found 
that the volume of the caudate nucleus in pSS patients 
decreased compared to HCs. Zhang et al. [7] found that 
the connectivity between the caudate nucleus and the 
cingulate gyrus increased in pSS patients, which may 
indicate brain network reorganization and neuroplasti-
city in pSS patients. This study utilized sReHo analysis of 
rs-fMRI and found reduced internal activity consistency 
in CAU_L of pSS patients, aligning with prior findings 
[2, 7]. We speculate it may be related to processing and 
executive control disorders, sensory processing deficits, 
and decreased emotional and learning regulation abilities 
in pSS patients.

The precuneus is a small square gyrus on the poste-
rior medial surface of the parietal lobe of the brain, con-
nected to various cortical and subcortical regions such 
as the frontal lobe, parietal lobe, and occipital lobe. It 
is involved in various functions, including visual spatial 
and visual motion integration, self-related information 
processing, and self-awareness [37]. Some parts of the 
precuneus also serve as core hubs of the default mode 
network [38], promoting processes such as resting state, 
attention regulation, and integration of higher cognition 
[39]. Currently, there are no studies reporting abnormal 
changes in the function of the precuneus in pSS patients. 
The finding of decreased sReHo values in PCUN_R of 
pSS patients in this study may be related to two factors: 
(1) visual-spatial and executive function decline due to 
dry eyes and optic neuritis [40, 41] and (2) emotional and 
cognitive impairments, including attention, memory, and 
emotional regulation deficits. Future multicenter studies 
with larger samples are needed to validate these findings.

Abnormal brain regions in DfALFF and dReHo
This study represents the first application of dynamic 
indices (dfALFF and dReHo) from rs-fMRI to analyze 
regional brain functional changes in pSS. The findings 
revealed increased dfALFF in SMA_L and increased 
dReHo in Frontal_Sup_R among pSS patients. Impor-
tantly, brain regions identified by dynamic indices differ 
from those identified by static indices, highlighting dis-
tinct sensitivities in detecting abnormalities across dif-
ferent brain regions. The combined use of both dynamic 
and static indices enhances the comprehensive study and 
mutual validation of pSS effects on the brain.

Fig. 3 Brain regions with significant alterations of dfALFF and dReHo between pSS and HC. Note: pSS, primary Sjögren’s syndrome; HC, healthy control; 
dfALFF, dynamic fractional amplitude of low-frequency fluctuation; dReHo, dynamic regional homogeneity; SMA_L, left supplementary motor area; Fron-
tal_Sup_R, right dorsolateral superior frontal gyrus; *** indicates a significant level of P < 0.001, Bonferroni correction
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The SMA, identified by both dfALFF and sfALFF, 
may play a key role in pSS-related cognitive impair-
ment. Importantly, these regions are situated on oppo-
site sides—left and right—underscoring their mutual 
validation and complementarity. Previous studies have 
found that the left pre-SMA is believed to have a stron-
ger response to happy and sad stimuli compared to neu-
tral stimuli, suggesting a higher sensitivity of the left 
pre-SMA to emotional responses [42]. Therefore, the 
observed compensatory increase in left SMA activity 
in pSS patients might stem from diminished emotional 
regulation abilities, potentially leading to heightened 
emotional responses. However, this hypothesis remains 
speculative and requires further validation through addi-
tional studies.

The prefrontal cortex, particularly the right dorsolat-
eral region, is critical for executive control, attention, 
and memory [32, 43, 44]. Increased dReHo in the right 
dorsolateral prefrontal cortex of pSS patients suggests 
its involvement in cognitive impairments, consistent 
with its role in higher cognitive functions and emotional 
regulation.

Correlations between certain brain regions and 
disease duration, treatment, laboratory indicators, and 
neuropsychological assessments
This study found a negative correlation between sReHo 
in PCUN_R and NCT-A scores in pSS patients. Reduced 
neuronal activity in PCUN_R correlates with longer digi-
tal connection times, consistent with cognitive impair-
ment in pSS. This supports the precuneus as a key region 
in pSS-related cognitive dysfunction. Additionally, a neg-
ative correlation was observed between dReHo in Fron-
tal_Sup_R and DST scores, indicating that lower task 
performance corresponds to higher neuronal activity in 
this region. We propose that this increased activity may 
reflect compensatory mechanisms [45–47].

The relationship between disease duration, laboratory 
indicators, and neurological involvement in pSS remains 
unclear. Some clinical studies suggest that disease dura-
tion, anti-Ro/SS-A and anti-La/SS-B antibody positivity, 
and low complement levels may be risk factors for neuro-
logical involvement in pSS patients [9, 48, 49]. However, 
neuroimaging studies have yielded conflicting results. 
Tzarouchi et al. [4] found no correlation between DTI-
derived metrics and disease duration, Zhang et al. [50] 
reported no link between hippocampal functional con-
nectivity and disease duration, and Lauvsnes et al. [51] 
observed no association between white matter volume 
and anti-SSA/SSB antibodies. This study aligns with 
these findings, as no significant correlations were found 
between disease duration, laboratory indicators, and 
abnormal brain regions. We hypothesize that these dis-
crepancies may stem from differences in sample sizes Ta
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between clinical and imaging studies. Due to challenges 
in case recruitment, imaging studies often have signifi-
cantly smaller sample sizes-sometimes one-tenth or less 
of those in clinical studies. Although this study includes 
the largest pSS imaging cohort to date, further expan-
sion of the sample size is needed to improve the repro-
ducibility and generalizability of the results. Additionally, 
the results of this study showed no significant correlation 
between treatment status and abnormal brain regions. 
This may also be related to the fact that current clini-
cal treatments are not precisely targeted at the nervous 
system.

This study has several limitations. First, while pSS 
patients often experience fatigue and sleep disturbances 
in addition to cognitive impairment, these symptoms 
were not assessed due to patient compliance and time 
constraints. Scales such as the Pittsburgh Sleep Quality 
Index and the Fatigue Severity Scale were not included. 
Second, variations in disease activity or treatment regi-
mens may influence brain functional changes in pSS. 
However, the limited sample size precluded exploration 
of these factors. Future studies should expand the sam-
ple size and stratify patients by disease stage to better 
understand neuropathological mechanisms. Third, this 
study was conducted at a single center, which may limit 
generalizability. Multicenter and interdisciplinary collab-
orations are needed to improve the accuracy and repro-
ducibility of the findings.

Conclusion
In summary, pSS patients exhibit functional abnormali-
ties in multiple brain regions, including an increase in 
sfALFF value of SMA_R, dfALFF value of SMA_L, and 
dReHo value of Frontal_Sup_R, while sReHo values of 
Frontal_Med_Orb_L, CAU_L, and PCUN_R decrease. It 
can be seen that static and dynamic indicators have dif-
ferent sensitivities in detecting abnormal activities in dif-
ferent brain regions. The combined application of both 

indicators is more conducive to the comprehensive study 
of local brain functional changes in pSS patients, offering 
imaging-based evidence for exploring potential central 
nervous system damage in this population.

Abbreviations
3D-T1WI  Three-dimensional T1-weighted imaging
ALFF  Amplitude of Low Frequency Fluctuations
BOLD  Blood oxygen level-dependent
CAU_L  Left caudate nucleus
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DPABI  Data Processing and Analysis of Brain Imaging
dReHo  Dynamic reHo
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fALFF  Low-frequency fluctuation
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ReHo  Region homogeneity
rs-fMRI  Resting-state Functional Magnetic Resonance 

Imaging
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