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Abstract
Background Neuropsychiatric manifestations, such as cognitive impairment, are relatively prevalent in systemic 
sclerosis (SSc) patients. This study aimed to investigate the resting state (RS) functional alternations of SSc patients and 
the potential influenced factors.

Methods Forty-four SSc patients (mean age, 46.3 ± 11.4 years; 40 females) and 19 age and sex comparable healthy 
volunteers (mean age, 42.6 ± 11.3 years; 16 females) were recruited and underwent RS functional MR imaging (fMRI) 
and neuropsychological assessments. Functional segregation analysis was performed to calculate the amplitude of 
low frequency fluctuation (ALFF) and regional homogeneity (ReHo). Functional integration analysis was conducted 
using group independent component analysis to calculate intra-network and inter-network functional connectivity 
(FC). The fMRI measurements were compared between SSc patients and healthy volunteers using voxel-based 
pairwise two-sample t-tests. The correlations between clinical characteristics and fMRI measurements were also 
analyzed.

Results Compared to healthy volunteers, SSc patients exhibited significantly decreased ALFF and increased ReHo 
(all P < 0.01, FWE corrected). SSc patients predominantly showed decreased intra-network and inter-network FC in 
the auditory network, visual network, default mode network, frontoparietal network and attention network (intra-
network FC: P < 0.01, uncorrected, cluster size > 30; inter-network FC: P < 0.05, FDR correction). Furthermore, clinical 
characteristics including disease duration (r value ranged from − 0.31 to 0.36), elevated erythrocyte sedimentation 
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Background
Systemic sclerosis (SSc) is one of the systemic autoim-
mune diseases characterized by immune dysregulation, 
vasculopathy and progressive fibrosis [1]. SSc frequently 
involves multiple organs, including the skin, lung, heart, 
gastrointestinal tract and kidneys [2–4]. Although brain 
involvement was once considered as atypical patterns in 
SSc, recent studies have increasingly focused on brain 
involvement in these patients [5–7]. Besides encepha-
lopathy, seizures and vasculitis, the presence of neuro-
psychiatric manifestations such as depression, anxiety 
and cognitive impairment has also been reported in SSc 
patients [8–10]. Notably, up to 61% of SSc patients were 
found to have mild cognitive impairment [11]. However, 
the specific patterns of brain functional alternations 
which might be linked to these neuropsychiatric manifes-
tations still remain poorly understood.

Resting state (RS) functional MR imaging (fMRI) is 
a promising imaging tool for investigating the neural 
mechanisms of neuropsychiatric disorders that are not 
visible on structural imaging. The analytic approaches of 
RS fMRI included functional segregation and functional 
integration methods [12]. The functional segregation 
method focuses on the local function of specific brain 
regions, while the functional integration method focuses 
on the functional connectivity (FC). Previous studies 
have reported the presence of local function and connec-
tivity abnormalities in other systemic rheumatic diseases, 
such as systemic lupus erythematosus (SLE) and rheuma-
toid arthritis (RA), and revealed an association between 
these functional abnormalities and both inflammation 
and neuropsychiatric manifestations [13–15]. Therefore, 
we hypothesized that similar pathophysiological mecha-
nism and functional abnormalities may also exist in SSc 
patients, potentially contributing to their neuropsychiat-
ric manifestations.

This study aimed to investigate the RS functional 
alternations in SSc patients using both segregation and 
integration methods from fMRI images. Furthermore, 
this study also sought to determine the association of 
these functional alternations with clinical characteris-
tics, to explore the underlying influenced factors of brain 
involvement in SSc patients.

Methods
Study population
In this cross-sectional observational study, SSc patients 
and healthy volunteers with comparable age and sex 
were recruited. The inclusion criteria for the SSc patients 
were as follows: (1) meeting the 2013 American College 
of Rheumatology/European League Against Rheumatism 
criteria [16]; (2) age ranged 18–70 years old; (3) having 
more than 6 years of education; (4) being right-handed; 
(5) having normal or corrected-to-normal vision. The 
exclusion criteria for SSc patients were: (1) coexisting 
with other autoimmune disease, such as SLE and RA; (2) 
having a history of confirmed central nervous diseases, 
such as stroke, epilepsy, cerebral parenchymal lesions, 
cerebrovascular diseases, severe active mental illness, or 
traumatic brain injury; (3) taking concomitant medica-
tions that could cause an organic mental syndrome; (4) 
having a history of established psychiatric/mental dis-
orders; and (5) having contraindications to MR exami-
nation. All patients and healthy volunteers underwent 
brain MR imaging within one week after recruitment. 
The study protocol was approved by institutional review 
board and written consent form was obtained from all 
patients and healthy volunteers before participation.

Clinical information collection
Demographic information, including age, sex, and body 
mass index (BMI), was collected from both SSc patients 
and healthy volunteers. Disease-related clinical charac-
teristics including SSc subsets (limited cutaneous (lc) 
and diffuse cutaneous (dc)), disease duration, clinical 
manifestations, modified Rodnan skin score (mRSS) and 
blood biomarkers were also collected. The clinical mani-
festations included: (1) Raynaud’s phenomenon; (2) digi-
tal ulcers (DU); (3) digital gangrene; (4) interstitial lung 
disease (ILD); (5) pulmonary arterial hypertension; (6) 
gastroesophageal reflux; and (7) scleroderma renal cri-
sis. The collected blood biomarkers were as follows: (1) 
inflammatory biomarkers: erythrocyte sedimentation 
rate (ESR) (values > 20  mm/h were considered abnor-
mally elevated) and high-sensitivity C-reactive protein; 
(2) immunoglobulins: immunoglobulin G, immunoglob-
ulin A, and immunoglobulin M; and (3) autoantibodies: 
antinuclear antibody (ANA), anticentromere antibody, 
anti-double-stranded DNA antibody, anti-ribonucleo-
protein antibody, anti-Sjögren Syndrome A/B antibodies, 

rate (r = 0.35), Montreal Cognitive Assessment score (r = 0.43), and Hamilton Depression Scale score (r = -0.40) were 
significantly associated with fMRI measurements (all P < 0.05).

Conclusions Spontaneous activity and functional connectivity alternations can be seen in SSc patients, which are 
partially associated with neuropsychiatric manifestations and tend to aggravate with disease duration.

Keywords Systemic sclerosis, Brain, Resting state fMRI, Independent component analysis
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and anti-topoisomerase antibody. Additionally, all SSc 
patients underwent the Hamilton Anxiety Scale (HAMA) 
[17], Hamilton Depression Scale (HAMD) [18], and 
Montreal Cognitive Assessment (MoCA) [19] tests to 
assess the levels of anxiety, depression, and cognitive 
function, respectively.

Brain MR imaging
Brain 3D T1-weighted (T1w) MR imaging and RS fMRI 
were performed for all the patients and healthy subjects 
on a 3T MR scanner (Ingenia CX, Philips Healthcare, 
Best, The Netherlands) with a 64-channel head coil. The 
3D T1w images were acquired using a magnetization 
prepared rapid gradient echo sequence with the follow-
ing parameters: repetition time = 8.2 ms, echo time = 3.8 
ms, flip angle = 8°, field of view = 256 × 256 × 160 mm3, 
voxel size = 1 × 1 × 1 mm3, number of slices = 160, axial 
orientation, compressed sensing-sensitivity encoding 
acceleration factor = 3, and scan time = 2 min 03  s. The 
RS fMRI images were acquired using a T2*-weighted 
echo-planar imaging sequence with the following param-
eters: repetition time = 2000 ms, echo time = 30 ms, flip 
angle = 90°, field of view = 256 × 256 × 136 mm3, voxel 
size = 3.5 × 3.5× 3.5 mm3,  number of slices = 34, axial ori-
entation, and scan time = 8  min 6  s. All subjects were 
instructed to remain motionless, without thinking any-
thing or falling asleep during fMRI scanning.

Image pre-processing
The pre-processing of fMRI data was performed using 
the RS fMRI Data Analysis Toolkit plus V1.28 (REST-
plus V1.28) in the Matlab R2022a (The Mathworks, 
Natick, MA) environment. The data pre-processing steps 
included: (1) removing the first five volumes of each time 
series; (2) slice timing correction with the 18th slice as 
the reference; (3) realignment of head motion using a 
rigid spatial transformation; and (4) spatial normaliza-
tion using a two-step registration, where the fMRI images 
were registered to each subject’s T1w images and then 
registered to the Montreal Neurological Institute (MNI) 
space and resampled to a voxel size of 3 × 3 × 3 mm3. 
Additionally, subjects with excessive head motion in any 
direction (> 3 mm or 3°) were excluded from the analysis.

To calculate the amplitude of low frequency fluctua-
tion (ALFF), three additional three steps were applied to 
the normalized fMRI images: (1) spatial smoothing with 
a 6-mm full-width half-maximum (FWHM) Gaussian 
kernel; (2) linear detrending; and (3) removing nuisance 
components, including 24-parameter head motion, the 
white matter signal, and the cerebrospinal fluid signal 
using temporal linear regression.

To calculate the regional homogeneity (ReHo), the 
following three additional three steps were performed: 
(1) linear detrending; (2) temporal linear regression as 

described in the ALFF pre-processing; and (3) temporal 
filtering with a frequency range of 0.01–0.08 Hz.

ALFF and ReHo calculation
For ALFF calculation, the temporal series were trans-
formed into the frequency domain using a fast Fourier 
transform. The square root of the power spectrum was 
then calculated at each frequency, and the average square 
root across the 0.01–0.08 Hz was taken as the ALFF for 
each voxel. For fALFF calculation, the power within the 
low-frequency range (0.01–0.08  Hz) was divided by the 
power of the entire frequency range. Both ALFF and 
fALFF were then normalized by dividing each voxel’s 
value by the respective global mean, resulting in mean 
ALFF (mALFF) and mean fALFF (mfALFF) spatial maps 
for further statistical analysis.

For ReHo calculation, the Kendall’s correlation coeffi-
cient (Kcc) was computed for each voxel and its 26 neigh-
boring voxels. Each Kcc map was then standardized by 
dividing its global mean Kcc value. The standardized Kcc 
maps were subsequently smoothed with a 6-mm FWHM 
Gaussian kernel to produce smKccReHo maps for further 
statistical analysis.

Group independent component analysis
Group independent component analysis (ICA) was per-
formed on preprocessed fMRI data using the GIFT 4.0b 
toolbox (http:// mialab. mrn.org /sof tware/gift). The  n u 
m b e r of independent components (ICs) was estimated 
as 46 using the minimum description length criteria. 
To assess the reliability of these ICA estimates, the soft-
ware ICASSO (http:// researc h.ics.t kk.fi /ica/icasso/) was 
employed, which utilized 100 repetitions of the Infomax 
algorithm to construct aggregated spatial map. These 
aggregate maps were compared to established RS net-
works [20] through spatial correlation values and visual 
inspection, discarding those corresponding to physiolog-
ical noise and motion artifacts. Ultimately, 20 ICs were 
selected and classified into 13 RS functional networks: 
auditory network (AN); medial, lateral, and posterior 
visual networks (mVN, lVN, and pVN); dorsal and ven-
tral sensorimotor networks (dSMN and vSMN); salience 
network (SN); anterior and posterior default mode net-
works (aDMN and pDMN); left and right frontoparietal 
networks (lFPN and rFPN); dorsal and ventral attention 
networks (DAN and VAN), as shown in Fig. 1.

Intra-network FC within these networks was subse-
quently analyzed. To explore relationships between ICs, 
functional network connectivity (FNC) analysis was con-
ducted using the GIFT 4.0b toolbox. The time courses of 
each subject underwent initial detrending and despiking 
based on the median absolute deviation, followed by high 
pass filtering with a cutoff frequency of 0.15 Hz. Pearson’s 
correlation coefficients between pairs of time courses 

http://mialab.mrn.org/software/gift
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were computed and transformed into z-scores using 
Fisher’s transformation. A correlation matrix of size n*n 
(where n represents the number of ICs) was generated 
for each subject.

Statistical analysis
The continuous variables were presented as mean ± stan-
dard deviation (SD) or medians (interquartile range, 
IQR), while the categorical variables were expressed as 
counts and frequencies. To compare demographic char-
acteristics between SSc patients and healthy volunteers, 
independent t-tests, Mann-Whitney U tests, or Chi-
square tests were used. The fMRI measurements were 
compared using voxel-based statistical analysis with 
pairwise two-sample t-tests, including gender and age as 
covariates.

In the analysis of ALFF and ReHo, cluster-level sta-
tistics were corrected for family-wise error (FWE) at 
P < 0.01. For intra-network FC analysis, an uncorrected 
P < 0.01 and cluster size > 30 voxels were considered to 
be significant difference. In the FNC analysis, inter-
group comparisons were conducted with false discovery 
rate (FDR) correction at P < 0.05. Pearson or Spearman 
correlation analyses were employed to determine 
the relationships between clinical characteristics and 
fMRI measurements extracted from brain regions with 

significant differences. A P value < 0.05 was considered 
statistically significant.

All statistical analyses were performed using SPSS 27.0 
(SPSS Inc. Chicago, IL, USA) and the SPM12 toolbox 
(https:/ /www.fi l.ion.u cl.a c.uk/spm/software/spm12/). 
The results were visualized using the xjview toolbox 
(http:// www.ali velearn .net /xjview) and MRIcroGL ( 
http:// www.mcc ausland cent er.sc.edu/mricrogl).

Results
Clinical characteristics
A total of 44 SSc patients and 19 healthy volunteers 
were recruited. The clinical characteristics are presented 
in Table  1. Of the 44 SSc patients, the mean age was 
46.3 ± 11.4 years old, 40 (90.9%) were females, 23 (52.3%) 
were diffuse dcSSc patients. The median mRSS for all SSc 
patients was 4.0 [2.0, 6.8]. Of the 19 healthy volunteers, 
the mean age was 42.6 ± 11.3 years old, 16 (84.2%) were 
females. No significant differences were observed in the 
demographic characteristics (age, sex and BMI) and edu-
cational attainment between SSc patients and healthy 
volunteers (all P > 0.05). Regarding the medication use, 26 
(59.1%) SSc patients had used steroids, while 3 (6.8%) had 
used vasodilators. Notably, none had received vasoactive 
treatments or psychiatric medications.

Fig. 1 Spatial maps of the 20 independent components (ICs). 20 ICs were selected and classified into 13 resting state networks: auditory network (AN: 2 
ICs); medial, lateral, and posterior visual networks (mVN: 2 ICs, lVN: 1 IC, and pVN: 1 IC); dorsal and ventral sensorimotor networks (dSMN: 2 ICs and vSMN: 
1 IC); salience network (SN: 1 IC); anterior and posterior default mode networks (aDMN: 1 IC and pDMN: 2 ICs); left and right frontoparietal networks (lFPN: 
1 IC and rFPN: 1 IC); dorsal and ventral attention networks (DAN: 3 ICs and VAN: 2 ICs)
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ALFF and ReHo results
Figure  2 shows the comparison results of mALFF, 
mfALFF and smKccReHo between SSc patients and 
the healthy volunteers (Table  2). Compared to the 
healthy volunteers, the SSc patients showed significantly 
decreased mALFF in putamen part of the right lenticu-
lar nucleus, and significantly decreased mfALFF in left 
inferior temporal gyrus, right middle frontal gyrus and 
left middle frontal gyrus (all P < 0.01, FWE corrected). 
In contrast, SSc patients showed significantly increased 
smKccReHo in right inferior temporal gyrus and orbital 
part of right inferior frontal gyrus (all P < 0.01, FWE 
corrected).

Intra-network functional connectivity results
Figure 3 illustrates the voxel-wise differences of intra-net-
work FC in the different networks between SSc patients 
and healthy volunteers (Table  3). Compared to healthy 
volunteers, SSc patients exhibited significantly decreased 
FC in the right insula and right Rolandic operculum 
within the AN, the left lingual gyrus and left para-hip-
pocampal gyrus within the IVN, the right cuneus within 
pDMN, the left middle temporal gyrus within the IFPN, 
the right superior temporal gyrus and right insula within 
the two VANs (all P < 0.01, uncorrected, cluster size > 30). 
Furthermore, within the dSMN, SSc patients demon-
strated significantly decreased FC in the right cuneus and 
increased FC in the right postcentral gyrus (all P < 0.01, 
uncorrected, cluster size > 30). Within the two DANs, SSc 
patients exhibited significantly decreased FC in the right 
precuneus and left middle occipital gyrus and increased 
FC in the right superior parietal gyrus (all P < 0.01, uncor-
rected, cluster size > 30).

Functional network connectivity results
Among the 20 ICs extracted using group ICA, the FNC 
correlation matrix and the significant connectivity dif-
ferences between ICs are illustrated in Fig. 4. Compared 
to healthy volunteers, SSc patients exhibited signifi-
cantly decreased connectivity between several pairs of 
networks: the AN and the VAN (t = -2.17, P = 0.034), the 
mVN and the vSMN (t = -2.02, P = 0.048), the mVN and 
the VAN (t = -2.54, P = 0.014), the lFPN and the DAN (t 
= -2.81, P = 0.007), and the rFPN and the DAN (t = -3.27, 
P = 0.002). Conversely, SSc patients showed significantly 
increased connectivity between the aDMN and the lFPN 
(t = 2.55, P = 0.013).

Association between clinical characteristics and fMRI 
measurements
The results of the associations between clinical character-
istics and fMRI measurements are presented in Table 4. 
Notably, disease duration demonstrated significant cor-
relations with several fMRI measurements. Specifically, 
negative associations were observed between disease 
duration and the mfALFF in the left middle frontal gyrus 
(r = -0.31, P = 0.041),  and between disease duration and 
intra-network FC of VAN in the right insula (r = -0.31, 
P = 0.041), while a positive correlation was found between 
disease duration and ReHo in the right inferior temporal 
gyrus (r = 0.36, P = 0.017). The elevated ESR was found to 
be significantly associated with the FC between aDMN 
and lFPN (r = 0.35, P = 0.022).

Regarding neuropsychological assessment, the MoCA 
score showed a significant positive association with the 
FC between AN and VAN (r = 0.43, P = 0.004). Addition-
ally, the HAMD score was negatively correlated with 

Table 1 Clinical characteristics of study population
SSc patients 
(n = 44)

Healthy volun-
teers (n = 19)

P

Age, years 46.3 ± 11.4 42.6 ± 11.3 0.238
BMI, kg/m2 22.5 ± 3.6 23.2 ± 2.8 0.467
Gender, female 40 (90.9) 16 (84.2) 0.441
Education, years 14.0 [9.0,16.0] 16.0 [12.0, 16.0] 0.373
disease duration, months 44.5 [16.8, 80.8] / /
Subtypes, dcSSc 23 (52.3) / /
MoCA score 26.0 [24.0, 28.0] / /
HAMA 5.0 [3.0, 7.0] / /
HAMD 6.5 [4.0, 10.0] / /
mRSS 4.0 [2.0, 6.8] / /
PGA 0.7 ± 0.4 / /
lgG, g/L 13.0 [10.9, 17.4] / /
lgA, g/L 2.5 [1.7, 3.7] / /
lgM, g/L 1.1 [0.8, 1.6] / /
ESR, mm/hour 11.5 [8.0, 30.0] / /
Elevated ESR 11 (25.0) / /
hsCRP, mg/L 1.15 [0.5, 3.0] / /
ANA 42 (95.5) / /
ACA 2 (4.5) / /
Anti-RNP antibody 8 (18.2) / /
Anti-SSA antibody 10 (22.7) / /
Anti-SSB antibody 2 (4.5) / /
Anti-Scl70 antibody 26 (59.1) / /
Raynaud’s phenomenon 36 (81.8) / /
Digital ulcers 10 (22.7) / /
Digital gangrene 2 (4.5) / /
Interstitial lung disease 24 (54.5) / /
Steroid use 26 (59.1) / /
Vasodilatory use 3 (6.8) / /
BMI, body mass index; dcSSc, diffuse cutaneous SSc; MoCA: Montreal Cognitive 
Assessment; HAMA: Hamilton Anxiety Scale; HAMD: Hamilton Depression 
Scale; mRSS, modified Rodnan skin score; PGA, physician’s global assessment; 
IgG, immunoglobulin G; IgA, immunoglobulin A; IgM, immunoglobulin 
M; ESR, erythrocyte sedimentation rate; hsCRP, high-sensitivity C-reactive 
protein; ANA, antinuclear antibody; ACA, anticentromere antibody; Anti RNP, 
anti-ribonucleoprotein; anti-SSA/SSB, anti-Sjögren Syndrome A/B; Anti Scl-70, 
anti-topoisomerase
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intra-network FC of DAN in the left middle occipital 
gyrus (r = -0.40, P = 0.007).

In terms of clinical manifestations, Raynaud’s phenom-
enon exhibited several associations: a negative correla-
tion with mALFF in the putamen of the right lenticular 
nucleus (r = -0.41, P = 0.005), a positive correlation with 
ReHo in the orbital part of the right inferior frontal gyrus 
(r = 0.31, P = 0.043), a negative correlation with intra-net-
work FC of VAN in the right insula (r = -0.31, P = 0.043), 
and a positive correlation with the FC between aDMN 
and lFPN (r = 0.30, P = 0.047). The ILD was significantly 
associated with both mfALFF in the left middle frontal 
gyrus and intra-network FC of AN in the right rolandic 
operculum (r = 0.36, P = 0.017). Additionally, The DU was 
significantly negatively correlated with intra-network FC 
of VAN in the right insula (r = -0.42, P = 0.004).

Discussion
This study investigated the RS fMRI alternations in SSc 
patients using both functional segregation and functional 
integration analyses. In the functional segregation analy-
sis, SSc patients exhibited significantly decreased mALFF 
and mfALFF, but increased smKccReHo, compared to 
healthy volunteers. In the functional integration analy-
sis, SSc patients predominantly showed decreased intra-
network and inter-network connectivity compared to 
healthy volunteers. The networks exhibiting above con-
nectivity alterations included the AN, VN, DMN, FPN, 
DAN, and VAN. Additionally, clinical characteristics 
including disease duration, elevated ESR, MoCA score, 
HAMD score, and clinical manifestations (Raynaud’s 
phenomenon, ILD, and DU) were significantly associ-
ated with fMRI measurements. Our findings indicate that 
brain function is altered in SSc patients and is associated 

Table 2 The information of brain regions with significant different ALFF and ReHo values
Cluster index Brain regions Cluster size Peak t value MNI coordinates

X Y Z
mALFF
1 Right lenticular nucleus, putamen 139 4.36 30 -18 9
mfALFF
1 Left inferior temporal gyrus 117 4.61 -42 -51 -9
2 Right middle frontal gyrus 105 4.31 42 42 30
3 left middle frontal gyrus 103 4.00 -48 12 42
smKccReHo
1 Right inferior temporal gyrus 287 3.92 42 3 -45
2 Right inferior frontal gyrus, orbital part 236 4.71 42 24 -15

Fig. 2 Brain regions with significant differences of mALFF, mfALFF and smKccReHo between SSc patients and healthy volunteers (P < 0.01, FWE corrected)

 



Page 7 of 11Tong et al. Arthritis Research & Therapy          (2024) 26:194 

with various clinical characteristics. This study provides 
new insights into the brain involvement in SSc.

In the present study, the SSc patients showed signifi-
cantly decreased mALFF in the putamen and decreased 
mfALFF in frontal-temporal regions compared to healthy 
volunteers. Previous studies have shown that the puta-
men and frontal-temporal regions are involved in motor 

control, cognitive functions, and language processing 
[21–23]. The decreased ALFF in these areas suggests 
reduced spontaneous neural activity in SSc patients. In 
addition, we found that SSc patients showed significantly 
increased smKccReHo. The increase of ReHo might 
be due to a compensatory process to maintain normal 

Table 3 The information of brain regions with significant different intra-network functional connectivity
Network Contrast Brain regions Cluster size Peak t value MNI coordinates

X Y Z
AN SSc < HC right insula 35 3.35 45 -9 3
AN SSc < HC right Rolandic operculum 54 4.88 54 -21 15
IVN SSc < HC left lingual gyrus 34 3.53 -15 -66 -3
IVN SSc < HC left Para-hippocampal gyrus 41 4.04 -27 -30 -15
dSMN SSc < HC right cuneus 36 4.05 6 -78 36
dSMN SSc > HC right postcentral gyrus 42 3.38 30 -42 66
pDMN SSc < HC right cuneus 68 3.64 9 -75 36
IFNP SSc < HC left middle temporal gyrus 51 3.82 -60 -48 3
DAN-1 SSc < HC right precuneus 30 3.88 3 -72 36
DAN-1 SSc > HC right superior parietal gyrus 31 3.34 39 -45 57
DAN-2 SSc < HC left middle occipital gyrus 54 3.44 -27 -78 18
VAN-1 SSc < HC right superior temporal gyrus 33 3.91 60 -57 21
VAN-2 SSc < HC right insula 74 4.19 48 6 -3
SSc, patients with systemic sclerosis; HC, healthy controls; AN, auditory network; IVN, lateral visual network; dSMN, dorsal sensorimotor network; pDMN, posterior 
default mode network; IFPN, left frontoparietal network; DAN, dorsal attention network; VAN, ventral attention network

Fig. 3 Brain regions with significant differences of intra-network functional connectivity between SSc patients and healthy volunteers (P < 0.01, uncor-
rected, cluster size > 30). AN, auditory network; IVN, lateral visual network; dSMN, dorsal sensorimotor network; pDMN, posterior default mode network; 
lFPN, left frontoparietal network; DAN, dorsal attention network; VAN, ventral attention network
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function in certain brain regions through increasing the 
activity consistency [24].

We observed a reduction in intra-network FC across 
several networks, including the AN, IVN, dSMN, pDMN, 
lFPN, DAN and VAN, in the present study. This wide-
spread network disruption reflects the significant impact 

of SSc on brain function. Specifically, the insula and 
Rolandic operculum in the AN are responsible for pro-
cessing auditory feedback [25]. The lingual and para-hip-
pocampal gyrus within the IVN are associated with visual 
memory recollection [26]. The dSMN is crucial for motor 
initiation and execution [27]. The decreased FC in these 

Table 4 The correlation of clinical characteristics and fMRI measurements in some brain regions
fMRI 
measurements

Brain regions Correlation with
Disease 
duration

MoCA HAMD Elevated 
ESR

Raynaud’s 
phenomenon

ILD DU

mALFF Right lenticular 
nucleus, putamen

-0.19 (0.297) 0.10 (0.534) -0.28 (0.071) 0.18 (0.254) -0.41 (0.005) 0.13 (0.389) -0.14 (0.376)

mfALFF left middle frontal 
gyrus

-0.31 (0.041) 0.01 (0.976) -0.02 (0.910) 0.12 (0.422) -0.10 (0.509) 0.35 (0.020) -0.23 (0.139)

ReHo Right inferior tempo-
ral gyrus

0.36 (0.017) 0.15 (0.326) -0.19 (0.211) -0.01 (0.989) 0.27 (0.075) -0.18 (0.248) 0.01 (0.978)

ReHo Right inferior frontal 
gyrus, orbital part

0.25 (0.099) 0.20 (0.194) 0.02 (0.914) 0.02 (0.894) 0.31 (0.043) -0.14 (0.358) 0.06 (0.690)

FC (AN) right Rolandic 
operculum

-0.05 (0.773) -0.04 (0.789) -0.22 (0.161) 0.04 (0.780) -0.02 (0.905) 0.36 (0.017) 0.04 (0.804)

FC (DAN) left middle occipital 
gyrus

0.03 (0.849) 0.01 (0.965) -0.40 
(0.007)

0.18 (0.232) 0.01 (0.952) 0.26 (0.095) 0.04 (0.804)

FC (VAN) right insula -0.31 (0.041) -0.09 (0.581) -0.12 (0.445) 0.04 (0.780) -0.31 (0.043) 0.22 (0.153) -0.42 
(0.004)

FC (AN-VAN) / 0.03 (0.851) 0.43 (0.004) -0.24 (0.118) 0.01 (0.989) -0.02 (0.881) -0.12 (0.457) -0.26 (0.088)
FC (aDMN-lFPN) / 0.03 (0.834) 0.15 (0.337) -0.02 (0.905) 0.35 (0.022) 0.30 (0.047) -0.20 (0.190) 0.12 (0.439)
MoCA, Montreal Cognitive Assessment; HAMD, Hamilton Depression Scale; FC, functional connectivity; AN, auditory network; DAN, dorsal attention network; VAN, 
ventral attention network; aDMN, anterior default mode network; lFPN, left frontoparietal network

Fig. 4 The inter-network functional connectivity results. The left one represents the correlation matrix of functional network connectivity between 
independent components (averaged over subjects). The right one represents the functional network connection intensity differences between groups 
(P < 0.05, FDR correction). The blue line indicates lower functional connection strength in SSc patients compared to healthy volunteers, while the red line 
represents increase. AN, auditory network; mVN, medial visual network; vSMN, ventral sensorimotor network; aDMN, anterior default mode network; lFPN, 
left frontoparietal network; rFPN, right frontoparietal network; DAN, dorsal attention network; VAN, ventral attention network
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regions indicates potential impairments in sensory and 
motor processing. Notably, our previous study identified 
gray matter volume reduction in the para-hippocampal 
region of SSc patients, underscoring its relevance in SSc-
related brain involvement [5]. The DMN and FPN are 
involved in higher order cognition and have been broadly 
linked to various neurological and psychiatric disorders 
[28–30]. A previous study reported that the precuneus 
within the DMN showed decreased FC in SLE patients, 
and its FC was correlated with anxiety symptoms [14]. In 
our present study, the decreased FC was located in the 
cuneus, near the precuneus, suggesting similar involve-
ment. The DAN and VAN are essential for attention-
related cognition processes [31]. Reduced FC within the 
VAN has also been observed in SLE patients [32]. The 
impaired FC in DAN and VAN suggests that SSc patients 
may have a diminished ability to perceive external stim-
uli. Interestingly, we found increased intra-network FC 
in the dSMN and DAN. The increased FC may indicate 
compensatory mechanisms to preserve motor and atten-
tion function amidst the widespread network disruptions 
in SSc.

When investigating the FNC analysis, we found 
decreased FC in SSc patients primarily between the AN 
and the VAN, the mVN and the vSMN, the mVN and 
the VAN, the lFPN and the DAN, and the rFPN and the 
DAN. This hypoconnectivity may reflect abnormal large-
scale functional interactions among these networks. The 
AN, mVN and vSMN are sensory processing networks, 
whereas the VAN, DAN, FPN (rFPN and lFPN) and the 
DMN are associated with higher cognitive functions [33]. 
The reduction in FC between the mVN and vSMN indi-
cates impaired transmission within sensory networks, 
while the decreased of FC between the mVN, AN and 
VAN suggests that the transmission of sensory network 
information to the attentional network is also impaired. 
Furthermore, the reduction in FC between the FPN and 
DAN networks illustrates a disruption in the control and 
coordination of higher-order cognitive functions. Simi-
larly, a reduced FC between the FPN and DAN has been 
observed in stroke patients with motor dysfunction, sug-
gesting impairment in the dorsolateral prefrontal cortex’s 
management of cognitive load required for visual atten-
tion functions [34]. Additionally, we observed increased 
FC between the aDMN and lFPN, which may indicate a 
compensatory response in higher-order cognitive net-
works to the lack of basic sensory information.

Furthermore, significant correlations between func-
tional alternations (mfALFF, ReHo and FC in VAN) 
and disease duration can be found in the present study. 
This finding suggests that the brain functional involve-
ment becomes more severe with the progression of SSc. 
Notably, the FC between the AN and VAN was positively 
correlated with MoCA score, while intra-network FC in 

the DAN was negatively correlated with HAMD score. 
The VAN is involved in the cognitive control process 
[35], and we hypothesize that impairment in connec-
tivity from sensory networks to higher-order cognitive 
networks may contribute to the cognitive dysfunction 
observed in SSc patients. Additionally, the DAN is asso-
ciated with emotion states [36], leading us to hypothesize 
that decreased DAN connectivity may contribute to the 
depressive symptoms observed in SSc patients. Clinical 
manifestations including Raynaud’s phenomenon and 
DU are recognized as typical symptoms of microvas-
cular dysfunction in SSc [37]. The association between 
these clinical manifestations and functional alternations 
implies that the brain may also be affected by similar 
impairments, which requires further investigation for 
validation. Furthermore, abnormal FC (increased FC 
between aDMN and lFPN) was positively correlated with 
elevated ESR. The correlation between FC and ESR has 
also been observed in patients with RA compelling the 
evidence of inflammation-induced brain damage [15]. 
Therefore, we hypothesize that inflammation and micro-
vascular dysfunction in SSc contribute to the impairment 
of brain function, manifesting as disrupted connectiv-
ity from sensory to higher-order cognitive networks and 
affecting patients’ cognitive and depressive states. How-
ever, it is well known that ESR levels can be influenced by 
various factors [38]. SSc is not primarily an inflammatory 
disease, and our correlation analysis did not yield signifi-
cant results between brain functional characteristics and 
other inflammatory markers. This preliminary hypothesis 
warrants more neurological investigations for validation.

Several limitations in this study should be noted. 
Firstly, this cross-sectional study has a relatively small 
sample size and lacks the follow-up data to validate the 
proposed hypotheses. Additionally, the majority of SSc 
patients enrolled in our study had generally long disease 
duration and received medication prior to their initial 
visit, which may lead to symptomatic relief and relatively 
low mRSS (evaluated at the time of MR imaging). Sec-
ondly, this study did not compare HAMA, HAMD and 
MoCA scores between SSc patients and healthy volun-
teers because such information was not available in the 
healthy volunteers. Thirdly, given that our study is an ini-
tial exploratory investigation, the slightly relaxed statisti-
cal thresholds were employed. Fourthly, the present study 
did not consider certain potential confounding factors, 
such as medications taken by SSc patients (steroids and 
vasodilators), and their effects on brain function in this 
population remain unclear. Future studies are warranted 
to address these limitations by increasing the sample size 
and considering influential factors.
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Conclusions
Brain functional alternations occur in SSc patients, pri-
marily characterized by decreased spontaneous activity 
and functional connectivity. These alternations are par-
tially associated with neuropsychiatric manifestations 
and tend to aggravate with disease duration.
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