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Abstract To detect the abnormal cortical thickness and
disrupted brain resting-state functional connectivity (RSFC)
in patients with systemic lupus erythematosus (SLE) without
neuropsychiatric symptoms (non-NPSLE). Using T1-
weighted 3D brain structural data, we first determined the
regions with abnormal cortical thickness in a cohort of 33
adult female non-NPSLE patients. By taking brain regions
with significantly reduced cortical thickness as the seeds, we
calculated their RSFC based on the resting-fMRI data and
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Highlights:

1. We found cortical thinning in FUS.L, LING.L, LING.R and SFC.L in
non-NPSLE patients.

2. Observed lower frontal-cerebellar RSFC in non-NPSLE patients com-
pared to healthy controls.

3. Decreased cortical thickness in LING.L positively correlated with the
connectivity of LING.L-PCC.L in non-NPSLE.

4. Cortical thinning in SFC.L positively correlated with connectivity of
SFC.L-CRBL 6.L in non-NPSLE.
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detected the relationship between the RSFC and cortical thick-
ness in the non-NPSLE patients. Compared to the controls, the
non-NPSLE patients showed significantly cortical thinning in
the left fusiform gyrus (FUS.L), left lingual gyrus (LING.L),
right lingual gyrus (LING.R) and left superior frontal cortex
(SFC.L). As for the RSFC, statistical analyses indicated that
the abnormal cortical thickness in LING.L is associated with
increased RSFC in the left posterior cingulate cortex (PCC.L),
and cortical thinning in SFC.L associated with decreased
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RSFC in left cerebellum 6 (CRBL 6.L) in non-NPSLE pa-
tients. In addition, in non-NPSLE patients, the decreased cor-
tical thickness in LING.L was correlated to the increased
RSFC in PCC.L, and decreased cortical thickness in SFC.L
was correlated to the decreased RSFC in CRBL 6.L. Our
findings suggest that the cortical abnormalities may affect
brain intrinsic connectivity in non-NPSLE patients.

Keywords Fronto-cerebellar - Functional connectivity -
Surface-based morphometry (SBM) - non-NPSLE

Abbreviations

SLE Systemic lupus erythematosus

NPSLE Neuropsychiatric systemic lupus
erythematosus

non-NPSLE  Non-neuropsychiatric systemic
lupus erythematosus

RSFC Resting-state functional connectivity

SBM Surface-based morphometry

ACR American College of Rheumatology

SLEDAI Systemic Lupus Erythematosus
Disease Activity Index

SLICC/ACR  Systemic Lupus International
Collaborating Clinics/American
College of Rheumatology
Damage Index

GM/WM Gray matter/white matter

CSF Cerebrospinal fluid

R-fMRI Resting-state fMRI

T-fMRI Task-fMRI

Introduction

Systemic lupus erythematosus (SLE) is a mainly female in-
flammatory autoimmune disorder that can affect the central or
peripheral nervous system resulting in neuropsychiatric SLE
(NPSLE) (Kaul et al. 2016). SLE may cause global alterations
in vascular reactivity and indirectly affect brain function
(Difrancesco et al. 2007; Mak et al. 2012). Previous studies
reported brain structural and functional changes in SLE in the
absence of overt neuropsychiatric manifestation (non-
NPSLE) (Lin et al. 2011; Mak et al. 2012; Xu et al. 2015).
Evidence showed that brain structural abnormalities may in-
fluence the properties of brain function (Appenzeller et al.
2007; Zhang et al. 2016). Appenzeller et al. (2007) conducted
a voxel-based morphometry analysis in SLE patients and
found that SLE patients with severe cognitive impairment
had a greater decreased gray matter volume in the frontal,
occipital and cerebellum than controls. In a review paper,
Rykhlevskaia et al. (2008) suggested that the integration of
structural and functional information could reformulate the
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links between brain structural abnormalities and further func-
tional consequences. Accumulated evidence also showed that
local brain structural abnormalities may influence the proper-
ties of brain function in major depression disorder (Horn et al.
2010; Van Tol et al. 2014), nonmedicated bipolar disorder
(Wang et al. 2016) and psychopathy (Ly et al. 2012).
Howeyver, it is still unclear how the local structural abnormal-
ities relate to the intrinsic functional properties in SLE patients
even without neurophychiatric symptoms and whether abnor-
mal local structure can be served as a marker of functional
deficits. Therefore, in this study, we used a multi-modal im-
aging approach to detect abnormal cortical thickness and the
corresponding altered brain functional properties in non-
NPSLE patients.

The Surface-based morphometry (SBM) analysis is widely
used to study brain structural morphology for providing more
precise information about cortical thickness (Hutton et al.
2009). Recent studies suggested the measurement of cortical
thickness can be effectively to detect neurobiological changes
in diversity diseases (Liisebrink et al. 2013), such as autism
(Ecker et al. 2013) and psychopathy patients (Martina et al.
2012). The SBM method is also used to study brain cortical
thickness in SLE patients for understanding neuropsychiatric
mechanism of SLE-related brain. For example, Jung et al.
(2010) used the SBM method to compare cortical thickness
among NPSLE, non-NPSLE and healthy controls, and found
decreased cortical thickness in the left postcentral,
supramaginal, rostralmiddle frontal, precuneus gyri and right
inferior parietal in NPSLE patients compared to healthy con-
trols, but detected no significant cortical thickness difference
between non-NPSLE and controls.

Recently, a number of studies also used resting-state fMRI (R-
fMRI) and task-fMRI (T-fMRI) to detect cognitive dysfunctions
in SLE (Difrancesco et al. 2013; Du Boisgueheneuc et al. 2006;
Linetal. 2011; Mak etal. 2012; Ren et al. 2012). Lin etal. (2011)
used R-fMRI to analyze brain regional homogeneity (ReHo) in
non-NPSLE patients and found decreased ReHo value in cere-
bellum and in areas of the default mode network (DMN) in non-
NPSLE patients compared to healthy controls. Shapiralichter
et al. (2013) used a free-recall paradigm T-fMRI to study mem-
ory of non-NPSLE and found increased activation in anterior
medial prefrontal cortex, suggesting that non-NPSLE manifested
memory impairment compared to controls. Based on R-fMRI
data, Hou et al. (2013) analyzed resting-state functional connec-
tivity (RSFC) in SLE patients and found increased frontal-
parietal RSFC in SLE compared with controls. However, very
few studies have taken brain structure and functional analyses
together to reveal abnormal cortical structure and RSFC in non-
NPSLE.

Several multimodal imaging studies (Ly et al. 2012; Spati
et al. 2015) have combined cortical thickness with RSFC to
evaluate brain structure-functional relationship and it may po-
tentially aid in clinical diagnose (Zhang et al. 2016). For
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example, Ly et al. (2012) investigated cortical thickness and
RSFC abnormalities in a group of criminal psychopathy,
detected that cortical thinning in the left insula and dorsal
anterior cingulate cortex could influence RSFC between
them. Spiiti et al. (2015) used a multimodal imaging method
to study the relationship between cortical thickness and RSFC
in major depressive disorder (MDD), and revealed that corti-
cal thinning in the right anterior PFC may impair the ability of
supragenual ACC in depressed patients during a major depres-
sive episode. By now, there are very few studies using multi-
modal imaging methods to detect relationship of brain struc-
ture and function in non-NPSLE patients.

With the aim to detect the relationship between abnormal
cortical thickness and RSFC in non-NPSLE patients, we used
a multi-modal neuroimaging approach, combining brain struc-
tural MRI with R-fMRI data, to characterize whether abnor-
mal cortical thickness could be related to disrupted brain func-
tional connectivity in non-NPSLE patients. Previous studies
(Difrancesco et al. 2013; Mak et al. 2016) found abnormal
structure or function in the lingual gyrus and the superior
frontal cortex in SLE patients. We hypothesized that non-
NPSLE patients may show abnormal cortical thickness or re-
lated impaired functions in the lingual gyrus and the superior
frontal cortex (Appenzeller et al. 2007; Jung et al. 2010; Mak
et al. 2016). In order to test these hypotheses, we calculated
the cortical thickness and RSFC for the non-NPSLE and the
healthy controls using vertex-wise SBM and RSFC
approaches.

Materials and methods
Subjects

Initially, a total of 39 female non-NPSLE patients were re-
cruited from the Development of Rheumatology in Nanfang
Hospital, Southern Medical University, Guangzhou, China.
Of them, 6 patients were excluded from the further study,
including one patient less than 18 years old, two patients with
obvious focal brain atrophy, and three patients with infarcts.
Finally, the remaining 33 non-NPSLE patients (aged
29.27 £ 9.07 years old) were included for further analyses.
The inclusion criteria for the patients were as follows: (1)
18-50 years old, (2) fulfilling four or more criteria to the
1997 revised American College of Rheumatology (ACR)
(Hochberg 1997), and (3) without neuropsychiatric syn-
dromes involvement (Liang et al. 1999). The structural images
for all non-NPSLE patients were checked by a dermatologist
(K. H.) and a theumatologist (Q. H.) separately. The exclusion
criteria were (1) patients with neuropsychiatric syndromes in-
volvement of central nervous system and peripheral nervous
system in their history proposed by the ACR, such as obvi-
ously disorganized behaviors, psychiatric disorders, conscious

disturbances, and neurological symptoms, (2) severe claustro-
phobia, pacemaker, metal implant, or orthodontic braces
that unable undergo MRI scan, (3) a history of sub-
stance abuse, such as drug abuse and alcohol abuse,
(4) previous clinical conditions, such as a history of
stroke, diabetes mellitus, arterial hypertension, and ma-
lignancy, or brain neurological disorders, such as
Parkinson’s disease, head trauma, or seizures that would
influence brain structure, function and cerebral atrophy,
and (5) any physical illness or pregnant.

The degree of cumulative SLE-related damage for each
patient was diagnosed according to the Systemic Lupus
International Collaborating Clinics or ACR Damage Index
(SLICC/ACR-DI) (Gladman et al. 1997). Disease activity
was determined according to the Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) (Gladman
et al. 2000). In addition, we also collected three serum assay
indices (C3, C4 and CH50) for each patient. Anti-Sm antibody
(Anti-Sm) was tested and used to aid clinical diagnosis. Doses
of prednisone were equivalent to those of oral and parenteral
corticosteroids.

In addition, we also recruited 32 female healthy subjects
with age-matched as the control group (aged 31.44 +8.91 years
old). The exclusion criteria for the controls were as follows:
(1) age < 18 or age > 50 years old, (2) MRI images showed
obvious head movement, (3) patients with previous history of
neurological or psychiatric illness. The study protocol was
approved by the Institute Review Board of Nanfang
Hospital of the Southern Medical University. Written in-
formed consent was obtained from each subject prior to this
study. Table 1 lists the demographic information for all the
patients and the controls.

Data acquisition

All images were obtained on a 3 T Philips Medical Achieva
Systems MR scanner with an 8-channel phased-array head
coil at the Nanfang Hospital, Southern Medical University,
Guangzhou, China. The high-resolution brain structural im-
ages were acquired using a T1-weighted 3D turbo field echo
(TFE) sequence with the following parameters, repetition time
(TR) = 9.0 ms, echo time (TE) = 4.0 ms, flip angle = 8°, field
of view (FOV) = 256 x 256 mmz, data matrix = 256 x 256,
slice thickness = 1 mm, voxel size=1 x 1 x 1 mm3, and 176
sagittal slices covering the whole brain. The R-fMRI data
were obtained using a single-shot gradient-echo EPI sequence
(TR = 2000 ms, TE = 35 ms, flip angle = 90°, slice thick-
ness = 3.6 mm with interslice gap = 0.7 mm, 33 interleaved
axial slices covering the whole brain, and 240 time points in §
mins). During the R-fMRI scan, each subject was requested to
relax, close eyes and wake, but not thinking about other
things. For each subject, we acquired R-fMRI data, high-
resolution brain structural images, and diffusion-weighted
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Table 1 Demographics and

clinical data for the non-NPSLE non-NPSLE (n = 33) HC (n =32) t-value p-value *
patients and the healthy controls
in this study Age (years old) 29.27 +£9.07 31.44 £8.91 -0.970 0.336
Years of education 11.55+4.20 1297 £3.75 —1.441 0.155
Disease duration (months) 37.12 +51.88 NA
Age at disease onset (years) 2624 +9.75 NA
SLICC 0.61 £0.56 NA
SLEDAI 9.82£7.26 NA
C3 (g/) 0.59 +0.29 NA
C4 (g/) 0.11 £0.08 NA
CHS50 (g/1) 30.98 +20.83 NA
Anti-Sm 52.16 +74.30 NA
Prednisone (mg) 39.39 £24.65 NA

Abbreviations: SLICC Systemic lupus erythematosus international collaborating clinics; SLEDAI Systemic lupus
erythematosus disease activity index; C3, C4, and CH50, three serum assay indices (C3 Complement component
3; C4 Complement component 4; CH50 50% hemolytic complement activity); Anti-Sm Anti-Sm antibody; NA

Not applicable

The p-value was obtained from two-sample ¢ test analysis

images in the same session. Diffusion-weighted images were
used in other analyses. All the brain structural images and R-
fMRI data were initially visually inspected by an experienced
radiologist (X. T.) to exclude the subjects with abnormal struc-
ture such as focal or diffuse brain atrophy, infarcts, and lesions
that are not related to SLE.

Cortical thickness

Structural image data preprocessing The brain structural
images were processed using FreeSurfer package (http://
surfer.nmr.mgh.harvard.edu/), a well-documented automated
program and widely used to perform surface-based morpho-
metric (SBM) analysis (Dale et al. 1999). For each subject, we
processed brain structural images in the following steps: (1)
removing the non-brain tissue based on a deformable template
model (Ségonne et al. 2004), (2) transforming the skull-
stripping brain volume to Talairach-like space (Ségonne
et al. 2004), (3) segmenting brain tissues to GM, WM, cere-
brospinal fluid (CSF) (Fischl et al. 2004), (4) performing in-
tensity normalization to remove the effect of bias field (Sled
et al. 1998), (5) building a surface tessellation to generate a
triangular cortical mesh consisting of about 300,000 vertices
in the whole brain surface (Dale et al. 1999), (6) correcting
topological deficit of cortical surface (Ségonne et al. 2007),
and (7) deforming brain surface to generate optimized models
of GM/WM and GM/CSF boundaries (Fischl and Dale 2000).
Subsequently, we generated two surfaces, one is the WM sur-
face or the GM/WM interface, and the other is the pial surface
or the GM/CSF interface. We measured two shortest dis-
tances, from the GM/WM interface to the GM/CSF interface
and from the GM/CSF interface to the GM/WM interface, at
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each vertex. At the given vertex, the cortical thickness was
defined as the average value of the above two values.

After cortical surface being reconstructed, the cortical
thickness map for each subject was resampled onto the corti-
cal surface and smoothed with a 10-mm full-width at half
maximum (FWHM) Gaussian kernel. In the calculations, a
spherical transformation was performed to register each sub-
ject’s cortical surface to a spherical surface. At last, we obtain-
ed the inflated WM surface and the normalized cortical fold-
ing patterns of gyrus and sulcus for each subject. Based on
group-level comparison, we detected the clusters showing sig-
nificant changed cortical thickness in the non-NPSLE patients
compared to the controls.

Resting-state functional connectivity (RSFC)

R-fMRI data preprocessing The functional images were
preprocessed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/)
and DPARSF-A (http://rfmri.org/DPARSF). For each subject,
we first discarded the first 10 volumes for magnetization
equilibrium and adapting the scanning environment. Then
we performed slice timing for the remaining 230 volumes to
account for the acquisition time delay between different slices
and realigned all images to the first volume for head-motion
correction. Afterward, we normalized the functional images to
the individual structural images and then to the MNI standard
space by using an affine transformation and resampled it to
3 x 3 x 3 mm’ by using a Gaussian kernel with FWHM of
4 mm. At last, we performed signal linear detrending and
band-pass filtering (0.01-0.08 Hz), and regressed out the nui-
sance covariates including head motion parameters derived
from the Friston 24-parameter model, WM signal, and CSF
signal within each voxel in whole brain. Due to the
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controversy which regressing out global signal has been
shown to introduce negative activation in R-fMRI analysis,
we have not regressed out the global signal in this study
(Fox et al. 2009; Kevin et al. 2009).

In this study, we first estimated 6-parameter head motion
and all of subjects satisfied our criteria: translation <2.5 mm in
any plane and angular rotation <2.5° in any direction during
realignment. Then we applied the Friston 24-parameter model
in realignment to estimate the head motion. A previous
study showed this is an effective model to decrease the
effect of head motion (Yan et al. 2013). We estimated
mean framewise displacement (FD) from the head-
motion profiles obtained from realignment. Finally, we
took the mean FD of head motion as a covariate to
regress it out in statistical processing.

RSFC The regions with significantly changed cortical thick-
ness in non-NPSLE patients were selected as seed regions of
interest (ROIs). The calculation of RSFC mainly includes two
steps. First, first-level or individual-level RSFC measures
were computed between each of these seed ROIs and every
other voxel in the whole brain after regressing out the effect of
age. Briefly, we first resampled the ROIs to 3 x 3 x 3 mm® in
MNI space. Then we extracted mean time series of each voxel
in a given ROI and calculated the Pearson’s correlation coef-
ficients between the mean time series of the given ROI and the
time series of all voxels throughout the whole brain to gener-
ate the RSFC map for each subject. We only focused on pos-
itive correlation and discarded negative correlation, because
the explanation to negative correlation is ambiguously and
would influence test-retest reliability (Achard and Bullmore
2007). Second, in order to improve the normality and second-
level general linear model (GLM) analyses, we per-
formed Fisher’s r-to—z transformation to convert the cor-
relation coefficient map into a Fisher-z RSFC map for
each subject. Finally, second-level or group-level statis-
tical analysis was performed on Fisher-z RSFC maps to
determine RSFC difference between the non-NPSLE pa-
tients and the controls.

We also calculated correlation between cortical thickness
of each seed region and the corresponding RSFC in non-
NPSLE patients.

Statistical analyses

Demographics Two-sample #-test was used to calculate sig-
nificant difference in age and in years of education between
the non-NPSLE patients and the controls.

Cortical thickness Group analyses of cortical surface were
conducted by resampling each subject’s cortical thickness
maps to the FreeSurfer average atlas. A standard GLM was
used to detect significant differences in cortical thickness

between non-NPSLE patients and controls. We regressed out
the effect of age. And Monte Carlo simulation cluster analysis
with 10,000 permutations and a cluster-wise threshold of
p < 0.05 was adopted for multiple comparisons correction.
In this way, we determined the regions with significant group
differences in cortical thickness. For each of these clusters, we
also calculated the correlation between the mean cortical
thickness and each of the clinical variables (disease duration,
age at disease onset, SLICC, SLEDALI, C3, C4, CH50, Anti-
Sm, and prednisone) in the patients.

RSFC One-sample #-test was performed on the Fisher-z RSFC
maps of the non-NPSLE patients to detect brain regions with
significantly different from zero (p < 0.0005, FWE correction)
by regressing out age and mean FD of head motion. Similar
calculation was also performed for the controls. Then we de-
termined the overlapping regions in RSFC of the two groups
for group-level comparison (Fig. 1). A two-sample #-test was
then used to identify significant difference in RSFC between
the two groups by regressing out age and mean FD.
Correction for multiple comparisons was performed using
cluster-extent thresholding at an uncorrected p < 0.05,
o = 0.05. Cluster extents were using Monte Carlo simulations
performed in 3dClustSim program (AFNI https://afhi.nimh.
nih.gov/pub/dist/doc/program_help/3dClustSim.html).
Finally, we estimated correlation between the connections and
clinical variables in the non-NPSLE patients.

The whole procedures of this study are described in Fig. 1.

Results
Demographic and clinical variables

Two-sample ¢-test showed no significant differences in either
age (t=—-0.970, p = 0.336) or years of education (¢ = —1.441,
p = 0.155) between the non-NPSLE patients and the controls
(Table 1).

Cortical thickness

Figure 2 shows brain regions with significant difference in
cortical thickness between the non-NPSLE patients and the
controls. We found that the non-NPSLE patients had uniform-
ly significantly decreased cortical thickness in four regions,
three in the left and one in the right hemispheres, which are
primarily located in the left fusiform (FUS.L), left superior
frontal cortex (SFC.L), left lingual gyrus (LING.L), and right
lingual gyrus (LING.R). Table 2 lists the detail information of
these regions.

For each cluster listed in Table 2, we first estimated the
correlation between the cortical thickness and the clinical var-
iables and then performed Bonferroni correction (p < 0.0125)
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1. Surface-based morphometry (SBM) analysis

sMRI data

Preprocessing | =3

Cortical thickness

Group analysis

Seed regions

-

Cortical thinning

v

2. Resting-state functional connectivity (RSFC) analysis

| fMRI data

+ 33 non-NPSLE
i -
Mean time series s — i l ii

One-sample t test

for each ROI

RSFC calculation
32 HC

Overlapping Two-sample t test

Fig. 1 Flowchart of procedures for analyzing cortical thickness and resting-state functional connectivity (RSFC) in this study

for multiple comparisons. Statistical analysis revealed that the
mean cortical thickness in the FUS.L was significantly posi-
tively correlated with the age at disease onset in the non-
NPSLE patients ( = 0.515, p = 0.002). However, no signifi-
cant correlation was found between the cortical thickness and
the age at disease onset in any of the other clusters, such as the
LING.L (r=0.225, p=0.208), SFC.L (»=0.386, p = 0.026), and
LING.R (r = 0411, p = 0.018), in the non-NPSLE patients
(Fig. S1, Supplementary Materials). Similarly, no significant cor-
relation was found between the mean cortical thickness in any of
these clusters (FUS.L, LING.L, SFC.L and LING.R) and the
disease duration in the patient group.

Fig. 2 Vertex-wise analysis of
cortical thickness in the non-
NPSLE patients compared to the
healthy controls. Four regions
showed significant between-
group difference in cortical
thickness (p < 0.05, Monte Carlo
simulation corrected). Color bar
indicates the p-value (—lg (p)).
The non-NPSLE patients showed
uniformly significantly decreased
cortical thickness compared to the
controls. These regions are
located in the left fusiform gyrus
(FUS.L), left lingual gyrus
(LING.L), left superior frontal
cortex (SFC.L), and right lingual
gyrus (LING.R)
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RSFC

Figure 3 shows brain regions with significant difference in
RSFC between the non-NPSLE patients and the controls.
The detail information for these regions is listed in Table 3.
The RSFC between the seed LING.L and the left posterior
cingulum (PCC.L) was significantly increased in the non-
NPSLE patients compared to the controls (¢ = 2.863,
p = 0.01). But the RSFC between the seed SFC.L and the
three regions, the left cerebellum 6 (CRBL 6.L) (¢ = —3.127,
p = 0.001), right superior frontal cortex (SFC.R) (¢ = —3.038,
p = 0.001), and right calcarine (CAL.R) (¢ = —3.052,

N
o

e
w

Cortical thickness (mm)

=
n

Cortical thickness (mm)

non-NPSLE
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Table 2 Significant regions resulted from the vertex-wise comparison
of cortical thickness between the SLE patients without neuropsychiatric
symptoms (non-NPSLE) and the healthy controls (HC) (p < 0.05, Monte

Carlo simulation corrected). Peak coordinates were presented in the
Talairach-like space. These four regions showed uniformly significantly
decreased cortical thickness in the patients after multiple comparisons

Index Peak location Vertex number Size (mm?) Peak Talairach coordinates Cluster-wise p-value
X y z
Patients < Controls 1 FUS.L 2443 1894.20 —42.0 -56.3 -12.2 1.00E-04
2 LING.L 2153 1145.95 -29.8 —48.2 2.3 5.20E-03
3 SFG.L 2229 892.98 -11.7 2.8 41.6 2.45E-02
4 LING.R 2783 1828.21 26.8 —45.3 -3.0 1.00E-04

Abbreviations: CWP Cluster-wise p-value; LING.L Left lingual gurus; FUS.L Left fusiform gyrus; SFC.L Left superior frontal cortex; LING.R Right

lingual gyrus; L (R): left (right) hemisphere

p =0.001), were uniformly decreased in the non-NPSLE pa-
tients compared to the controls.

For each region listed in Table 3, we estimated the
correlation between RSFC values and clinical variables.
Statistical analysis showed no significant correlation be-
tween the RSFC and any of clinical variables in the
non-NPSLE patients after Bonferroni correction (p < 0.0125).

Figure 3 shows correlation between the cortical thickness
of each seed region and the corresponding RSFC. In the non-
NPSLE patients, we found that the cortical thickness in
LING.L is significantly positively correlated with the
RSFC of LING.L-PCC.L (»r = 0.387, p = 0.026), and
the cortical thickness in SFC.L is significantly positively cor-
related with the RSFC of SFC.L-CRBL 6. L (» = 0.368,
p =0.035).

Fig. 3 Group differences in
RSFC between the non-NPSLE
patients and healthy controls. a
RSFC seeded from LING.L. The
RSFC of LING.L-PCC.L was
significantly increased in the
patients compared to the controls.
The scatter plot shows the
positive correlation between the
RSFC of LING.L-PCC.L and the
cortical thickness in LING.L. b
RSFC seeded from SFC.L. The
RSFC of SFC.L-SFC.R, SFC.L-
CAL.R and SFC.L-CRBL 6.L 4.0
was significantly uniformly
decreased in the patients
compared to the controls. The
scatter plot shows the positive
correlation between the RSFC of
SFC.L-CRBL 6.L and the cortical
thickness in SFC.L. Red dots
represent the non-NPSLE patients

(b) RSFC seeded from SFC.L

Discussion

In this study, we analyzed abnormal brain structure and the rela-
tionship between cortical thickness changes and abnormal RSFC
in the non-NPSLE patients. We found that the non-NPSLE pa-
tients showed decreased cortical thickness in four regions com-
pared to the controls, which were located in FUS.L, LING.L,
SFC.L, and LING.R. We also detected that the non-NPSLE pa-
tients had increased RSFC of LING.L-PCC.L and decreased
RSFC of SFC.L-CRBL 6.L compared to the controls.

Cortical thickness

This study found significantly decreased cortical thickness in
FUS.L, LING.L and LING.R in the non-NPSLE patients

(a) RSFC seeded from LING.L

r=0.387, p = 0.026

FC LING.L-PCC.L

2.0 2.5 3.0
Cortical thickness in LING.L (mm)

e 4.0

°
o

r=0.368, p = 0.035

o
o

FC SFC.L-CRBL 6.L
o o
N

o
o

Cortical thickness in SFC.L (mm
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Table 3 Significant differences in the resting state functional
connectivity (RSFC) between the non-NPSLE patients and the healthy
controls (multiple comparisons correction, cluster-extent thresholding at
an uncorrected p < 0.05, o = 0.05). In the calculations, we selected the

four regions listed in Table 2 as the seed regions, calculated their RSFC in
the whole brain for the non-NPSLE patients and the controls, compared
group difference in RSFC to obtain the regions with significant between-
group differences in RSFC, and determined the peak coordinates

Seed regions RSFC regions Size (No. voxels) Volume t-value Peak MNI coordinates
(mm)
X y z
Patients > Controls
LING.L PCC.L 111 999 2.86 -6 —48 24
Patients < Controls
SFC.L CRBL 6.L 53 477 -3.13 -6 =75 -15
CAL.R 89 801 -3.05 6 -87 9
SFC.R 51 459 -3.04 18 -3 63

Abbreviations: LING Lingual gyrus; SFC Superior frontal cortex; PCC Posterior cingulum; CRBL 6 Cerebellum 6; CAL, calcarine; L (R), left (right)

hemisphere

compared to the controls (Fig. 2, Table 2). Several studies
suggested that the FUS and LING, parts of the visual recog-
nition network, involve in emotional face processing (Fusar-
Poli et al. 2009) and visual processing, such as object recog-
nition and visual attention (Caspers et al. 2014). Previous
studies showed that abnormal brain activation in FUS and
LING may lead to poor object recognition and visual attention
abilities in SLE patients (Difrancesco et al. 2013; Mak et al.
2012). The result of abnormal cortical thickness in FUS con-
verges with a previous fMRI study (Mak et al. 2012), finding
brain activity in non-NPSLE and significant decreased activa-
tion in FUS in non-NPSLE patients which reflected poor color
processing and object recognition abilities. Our finding of the
decreased cortical thickness in LING also aligns closely with a
previous study, which found GM volume reductions in
LING.L in SLE patients (Mak et al. 2016). This suggested
that decreased LING.L GM volume may be associated with
neuropsychological and behavioral dysfunctions in SLE. In
addition, our result of structural abnormality in LING.L also
converges with an fMRI study, which showed decreased
LING activation responding to a goal-directed task in SLE
patients (Mak et al. 2012), suggesting the dysfunction of vi-
sual attention ability in SLE patients. Thus, our results of the
abnormal FUS and LING may reflect impairment of visual
attention and object recognition in SLE patients even in the
absence of neurophychiatric symptoms. In addition, we found
cortical thickness in the FUS.L was significantly positive cor-
related with age at disease onset (Fig. S1). This means that, for
the cortical thickness in non-NPSLE, the earlier age at disease
onset of non-NPSLE, the thinner cortical thickness in FUS.L.
This may indicate that the progress of SLE may response to
brain’s adaptability or reorganization.

In addition, we found cortical thinning in SFC.L in the non-
NPSLE patients compared to the controls (Fig. 2, Table 2).
The SFC is believed to involve in high-level cognition medi-
ation and executive function process (Du Boisgueheneuc et al.
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2006). This result converges with several previous studies in
SLE patients (Difrancesco et al. 2013; Mak et al. 2012) . Mak
et al. (2012) performed an event-related fMRI experiment in
non-NPSLE patients and detected increased activation in the
SFC.L during feedback evaluation event in Wisconsin Card
Sorting Test (WCST) compared to healthy controls. They sug-
gested impaired executive control functions in non-NPSLE
patients. And DiFrancesco et al. (2013) studied brain activity
in childhood-onset SLE (cSLE) patients responding to a cog-
nitive task and found increased SFC activation in cSLE
patients, suggesting dysfunction of SFC in cSLE patients
compared to controls. We also noted that Mak et al. (2016)
found increased GM volume in the SFC.L in SLE patients
compared to controls, which seems not consistent with our
result of cortical thinning in SFC.L in the non-NPSLE pa-
tients. This inconsistency may be resulted from different sam-
ples, Mak et al. recruited both male and female as subjects
while we only included female subjects, or from different
analysis methods (VBM and SBM). VBM takes cortical thick-
ness, cortical surface area and cortical folding together to cal-
culate GM changes and these factors may reduce the sensitiv-
ity of detecting significant GM abnormalities (Hester et al.
2009; Voets et al. 2008). Mak et al. (2012) also found signif-
icant SFC activation in newly-diagnosed SLE patients during
a cognitive-shifting task compared to healthy controls. Taking
previous findings together (Hester et al. 2009; Mak et al.
2012; Voets et al. 2008), our result of decreased cortical thick-
ness in SFC may suggest executive control dysfunctions in
SLE patients even in the absence of neurophychiatric
symptoms.

RSFC

To investigate the functional alterations that were associated
with decreased cortical thickness, RSFC analysis was per-
formed in non-NPSLE and the healthy controls. In non-
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NPSLE patients, the decreased cortical thickness in LING.L
was correlated to the increased RSFC in PCC.L, and de-
creased cortical thickness in SFC.L was correlated to the de-
creased RSFC in CRBL 6.L (Fig. 3, Table 3). However, it
remains unclear whether the structural abnormalities influence
functional properties in non-NPSLE patients. The PCC has
been identified a key component of the DMN (Greicius et al.
2003) which is believed involving in cognitive functions
(Leech and Sharp 2014), including memory retrieval
(Maddock et al. 2001), working memory and attention
(Leech and Sharp 2014), self-related cognitive activity espe-
cially for episodic memory retrieval (Sestieri et al. 2011,
Vannini et al. 2011). We found the abnormal RSFC of
LING-PCC was associated to the functional abnormalities in
PCC, a hub region of DMN. This result is consistent with
several previous studies (Difrancesco et al. 2013; Mak et al.
2012). DiFrancesco et al. (2013) studied three cognitive func-
tions, visuoconstructional ability (VCA), working memory,
and attention in ¢cSLE patients by using fMRI tasks and
found that the increased activation in PCC in c¢SLE patients
was negatively correlated with neuropsychological testing
scores. And Mak et al. (2012) evaluated executive function
in SLE patients by using WCST and found abnormal PCC
activation in SLE patients. In addition, Lin et al. (2011) found
decreased ReHo values in regions located in the DMN in non-
NPSLE patients. Taken together, the LING is part of the visual
recognition network, involved in visual attention (Caspers
etal. 2014). PCC may be significantly activated when percept
information from attention task and is involved in regulating
the focus of attention (Leech and Sharp 2014). Moreover, we
found positive correlation between the cortical thickness in
LING.L and the RSFC in LING.L-PCC.L. This suggested that
the degree of cortical thickness in LING.L may influence the
functional coupling with the PCC.L which was reported asso-
ciated with impaired visual attention in non-NPSLE patients.

Studies indicated that the cerebellum mainly involves in
executive control function (Habas et al. 2009). Our result of
the decreased RSFC in SFC.L-CRBL 6.L in the non-NPSLE
patients is consistent with a recent study (Lin et al. 2011),
which found decreased ReHo values in the cerebellum in
non-NPSLE patients, suggesting the executive control func-
tion may be impaired in non-NPSLE patients. Mounting evi-
dence showed that this circuit may be involved in higher-order
cognitive function (Herting et al. 2011) especially for working
memory processing (Bellebaum and Daum 2007). Therefore,
our result of decreased RSFC in SFC.L-CRBL 6.L indicated
the disrupted fronto-cerebellar circuit which may associate
with working memory deficits in SLE patients without
neurophychiatric symptoms. In non-NPSLE patients, we
found that the thinner cortical thickness in SFC.L, the lower
LING.L-CRBL 6.L intrinsic functional connectivity. This re-
sult indicated that the abnormal fronto-cerebellar circuit may
be modulated by the decreased cortical thickness in in non-

NPSLE patients. Because SFC and CRBL are highly connect-
ed (Herting et al. 2011), this finding may suggest a specific
link between cortical thinning in SFC.L and impaired fronto-
cerebellar circuit in non-NPSLE patients.

Limitations

This study has several limitations. A potential limitation of
this study was that the non-NPSLE patients in this study still
took medicine before MRI scans, which may bias the detected
cortical thickness or RSFC in the patients. Previous studies
found that medication use may affect fMRI signals (Mak et al.
2012) and brain structure changes (Navari and Dazzan 2009).
Therefore, follow-up analysis should be performed to deter-
mine whether the differences in cortical thickness and RSFC
could be due to medication use by separating the SLE patients
with and without medicine use in the future. Another limita-
tion was that we cannot make a prediction of which non-
NPSLE patients or when non-NPSLE patients evolve into
NPSLE patients because this is a cross section study instead
of longitudinal study. We also cannot infer if the abnormal
structure and disrupted connectivity are resulted from the
non-NPSLE or non-NPSLE caused these abnormalities.
Further longitudinal studies are necessary to clarify these con-
cerns. In addition, we did not perform specific behavioral or
cognitive tests which was a major drawback of this study. In
the future, we will record the behavioral scores and include
task-fMRI into our design, including the goal-directed task
(Mak et al. 2012) and Wisconsin Card Sorting Test (WCST),
to further detect the link of structural or functional differences
with behavioral deficits in non-NPSLE patients.

In conclusion, using a multi-modal imaging approach, we
detected uniformly decreased cortical thickness in FUS.L,
LING.L, SFC.L and LING.R in non-NPSLE patients. The
RSFC results showed abnormal cortical thickness in LING.L
is associated with increased RSFC in the PCC.L, and cortical
thinning in SFC.L associated with decreased RSFC in SFC.R
and CRBL 6.L in non-NPSLE patients. Our findings suggest
that the cortical abnormalities may affect brain intrinsic con-
nectivity in non-NPSLE before evolution to NPSLE. And the
findings may provide a better understanding of the basis of
brain structure and function in non-NPSLE patients and offer
our understanding to the pathogenic mechanisms of NPSLE.
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