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ABSTRACT

BACKGROUND AND PURPOSE: Patients with neuropsychiatric systemic lupus erythematosus have worse outcomes compared with
those with systemic lupus erythematosus. A better understanding of the mechanisms of neuropsychiatric systemic lupus erythematosus
could potentially improve diagnosis and management. The goal of this study was to investigate the differences in the structural brain
network of patients with neuropsychiatric systemic lupus erythematosus compared with patients with systemic lupus erythematosus by
using brain connectivity analysis.

MATERIALS AND METHODS: We recruited 20 subjects for each patient cohort and age-matched healthy controls. The topology and
efficiency of the network and the characteristics of various brain hubs were investigated by using brain connectivity analysis of diffusion
MR imaging data.

RESULTS: There were more extensive reorganizations in the structural brain network of patients with neuropsychiatric systemic lupus
erythematosus than in patients with systemic lupus erythematosus. For example, the network of the former had significantly decreased
clustering coefficient and local efficiency. They also had significantly lower nodal efficiency in the superior temporal gyrus (P � .046) and
middle temporal gyrus (P � .041).

CONCLUSIONS: Our results hint at a plausible relationship between the neuropsychiatric symptoms and reorganization of the structural
brain network of patients with systemic lupus erythematosus. Brain connectivity analysis may be a potential tool to subtype these patients.

ABBREVIATIONS: NPSLE � neuropsychiatric systemic lupus erythematosus; SLE � systemic lupus erythematosus

Patients with systemic lupus erythematosus (SLE) with neuro-

psychiatric manifestations, known as neuropsychiatric SLE

(NPSLE), have significantly worse outcomes than those without

these manifestations.1 The anti-dsDNA antibody is a hallmark

serologic biomarker for the definitive diagnosis of SLE. The diag-

nosis of NPSLE is, on the contrary, challenging and depends

largely on the clinical assessment and the appropriate selection of

diagnostic investigations.2 Gross radiologic abnormalities on

conventional MR imaging are either not often found3 or are not

related to neuropsychiatric sequelae.4 Nonetheless, recent studies

by using diffusion tensor imaging have demonstrated differences

in the microstructures of the white matter of patients with NPSLE

compared with those with SLE.5,6 That the global disease burdens

of NPSLE are not well explained by focal brain abnormalities and

that brain microstructural alterations may be at play suggest that

changes in the architecture of brain wiring, known as the brain

network,7 may likely underpin the neuropsychiatric deficits.8

To better understand and comprehensively characterize a

brain network, brain connectivity analysis has been devised.9

With such analysis, it has been found that the topology of the

normal human brain closely resembles that of a “small-world”

network, one that is critical for normal brain functions, and opti-

mizes the cost of information processing in the brain.7 Apart from

network topology, the relationship between individual brain re-

gions and the rest of the network can also be investigated by using

brain connectivity analysis. For instance, the hubs of a brain net-

work, the regions that have the largest number of connections

with the rest of the brain, can be identified.10 The vital roles of
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these hubs have been supported by studies that have demon-

strated associations between the change in the properties of brain

hubs and behavioral and cognitive deficits for various neuropsy-

chiatric diseases and disorders.11,12

Considering that the diagnosis of NPSLE is far from definitive,

it is imperative that a reliable neuroimaging method for subtyping

patients with SLE be made available. We hypothesized that brain

connectivity analysis could potentially fill this void. The goal of

this study was to investigate the differences in the structural brain

networks of patients with NPSLE compared with those with SLE.

MATERIALS AND METHODS
Participants
This retrospective study was approved by the Institutional Review

Board of the University of Hong Kong and informed consent was

obtained. The inclusion criteria were the following: patients with

FIG 1. A flowchart of the postprocessing required for brain connectivity analysis. For each subject, T1-weighted anatomic images (A) were
registered to non-diffusion-weighted images and subsequently to the International Consortium for Brain Mapping 152 template. The resulting
transformation matrix was then used to bring various brain regions or ROIs (B and C) from the Automated Anatomical Labeling atlas into the
native anatomic image space. Diffusion tensor was obtained from diffusion-weighted images (D); and its associated diffusion metrics, such as
color-coded fractional anisotropy maps (red, left to right; green, anterior to posterior; blue, inferior to superior), were subsequently obtained
for constructing the whole-brain white matter tractogram (F). After we combined the tractogram (F) and ROIs (C), the connectivity matrix (G),
which records the connections among all ROIs, was obtained for subsequent group analysis.
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SLE who satisfied the revised American College of Rheumatology

classification criteria13; and patients with NPSLE who fulfilled the

case definition of the American College of Rheumatology for neu-

ropsychiatric lupus,14 with �1 of the following features: serologic

activities, abnormal CSF findings with the exclusion of infection,

and abnormal white matter lesions on MR imaging of the brain.

Subjects who had obvious dementia and a recent operation were

excluded. Patients with SLE and NPSLE were matched by age, sex,

and disease duration. Twenty female patients with chronic NPSLE

and 20 female patients with SLE were referred from the Rheuma-

tology Clinic of University Hospital, while 20 age-matched

healthy female controls without any neurologic or psychological

conditions or physical disabilities were recruited.

Image Acquisition
All scans were performed on a 3T MR imaging scanner (Achieva;

Philips Healthcare, Best, the Netherlands) with an 8-channel sen-

sitivity encoding head coil for reception. Diffusion MR imaging

with non-diffusion-weighted image (B0) with 4 averaging and

diffusion-weighted images along 15 gradient directions with b-

values of 1000 s/mm2 with 2 averaging were acquired by using a

single-shot echo-planar imaging sequence with the following pa-

rameters: TR/TE � 9150/65 ms, FOV � 225 � 225 mm2, recon-

struction resolution � 2 � 2 mm2, section thickness � 2 mm (no

gap), 70 sections, sensitivity encoding factor � 2, scan time � 9

minutes 39 seconds. For anatomic reference, T1-weighted images

were acquired by using a 3D-MPRAGE sequence with the follow-

ing parameters: TR/TE/TI � 15/3.5/800 ms, reconstruction reso-

lution � 1 � 1 � 1.5 mm3, 100 sections, scan time � 6 minutes 1

second. Axial T2-weighted images with the same geometry as that

of the DTI acquisition were obtained by using a multishot turbo

spin-echo sequence (TR/TE � 3000/80 ms, reconstruction reso-

lution � 0.33 � 0.33 mm2, section thickness � 3 mm, 24 sections,

total scan time � 1 minute 18 seconds).

Image Processing and Structural Brain Network
Construction
The presence of radiologic abnormalities such as lacunar infarct,

chronic infarct, and microbleeds were assessed from T2-weighted

images by an experienced radiologist. Figure 1 summarizes the

postprocessing required for performing brain-connectivity anal-

ysis by using diffusion MR imaging data.

Brain Parcellation. An Automated Anatomical Labeling atlas (http://

www.gin.cnrs.fr/AAL-216) was used to parcellate the brain into 90

cortical and subcortical regions.15 T1-weighted images were first

registered to DTIs by using the FMRIB Linear Image Registration

Tool (FLIRT; http://www.fmrib.ox.ac.uk).16 The native space

structural images were subsequently registered to the Interna-

tional Consortium for Brain Mapping 152 template (http://www.

bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009) by using

the FMRIB Nonlinear Registration Tool (FNIRT; http://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/FNIRT).16 The inverse of the transfor-

mation matrix was subsequently applied to the atlas, thereby

bringing all brain ROIs from the Automated Anatomical Labeling

atlas into each subject’s native structural MR imaging space. Vol-

umetric analysis was subsequently performed by using the UCLA

Multimodal Connectivity Package (http://www.ccn.ucla.edu/

wiki/index.php/UCLA_Multimodal_Connectivity_Package).17

Diffusion MR Imaging Tractography. All DWI was first registered

to B0 images to correct for eddy current distortion and head mo-

tion with the FMRIB Diffusion Toolbox (http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/FDT).18 The diffusion tensor and its associated

eigenvectors and eigenvalues were obtained with the Diffusion

Toolbox.19 To construct the structural connections among 90

brain regions, we performed DTI-based tractography to track

WM fiber tracts by using TrackVis (http://trackvis.org) with a

fractional anisotropy threshold of 0.2 and a fiber turning angle

threshold of 45°.

Brain Network. The connections among all brain regions were

computed from the WM tractogram by using the UCLA Multi-

modal Connectivity Package.17 The structural connection was es-

timated by counting the number of WM fiber tracts that originate

from 1 region and terminate in another. The fiber count was con-

sidered the weight of each edge. After we repeated this step for all

regions, an interregional undirected weighted network with

weighted connections was constructed.

Brain Connectivity Analysis
The individual’s weighted connectivity matrix was normalized

to its largest entry to minimize the overall differences in con-

nectivity strength within each subject. Then for each normal-

ized connectivity matrix, measures of small-world properties

and network efficiency with the characteristics of each node

were computed with the Brain Connectivity Toolbox

(http://www.brain-connectivity-toolbox.net/).20

Small-World Properties. Measures of the small-world network

were first introduced by Watts and Strogatz.21 The clustering

coefficient of a node refers to how the neighboring nodes and

the node itself are connected. The clustering coefficient of the

entire network is the average of that of all nodes in the network.

The characteristic shortest path length of a node refers to the

average shortest travel distance between another node and the

node itself. The characteristic shortest path length of the entire

network is the average of that of all nodes. The clustering co-

efficient and characteristic shortest path length of the network

are often normalized to those of 100 random networks with a

preserved edge number and probability distribution of degree,

respectively, to determine how a network is different from a

small-world network. A network is considered small-world if

the normalized clustering coefficient (�) is much larger than 1

and the normalized characteristic shortest path length (�) is

close to 1.21

Network Efficiencies. The global efficiency of a network is the

average of the inverse of the shortest path length of all node

pairs in the network22 and usually reflects the ability of the

network in parallel information processing. The local effi-

ciency of an entire network is the average of the global effi-

ciency of the community neighboring all nodes in the network

and is often considered an indicator of the fault tolerance of a

network.23
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Nodal Characteristics. The degree of a node is the number of

connections between other nodes and the node and reflects the

interaction between the node and its neighbors. Nodal efficiency

is the average of the inverse of the shortest path length between the

node of interest and all other nodes, and it measures the ability of

a node to transmit information to other nodes in the network. The

betweenness centrality can quantify how central a node is located

within a network and the role it plays in facilitating communica-

tion with other nodes.

Identification of Hubs. Brain regions with a large number of

connections are considered hubs, characterized by their high de-

gree of connectivity to other regions and small characteristic

shortest path lengths. We used betweeness centrality and degree as

the hub score for identifying the hubs of a network. All the mea-

sures were averaged between 2 hemi-

spheres. Regions were ranked by nodal

betweeness centrality and degree. The

top 20% of brain regions were assigned

as network hubs.

Statistical Analysis
To determine the between-group differ-

ence in all the aforementioned network

metrics of all 3 cohorts, we used 1-way

ANOVA with 90 regional brain volumes

and the absence or presence of lacunar

infarcts, chronic infarcts, and microb-

leeds as covariates. Post hoc analyses

were performed with corrections for

multiple comparisons by using Bonfer-

roni correction. A significance level of

P � .05 was set for all statistical tests. The

software package SPSS 22.0 (IBM, Ar-

monk, New York) was used for all the

statistical analyses.

RESULTS
Demographics
One patients with SLE and 1 with

NPSLE were excluded due to imaging

artifacts. There was no significant differ-

ence in age among all cohorts and no

difference in disease duration, total cu-

mulative prednisolone use (from dis-

ease onset until the time of study), and

the prevalence of radiologic abnor-

malities of patients with NPSLE com-

pared with those with SLE. All demo-

graphics, radiologic abnormalities,

prevalence of various neuropsychiat-

ric symptoms, and P values of group

comparisons are shown in Table 1.

Volumetric Analysis
There were widespread decreases in re-

gional brain volumes for patients with

both NPSLE and SLE compared with

controls (Table 2). The differences between patients with NPSLE

and those with SLE were not statistically significant.

Small-Worldness
The structural brain network of all cohorts was consistent with

the small-world network (�/� for NPSLE, 2.91 � 0.26/1.30 �

0.03; SLE, 3.01 � 0.28/1.29 � 0.03; control, 2.97 � 0.38/1.28 �

0.03). Compared with controls, patients with NPSLE had a

significantly decreased clustering coefficient (P � .031) and

increased characteristic shortest path length (P � .001),

whereas patients with SLE had significantly higher character-

istic shortest path length (P � .012). Compared with patients

with SLE, patients with NPSLE had a significantly lower clus-

tering coefficient (P � .034).

Table 1: Demographics
Control NPSLE SLE P Value

Sample size 20 19 19 –
Age (yr) 40.1 � 14.6 44.2 � 13.4 41.9 � 14.1 .822
Disease duration (yr) – 18.0 � 10.1 17.4 � 9.3 .954
Cumulative prednisolone dosage (g) – 53.8 � 39.8 48.9 � 28.9 .317
Radiologic abnormalities (prevalence) (%)

Lacunar infarct – 21 11 .179
Chronic infarct – 16 11 .350
Microbleeds – 11 11 1.000

Neuropsychiatric symptoms (prevalence) (%)
Seizure – 53 – –
Confusion – 21 – –
Stroke – 16 – –
Psychosis – 11 – –
Cognitive impairment – 5 – –

Note:— – indicates not applicable.

Table 2: Volumetric analysis

Brain Regions

P Value

NPSLE vs Controls SLE vs Controls
L. Precentral gyrus .016a .007b

L. Middle frontal gyrus .005b .001b

R. Middle frontal gyrus, orbital part .050a .012a

L. Inferior frontal gyrus, opercular part .001b �.001b

L. Inferior frontal gyrus, triangular part .001b �.001b

L. Calcarine .029a .043a

L. Rolandic operculum .001b .001b

L. Insula .002b .001b

L. Anterior cingulate and paracingulate gyri .002b .001a

R. Anterior cingulate and paracingulate gyri .046a .005b

R. Median cingulate and paracingulate gyri .010a .006b

L. Amygdala .013a .013a

R. Cuneus .038a .031a

L. Postcentral gyrus .004b .044a

R. Lingual gyrus .035a .008b

R. Angular gyrus .023a .020a

R. Superior parietal gyrus .014a .015a

L. Supramarginal gyrus .001b .002b

L. Caudate .002b .006b

R. Caudate .048a .013a

L. Heschl gyrus .002b .001b

L. Superior temporal gyrus .001b .001b

R. Superior occipital gyrus .014a .023a

R. Middle occipital gyrus .006b .015a

R. Inferior occipital gyrus .024a .041a

Note:—L. indicates left; R., right.
a P � .05.
b P � .01.
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Network Efficiency
Compared with controls, only patients

with NPSLE had significantly lower

global efficiency (P � .010) and local ef-

ficiency (P � .035). Compared with pa-

tients with SLE, patients with NPSLE

had significantly lower local efficiency

(P � .049).

Nodal Characteristics
From each cohort, 9 of 45 cortical and

subcortical regions in each hemisphere

were identified as hubs according to the

descending order of hub scores (Table

3). Contrary to the controls, the follow-

ing brain regions were identified as hubs

in the NPSLE cohort: the lingual, supe-

rior temporal, and middle temporal gy-

ri; and in the SLE cohort: the middle

temporal gyrus. The nodal characteris-

tics of the hubs identified from all co-

horts were compared and are shown in

Fig 2. Compared with controls, patients

with SLE (P � .004) and NPSLE (P �

.005) had a significantly decreased nodal

degree in the middle cingulate cortex. The

local clustering coefficients of the superior

frontal cortex (P � .003), hippocampus

(P � .027), caudate (P � .018), and puta-

men (P � .010) and the nodal efficiency of

the superior frontal cortex (P � .048) and

caudate (P� .004) of patients with NPSLE

were also significantly reduced. Compared

with patients with SLE, patients with

NPSLE had significantly lower nodal effi-

ciency in the superior temporal gyrus (P �

.046) and middle temporal gyrus (P �

.041).

DISCUSSION

The coordination and dynamic interac-

tions among different brain regions are

critical to normal cognition and behav-

ior.24 Disruption of this complex brain

network due to neuropsychiatric disor-

ders, such as Alzheimer disease25 or

schizophrenia,26 could lead to cognitive

and behavioral deficits in addition to lo-

cal neurologic sequelae.7

In the current study, we have dem-

onstrated that there are more extensive

local and global alterations in the struc-

tural brain network of patients with

NPSLE compared with those with SLE

and that the findings thereof were inde-

pendent of regional brain volumetric

changes and hence were likely micro-

FIG 2. Boxplots showing the group comparisons (median, 50th percentile values, maximum, and
minimum) for nodal degree, local clustering coefficient, and nodal efficiency of the 9 network
hubs identified from healthy controls and 4 identified from patients with SLE or NPSLE. The nodal
degree of the middle cingulate cortex (P � .005) was decreased for both patients with NPSLE and
those with SLE compared with controls. For patients with NPSLE, the local clustering coefficients
of the superior frontal cortex (P � .003), hippocampus (P � .027), caudate (P � .018), and putamen
(P � .010) were decreased. The nodal efficiency of the superior frontal cortex (P � .048) and
caudate (P � .004) were also decreased. Compared with patients with SLE, patients with NPSLE
had significantly lower nodal efficiency in the superior temporal gyrus (P � .046) and middle
temporal gyrus (P � .041). The asterisk indicates P � .05; dagger, network hubs identified from
patients with SLE or NPSLE.

Table 3: Hubs identified from each cohort
Regions Abbreviation Controls NPSLE SLE

Precuneus PCUN � � �
Insula INS � � �
Putamen PUT � � �
Hippocampus HIP � � �
Caudate nucleus CAU � � �
Superior frontal gyrus, medial SFGmed � � �
Thalamus THA �
Median cingulate and paracingulate gyri DCG �
Pallidum PAL � �
Superior temporal gyrus STG �
Lingual gyrus LING �
Middle temporal gyrus MTG � �
Temporal pole: middle temporal gyrus TPOmid �

Note:—� indicates identified as hub.
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structural in nature. In a similar vein, several studies6,27,28 have

observed a larger extent of focal microstructural alterations in

patients with NPSLE than in those with SLE. For instance, Jung

et al6 demonstrated significant changes in the fractional anisot-

ropy and mean diffusivity of the body of the corpus callosum, left

forceps major, and left anterior corona radiata in patients with

NPSLE, but not in patients with SLE, compared with controls.

Zimny et al28 have shown that the fractional anisotropy of the left

inferior longitudinal and inferior fronto-occipital fasciculi of pa-

tients with NPSLE was lower compared with patients with

SLE.

Together, these findings lead us to believe that there is a likely

association between neuropsychiatric symptoms and the extent of

alterations in the structural brain network of patients with

NPSLE.

Global Network Reorganization
Our results show that the structural brain network of both patient

cohorts was consistent with an intact small-world network, albeit

a decrease in the clustering coefficient of patients with NPSLE and

an increase in the characteristic shortest path length of both pa-

tient cohorts compared with controls. The fact that the structural

brain network of patients with NPSLE had a lower clustering co-

efficient compared with patients with SLE suggests that the bal-

ance between functional segregation and integration for patients

with NPSLE may be compromised.7 Thus, their functional brain

network may have to reconfigure to meet and compensate for the

demand necessary for maintaining the working capacity of the

structural brain network in effortful cognitive tasks.29

From the perspective of network efficiency, only the struc-

tural brain network of patients with NPSLE had lower global

and local efficiencies compared with controls and lower local

efficiency than patients with SLE. A decrease in the global ef-

ficiency of a brain network suggests a loss of long-range con-

nections, likely as a result of compromised cognitive capac-

ity.30 On the other hand, a decrease in the local efficiency

suggests a loss of short-range connections throughout the entire

brain network, likely attributable to changes in the modularized

information-processing ability and fault tolerance in information

transfer of the network.30

Local Network Reorganization
Of the 9 brain regions identified as hubs from controls, the thal-

amus, middle cingulate cortex, and globus pallidus were replaced

by lingual, superior temporal, and middle temporal gyri for pa-
tients with NPSLE (Fig 2). That the former 3 brain regions were
no longer hubs is largely consistent with the behavioral and cog-
nitive deficits that these patients often endure.31-33 On the other
hand, the thalamus and middle cingulate cortex were replaced by
the middle temporal gyrus for patients with SLE. As is evident
from Fig 2, there are more extensive changes in the nodal charac-
teristics of various brain hubs of patients with NPSLE than in
those with SLE compared with controls. These results indicate
that the role of these hubs was weakened,10 likely related to the
cognitive deficits and emotional instability commonly seen in pa-
tients with NPSLE.34

Brain Network Alterations and Neuropsychiatric
Manifestations in SLE
The findings from the current study indicate that there were more

extensive local and global reorganizations in the structural brain

network of patients with NPSLE than in those with SLE and that

these changes are the likely attempts of the network to compen-

sate for the neuropsychiatric symptoms commonly seen in the

patients with NPSLE. Apart from the structural network, reorga-

nization of the functional brain network of these patients has also

been observed in functionally similar brain regions.33,35-38 For

instance, Fitzgibbon et al33 demonstrated that patients with

NPSLE had larger functional MR imaging activations during

working memory tasks compared with controls. Rocca et al36

showed that patients with NPSLE had altered cortical fMRI acti-

vation during simple motor tasks. Mak et al35 have shown that

additional cortical regions were recruited for the executive

function of patients with SLE.35 Differential fMRI activations

for the visuoconstructional ability, working memory, and at-

tention of children with childhood-onset SLE were also ob-

served by DiFrancesco et al.37 These functional network reor-

ganizations further supported the notion of increased

recruitment of extra cortical pathways to compensate for the

cognitive or behavioral deficits of these patients.

CONCLUSIONS
We have demonstrated that there were more extensive local and

global alterations in the structural brain network of patients with

NPSLE than in those with SLE. Brain connectivity analysis may be

a diagnostic tool to subtype these patients, thereby potentially

allowing the appropriate therapeutics to be arranged, especially

when a more aggressive treatment regimen is necessary for those

with NPSLE.
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