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Purpose of review

Neuropsychiatric lupus (NPSLE) comprises a disparate collection of syndromes affecting the central and
peripheral nervous systems. Progress in the attribution of neuropsychiatric syndromes to SLE-related
mechanisms and development of targeted treatment strategies has been impeded by a lack of objective
imaging biomarkers that reflect specific neuropsychiatric syndromes and/or pathologic mechanisms. The
present review addresses recent publications of neuroimaging techniques in NPSLE.

Recent findings

Imaging studies grouping all NPSLE syndromes together are unable to differentiate between NPSLE and
non-NPSLE. In contrast, diffusion tensor imaging, FDG-PET, resting, and functional MRI techniques in
patients with stable non-NPSLE demonstrate abnormal network structural and functional connectivity and
regional brain activity in multiple cortical areas involving the limbic system, hippocampus, frontal, parietal,
and temporal lobes. Some of these changes associate with impaired cognitive performance or mood
disturbance, autoantibodies or inflammatory proteins. Longitudinal data suggest progression over time.
DCE-MRI demonstrates increased Blood–brain barrier permeability.

Summary

Study design issues related to patient selection (non-NPSLE vs. NPSLE syndromes, SLE disease activity,
medications) are critical for biomarker development. Regional and network structural and functional
changes identified with advanced brain imaging techniques in patients with non-NPSLE may be further
developed as biomarkers for cognitive and mood disorders attributable to SLE-related mechanisms.
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INTRODUCTION

Neuropsychiatric systemic lupus erythematosus
(SLE; NPSLE) is a general descriptor referring to the
psychiatric and neurologic manifestations of SLE
present in 15–75% of lupus patients [1,2]. The scope
of NPSLE encompasses at least 19 clinical neuropsy-
chiatric syndromes defined by the American College
of Rheumatology (ACR) [3], affecting the central
nervous systems (CNS) and peripheral nervous sys-
tems (PNS; Table 1). Central diffuse neuropsychiatric
manifestations of cognitive dysfunction and mood
disorder were recently cited among the top symp-
toms negatively affecting quality of life (Lupus:
Patient Voices 2018) and in some cases NPSLE out-
comes are severe, even fatal [4]. The most challenging
clinical issue related to NPSLE is attribution of clinical
neuropsychiatric syndromes to SLE-related mecha-
nisms and not separate comorbid disorders or medi-
cation effects. Attribution is critical as treatment
strategies reflect attribution. Different attribution
uthor(s). Published by Wolters Kluwe
models have been developed [5], however, our ability
to correctly ascribe neuropsychiatric events to SLE-
related mechanisms remains compromised by a lack
of objective and specific biomarkers, reflecting in part
our insufficient understanding of pathophysiologic
r Health, Inc. www.co-neurology.com
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KEY POINTS

� NPSLE is a descriptor for 19 separate neuropsychiatric
syndromes identified in SLE and each of the
neuropsychiatric syndromes likely has one or more
underlying SLE-related pathologic mechanisms.

� Attribution of clinical neuropsychiatric syndromes to
SLE-related mechanisms is a major clinical challenge.

� Advanced neuroimaging techniques may provide
objective biomarkers for different neuropsychiatric
syndromes that can be used for attribution to SLE-
related mechanisms and for response to
targeted therapy.

� Imaging studies that group all NPSLE syndromes
together provide limited ability to develop biomarkers
for individual neuropsychiatric syndromes or to evaluate
underlying mechanisms.

� Development of neuroimaging biomarkers relies on
study design issues related to potential confounding
variables such as medication use, SLE disease activity,
history of CNS disease, and comorbid illness.

CNS inflammatory disorders outside multiple sclerosis
mechanisms responsible for these syndromes. Diag-
nosis and attribution of central focal manifestations
(Table 1), which frequently arise from ischemic
events reflecting vasculopathy or thrombosis related
to clotting antibodies or atherosclerotic disease,
is generally straightforward using structural MRI.
In contrast, proposed pathologic mechanisms for
central diffuse NPSLE syndromes; vasculitis, vascul-
opathy, immune complexes, brain-reactive autoanti-
bodies, microglial cell activation, cytokine-induced,
and/or cell-mediated inflammation and thrombosis
(reviewed in [6]) can lead to perfusion abnormalities,
neuronal dysfunction, axonal damage and micro-
structural damage that are not detectable on conven-
tional MRI. This review will focus on recent studies
using brain imaging techniques to evaluate NPSLE
Table 1. ACR classification of neuropsychiatric manifestations of

Central nervous system

Diffuse manifestations Focal manifestations

Mood disorder Cerebrovascular disease

Cognitive dysfunction Seizures

Anxiety disorder Aseptic meningitis

Psychosis Movement disorder

Acute confusional state Myelopathy

Headache Demyelinating syndrome
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manifestations and underlying pathophysiologic
mechanisms.
Neuroanatomical imaging: MRI
Structural and volumetric MRI

Common findings on conventional brain MRI in
SLE include white matter hyperintense lesions
(WMHs) and brain atrophy but these are not specific
for NPSLE [7,8]. As previously reported [9,10],
increased frequency or volume of WMHs in com-
bined groups of patients with non-NPSLE and NPSLE
compared to healthy controls has been recently
reported in three studies [11,12

&

,13
&

]. None detected
differences in WMHs between the non-NPSLE and
NPSLE subgroups, despite use of the more stringent
Systemic Lupus International Collaborating Clinics
(SLICC) attribution model for NPSLE [14] compared
to the ACR model [3] by Cannerfelt et al. [11].
Number of WMHs did not correlate with cognitive
test scores or other clinical parameters [11,12

&

,13
&

]
and smaller hippocampal volumes in the NPSLE
subgroup reported by Cannerfelt et al. [11] also
did not correlate with neuropsychiatric test scores.
Moreover, in a longitudinal study of 15 patients
with non-NPSLE, 38% demonstrated WMHs on
conventional MRI that either stayed the same or
resolved over time [15]. White matter lesion vol-
umes did correlate with impaired memory testing in
a combined NPSLE/non-NPSLE group [11], suggest-
ing perhaps that evaluation of associations between
WMHs and an individual neuropsychiatric syn-
drome, cognitive dysfunction, may be more infor-
mative than associations with the diverse collection
of NPSLE syndromes. Magro-Checa et al. [16]
employed a more mechanistic approach seeking
to identify associations between serum autoantibod-
ies and structural lesions including WMHs, ischemic
lesions, inflammatory-like lesions and cerebral atro-
phy in a cohort of 325 patients with active NPSLE. Of
SLE

Peripheral nervous system

Cranial neuropathy

Autonomic neuropathy

Mononeuropathy

Polyneuropathy

Myasthenia gravis

Acute inflammatory Demyelinating
Polyradiculopathy (Guillain–Barre syndrome)

Plexopathy
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these, 24% were attributed to inflammatory NPSLE
mechanisms, 13.2% to ischemic NPSLE events, and
62.8% to non-NSPLE events. Although none of the
autoantibodies were associated with inflammatory-
type lesions or WMHs, the lupus anticoagulant was
significantly associated with ischemic lesions and
cerebral atrophy, consistent with previous reports
[10,17–19]. Thus, although MRI remains the neuro-
imaging technique of choice in clinical practice,
structural MRI lesions do not reliably distinguish
NPSLE from non-NPSLE, regardless of the attribu-
tion model used.

Diffusion tensor MRI

Diffusion tensor MRI (DTI) provides assessments of
white matter microstructural changes using mea-
sures of fractional anisotropy in normal appearing
areas on conventional MRI. Mackay et al. studied 37
stable, patients with non-NPSLE and 25 healthy
controls and identified regions with significantly
reduced fractional anisotropy in SLE in the parietal,
occipital, and frontal lobes, cingulum, hippocam-
pus, uncinate fasciculus and corpus callosum [20

&

].
The visualized and reconstructed tracts from these
seed regions revealed significant underlying fiber
pathway abnormalities as shown in Fig. 1. Decreased
parahippocampal fractional anisotropy correlated
with increased serum levels of a neurotoxic autoan-
tibody (anti-N-methyl D-aspartate receptor anti-
body, anti-NMDAR ab) and poor performance on
a spatial memory task; suggesting a potential imag-
ing biomarker for autoantibody-mediated damage
with cognitive consequences.
FIGURE 1. White matter pathways associated with the abnorma
superior longitudinal fasciculus (temporal part; SLF; noted as 1), u
part) and inferior longitudinal fasciculus (ILF; noted as 3), inferior
splenium of the corpus callosum (CC; noted as 5) pathways recon
Fewer tracts were visualized in the SLE group relative to the contr
(hippocampus part; �82%), ILF (–99.5%), IFOF (–100%), and sp

1350-7540 Copyright � 2020 The Author(s). Published by Wolters Kluwe
Similarly, decreased fractional anisotropy values
in the parietal and frontal lobes, uncinate fasciculus,
the inferior frontal occipital fasciculus (IFOF), ante-
rior thalamic radiation and corpus callosum were
also reported in 67 SLE patients (20 with memory
deficits and 47 without) relative to 22 healthy con-
trols by Corrêa et al. [21]. No microstructural differ-
ences were found between the SLE patients grouped
by memory deficits. Kozora et al. reported decreased
FA in the parahippocampal gyrus, thalamus, precen-
tral gyrus, postcentral gyrus, angular gyrus, parietal
lobe, and cerebellum over a period of 18 months in
15 patients with non-NPSLE with stable disease
activity and medications [15]. This is the first pub-
lished longitudinal study of DTI in SLE and impor-
tantly it demonstrates microstructural brain
changes in patients with non-NPSLE in the absence
of changes in cognitive testing.

Wiseman et al. applied graph theoretical analy-
sis to DTI to investigate relationships between brain
network structural connectivity metrics, cognitive
ability and systemic organ damage in 47 SLE
patients with variable disease activity including 3
patients with active NPSLE and stroke [22]. Cogni-
tive abilities associated positively with network con-
nectivity measures of density and strength and with
greater nodal strength in multiple cortical regions
including the frontal lobe, putamen, caudate and
pallidum. Conversely, systemic damage was associ-
ated with reduced network connectivity measures of
strength, global efficiency and clustering coefficient
and with decreased nodal strength in the frontal,
temporal, occipital and parietal lobes and caudate.
l SLE-related regions visualized with group tractography. The
ncinate fasciculus (UF; noted as 2), cingulum (hippocampus
frontal occipital fasciculus (IFOF; noted as 4), and the
structed in the healthy control (left) and SLE (right) groups.
ols in the SLF (temporal part; �74%), UF (�86%), cingulum
lenium CC (�48%) [20&].
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CNS inflammatory disorders outside multiple sclerosis
These data suggest that patterns of structural brain
network connections and node properties might be
useful for monitoring cognitive function. Preziosa
et al. also used DTI graph theoretical analysis in 32
SLE patients, including 12 with NPSLE, compared
to 32 healthy controls [13

&

]. Structural global net-
work metrics; strength, transitivity, and efficiency
were lower and path length were higher in SLE
compared to healthy controls , especially in
patients with elevated serum anti-dsDNA autoanti-
bodies. Structural hubs (nodes with above average
numbers of connections) were the same in SLE and
healthy controls but hub metrics (strength, cluster-
ing coefficient) were significantly abnormal in SLE
patients. Abnormal structural network and node
properties were not associated with NPSLE. Neither
paper reported correlations between SLE disease
activity and structural network or node metrics, sug-
gesting that DTI findings are unrelated to peripheral
inflammation and perhaps more reflective of chronic
damage.

Blood brain barrier (BBB) imaging with
dynamic contrast enhanced MRI (DCE-MRI)

Reports of increased albumin, immunoglobulin and
neurotoxic autoantibody levels in the CSF provide
indirect evidence of a compromised BBB in acute
central NPSLE [23–27]. Chi et al. are the first to
evaluate BBB permeability (BBBP) in SLE using
DCE-MRI in a small cohort of 6 patients with
non-NPSLE and 5 healthy controls [28

&

]. They
reported abnormal BBBP parameters in SLE indicat-
ing increased flow from the intravascular to the
extravascular/extracellular space (Ktrans) coupled
with accumulation of fluid in the extra-cellular,
extravascular space (Ve). Significant positive corre-
lations between Ktrans and Ve and cerebral blood flow
(CBF) suggested abnormally increased leakage across
the BBB as CBF is increased. Comparison of mean
DCE curves, representing regional signal intensity
over time, also demonstrated significantly increased
hippocampal BBBP in SLE patients, a region known
to modulate cognition and that is targeted by a
neurotoxic autoantibody identified in SLE [29].

Cerebral perfusion

While brain histopathological studies reveal evidence
of extensive vasculopathy in SLE [30,31], measures of
regional CBF and perfusion have previously failed to
distinguish non-NPSLE and NPSLE [32–36]. Papadaki
et al. measured CBF using dynamic susceptibility
contrast MRI (DSC-MRI) in 31 NPSLE, 19 non-NPSLE
and 23 healthy controls in brain regions governing
emotional response. Within the NPSLE group, a spe-
cific hypoperfusion pattern was identified in the
frontostriatal and limbic structures (hippocampus,
356 www.co-neurology.com
cingulate) that correlated specifically with anxiety
and was unrelated to non-CNS disease activity, age
or depression [37].

Jia et al. used 3D arterial spin labeling MRI (ASL-
MRI), a contrast-free perfusion imaging technique,
to evaluate CBF in 16 NPSLE, 19 non-NPSLE and 30
healthy controls and reported asymmetric reduced
perfusion in the frontal, temporal, parietal and
occipital lobes in the combined SLE group compared
to healthy controls that was verified in the quanti-
tative CBF analyses [38]. Although 100% of those
with reduced frontal lobe perfusion had acute
NPSLE, approximately 40% of the hypoperfusion
in the other regions was seen in the patients with
non-NPSLE, suggesting a subclinical process in
patients with no overt NPSLE manifestations. Diffi-
culties distinguishing CBF in NPSLE from non-
NPSLE may be related to the diversity of neuropsy-
chiatric syndromes included; in this case, peripheral
neuropathy, headache, stroke and raised intracra-
nial pressure.

Zhuo et al. [39] used voxel based analysis of ASL-
MRI to evaluate CBF in 24 non-NPSLE, 31 NPSLE and
32 healthy controls. Compared to healthy controls,
white matter CBF was increased in both SLE groups
whereas gray matter CBF was decreased in NPSLE.
Compared to non-NPSLE, NPSLE CBF was signifi-
cantly reduced in the frontal lobe, cerebellum and
corpus callosum. Support vector machine modeling
(SVM) modeling found that reduced CBF in the
corpus callosum distinguished NPSLE with an accu-
racy of 83.6% and specificity of 87.5%. The authors
suggest that increased regional CBF may be an initial
compensatory response that diminishes in NPSLE
and that the different perfusion patterns, particu-
larly in the frontal lobe, cerebellum and corpus
callosum, can be used to distinguish NPSLE.

The current studies suggest, perhaps, a threshold
effect of vascular disease that occurs in virtually all
SLE patients and support clinical interventions to
preserve vascular function in order to avoid CNS
effects. However, as all NPSLE were grouped
together and no studies reported effects of parame-
ters that impact CBF such as medications, arterial
blood pressure, intracranial pressure, hematocrit,
carotid atherosclerotic disease and autoregulatory
mechanisms [37–39], these studies provide little
insight into the role of CBF in individual neuropsy-
chiatric syndromes.
Functional imaging: PET and functional MRI
Fluorine-18 fluorodeoxyglucose-PET

FDG-PET provides an objective tool for assessments
of regional brain metabolism and evaluation of
Volume 33 � Number 3 � June 2020
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correlations with clinical parameters. In contrast to
prior studies that employed a prespecified, regions-
of-interest (ROIs) method to investigate patients
with non-NPSLE and NPSLE and reported decreased
metabolism in the frontal, temporal, parietal, and
occipital regions [40–44], Mackay et al. [29]
recruited patients with stable non-NPSLE and
used an unbiased, voxel-wise search of the whole
brain to investigate a mechanism for autoantibody-
mediated cognitive dysfunction. They report
abnormal resting hypermetabolism in the hippo-
campus, orbitofrontal cortex and posterior puta-
men/Globus Pallidus (GP)/thalamus of patients
with non-NPSLE relative to healthy controls [45],
validating similar results from a previous cohort
[46]. Analysis of the larger, combined non-NPSLE
cohort additionally revealed hypermetabolism in
the sensorimotor cortex, occipital lobe, and tem-
poral lobe [45]. Interregional correlation analysis
among these hypermetabolic regions, which also
correlated with poor performance on a working
memory test, revealed a striking change from the
‘hippocampal-putamen/GP/thalamic-temporal
lobe’ pattern in healthy controls, to a disease pat-
tern of ‘hippocampal-putamen/GP/thalamic-sen-
sorimotor cortex’ in non-NPSLE. Longitudinal
data showed persistent regional hypermetabolism
in patients with SLE over time [45]. Concurrent DTI
imaging in this same cohort (see DTI section) dem-
onstrated areas of reduced microstructural integ-
rity adjacent to the hypermetabolic regions,
suggesting that cognitive dysfunction in SLE is
characterized by a diffuse, subclinical process
resulting in reproducible, resting regional gray
matter hypermetabolism and disruption of normal
resting metabolic patterns that associate with poor
performance on cognitive testing and clusters of
decreased microstructural integrity connected by
diminished white matter tracts.

Ploran et al. [47
&

] used resting FDG-PET to
explore changes in regional metabolism associated
with performance on a spatial navigation task
(SNT) and the neurotoxic anti-NMDAR ab in 19
patients with non-NPSLE. Significantly fewer
patients with non-NPSLE with high serum anti-
NMDAR antibody titers were able to complete
the SNT compared to healthy controls. Patients
with non-NPSLE who successfully completed the
SNT exhibited higher metabolism in the caudate/
anterior putamen and the prefrontal/frontal corti-
cal areas than those unable to complete the task.
This network is different from the abnormal ‘hip-
pocampal-posterior putamen/GP/thalamic-senso-
rimotor cortex’ functional pathway, which does
not differentiate patients based on SNT perfor-
mance [20

&

]. These suggest that the anterior and
1350-7540 Copyright � 2020 The Author(s). Published by Wolters Kluwe
posterior portions of the putamen are associated
with distinct cognitive abilities in SLE; the anterior
putamen is part of the hyperactive SNT-related
neuronal loop recruited to successfully complete
the SNT [47

&

], whereas the posterior putamen is
part of the hypermetabolic SLE-associated pathway
that is correlated with poor performance on a non-
spatial, working memory task [45,46]. These two
studies suggest that regional resting metabolism
may potentially be used as neuroimaging markers
for objective assessments of cognitive dysfunction
and treatment responses in clinical trials.

Functional MRI

Resting state functional MRI

Resting state functional MRI (Rs-fMRI) is used to
assess regional brain activity and resting state net-
works. Importantly, it avoids performance con-
founds inherent in task-fMRI studies. Measures of
resting brain activity include regional homogeneity
(ReHo) and regional changes in the amplitude of
low-frequency fluctuations (ALFF) in blood-oxygen-
level dependent (BOLD) signal. Resting networks are
assessed with resting state functional connectivity
(rsFC) measures. In a large cohort of 114 patients
with non-NPSLE compared to 75 healthy controls,
Liu et al. [48

&

] report significantly increased resting
ReHo values in the limbic lobe (parahippocampal
gyrus and uncus) and decreased values in the fusi-
form gyrus and left thalamus. Anxiety and depres-
sion scores correlated inversely with ReHo values in
the paracentral lobule, postcentral gyrus, precu-
neus, cuneus, fusiform, and superior temporal
gyrus; regions associated with motor and sensory
function, memory, visuospatial processing, hearing,
and language comprehension and facial recogni-
tion. Additionally, disease activity correlated posi-
tively with ReHo values in the cerebellum and
negatively with ReHo values in the frontal gyrus.
Similarly, in two separate cohorts of patients with
non-NPSLE compared to healthy controls, increased
ALFF was reported in the inferior temporal gyrus,
putamen, cuneus, and right calcarine fissure sur-
rounding cortex and decreased ALFF was reported
in the precentral gyrus, postcentral gyrus, and pre-
cuneus [49,50].

Niu et al. [51] employed a ROI-based approach
using abnormal cortical thickness regions as seeds to
detect disrupted brain rsFC in 33 patients with non-
NPSLE and 32 healthy controls. Cortical thickness
was reduced in the fusiform gyrus and lingual gyrus
(areas involved in emotional face processing, visual
object recognition and attention) and the superior
frontal cortex (SFC) (involved in cognition and
executive function). Reduced thickness in the
r Health, Inc. www.co-neurology.com 357



CNS inflammatory disorders outside multiple sclerosis
lingual gyrus associated with increased rsFC
between it and the posterior cingulate cortex, a
hub region of the Default Modal Network (DMN).
Reduced thickness in the SFC associated with
reduced frontal cortex between it and the cerebel-
lum. A similar ROI-based approach in 36 patients
with non-NPSLE and 30 healthy controls using
abnormal ALFF-based regions as seeds [50] also dem-
onstrated increased rsFC between the precuneus and
occipital gyrus plus frontal gyrus, and between the
cuneus and precuneus plus posterior cingulate
gyrus. Both studies show abnormalities in the
DMN and suggest that cortical structural abnormal-
ities in SLE may disrupt normal resting functional
connectivity in the brain.

RsFC in the DMN, the Central Executive Net-
work, and between these two networks correlated
inversely with cognitive performance in multiple
domains in 61 SLE (25 non-NPSLE, 36 NPSLE) com-
pared to 20 healthy controls [12

&

]. These changes
were present in both SLE subgroups, although the
NPSLE group tended to display higher rsFC than
non-NPSLE on the network correlating with the
cognitive test of interest, suggesting that abnormal
rsFC may represent suboptimal compensatory
mechanisms present in all SLE.

Cao et al. [52
&

] used rs-fMRI and graph theory
approach to evaluate topological characteristics of
functional networks and correlations with clinical
parameters in 41 SLE and 35 healthy control.
Patients with SLE demonstrated significantly
reduced nodal efficiency in the insula (pain matrix),
putamen (dorsal striatum, learning), and transverse
temporal gyrus and decreased numbers of nodal
connections (degree centrality) in the amygdala
and transverse temporal gyrus. They also showed
decreased network frontal cortex between the trans-
verse temporal gyrus and vermis and between the
putamen and cerebellum that correlated positively
with cognitive ability. Both nodal efficiency and
degree centrality in the transverse temporal gyrus
correlated positively with disease duration.

Task-based functional MRI

Previous task-fMRI studies in SLE, recording BOLD
signals as a measure of neuronal metabolism during
task performance, have suggested activation of com-
pensatory mechanisms to complete tasks [53]. A
task-fMRI study with the computer-based Iowa gam-
bling task (IGT), a decision making task [54

&

], dem-
onstrated impaired decision making abilities in 16
patients with non-NPSLE compared to 16 healthy
controls that associated with lower activation in the
anterior and posterior cingulate (limbic system),
the orbitofrontal cortex, ventromedial prefrontal
cortex (vmPFC), and occipital cortex, and increased
358 www.co-neurology.com
activation in the dorsolateral prefrontal cortex,
insula and striatum (associated with memory, emo-
tion, and behavior). Another task-based fMRI study
revealed a reduced ability to suppress the transverse
and superior temporal gyrus (regions in the DMN, a
network that normally is suppressed during goal-
oriented tasks) and increased attenuation of the
lingual gyrus and caudate during a working memory
task of sustained attention (N-back task) in 23
patients with non-NPSLE and 29 healthy control
[55

&&

]. Higher peripheral organ damage and vascular
cell adhesion molecule-1 (VCAM-1) levels were asso-
ciated with diminished attenuation of the DMN and
lower BOLD signal in the caudate. Increased inter-
leukin 6 (IL-6) was also associated with lower BOLD
signal in the caudate.
CONCLUSION

Challenging clinical dilemmas in the central, diffuse
manifestations of NPSLE relate to attribution and
treatment and these are highly dependent on the
development of unbiased imaging biomarkers for
specific neuropsychiatric syndromes and pathologic
mechanisms. Basic science research in the last
20 years has yielded multiple proposed pathogenic
mechanisms resulting in CNS dysfunction and struc-
tural damage [6,56], many of which may be blocked
with novel therapeutics or other methods. In this
review we have highlighted neuroimaging techni-
ques, combined with appropriate methodology, that
are demonstrating promising results in some of the
central neuropsychiatric manifestations.

Conventional MRI, as reported previously
(reviewed in [8]) and supported by recent studies
reviewed here [11,12

&

,13
&

,15] does not reliably dis-
tinguish between non-NPSLE and NPSLE much less
between different neuropsychiatric syndromes and
the WMHs remain nondiagnostic. It therefore
remains most useful for diagnosis of structural focal
lesions.

Given the immense heterogeneity of NPSLE,
studies using imaging techniques to identify bio-
markers and/or investigate pathologic mechanisms
of individual neuropsychiatric syndromes are more
likely to be informative than those that combine
multiple NPSLE syndromes with disparate patho-
physiologic mechanisms. Several of the recent
papers assessing structural MRI, perfusion imaging,
rs-fMRI, and DTI have included patients with NPSLE
as a comparator group [11,12

&

,13
&

,16,37–39]. Inter-
pretation of their results is limited by the inclusion
of such disparate neuropsychiatric syndromes as
mood and cognitive disorders, headache, psychosis,
cranial neuropathy, and peripheral neuropathy [37]
as each of these likely has a different underlying
Volume 33 � Number 3 � June 2020
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mechanism and the goal is to associate imaging
results with specific syndromes and mechanisms.

In contrast, studies focused on assessments of
patients with non-NPSLE with stable disease activity
and medication use and no history of CNS events
ensure fewer potentially confounding variables,
thus allowing assessments of imaging biomarkers
for subclinical cognitive dysfunction and pathologic
mechanisms. Recent studies using DTI, FDG-PET,
and rs-fMRI all recruited this patient population to
assess regional changes in microstructural integrity,
metabolism, brain activity, and network rsFC
[15,20

&

,21,47
&

,48
&

,49–51]. Collectively, they dem-
onstrate significant resting changes in similar brain
regions (the hippocampus/parahippocampus, fron-
tal, parietal and temporal lobes, putamen, thalamus,
and cingulate gyrus are identified repeatedly in
the included studies) and in network connectivity,
suggesting ongoing inflammatory or neurotoxic
mechanisms unrelated to acute or chronic NPSLE
syndromes, age, comorbid disease, or disease activ-
ity or duration. Some of these regional or network
frontal cortex changes were associated with
impaired performance on specific cognitive tasks
[12

&

,20
&

,22,47
&

,52
&

,54
&

,55
&&

] or mood disorders
[37,48

&

], suggesting a possible use as markers of
progressive cognitive or behavioral decline. Addi-
tionally, associations identified between regional
metabolic and structural alterations with a neuro-
toxic antibody [20

&

,47
&

], between altered frontal
cortex in the DMN and VCAM-1 levels and between
caudate activation and IL-6 levels [55

&&

] demon-
strate the potential of these neuroimaging techni-
ques for eliciting pathogenic mechanisms.
Importantly, these studies indicate that subclinical
changes, possibly augmented by a leaky BBB [28

&

],
are occurring in SLE that associate with impaired
cognitive abilities and one longitudinal study dem-
onstrates further decline in microstructural integ-
rity over time [15].

In summary, advanced imaging techniques are
identifying changes in regional brain microstruc-
ture (DTI-MRI) and function (FDG-PET, rs-fMRI),
resting state network and node functional connec-
tivity (rs-fMRI) and neuronal activity associated
with task performance (task-fMRI) in SLE. The
evolving challenge is to design studies that use
these techniques effectively to develop objective
biomarkers for the diagnosis and attribution of
specific neuropsychiatric syndromes and response
to targeted therapy. Design considerations of par-
ticular importance in SLE include variables with
potential to impact brain function such as; history
of CNS disease, SLE disease activity, comorbid dis-
ease, and medications. Use of multiple imaging
techniques to simultaneously ascertain structure
1350-7540 Copyright � 2020 The Author(s). Published by Wolters Kluwe
and function as they relate to clinical parameters
provides valuable information, however, longitu-
dinal studies are necessary to determine prognostic
value of abnormalities and associations with spe-
cific neuropsychiatric manifestations or biologic
markers. Cognitive dysfunction and mood disor-
ders are common in SLE and imaging suggests that
changes associated with these neuropsychiatric
syndromes are occurring sub-clinically and have
potential for use as biomarkers. In contrast, imag-
ing has not yet provided significant insight into
other diffuse NPSLE syndromes, because of the
rarity of individual syndromes and logistics of
studying patients during acute illness.
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