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ABSTRACT
Objective  Cognitive impairment is common in patients 
with SLE but the cause is unknown. The current cross-
sectional study examined the association between select 
SLE-related autoantibodies, other serological biomarkers 
and extensive blood–brain barrier (BBB) leakage in 
patients with SLE with and without cognitive impairment. 
In addition, we determined whether the relationship 
between SLE autoantibodies, other biomarkers and 
cognitive impairment differed depending on the presence 
or absence of concurrent extensive BBB leakage.
Methods  Consecutive patients with SLE, recruited from 
a single academic medical centre, underwent formal 
neuropsychological testing for assessment of cognitive 
function. On the same day, BBB permeability was determined 
using dynamic contrast-enhanced MRI scanning. SLE 
autoantibodies and other serological biomarkers were 
measured. Regression modelling was used to determine the 
association between cognitive impairment, extensive BBB 
leakage and autoantibodies/biomarkers.
Results  There were 102 patients with SLE; 90% were 
female and 88% were Caucasian, with a mean±SD age 
of 48.9±13.8 years. The mean±SD SLE disease duration 
was 14.8±11.0 years. Impairment in one or more 
cognitive tests was present in 47 of 101 (47%) patients 
and included deficits in information processing speed 
(9%), attention span (21%), new learning (8%), delayed 
recall (15%) and executive abilities (21%). Extensive BBB 
leakage was present in 20 of 79 (25%) patients and was 
associated with cognitive impairment (15 of 20 (75%) vs 
24 of 59 (41%); p=0.01) and shorter disease duration 
(median (IQR): 7 (8–24 years) vs 15 (2–16 years); p=0.02). 
No serological parameters were associated with extensive 
BBB leakage and there was no statistically significant 
association between cognitive impairment and circulating 
autoantibodies even after adjusting for BBB leakage.
Conclusions  Extensive BBB leakage alone was associated 
with cognitive impairment. These findings suggest that 
BBB leakage is an important contributor to cognitive 
impairment, regardless of circulating SLE-related 
autoantibodies.

Neuropsychiatric (NP) events are frequent 
in patients with SLE and are associated with 
lower self-reported health-related quality of 

life and with increased mortality.1 Cognitive 
impairment is one of the most frequent mani-
festations of neuropsychiatric SLE (NPSLE). 
In a meta-analysis of 2463 patients with SLE, 
the average prevalence of cognitive impair-
ment was 38%. It was 1.8–2.8 times more 
frequent than in patients with rheumatoid 
arthritis or healthy controls, respectively.2 In 
contrast to patients with neurodegenerative 
diseases, cognitive dysfunction in the majority 
of patients with SLE is not characterised by 
relentless progression. Longitudinal studies 
of patients with SLE over 2–10 years have 
demonstrated an evanescent trajectory with 
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stabilisation, resolution or recurrence of subtle but clini-
cally significant impairments.3–6

The cause of cognitive impairment in SLE is unclear. 
Clinically overt NP events,7 mood disorders,8 vascular 
risk factors and medications9 may contribute but do not 
appear to be the predominant cause of cognitive diffi-
culties in most patients. Of the many SLE-related auto-
antibodies, only circulating antiphospholipid antibodies 
have shown an association with cognitive impairment in 
cross-sectional10 and more consistently in longitudinal 
studies.3 6 11 In theory, most SLE autoantibodies need to 
cross the blood–brain barrier (BBB) to gain access to 
the brain in order to exert a pathogenic effect. Histori-
cally, the assessment of BBB integrity has required access 
to paired serum and cerebrospinal fluid (CSF),12 but a 
lumbar puncture is difficult to justify in patients with SLE 
who are not critically ill. In lieu of this invasive approach, 
we recently used dynamic contrast-enhanced MRI (DCE-
MRI) to assess BBB integrity and reported an association 
between extensive BBB leakage and cognitive impair-
ment in patients with SLE.13 However, the potential link 
between cognitive impairment, BBB dysfunction and 
SLE-related autoantibodies requires further study.

The objectives of the current cross-sectional study were 
twofold: first, to determine if there was an association 
between select SLE-related autoantibodies or other sero-
logical biomarkers and extensive BBB leakage or cognitive 
impairment; and second to determine if the relationship 
of the same autoantibodies and biomarkers with cogni-
tive impairment differed depending on the presence or 
absence of concurrent extensive BBB leakage.

METHODS
Patient characteristics
Patients fulfilling the revised American College of Rheu-
matology (ACR) criteria for SLE14 were consecutively 
recruited from the Dalhousie Lupus Clinic, Division 
of Rheumatology, Queen Elizabeth II Health Sciences 
Centre, Halifax, Nova Scotia. Patients were invited to 
participate in all components of the study, but DCE-MRI 
scanning was not conducted if the use of intravenous 
contrast was contraindicated or declined due to patient 
preference. No prescreening for cognitive impairment 
was performed. Participants provided written informed 
consent. Controls were healthy individuals between 35 
and 70 years old with no NP history or chronic illness. 
This research was planned without patient involvement.

For patients with SLE, global SLE disease activity 
(Systemic Lupus Erythematosus Disease Activity Index-
200015) and cumulative organ damage (Systemic Lupus 
International Collaborating Clinics/ACR Damage 
Index16) were recorded (table 1). The Hospital Anxiety 
and Depression Scale questionnaire17 was used to capture 
self-reported symptoms of depression and anxiety. 
Other variables included SLE-related medications such 
as corticosteroids, antimalarials, immunosuppressive 
drugs (methotrexate, azathioprine, cyclophosphamide, 

leflunomide, mycophenolate mofetil and intravenous 
gamma globulin) and biologic agents (rituximab or beli-
mumab), use of psychoactive medications, lifestyle habits, 
and comorbidities (cigarette smoking, diabetes mellitus 
and hypertension). Laboratory variables included a 
complete blood count, serum creatinine, urinalysis, anti-
double-straned (ds)DNA, antiphospholipid antibodies 
(anticardiolipin, anti-β2 glycoprotein I and lupus anti-
coagulant), and C3 and C4 levels. Blood collection, clin-
ical and cognitive assessments, and MRI scanning were 
performed on the same day.

Cognitive function
Clinical neuropsychological tests completed by patients 
with SLE were based on ACR recommendations18 focused 
on cognitive domains commonly affected in SLE.19 Infor-
mation processing speed and executive abilities were 
represented by the Symbol Digit Modalities Test20 and 
the Design Fluency Test,21 respectively. Components of 
the California Verbal Learning Test-II22 provided indices 
of attention span (number of words recalled on trial 1), 
new learning (total words recalled over five list presenta-
tions) and delayed recall (number of words recalled after 
a 20 min delay). Raw scores were standardised based on 
published normative data and converted to Z-scores.21 
Those with Z-scores ≤−1.5 in one or more domains were 
deemed to have cognitive impairment.

MRI acquisition and analysis of BBB permeability
Quantitative assessment of BBB permeability was 
performed in 79 of 102 patients with SLE using DCE-
MRI, as previously described.13 23 24 Images were acquired 
using a 3T MRI scanner (Discovery MR750, GE Health-
care, Waukesha, Wisconsin), with a 32-channel MR 
Instruments head coil. The protocol included (1) a 
T1-weighted DCE sequence, acquired over a period of 
20 min following an intravenous injection of a magnetic 
contrast agent (Gd-DOTA, Dotarem, Guerbet, France; 
0.1 mmol/kg, 0.5 M, 1.5 mL/s; echo time (TE)/repetition 
time (TR): 2/4 ms; field-of-view (FOV): 240 mm; acquisi-
tion matrix: 192×192×34; voxel size: 1.25×1.25×6 mm; flip 
angle: 15°; Δt=4 s, 0–6 min postinjection; Δt=20 s); (2) a 
high-resolution anatomical scan (TE/TR: 2/6 ms; FOV: 
224 mm; acquisition matrix: 224×224×168; voxel size: 
1×1×1 mm; flip angle: 9°); and (3) a sequence of three 
scans acquired with variable flip angles (TE/TR: 2/10 ms; 
FOV: 240 mm; acquisition matrix: 192×192×34; voxel size: 
1.25×1.25×6 mm; variable flip angles: 5°/10°/30°).

Determination of BBB permeability was estimated as previ-
ously described.13 23 24 In brief, contrast extravasation due to 
cross-BBB leakage leads to increased T1-weighted signalling 
in the affected tissue, allowing the calculation of the contrast 
leakage rate for every brain voxel. To compensate for inter-
subject variabilities (due to heart rate, blood flow or rate of 
contrast injection), each voxel’s leakage rate was normalised 
to that of the superior sagittal sinus, resulting in a dimension-
less leakage rate measure. With each voxel represented by 
the calculated leakage rate, three-dimensional maps of BBB 
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leakage were constructed for each subject. Leakage rates 
were considered pathological when exceeding 0.02, the 
95th percentile of all values in a cohort of control subjects.23 
The per cent of suprathreshold voxels was used as a measure 
reflecting whole-brain BBB leakage. Based on an outlier 
analysis of DCE-MRI scans of 65 patients with SLE (also 
included in the current study) and 9 healthy controls, exten-
sive BBB leakage was defined as whole-brain values greater 
than 9.11% of brain volume.13

Autoantibodies, complement proteins and neurofilament light 
chain protein
The BioPlex 2200 system (Bio-Rad, Hercules, Cali-
fornia)25 was used to measure a panel of ‘ANA screen’ as 

per the manufacturer’s directions. The panel included 
IgG autoantibodies to dsDNA, chromatin, ribosomal P, 
Ro (52 kD and 60 kD), La, Sm, ribonucleoprotein (RNP) 
(A and 68), Scl-70, Jo-1 and centromere B. Anti-dsDNA 
antibodies were quantified using serial dilutions of test 
samples if required and values ≥10 IU/mL were taken 
as positive. All other autoantibody specificities were 
reported as positive or negative using a cut-off level of 
antibody that corresponded to the 99th percentile of 
values obtained from normal controls provided by the 
manufacturer. A positive ANA was defined as the pres-
ence of one or more of the above autoantibody specif-
icities.

Table 1  Demographic and clinical features of patients with SLE and those with and without cognitive impairment

 �  SLE (n=102)
Cognitive impairment 
(n=47)

Normal cognition 
(n=54) P value

Female, n (%) 92 (90) 43 (91) 49 (91)

Age (years), mean±SD 48.9±13.8 50.2±13.3 47.5±14.4 0.33

Race/ethnicity, n (%)

 � Caucasian 90 (88) 41 (87) 49 (91) 0.47

 � Other 11 (10.8) 6 (12.8) 5 (11.8)

Years of education, mean±SD 15.6±3.4 14.8±2.9 16.3±3.7 0.04

Current smokers, n (%) 10 (9.8) 7 (15) 3 (6) 0.12

Ever smokers, n (%) 36 (35) 22 (47) 14 (26) 0.03

Number of pack years 5.1±10.2 7.1±11.0 3.4±9.1 0.02

SLE disease duration (years), mean±SD 14.8±11 16.9±12.4 12.6±9.0 0.11

Prior NP events (excluding cognitive impairment), n 
(%)

57 (56) 26 (55) 31 (57) 0.83

Prior NP events attributed to SLE (excluding cognitive 
impairment), n (%)

22 (22) 12 (26) 10 (19) 0.39

SLEDAI-2K score, mean±SD 2.62±2.94 3.19±3.62 2.07±2.09 0.17

SLEDAI-2K score without NP variables, mean±SD 2.62±2.94 3.19±3.62 2.07±2.09 0.17

SLICC/ACR Damage Index, mean±SD 1.03±1.43 1.21±1.52 0.87±1.36 0.26

SLICC/ACR Damage Index without NP variables, 
mean±SD

0.85±1.31 0.98±1.36 0.74±1.29 0.31

HADS depression score, mean±SD 4.7±3.86 5.3±4.18 4.22±3.55 0.26

HADS anxiety score, mean±SD 6.61±4.27 6.98±3.94 6.37±4.54 0.38

Medications, n (%)

 � Corticosteroids 9 (8.8) 5 (10.6) 4 (7.4) 0.57

 � Antimalarials 77 (75.5) 31 (66.0) 46 (85.2) 0.023

 � Immunosuppressants 45 (44.1) 23 (48.9) 21 (38.9) 0.31

 � ASA/clopidogrel 12 (11.8) 6 (13.0) 6 (11.1) 0.79

 � Warfarin 8 (7.9) 6 (13.0) 2 (3.7) 0.86

 � Psychoactive drugs 41 (40.2) 21 (44.7) 20 (37.0) 0.44

Comorbidities, n (%)

 � Hypertension 13 (12.7) 7 (15) 6 (11) 0.57

 � Diabetes 5 (4.9) 3 (6) 2 (4) 0.54

Bolded P values indicate statistically significant group differences between SLE patients with cognitive impairment and SLE patients with normal 
cognition.

ACR, American College of Rheumatology; ASA, Acetylsalicylic acid; HADS, Hospital Anxiety and Depression Scale; NP, neuropsychiatric; SLEDAI-2K, 
Systemic Lupus Erythematosus Disease Activity Index-2000; SLICC, Systemic Lupus International Collaborating Clinics.



Hanly JG, et al. Lupus Science & Medicine 2022;9:e000668. doi:10.1136/lupus-2022-0006684

Lupus Science & Medicine

IgG anticardiolipin antibodies (≥19 IgG phospholipid 
(GPL) units/mL) were measured on the BioPlex 2200 
platform. IgG anti-β2 glycoprotein I antibodies were 
measured by ELISA using commercial kits (Inova Diag-
nostics, San Diego, California). Lupus anticoagulant 
measurement was based on the diluted Russell viper 
venom time (dRVVT) method using the dRVVT screen 
and dRVVT confirm reagents (HemosIL).

Binding assays were developed for measurement of IgG 
anti-N-methyl-D-aspartic acid receptor 2 (anti- NR2) anti-
bodies to both linear (peptide target) and conformational 
(protein target) epitopes using two antigenic preparations: 
(1) NR2 peptide mix (NR2-1 [NH2]DWDYSVWLSN(X5)
[COOH], NR2-2 [NH2] [Cys]DWEYSVWLSN[COOH] 
BSA, NR2-3 PEG12[NH2]DWDYSVWLSN[COOH], 
NR2-4 [NH2] [Cys] DWDYSVWLSN[COOH]-BSA); (2) 
NR2 protein mix (NR2A-protein 1 (partial length), from 
LSBio, Cat. LS-G25528 (31-555aa), and NR2A-protein 2 
(partial length), from LSBio, Cat. LS-G22621 (501-550aa, 
601-630aa, 701-750aa)). Additional assays measured 
IgG anti-glial fibrillar acidic protein (GFAP) antibodies 
(Recombinant Human GFAP Protein, Cat. ab114149; 
Abcam, Toronto, Ontario) and IgG anti-M-phase 
phosphoprotein 1 (HEK293T overexpressed KIF20B 
cell lysate)26 antibodies. In all four assays, antigens were 
coupled to beads (MagPix Microspheres, Luminex, 
Austin, Texas) and incubated with diluted serum samples 
with gentle agitation for 30–60 min at room temperature. 
The beads were washed three times and 50 μL of diluted 
phycoerythrin-conjugated secondary antibody (Jackson 
ImmunoResearch, West Grove, Pennsylvania) were added 
and incubated with gentle agitation for another 30–60 min 
at room temperature in the dark. After the beads were 
washed three times, the plates were analysed using the 
MagPix System (Luminex). Data were expressed as the 
median fluorescence intensity and the cut-offs were estab-
lished at 3 SD above the values observed in healthy adult 
control samples.

Plasma C3 and C4 levels were measured by immuno-
turbidimetry using Architect c16000 Chemistry Analyzer 
(Abbott Diagnostics, Mississauga, Ontario).

Neurofilament light chain levels were determined using 
the Two-Step Quanterix Simoa NF-Light Advantage Kit 
and analysed on the Quanterix SR-X Biomarker Detec-
tion System (Billerica, Massachusetts, USA). Briefly, all 
kit components and test samples were brought to room 
temperature prior to use. To generate a standard curve in 
determining sample neurofilament light concentrations, 
100 μL of undiluted calibrators A-H (provided in the kit) 
were pipetted into provided 96-well plates. Test samples 
and controls were diluted 1:4 in a sample dilution buffer 
and 100 μL of each diluted test sample and controls were 
added to the plate. Calibrators, controls and test samples 
were incubated with 20 μL of detector reagent, 25 μL of 
neurofilament light chain-specific paramagnetic beads 
and 100 μL of streptavidin B-galactosidase as described by 
the manufacturer. Plates were processed using a BioTek 
405TS Microplate Washer using a preset program specific 

for a Two-Step Quanterix assay. Following the processing 
procedure, the plate was analysed using the neurofilament 
light analysis protocol on a Quanterix SR-X Biomarker 
Detection System. Positive results were reported using 
age-adjusted normal reference ranges.

Statistical analysis
Descriptive statistics were reported as counts and percent-
ages for categorical variables, mean and SD for normally 
distributed continuous variables, and median and IQR for 
non-normally distributed continuous variables. Patient 
characteristics were compared between those with and 
without extensive BBB leakage and between those with 
and without cognitive impairment. χ2 or Fisher’s exact 
test was used to compare categorical variables between 
groups and Wilcoxon rank-sum test was used for non-
parametric continuous variables.

Separate multivariate logistic regression models 
were used to explore the association between primary 
outcome, cognitive impairment and each serological vari-
able expressed as a dichotomous variable. Models were 
adjusted for occurrence of extensive BBB leakage. An 
interaction term was also included to determine if the 
relationship between the odds of cognitive impairment 
and each serological abnormality differed depending on 
whether there was extensive BBB leakage. Non-significant 
interaction terms at p>0.1 were omitted from the final 
models. Generalised additive models16 were used to assess 
the association between cognitive impairment and each 
serological abnormality, expressed as a continuous vari-
able. This method for non-parametric regression and 
smoothing approach relaxes the assumption of linearity 
and looks at the relationship between independent and 
dependent variables. Multivariate models were used to 
include extensive BBB leakage as a covariate. No interac-
tion terms were included. P values <0.05 were considered 
statistically significant. SAS STAT 14.3 (V.9.4) was used for 
all analyses.

RESULTS
Demographic and clinical characteristics
There were 102 patients with SLE; 90% were female and 
88% were Caucasian, with a mean±SD age of 48.9±13.8 years. 
The mean±SD SLE disease duration was 14.8±11.0 years and 
cumulative ACR classification criteria included malar rash 
(46 of 102, 45%), discoid rash (6 of 102, 6%), photosensi-
tivity (51 of 102, 50%), oral/nasal ulcers (54 of 102, 53%), 
serositis (34 of 102, 33%), arthritis (78 of 102, 76%), renal 
disorder (30 of 102, 29%), neurological disorder (10 of 102, 
10%), haematological disorder (91 of 102, 89%), immu-
nological disorder (88 of 102, 86%) and ANA (102 of 102, 
100%). Medication utilisation and autoantibodies reflected 
a general lupus population with low generalised disease 
activity and modest organ damage (table 1). Prior NP events 
from all causes occurred in 57 of 102 (56%) patients with 
SLE and NP events attributable to SLE were present in 22 of 
102 (22%). The latter included transient ischaemic attacks 
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(n=5), stroke (n=3), seizure disorder (n=5), cranial neurop-
athy (n=4), acute confusional state (n=4), psychosis (n=2), 
major mood disorder (n=1), mononeuropathy (n=1), poly-
neuropathy (n=1) and aseptic meningitis (n=1).

Cognitive function
Neuropsychological testing was performed in 101 of 102 
patients with SLE. One non-native English speaker was 
not tested. Impairment in one or more cognitive tests was 
present in 47 of 101 (47%) and included impairments 
in information processing speed (9%), attention span 
(21%), new learning (8%), delayed recall (15%) and 
executive abilities (21%). Patients with cognitive impair-
ment had significantly fewer years of education and were 
more frequently smokers with more pack years. There 
were no significant differences in other demographic 
or clinical variables, including history of clinically overt 
NP events, current self-report anxiety or mood disorders, 
medication utilisation or frequency of medical comorbid-
ities (table 1).

Extensive BBB leakage, clinical and demographic variables 
and autoantibodies
For the 79 patients who underwent DCE-MRI, the only vari-
able listed in table 1 that was significantly different between 
the groups was higher use of acetylsalicylic acid (ASA)/clopi-
dogrel in 12 of 79 (15%) patients who completed DCR-MRI 
compared with 0 of 23 (0%) patients who did not undergo 

DCE-MRI (p=0.047; without adjustment for multiple 
comparisons). Extensive BBB leakage was identified in 20 of 
79 (25%) patients with SLE and was associated with a higher 
frequency of cognitive impairment (15 of 20 (75%) vs 24 of 
59 (41%); p=0.01) and shorter disease duration (median 
(IQR): 7 (8–24 years) vs 15 (2–16 years); p=0.02). There was 
no association between autoantibodies or other serological 
variables with extensive BBB leakage (data not shown).

Autoantibodies and cognitive impairment
In the total SLE sample, there were no statistically signif-
icant associations between cognitive impairment and 
circulating autoantibodies, including antiphospholid 
(aPL), anti-ribosomal P and anti-NR2 (table  2). The 
only association that approached statistical significance 
was elevated anti-GFAP in 15 of 47 (32%) patients with 
cognitive impairment vs 9 of 54 (17%) patients with 
normal cognition (p=0.07). Hypocomplementaemia was 
not associated with concurrent cognitive impairment. 
Elevated neurofilament light chains were seen in a higher 
proportion of patients with cognitive impairment (13 of 
47, 28%) compared with those with normal cognition (10 
of 54, 19%), but this did not reach statistical significance 
(p=0.27). However, the absolute levels of neurofilament 
light chains were significantly higher in patients with 
cognitive impairment compared with those with normal 
cognition (mean±SD: 33.7±27.6 vs 21.5±12.2; p=0.03).

Table 2  Cognitive function and serological variables in patients with SLE

 �
SLE (n=102)
n (%)

Cognitive impairment 
(n=47)
n (%)

Normal cognition 
(n=54)
n (%) P value

Anti-dsDNA 43 (42) 20 (43) 22 (41) 0.85

Anti-chromatin 36 (35) 15 (32) 21 (39) 0.47

Anti-ribosomal P 7 (7) 2 (4) 4 (7) 0.50

Anti-Ro (60, 52) 37 (36) 18 (38) 19 (35) 0.75

Anti-La 30 (29) 15 (32) 15 (28) 0.99

Anti-Sm 17 (17) 7 (15) 10 (19) 0.63

Anti-RNP (A, 68) 29 (28) 12 (26) 17 (31) 0.51

Anticardiolipin 17 (17) 9 (20) 7 (13) 0.37

Anti-β2 glycoprotein I 14 (14) 8 (17) 5 (9) 0.25

LAC 23 (23) 13 (28) 9 (17) 0.18

Anticardiolipin or anti-β2 glycoprotein I or LAC 30 (30) 17 (36) 13 (24) 0.16

Anti-NR2 (peptide mix) 15 (15) 7 (15) 8 (15) 0.99

Anti-NR2 (protein mix) 12 (12) 4 (9) 8 (15) 0.31

Anti-GFAP 25 (25) 15 (32) 9 (17) 0.07

Anti-MPP1 34 (33) 14 (30) 19 (35) 0.56

Low C3 14 (14) 4 (9) 9 (17) 0.22

Low C4 29 (28) 15 (32) 13 (24) 0.38

Elevated neurofilament light chains 23 (23) 13 (28) 10 (19) 0.27

dsDNA, double-stranded DNA; GFAP, glial fibrillar acidic protein; LAC, lupus anticoagulant; MPP1, M-phase phosphoprotein 1; NR2, N-
methyl-D-aspartic acid receptor 2; RNP, ribonucleoprotein.
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Extensive BBB leakage, autoantibodies and cognitive 
impairment
There were no differences in the associations of autoan-
tibodies or other serological variables with cognitive 
impairment based on the presence versus absence of 
extensive BBB leakage (p>0.1 for all interaction terms). 
As summarised in table 3, no significant association was 
observed between any of the autoantibodies or serological 
abnormalities and cognitive impairment after adjusting 
for extensive BBB leakage.

When autoantibodies and other serological abnor-
malities were modelled as continuous variables, the only 
statistically significant finding was that of higher neuro-
filament light chains in patients with SLE with cognitive 
impairment compared with those with normal cognition 
(median (IQR): 25.6 (13.6–42.4) vs 19.6 (12.6–27.2); 
p=0.03).

DISCUSSION
Proposed pathogenic mechanisms for nervous system 
disease that may manifest as cognitive impairment 
in persons with SLE include ischaemic injury and 
autoantibody-induced inflammation of the brain.27 
As suggested by work in animal models,28 29 the latter 
requires a breach in the BBB in order for autoantibodies 

to access neuronal and other brain structures. Neuro-
imaging methods such as DCE-MRI provide direct and 
objective assessment of BBB permeability13 23 30 and 
remove the need to sample CSF to obtain an indirect 
permeability index of the BBB. In the current study, we 
examined whether the co-occurrence of circulating lupus 
autoantibodies and extensive BBB permeability was asso-
ciated with objectively determined cognitive impairment. 
Our findings indicate that none of the selected autoan-
tibodies examined was associated with cognitive impair-
ment, regardless of extensive BBB permeability. Rather, 
extensive BBB permeability alone was associated with 
cognitive impairment. This raises the possibility that while 
disruption of the BBB may lead to cognitive impairment 
in patients with SLE, it is not via mechanisms related to 
circulating lupus autoantibodies.

Autoantibodies are considered an integral component 
in the pathogenesis and end-organ disease of SLE. For 
example, serological–clinical associations include anti-
dsDNA antibodies with lupus nephritis, anti-Ro60 anti-
body with subacute cutaneous lupus and neonatal lupus, 
and aPL antibodies with venous or arterial thrombosis. 
However, the role of autoantibodies in nervous system 
disease and cognitive impairment in patients with SLE is 
less clear.31 The most consistent autoantibody association 

Table 3  Logistic regression models for the association of serological variables with cognitive impairment in patients with SLE

Laboratory variable OR (95% CI) P value

Anti-dsDNA 0.92 (0.36 to 2.37) 0.87

Anti-chromatin 0.63 (0.24 to 1.68) 0.36

Anti-ribosomal P N/A N/A

Anti-Ro (60, 52) 0.878 (0.33 to 2.33) 0.79

Anti-La 1.10 (0.28 to 4.37) 0.89

Anti-Sm 0.74 (0.21 to 2.63) 0.64

Anti-RNP (A, 68) 0.61 (0.21 to 1.73) 0.35

Anticardiolipin 1.16 (0.33 to 4.10) 0.81

Anti-β2 glycoprotein I 1.66 (0.36 to 7.77) 0.52

LAC 2.11 (0.69 to 6.39) 0.19

Anticardiolipin or anti-β2 glycoprotein I or LAC 1.62 (0.59 to 4.45) 0.35

Anti-NR2 (peptide mix) 1.23 (0.32 to 4.67) 0.77

Anti-NR2 (protein mix) 0.55 (0.13 to 2.32) 0.42

Anti-GFAP 1.73 (0.57 to 5.29) 0.34

Anti-MPP1 0.45 (0.16 to 1.22) 0.12

Low C3 4.37 (1.34 to 14.23) 0.06

Low C4 1.13 (0.41 to 3.14) 0.81

Elevated neurofilament light chains 1.20 (0.41 to 3.51) 0.74

NR2 protein mix MFI NR2 peptide mix MFI MPP1 MFI GFAP MFI

Positive ≥1000 ≥1000 ≥1000 ≥1000

dsDNA, double-stranded DNA; GFAP, glial fibrillar acidic protein; LAC, lupus anticoagulant; MFI, median fluorescence intensity; 
MPP1, M-phase phosphoprotein 1; N/A, not available due insufficient data for model; NR2, N-methyl-D-aspartic acid receptor 2; RNP, 
ribonucleoprotein.
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reported with cognitive impairment is aPL antibodies, 
most likely by means of microvascular thrombosis.3 6 10 11 
In particular, longitudinal studies3 6 11 have reported an 
association between persistent elevation of aPL antibodies 
and cognitive impairment. Other lupus autoantibodies 
such as anti-ribosomal P28 and anti-NR2 antibodies32 have 
been shown to bind to the surface of neuronal cells and 
induce hyperexcitability or apoptosis in vitro. However, 
the association between these and other peripheral blood 
autoantibodies and cognitive impairment in patients with 
SLE has been inconsistent.33–36 One potential explana-
tion is that unless the BBB is sufficiently permeabilised, 
circulating autoantibodies are unable to access neuronal 
tissue. However, the results of our study indicate that the 
presence of extensive BBB leakage does not strengthen 
the association of these autoantibodies with cognitive 
impairment. Rather the extensive BBB leakage per se 
is the strongest association with cognitive impairment, 
regardless of concurrent circulating autoantibodies .

The BBB is essential for brain health.37 It consists of 
tightly connected endothelial cells surrounded by peri-
cytes and astrocytes. A physical interface between the 
circulation and the brain, it also monitors and regulates 
the inflow and outflow of fluid, electrolytes and proteins 
to provide the optimal chemical environment required 
for normal neuronal function. Structural or functional 
breakdown in the BBB allows leakage of bloodborne 
products into the brain that can induce an inflamma-
tory response that adversely affects glial function, extra-
cellular matrix composition, neuronal connectivity and 
function. Extensive leakage of the BBB occurs in a variety 
of neurological disease states, including multiple scle-
rosis,38 stroke,39 traumatic brain injury23 and dementia.40

In SLE there are a number of potential mechanisms 
that could cause injury or dysfunction of the BBB.41 
Lupus autoantibodies may bind to the surface of endo-
thelial cells or other components of the BBB and induce 
a proinflammatory response with increased production 
of adhesion molecules, cytokines and complement activa-
tion. There is evidence from animal models and in vitro 
experiments to support such effects mediated by anti-
ribosomal P42 and anti-NR2 antibodies.43 Although the 
results of the current study do not implicate these specific 
autoantibodies in BBB injury, it is possible that novel 
autoantibodies with other specificities play such a role. 
Non-SLE-specific mechanisms such as systemic infection, 
cigarette smoking and hypertension, all of which are 
more frequent in patients with SLE, can also increase 
BBB permeability. Extensive BBB leakage will provide 
unregulated access of proteins that may be harmful to 
the brain. In addition to autoantibodies, there are other 
proteins that can also have a harmful effect. One example 
is albumin,44 which binds to astrocytes and induces the 
production of proinflammatory transforming growth 
factor beta, causing neuronal excitability and delayed 
neurodegeneration. Thrombin and activated protein C 
can also induce brain neuronal excitability.45

Most studies of biomarkers in NPSLE have been performed 
on CSF samples rather than peripheral blood.46 Neurofil-
ament light chain protein is part of the neuronal cytoskel-
eton and increased levels in the CSF reflect axonal damage 
and degeneration.47 48 It is not disease-specific and has been 
used as a marker of neuronal injury in neurodegenerative 
disease,49 multiple sclerosis,47 cerebrovascular disease48 and 
traumatic brain injury.50 A recent study in patients with SLE 
and in patients with Sjögren’s syndrome reported increased 
CSF levels of neurofilament light chain protein in associa-
tion with cognitive impairment.51 Increased CSF levels of 
neurofilament light chain protein have also been reported 
in patients with SLE with other clinical NP manifestations.52 
However, while CSF samples were not available in the current 
study, our finding of an association of cognitive impairment 
with peripheral blood neurofilament light chain protein 
levels provides further support on the importance of exten-
sive BBB leakage and its utility as a biomarker of neuronal 
injury in patients with SLE, as seen in other neuroinflamma-
tory and neurodegenerative disorders.53 The trend towards 
statistical significance for the association between cogni-
tive impairment and serum anti-GFAP antibodies warrants 
additional study in a larger SLE cohort in view of its known 
association with traumatic brain injury and with other neuro-
logical states in patients without SLE.54

There are strengths and limitations to our study. First, 
most patients had quiescent SLE without severe NP mani-
festations at the time of study. However, our patients 
reflected a typical ambulatory SLE population, although 
predominantly Caucasian, with the expected frequency 
and characteristics of cognitive impairment detected 
by formal neuropsychological assessment. Second, CSF 
samples were not available and may have provided a basis 
for more robust clinical–laboratory associations. Access 
to CSF would also have allowed the detection of intra-
thecal autoantibody production, although this occurs in 
a minority of patients with SLE.12 DCE-MRI is an objec-
tive and relatively novel methodology for assessing BBB 
leakage in SLE and avoids the need to perform lumbar 
puncture to obtain CSF samples. A strength of the study 
was that neuroimaging, blood collection and cognitive 
assessments were performed on the same day and in the 
same sequence for each participant, thereby minimising 
the effect of a temporal disconnect between clinical, sero-
logical and neuroimaging variables of interest.

In summary, although causality cannot be inferred from 
our cross-sectional study, the findings suggest that perturba-
tion of normal BBB function is related to cognitive impair-
ment in a proportion of patients with SLE. Further work 
addressing the clinical and pathogenic bases for extensive 
BBB leakage is required as is further investigation aimed at 
understanding the mechanisms underlying cognitive impair-
ment following BBB dysfunction in patients with SLE.

Author affiliations
1Division of Rheumatology, Department of Medicine and Pathology, Queen Elizabeth 
II Health Sciences Centre, Halifax, Nova Scotia, Canada
2Medicine, Dalhousie University, Halifax, Nova Scotia, Canada



Hanly JG, et al. Lupus Science & Medicine 2022;9:e000668. doi:10.1136/lupus-2022-0006688

Lupus Science & Medicine

3Division of Rheumatology, Department of Medicine, Queen Elizabeth II Health 
Sciences Centre, Halifax, Nova Scotia, Canada
4Department of Medical Neuroscience, Dalhousie University, Halifax, Nova Scotia, 
Canada
5Departments of Cognitive and Brain Sciences, Physiology and Cell Biology, Ben-
Gurion University of the Negev, Beer Sheva, Israel
6Department of Anesthesia, Pain Management and Perioperative Medicine, Nova 
Scotia Health Authority, Halifax, Nova Scotia, Canada
7Dalhousie University, Halifax, Nova Scotia, Canada
8Biomedical Translational Imaging Centre (BIOTIC), Queen Elizabeth II Health 
Sciences Centre, Halifax, Nova Scotia, Canada
9Department of Diagnostic Radiology, Dalhousie University, Halifax, Nova Scotia, 
Canada
10Departments of Psychiatry, Psychology and Neuroscience and Medicine, Nova 
Scotia Health Authority, Halifax, Nova Scotia, Canada
11Acquired Brain Injury (Epilepsy Program), Nova Scotia Health Authority, Halifax, 
Nova Scotia, Canada
12Department of Psychiatry and Department of Medical Neuroscience, Dalhousie 
University, Halifax, Nova Scotia, Canada
13Department of Physics, Dalhousie University, Halifax, Nova Scotia, Canada
14Research Methods Unit, Nova Scotia Health Authority, Halifax, Nova Scotia, Canada
15Department of Medicine, University of Calgary Cumming School of Medicine, 
Calgary, Alberta, Canada

Acknowledgements  The authors thank Meifeng Zhang and Dr Paul Sciore 
(University of Calgary) for technical assistance with autoantibody and other 
biomarker testing.

Contributors  All authors participated in the collection of research data, data 
analysis, or writing and critical review of the manuscript. JGH is the author acting 
as guarantor,

Funding  This study was supported by the Canadian Institutes of Health Research 
(CIHR; MOP88526 and PJT148896, CIHR project grant 168878), Nova Scotia 
Health Research Foundation (NSHRF; MED-EST-2015-10067), Natural Sciences 
and Engineering Research Council of Canada (NSERC; RGPIN 04293-17 and 
RGPIN/05684-2016), Brain Canada (BC; PSG2015-3780), Mitacs (grant IT23320), 
Nova Scotia Research Fund, National MS Society, Research Nova Scotia, and 
consultation and distribution royalties from MAPI Research Trust. The funders of the 
study had no role in study design, patient recruitment, data collection, analysis and 
interpretation, or publication.

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.
Patient consent for publication  Not required.
Ethics approval  This study involves human participants and was approved by 
the Nova Scotia Health Authority (NSHA) Research Ethics Board (study approval ID: 
1021884). Participants gave informed consent to participate in the study before 
taking part.
Provenance and peer review  Not commissioned; externally peer reviewed.
Data availability statement  Data are available upon reasonable request. All data 
relevant to the study are included in the article.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
John G Hanly http://orcid.org/0000-0003-1029-9483

REFERENCES
	 1	 Hanly JG, Urowitz MB, Gordon C, et al. Neuropsychiatric events in 

systemic lupus erythematosus: a longitudinal analysis of outcomes in 
an international inception cohort using a multistate model approach. 
Ann Rheum Dis 2020;79:356–62.

	 2	 Rayes HA, Tani C, Kwan A, et al. What is the prevalence of cognitive 
impairment in lupus and which instruments are used to measure 

it? A systematic review and meta-analysis. Semin Arthritis Rheum 
2018;48:240–55.

	 3	 Menon S, Jameson-Shortall E, Newman SP, et al. A longitudinal 
study of anticardiolipin antibody levels and cognitive functioning in 
systemic lupus erythematosus. Arthritis Rheum 1999;42:735–41.

	 4	 Hanly JG, Fisk JD, Sherwood G, et al. Clinical course of cognitive 
dysfunction in systemic lupus erythematosus. J Rheumatol 
1994;21:1825–31.

	 5	 Hanly JG, Cassell K, Fisk JD. Cognitive function in systemic lupus 
erythematosus: results of a 5-year prospective study. Arthritis Rheum 
1997;40:1542–3.

	 6	 Ceccarelli F, Perricone C, Pirone C, et al. Cognitive dysfunction 
improves in systemic lupus erythematosus: results of a 10 years 
prospective study. PLoS One 2018;13:e0196103.

	 7	 Hanly JG, Fisk JD, Sherwood G, et al. Cognitive impairment 
in patients with systemic lupus erythematosus. J Rheumatol 
1992;19:562–7.

	 8	 Petri M, Naqibuddin M, Carson KA, et al. Depression and cognitive 
impairment in newly diagnosed systemic lupus erythematosus. J 
Rheumatol 2010;37:2032–8.

	 9	 McLaurin EY, Holliday SL, Williams P, et al. Predictors of cognitive 
dysfunction in patients with systemic lupus erythematosus. 
Neurology 2005;64:297–303.

	10	 Denburg SD, Denburg JA. Cognitive dysfunction and 
antiphospholipid antibodies in systemic lupus erythematosus. Lupus 
2003;12:883–90.

	11	 Hanly JG, Hong C, Smith S, et al. A prospective analysis of 
cognitive function and anticardiolipin antibodies in systemic lupus 
erythematosus. Arthritis Rheum 1999;42:728–34.

	12	 Winfield JB, Shaw M, Silverman LM, et al. Intrathecal IgG synthesis 
and blood-brain barrier impairment in patients with systemic lupus 
erythematosus and central nervous system dysfunction. Am J Med 
1983;74:837–44.

	13	 Kamintsky L, Beyea SD, Fisk JD, et al. Blood-brain barrier leakage 
in systemic lupus erythematosus is associated with gray matter loss 
and cognitive impairment. Ann Rheum Dis 2020;79:1580–7.

	14	 Hochberg MC. Updating the American College of rheumatology 
revised criteria for the classification of systemic lupus 
erythematosus. Arthritis Rheum 1997;40:1725.

	15	 Gladman DD, Ibañez D, Urowitz MB. Systemic lupus erythematosus 
disease activity index 2000. J Rheumatol 2002;29:288–91.

	16	 Gladman DD, Urowitz MB, Goldsmith CH, et al. The reliability of the 
systemic lupus international collaborating Clinics/American College 
of rheumatology damage index in patients with systemic lupus 
erythematosus. Arthritis Rheum 1997;40:809–13.

	17	 Snaith RP, Zigmond AS. The hospital anxiety and depression scale. 
Br Med J 1986;292:344.

	18	 The American College of rheumatology Nomenclature and case 
definitions for neuropsychiatric lupus syndromes. Arthritis Rheum 
1999;42:599–608.

	19	 Kozora E, Ellison MC, West S. Reliability and validity of the 
proposed American College of rheumatology neuropsychological 
battery for systemic lupus erythematosus. Arthritis Rheum 
2004;51:810–8.

	20	 Smith A. Symbol digit modalities test. 9th edn. Western 
Psychological Services, 2002.

	21	 Walker LAS, Marino D, Berard JA, et al. Canadian normative data for 
minimal assessment of cognitive function in multiple sclerosis. Can J 
Neurol Sci 2017;44:547–55.

	22	 Delis DC JHK, Kaplan E, Ober BA. California Verbal Learning Test. In: 
Adult version manual. 2nd edn. Corporation TP, 2000.

	23	 Veksler R, Vazana U, Serlin Y, et al. Slow blood-to-brain transport 
underlies enduring barrier dysfunction in American football players. 
2020;143:1826–42.

	24	 Kamintsky L, Cairns KA, Veksler R, et al. Blood-brain barrier 
imaging as a potential biomarker for bipolar disorder progression. 
Neuroimage Clin 2020;26:102049.

	25	 Shovman O, Gilburd B, Barzilai O, et al. Evaluation of the 
BioPlex 2200 ANA screen: analysis of 510 healthy subjects: 
incidence of natural/predictive autoantibodies. Ann N Y Acad Sci 
2005;1050:380–8.

	26	 Fritzler MJ, Brown RD, Zhang M. A monoclonal antibody to M-phase 
phosphoprotein 1/Kinesin-Like protein KIF20B. Monoclon Antib 
Immunodiagn Immunother 2019;38:162–70.

	27	 Hanly JG, Kozora E, Beyea SD, et al. Review: nervous system 
disease in systemic lupus erythematosus: current status and future 
directions. Arthritis Rheumatol 2019;71:33–42.

	28	 Bravo-Zehnder M, Toledo EM, Segovia-Miranda F, et al. 
Anti-ribosomal P protein autoantibodies from patients with 
neuropsychiatric lupus impair memory in mice. Arthritis Rheumatol 
2015;67:204–14.

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-1029-9483
http://dx.doi.org/10.1136/annrheumdis-2019-216150
http://dx.doi.org/10.1016/j.semarthrit.2018.02.007
http://dx.doi.org/10.1002/1529-0131(199904)42:4<735::AID-ANR17>3.0.CO;2-L
http://www.ncbi.nlm.nih.gov/pubmed/7837145
http://dx.doi.org/10.1002/art.1780400825
http://dx.doi.org/10.1371/journal.pone.0196103
http://www.ncbi.nlm.nih.gov/pubmed/1593578
http://dx.doi.org/10.3899/jrheum.091366
http://dx.doi.org/10.3899/jrheum.091366
http://dx.doi.org/10.1212/01.WNL.0000149640.78684.EA
http://dx.doi.org/10.1191/0961203303lu497oa
http://dx.doi.org/10.1002/1529-0131(199904)42:4<728::AID-ANR16>3.0.CO;2-O
http://dx.doi.org/10.1016/0002-9343(83)91075-6
http://dx.doi.org/10.1136/annrheumdis-2020-218004
http://dx.doi.org/10.1002/art.1780400928
http://www.ncbi.nlm.nih.gov/pubmed/11838846
http://dx.doi.org/10.1002/art.1780400506
http://dx.doi.org/10.1136/bmj.292.6516.344
http://dx.doi.org/10.1002/1529-0131(199904)42:4<599::AID-ANR2>3.0.CO;2-F
http://dx.doi.org/10.1002/art.20692
http://dx.doi.org/10.1017/cjn.2017.199
http://dx.doi.org/10.1017/cjn.2017.199
http://dx.doi.org/10.1016/j.nicl.2019.102049
http://dx.doi.org/10.1196/annals.1313.120
http://dx.doi.org/10.1089/mab.2019.0016
http://dx.doi.org/10.1089/mab.2019.0016
http://dx.doi.org/10.1002/art.40591
http://dx.doi.org/10.1002/art.38900


Hanly JG, et al. Lupus Science & Medicine 2022;9:e000668. doi:10.1136/lupus-2022-000668 9

Immunology and inflammation

	29	 Faust TW, Chang EH, Kowal C, et al. Neurotoxic lupus 
autoantibodies alter brain function through two distinct mechanisms. 
Proc Natl Acad Sci U S A 2010;107:18569–74.

	30	 Chi JM, Mackay M, Hoang A, et al. Alterations in blood-brain barrier 
permeability in patients with systemic lupus erythematosus. AJNR 
Am J Neuroradiol 2019;40:470–7.

	31	 Seet D, Allameen NA, Tay SH, et al. Cognitive dysfunction 
in systemic lupus erythematosus: immunopathology, clinical 
manifestations, neuroimaging and management. Rheumatol Ther 
2021;8:651–79.

	32	 DeGiorgio LA, Konstantinov KN, Lee SC, et al. A subset of lupus 
anti-DNA antibodies cross-reacts with the NR2 glutamate receptor in 
systemic lupus erythematosus. Nat Med 2001;7:1189–93.

	33	 Hanly JG, Robichaud J, Fisk JD. Anti-NR2 glutamate receptor 
antibodies and cognitive function in systemic lupus erythematosus. J 
Rheumatol 2006;33:1553–8.

	34	 Gerosa M, Poletti B, Pregnolato F, et al. Antiglutamate receptor 
antibodies and cognitive impairment in primary antiphospholipid 
syndrome and systemic lupus erythematosus. Front Immunol 
2016;7:5.

	35	 Hanly JG, Walsh NM, Fisk JD, et al. Cognitive impairment and 
autoantibodies in systemic lupus erythematosus. Br J Rheumatol 
1993;32:291–6.

	36	 Lapteva L, Nowak M, Yarboro CH, et al. Anti-N-methyl-D-aspartate 
receptor antibodies, cognitive dysfunction, and depression in 
systemic lupus erythematosus. Arthritis Rheum 2006;54:2505–14.

	37	 Stock AD, Gelb S, Pasternak O, et al. The blood brain barrier and 
neuropsychiatric lupus: new perspectives in light of advances 
in understanding the neuroimmune interface. Autoimmun Rev 
2017;16:612–9.

	38	 Cramer SP, Simonsen H, Frederiksen JL, et al. Abnormal blood-
brain barrier permeability in normal appearing white matter 
in multiple sclerosis investigated by MRI. Neuroimage Clin 
2014;4:182–9.

	39	 Merali Z, Huang K, Mikulis D, et al. Evolution of blood-brain-
barrier permeability after acute ischemic stroke. PLoS One 
2017;12:e0171558.

	40	 Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier 
breakdown in Alzheimer disease and other neurodegenerative 
disorders. Nat Rev Neurol 2018;14:133–50.

	41	 Duarte-Delgado NP, Vásquez G, Ortiz-Reyes BL. Blood-brain barrier 
disruption and neuroinflammation as pathophysiological mechanisms 
of the diffuse manifestations of neuropsychiatric systemic lupus 
erythematosus. Autoimmun Rev 2019;18:426–32.

	42	 Yoshio T, Masuyama J, Kano S. Antiribosomal P0 protein antibodies 
react with the surface of human umbilical vein endothelial cells. J 
Rheumatol 1996;23:1311–2.

	43	 Yoshio T, Okamoto H, Hirohata S, et al. IgG anti-NR2 glutamate 
receptor autoantibodies from patients with systemic lupus 
erythematosus activate endothelial cells. Arthritis Rheum 
2013;65:457–63.

	44	 Heinemann U, Kaufer D, Friedman A. Blood-brain barrier 
dysfunction, TGFβ signaling, and astrocyte dysfunction in epilepsy. 
Glia 2012;60:1251–7.

	45	 De Luca C, Virtuoso A, Maggio N, et al. Neuro-Coagulopathy: blood 
coagulation factors in central nervous system diseases. Int J Mol Sci 
2017;18. doi:10.3390/ijms18102128. [Epub ahead of print: 12 Oct 
2017].

	46	 Magro-Checa C, Steup-Beekman GM, Huizinga TW, et al. Laboratory 
and neuroimaging biomarkers in neuropsychiatric systemic lupus 
erythematosus: where do we stand, where to go? Front Med 
2018;5:340.

	47	 Piehl F, Kockum I, Khademi M, et al. Plasma neurofilament light chain 
levels in patients with MS switching from injectable therapies to 
fingolimod. Mult Scler 2018;24:1046–54.

	48	 Traenka C, Disanto G, Seiffge DJ, et al. Serum neurofilament 
light chain levels are associated with clinical characteristics and 
outcome in patients with cervical artery dissection. Cerebrovasc Dis 
2015;40:222–7.

	49	 Lu W-H, Giudici KV, Guyonnet S, et al. Associations of plasma 
neurofilament light chain and progranulin with frailty in older adults. J 
Am Geriatr Soc 2022;70:1236–43.

	50	 Karantali E, Kazis D, McKenna J, et al. Neurofilament light chain in 
patients with a concussion or head impacts: a systematic review and 
meta-analysis. Eur J Trauma Emerg Surg 2021. doi:10.1007/s00068-
021-01693-1. [Epub ahead of print: 18 May 2021].

	51	 Tjensvoll AB, Lauvsnes MB, Zetterberg H, et al. Neurofilament light 
is a biomarker of brain involvement in lupus and primary Sjögren's 
syndrome. J Neurol 2021;268:1385–94.

	52	 Trysberg E, Nylen K, Rosengren LE, et al. Neuronal and astrocytic 
damage in systemic lupus erythematosus patients with central 
nervous system involvement. Arthritis Rheum 2003;48:2881–7.

	53	 Steinacker P, Anderl-Straub S, Diehl-Schmid J, et al. Serum 
neurofilament light chain in behavioral variant frontotemporal 
dementia. Neurology 2018;91:e1390–401.

	54	 Poletaev AB, Morozov SG, Gnedenko BB, et al. Serum anti-S100b, 
anti-GFAP and anti-NGF autoantibodies of IgG class in healthy 
persons and patients with mental and neurological disorders. 
Autoimmunity 2000;32:33–8.

http://dx.doi.org/10.1073/pnas.1006980107
http://dx.doi.org/10.3174/ajnr.A5990
http://dx.doi.org/10.3174/ajnr.A5990
http://dx.doi.org/10.1007/s40744-021-00312-0
http://dx.doi.org/10.1038/nm1101-1189
http://www.ncbi.nlm.nih.gov/pubmed/16881112
http://www.ncbi.nlm.nih.gov/pubmed/16881112
http://dx.doi.org/10.3389/fimmu.2016.00005
http://dx.doi.org/10.1093/rheumatology/32.4.291
http://dx.doi.org/10.1002/art.22031
http://dx.doi.org/10.1016/j.autrev.2017.04.008
http://dx.doi.org/10.1016/j.nicl.2013.12.001
http://dx.doi.org/10.1371/journal.pone.0171558
http://dx.doi.org/10.1038/nrneurol.2017.188
http://dx.doi.org/10.1016/j.autrev.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/8823720
http://www.ncbi.nlm.nih.gov/pubmed/8823720
http://dx.doi.org/10.1002/art.37745
http://dx.doi.org/10.1002/glia.22311
http://dx.doi.org/10.3390/ijms18102128
http://dx.doi.org/10.3389/fmed.2018.00340
http://dx.doi.org/10.1177/1352458517715132
http://dx.doi.org/10.1159/000440774
http://dx.doi.org/10.1111/jgs.17604
http://dx.doi.org/10.1111/jgs.17604
http://dx.doi.org/10.1007/s00068-021-01693-1
http://dx.doi.org/10.1007/s00415-020-10290-y
http://dx.doi.org/10.1002/art.11279
http://dx.doi.org/10.1212/WNL.0000000000006318
http://dx.doi.org/10.3109/08916930008995985

	Role of autoantibodies and blood–brain barrier leakage in cognitive impairment in systemic lupus erythematosus
	Abstract
	Methods
	Patient characteristics
	Cognitive function
	MRI acquisition and analysis of BBB permeability
	Autoantibodies, complement proteins and neurofilament light chain protein
	Statistical analysis

	Results
	Demographic and clinical characteristics
	Cognitive function
	Extensive BBB leakage, clinical and demographic variables and autoantibodies
	Autoantibodies and cognitive impairment
	Extensive BBB leakage, autoantibodies and cognitive impairment

	Discussion
	References


