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Abstract
Objectives: Cognitive dysfunction (CD) is a common manifestation of SLE that can have detrimental consequences for those affected. To date,
no treatments have been approved for SLE-CD. This study aims to assess the association of azathioprine (AZA) and mycophenolate (MMF) use
with SLE-CD, given that these medications have demonstrated neuroprotective qualities in prior studies.

Methods: Consecutive adult SLE patients presenting to a single healthcare center were considered for participation. The ACR neuropsychologi-
cal battery for SLE was administered to consenting patients at 0, 6 and 12months. Scores were compared with age- and sex-matched controls.
Primary outcome was CD, defined as a z-score ��1.5 in two or more cognitive domains. Mixed-effects logistic regression models were
constructed to estimate the odds of CD with respect to AZA and MMF use.

Results: A total of 300 participants representing 676 patient visits completed the study; 114 (38%) met criteria for CD at baseline. The
cumulative AZA dose (g/kg) was associated with reduced odds of CD [odds ratio (OR) 0.76 (95% CI 0.58, 0.98), P¼0.04]. Years of AZA treatment
was also associated with reduced odds of CD [OR 0.72 (95% CI 0.54, 0.97), P¼0.03]. MMF use was not associated with CD.

Conclusion: AZA use was associated with significantly lower odds of SLE-CD, while MMF use was not. Additional studies are warranted to
further investigate the relationship of AZA and SLE-CD.
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Introduction

Cognitive dysfunction (CD) is one of 19 neurological and psy-
chiatric syndromes of SLE (NPSLE) described by the ACR [1].
CD is a very common manifestation of SLE, affecting an

estimated 40% of patients [2]. SLE-CD is known to be associ-
ated with an overall worse prognosis [3, 4], significantly
lower health-related quality of life [5, 6] and deleterious
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effects on employment [7, 8]. Although care must be taken to
exclude non-SLE diagnoses when determining the etiology of
CD in an SLE patient, the high prevalence of SLE-CD is not
fully explained by other comorbid conditions, including de-
pression [9, 10]. To date, no treatments have been approved
for SLE-CD, although a call for trials has recently been pub-
lished [11] and efforts are under way to examine centrally act-
ing angiotensin inhibitors as a potential treatment, with a
theoretical mechanism of reduced microglial activation and
associated dendritic loss in relevant regions [12]. Currently
available evidence for treatment of SLE-CD is very limited,
consisting of case series, open-label studies and one post hoc
analysis from the Aspreva Lupus Management Study [13].
There are no published human studies, to our knowledge,
that uniquely address the treatment of SLE-CD; instead, avail-
able literature groups multiple NPSLE manifestations into a
single analysis.

CD is most frequently defined as a significant deficit (z-
score ��1.5) in at least two cognitive domains that include
learning and memory, language, attention, executive function,
motor function and visual–spatial function [14, 15]. Any area
of the CNS may be affected by SLE and subsequently patients
with SLE show heterogeneity in affected cognitive domains
[16–18]. Deficits are determined through standardized cogni-
tive testing administered by a psychometrist. To obtain
z-scores, raw test scores are compared with age-matched con-
trols, and in some circumstances, patients are also matched
based on sex or education. The ACR has developed a compre-
hensive cognitive battery validated for SLE patients that is de-
scribed elsewhere [19]. Despite the existence of a validated
cognitive battery, the high prevalence and significant burden
of SLE-CD, this condition is markedly underdiagnosed. The
reason for this is likely related to the substantial cost and time
required to complete comprehensive cognitive testing, as well
as a lack of robust evidence for treatment. Given the time and
cost barriers, efforts are currently under way to validate
screening tests for SLE-CD [18, 20].

The understanding of the pathophysiology of SLE-CD has
improved substantially over the past 2 decades, although it
remains imperfectly defined [21]. In addition to numerous
lupus-specific mechanisms, microglial activation is now de-
scribed as an important contributing factor in the pathogene-
sis of SLE-CD and other neuroinflammatory disorders [21].
Microglia are resident immune cells of the CNS that serve
phagocytic and antigen-presenting roles and can be activated
to take on various ‘pro-inflammatory’ or ‘neuro-protective’
phenotypes [22]. Multiple murine studies have demonstrated
that microglial inhibition can attenuate CD [23–25].
Interestingly, microglia have been shown to remain activated
in a pro-inflammatory state for at least 6 months following a
CNS insult due to a detrimental feedback loop, which can
contribute to progressive neurotoxicity beyond the initial in-
sult [26]. While speculative, persistent microglial activation
following a lupus flare could be a contributing factor to
explain the disconnect between SLE disease activity and
SLE-CD. Consequently we hypothesize that the use of immu-
nosuppressant medications, which have been shown to reduce
pro-inflammatory microglial activation and demonstrate
limited neurotoxicity, may be associated with lower odds of
SLE-CD. Two such medications include MMF and AZA.

MMF inhibits inosine monophosphate dehydrogenase,
which halts B and T cell proliferation, strongly inhibits micro-
glial secretion of TNF-a and IL-1b, inhibiting microglial

activation and proliferation [27, 28]. It is not known to cause
CNS toxicity [29]. Further, MMF was shown to attenuate
neuronal damage after excitotoxic injury [30], and its use has
been associated with complete or partial response for various
NPSLE manifestations in multiple observational studies as
well as a post hoc analysis [13]. Similarly, AZA is not known
to cause neurotoxicity [29, 31] and has been shown to be po-
tentially beneficial for multiple NPSLE manifestations in ob-
servational data [13]. 6-mercaptopurine, an active metabolite
of AZA, has been shown to reduce microglial secretion of
TNF-a [32] (known to perpetuate microglial activation and
neuron damage). Given that AZA and MMF are not known
to be neurotoxic and may reduce microglial activation and
proliferation, we hypothesize that the use of each of these
medications may be associated with reduced odds of SLE-CD.

Methods
Design

This is a longitudinal study that analyzed prospectively col-
lected data. Measurements were completed at baseline,
6 months and 12 months. Assuming a baseline event rate of
40% [2], we presumed that participants in the treatment and
control groups may have event rates of 20% and 40%, re-
spectively, for an absolute difference in event rate of 20%.
Based on a sample size of at least 47 participants in each
group (at least 94 participants total), we computed >80%
power to detect such an effect.

Participants

All consenting adult SLE patients attending the University of
Toronto/University Health Network Lupus Program between
July 2016 and March 2020 were considered for this study.
Inclusion criteria were fulfilment of the revised ACR SLE clas-
sification criterion [33], English language proficiency (a re-
quirement due to the nature of the neuropsychological tests),
age �18 years and ability to provide informed consent.
Exclusion criteria were as follows: history of irreversible CNS
damage, developmental delay or dementia or physical or men-
tal disability preventing full participation in the study. All
procedures were performed in accordance with the ethical
standards of the Helsinki Declaration. This project was ap-
proved by both the University Health Network Research
Ethics Board (protocols 15-9582 and 11-0397) and the Albert
Einstein College of Medicine Institutional Review Board
(protocol 2019-10861). All participants provided written
informed consent prior to participation in this study.

Testing procedures

A psychometrist administered a comprehensive neuropsycholog-
ical battery (NB) to assess the cognitive functioning of each par-
ticipant. On the same day as cognitive testing, demographic and
clinical information, Beck Depression Inventory (BDI) [34]
scores and Beck Anxiety Inventory (BAI) [35] scores were
obtained for each participant. Neuropsychological battery scores
were compared with normative, standardized scores stratified
based on age and sex.

The NB used in this study is a replication of the ACR neu-
ropsychological battery for SLE that is described elsewhere
and measures each major cognitive domain (learning and
memory, language, attention, executive function, motor func-
tion and visual–spatial function) [19]. A minor change was
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made to the protocol: the Hopkins Verbal Learning Test–
Revised (HVLT-R) [36] replaced the California Verbal
Learning Test (CVLT), given that the HVLT-R is shorter and
is not meaningfully different from the CVLT. Full details re-
garding the neuropsychological battery are listed in
Supplementary Table S1, available at Rheumatology online.

Outcome measures and predictors

CD was defined as a binary variable with a z-score ��1.5 in two
or more cognitive domains and comprised the primary outcome
for this study. As outlined above, the number of tests performed
in each cognitive domain varies (see Supplementary Table S1,
available at Rheumatology online). For cognitive domains that
were examined with more than a single test, two or more abnor-
mal tests were required to determine CD in that domain. Given
the varying probability of participants having an impairment
depending on the number of tests performed in a particular do-
main, we examined an alternate definition of the number of tests
required for impairment in each cognitive domain. Further details
regarding this sensitivity analysis are available in Supplementary
Table S2, available at Rheumatology online.

Primary predictors of this study were total cumulative doses
of AZA and MMF (in g/kg); each was treated as a time-varying
covariate. The mycophenolate predictor included both myco-
phenolate sodium and MMF and was recorded as the equivalent
MMF dose. Secondary predictors were also treated as time-
varying covariates and included active use of AZA and MMF
for at least 6 months prior to the study visit and cognitive assess-
ment, defined as binary variables, as well as the duration of
AZA and MMF treatment (total number of years). Continuous
variables were favored as primary predictors given the relatively
small sample size and loss of power that may occur with dichot-
omization. Covariates were chosen for consideration based on a
known association with CD and/or a suspected confounding re-
lationship with predictors [34, 35, 37–46]. A detailed outline of
all covariates is listed in Table 1.

Statistical analyses

Statistical analyses were completed with Stata version 16.1
(StataCorp, College Station, TX, USA). Two-sided P-values
were considered statistically significant at <0.05. Data were
inspected to identify any missing and non-plausible values.
Missing values were identified in a minority of cases,
addressed through mean imputation (or median, where ap-
propriate) and are outlined in Fig. 1. Cognitive battery scores
were not imputed. Descriptive statistics were recorded as
number and percent for categorical variables, mean (S.D.) for
normally distributed continuous variables and median and
interquartile range (IQR) for skewed variables. Overall base-
line participant characteristics were documented, as well as
baseline participant characteristics grouped by baseline CD
status and by AZA and MMF use. Differences in baseline
characteristics between groups were determined through a
chi-squared test, Mann–Whitney U test, Fisher’s exact test or
t-test, where appropriate.

Mixed effects logistic regression models to account for the
longitudinal nature of the data were constructed to evaluate pri-
mary and secondary outcomes using the vector of three follow-
up time points. An unstructured covariance pattern was as-
sumed. Prior to model building, simple regression analyses were
completed for predictors with respect to each outcome to assess
unadjusted relationships at baseline. Cross-sectional analyses
were completed for each time point through multivariable

regression and then longitudinal trends were explored through
visual inspection of scatter, spaghetti, mean trend and variogram
plots. Mixed effects logistic regression models were constructed
with an a priori model based on clinical relevance. Linearity as-
sumption was assessed for continuous variables through inspec-
tion of Lowess plots. All first-order interactions were
investigated and the Lemeshow goodness of fit test was used to
assess model fit. Propensity score matched data are available in
Supplementary Table S3, available at Rheumatology online.
These data were not used in the primary data analysis given the
limited number of participants and the loss of sensitivity with
the use of dichotomized data.

Results
Participant selection

Participant selection processes are outlined in Fig. 2. A total
of 849 participants were screened for this study and 300

Table 1. Covariate selection

Covariate

SLEDAI-2000 Glucocorticoid scorea

SLICC–ACR Damage Index scorea,d

History of any neuropsychiatric systemic lupus manifestations
(excluding cognitive dysfunction)b

History of lupus nephritisb

Presence of additional risk factors not captured elsewhere
(hypertension, obesity, and/or active smoker)b

aPL antibody positivityb,e

Active use of an additional immunomodulator:
Antimalarialb

Belimumabb

Calcineurin inhibitorb

Cyclophosphamideb

Methotrexateb

Rituximabb

Prior use of an immunomodulator:
Antimalarialb

Azathioprineb

Calcineurin inhibitorb

Cyclophosphamideb

Mycophenolateb

Methotrexateb

Rituximabb

BDI scorea

BAI scorea

Age, yearsa

Sex (male vs female)b

Ethnicity (Black, Caucasian, Chinese, other)c

Employment status (employed or full-time student vs other)b

Marital status (married or common-law partner vs other)b

Education level (completion of a college or university degree vs not)b

a Recorded as a continuous variable.
b Recorded as a binary variable.
c Recorded as a categorical variable.
d Cumulative damage since the onset of lupus: history of retinopathy,

optic atrophy, cataract, major psychosis, cognitive dysfunction, stroke,
seizures, neuropathy, transverse myelitis, chronic kidney disease or end-
stage kidney disease, heavy proteinuria �3.5 g/day, pulmonary
hypertension, pulmonary fibrosis, shrinking lung syndrome, pleural fibrosis,
coronary artery disease, cardiomyopathy, pericarditis, peripheral vascular
disease, venous thrombosis, mesenteric insufficiency, chronic peritonitis,
gastrointestinal stricture, pancreatic insufficiency, muscle atrophy, erosive
arthritis, osteoporosis, avascular necrosis, scarring alopecia, skin
ulcerations, gonadal failure, malignancy, diabetes.

e Persistently positive lupus anticoagulant testing and/or anti-b2-
glycoprotein 1 IgG or IgM and/or anticardiolipin IgG or IgM above
laboratory-specific upper limit of normal, at baseline and again after
�12 weeks.
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participants completed the baseline assessment, 187 com-
pleted the 6 month and 189 completed the 12 month
assessment.

Participant characteristics

Overall participant characteristics, as well as characteristics
by cognitive status are outlined in Table 2. The majority of
participants were female [267/300 (89.0%)], Caucasian [162/
300 (54.2%)] and had previously completed a college or uni-
versity degree[(240/300 (80.0%)]. The mean age was
41.1 years (S.D. 12.1) and the mean SLEDAI-2K score [37]
was 3.3 (S.D. 3.8). Cognitive dysfunction (z-score ��1.5 in

two or more cognitive domains) was observed in 114/300
participants (38.0%) at baseline, 54/187 (28.9%) at 6 months
and 64/189 (33.9%) at 12 months. A total of 43 of 300 par-
ticipants (14.3%) were prescribed AZA based on physician
judgement to treat SLE at baseline, with a median cumulative
dose of 2.3 g/kg (IQR 0.6–4.9) and a median duration of
treatment of 4.9 years (IQR 1.6–12.0). A total of 96 of 300
participants (32.0%) were prescribed MMF at baseline, with
a median cumulative dose of 37.6 g/kg (IQR 14.5–78.6) and a
median duration of treatment of 4.5 years (IQR 1.7–8.6).

There was a significantly higher number of Black participants
with CD at baseline (35/114 vs 24/186; P< 0.01) and a

Figure 1. Missing values (total N¼676). SLEDAI-2K: SLEDAI 2000; SLEDAI-2KG: SLEDAI 2000 Glucocorticoid; RCFT: Rey Complex Figure Test; COWAT:

Controlled Oral Word Association Test; WAIS-III: Wechsler Adult Intelligence Scale, Third Edition; HVLT-R: Hopkins Verbal Learning Test–Revised.

*Component of the cognitive battery
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significantly lower number of Caucasian participants with CD
at baseline (48/114 vs 114/186; P< 0.01). Employed/student
participants were less likely to have CD (66/114 vs 129/186;

P¼ 0.04). The median BDI and BAI scores were significantly
higher in participants with CD [14.9 (IQR 10.3–24.4] vs 13.7
(7.0–16.1) and 15.6 (IQR 11.0–23.0) vs 15.0 (7.0–18.0),

63 excluded:
Did not meet eligibility requirements

415 gave wri�en consent

371 excluded:
Did not provide wri�en consent

786 met eligibility requirements

849 par�cipants screened

300 completed baseline visit

39 excluded:
38 withdrew wri�en consenta

1 par�cipant did not complete tes�ng

38 completed
baseline, and 6-
month visits

73 completed
only the baseline

visit

40 completed
baseline, and
12-month visits

149 completed
baseline, 6-, and
12-month visits

187 completed 6-month follow-up

189 completed 12-month follow-up

Figure 2. Process of participant selection. aReasons for withdrawal of consent: too busy/unable to dedicate time to the study (n¼16), no longer wanting

to participate (n¼16), perceived the study to be too long (n¼5) and other reasons (n¼1)
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Table 2. Baseline characteristics of participants by cognitive function

Characteristics Total (n¼300) Non-CDa [n¼186 (62.0%)] CDa [n¼114 (38.0%)] P-value

Sex, n (%)
Female 267 (89.0) 168 (90.33) 99 (86.8) 0.35
Male 33 (11.0) 18 (9.7) 15 (13.2)

Age, years, mean (S.D.) 41.1 (12.1) 41.3 (11.7) 40.7 (12.7) 0.49
Ethnicity, n (%)

Black 59 (19.7) 24 (12.9) 35 (30.7) <0.01
White 162 (54.2) 114 (61.3) 48 (42.%) <0.01
Chinese 33 (11.0) 20 (10.8) 13 (11.4) 0.86
Other 46 (15.3) 28 (15.1) 18 (15.8) 0.86

Education level (highest achieved), n (%)
�grade 12 60 (20.0) 31 (16.7) 29 (25.4)
College or university degreeb 240 (80.0) 155 (83.3) 85 (74.6) 0.07

Employment Status, n (%)
Employed or student 195 (65.0) 129 (69.4) 66 (57.9) 0.04

Other 105 (35.0) 57 (30.7) 48 (42.1)
Marital status, n (%)

Married or common law 119 (39.9) 81 (43.8) 38 (33.9) 0.10
Other 179 (60.0) 105 (56.5) 74 (66.1)

SLE manifestations, n (%)
aPL positivityc 46 (15.3) 29 (15.6) 17 (14.9) 0.87
Nephritis 91 (30.3) 53 (28.5) 38 (33.3) 0.69
Mucocutaneous 172 (57.5) 105 (56.8) 67 (58.8) 0.73
Musculoskeletal 112 (37.5) 63 (34.1) 49 (43.0) 0.12
Other NPSLE manifestationd 75 (25.0) 44 (23.7) 31 (27.2) 0.49
Serositis 26 (8.7) 18 (9.7) 8 (7.0) 0.42

Additional CD risk factorse, n (%)
Hypertension 124 (41.3) 79 (42.5) 45 (39.4) 0.61
Obesity 97 (32.3) 57 (30.7) 40 (35.1) 0.43
Smoker 18 (6.0) 11 (5.9) 7 (6.1) 0.94

Disease duration, years, median (IQR) 12.4 (6.0–21.6) 14.4 (6.5–22.2) 11.6 (3.9–19.1) 0.06
SDI score 1.0 (0.0–2.0) 0.0 (0.0–1.1) 1.0 (0.0–2.0)
Median (IQR) 1.0 (1.4) 1.0 (1.4) 1.1 (1.5)
Mean (S.D.) 0.35

SLEDAI-2K score
Median (IQR) 2.0 (0.0–4.0) 2.0 (0.0–4.0) 2.0 (0.0–5.0)
Mean (S.D.) 3.3 (3.8) 3.0 (3.4) 3.7 (4.4) 0.45

SLEDAI-2KG score
Median (IQR) 3.1 (0.9–6.2) 3.0 (0.9–6.0) 4.0 (1.0–6.9)
Mean (S.D.) 4.4 (4.7) 4.1 (4.4) 5.0 (5.2) 0.23

Glucocorticoid dose, mg/day
Mean (S.D.) 4.3 (8.1) 3.9 (7.4) 5.1 (9.1) 0.42

Immunosuppressant use, n (%)
Antimalarials 224 (82.4) 140 (82.8) 84 (81.6) 0.79
Azathioprine 52 (17.3) 32 (10.7) 20 (6.7) 0.03
Belimumab 14 (4.7) 10 (5.4) 4 (3.5) 0.46
Cyclophosphamide 2 (0.7) 2 (1.1) 0 (0.0) 0.27
Ciclosporin 2 (0.7) 1 (0.5) 1 (0.9) 0.73
Glucocorticoids 132 (48.5) 80 (47.3) 52 (50.5) 0.61
Methotrexate 25 (8.8) 13 (7.0) 12 (10.5) 0.28
Mycophenolate 96 (32.0 53 (28.5) 33 (29.0) 0.93
Rituximab 14 (4.7%) 1 (0.5) 1 (0.9) 0.73

Immunosuppressive use, g/kg cumulative dose, mean (S.D.)
Azathioprine 0.67 (2.17) 0.98 (2.66) 0.39 (1.57) 0.02
Mycophenolate 16.32 (35.63) 14.16 (33.09) 18.31 (37.83) 0.18

Prior immunosuppressant use, n (%)
Azathioprine 2 (0.7) 1 (0.7) 1 (0.6) 0.76
Cyclophosphamide 0 0 0 –
Ciclosporin 0 0 0 –
Methotrexate 2 (0.7) 0 2 (1.8) 0.07
Mycophenolate 23 (7.7) 11 (7.7) 12 (7.6) 0.31

BDIf score, median (IQR) 14.9 (7.2–18.3) 13.7 (7.0–16.1) 14.9 (10.3–24.4) 0.01
BAIg score, median (IQR) 15.6 (7.0–20.0) 15.0 (7.0–18.0) 15.6 (11.0–23.0) 0.01

a Defined as a z-score ��1.5 on two or more domains as determined by comprehensive cognitive testing.
b Completion of postsecondary schooling including a college (�2 years) or university (�4 years) degree.
c Positive lupus anticoagulant testing and/or anti-b2-glycoprotein 1 IgG or IgM and/or anti-cardiolipin IgG or IgM above the laboratory-specific upper

limit of normal at baseline and again after �12 weeks.
d Psychosis, seizures, stroke, neuropathy and/or transverse myelitis.
e Known risk factors for cognitive dysfunction not captured elsewhere.
f BDI score of 0–13 is considered minimal, 14–19 mild, 20–28 moderate and 29–63 severe.
g BAI score of 0–7 is considered minimal, 8–15 mild, 16–25 moderate and 26–63 severe.
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respectively]. There were no significant differences in the remain-
ing covariates between the CD and non-CD groups at baseline.

Characteristics by AZA and MMF use are listed in Table 3.
There were no significant differences in SLICC/ACR Damage
Index (SDI) scores between participants taking AZA vs those
not taking AZA [1.2 (S.D. 1.5) vs 1.0 (1.4); P¼ 0.40] and also
for participants taking MMF vs those not taking MMF [1.1
(S.D. 1.4) vs 1.0 (1.5); P¼ 0.32]. SLEDAI-2K scores were
higher for participants taking both AZA [4.3 (S.D. 3.6) vs 3.1
(3.8); P< 0.01] and MMF [4.0 (S.D. 4.2) vs 2.9 (3.5);
P¼0.03] compared with those not taking these medications.
The glucocorticoid dose was significantly higher in partici-
pants taking MMF [7.0 mg/day (S.D. 11.4) vs 3.1 (5.5);
P<0.01]. As anticipated, nephritis was more common in
those taking both AZA (25/52 vs 68/248; P<0.01) and
MMF (50/96 vs 43/204; P< 0.01). Hypertension was more
common in those prescribed MMF (48/96 vs 76/204;
P¼0.04) and smoking was less common (2/96 vs 16/248;
P¼0.05). There were significantly fewer participants who
self-identified as belonging to ‘other’ ethnicity who were pre-
scribed MMF (7/96 vs 39/204; P¼ 0.01).

Regression analyses

Results of the adjusted mixed effects logistic regression models
are outlined in Table 4. There was a 24% decreased odds of CD
per 1 g/kg of cumulative AZA [OR 0.76 (95% CI 0.58, 0.98),
P¼ 0.04]. The number of years of treatment with AZA was also
significantly associated with decreased odds of CD [OR 0.72
(95% CI 0.54, 0.97), P¼0.03]. The use of AZA vs no use was
not statistically significant [OR 0.47 (95% CI 0.12, 1.76),
P¼ 0.26]. White ethnicity [OR 0.10 (95% CI 0.02, 0.49),
P¼ 0.01], Chinese ethnicity [OR 0.08 (95% CI 0.01, 0.89),
P¼ 0.04] and ‘other’ ethnicity [OR 0.13 (95% CI 0.02, 0.70),
P¼ 0.02] were associated with reduced odds of CD in the pri-
mary predictor model compared with Black ethnicity. There
were no additional statistically significant variables in the model.
MMF use was not significantly associated with CD in any
model.

Discussion

This longitudinal analysis examined the association of MMF
and AZA use with cognitive function in SLE patients. AZA
and MMF were chosen because they are each able to pene-
trate the CNS, are not known to be neurotoxic and can inhibit
activation of microglia, which has been implicated in the de-
velopment of SLE-CD [11]. Given these qualities, we hypothe-
size that the use of each of these medications may be
associated with lower odds of CD. Consistent with this hy-
pothesis, and despite significantly higher SLE disease activity
scores in participants taking AZA compared with those not
taking AZA, cumulative AZA dose and increasing duration
of AZA treatment were associated with decreased odds of
SLE-CD. Continuous predictors were utilized given the small
number of participants taking AZA, in order to maximize sta-
tistical power. As expected, the use of AZA as a binary predic-
tor was not statistically significant in multivariable analyses,
although baseline AZA use was associated with lower odds of
CD compared with no AZA use in univariate analyses.

While MMF use has demonstrated therapeutic potential for
SLE-CD in some case reports and open-label trials [13], we
found no association with cognitive function in our study.
Multiple possible explanations exist for this conflicting result,

with the most likely being the presence of an indication bias in
the setting of a retrospective study (i.e. patients with higher dis-
ease severity and renal disease are more likely to be prescribed
MMF, and these differences could mask a difference in the odds
of CD). Another possible confounder that may have impacted
results is the higher dose of daily glucocorticoids prescribed in
the MMF group. Prior studies have shown the potential for
both improving and worsening of CD with the use of glucocorti-
coid medications [47, 48]. An additional possibility for the lack
of association between MMF and CD is that there could have
been insufficient power to reveal a significant result. Our study
was powered to detect a 20% difference in the prevalence of
CD, although a smaller difference in the prevalence of CD could
arguably be clinically meaningful. A further speculative explana-
tion for the discrepancy includes a possible subtle neurotoxic ef-
fect, despite MMF being considered a non-neurotoxic
medication and showing therapeutic potential for more severe
CD and acute NPSLE manifestations. In fact, there are limited
reports in the literature tying MMF use with new seizure activity
and status epilepticus [49].

The divergent outcomes between AZA and MMF in this
study are worth noting, and while theoretical, could possibly
highlight differences in the molecular mechanisms of each
medication. In particular, MMF reduces de novo purine syn-
thesis mediated by inosine-50-monophosphate dehydrogenase
inhibition, hindering cell replication. Lymphocytes are a rela-
tively specific target of MMF due to their sole reliance on the
de novo purine synthesis pathway [50]. In contrast, AZA
inhibits both the salvage and de novo purine pathways and
produces both cytostatic and cytotoxic effects [50]. This is
highly relevant to our study because our working hypothesis
is that microglial activation may play a key role in SLE-CD
and microglia utilize both de novo and salvage purine path-
ways. In theory, due to these effects, AZA could possibly re-
sult in more potent microglial inhibition compared with
MMF. An alternate explanation for the divergent outcomes
between AZA and MMF in our study is, of course, that un-
known confounders exist between the two groups taking
AZA vs MMF, given the observational study design.
Supplementary Table S4 (available at Rheumatology online)
provides a comparison of documented participant characteris-
tics and outcomes based on AZA and MMF use. The duration
of exposure was similar between the MMF and AZA groups.
Participants taking AZA had statistically higher SLEDAI-2K
scores, were more likely to be taking methotrexate, on aver-
age used a lower daily dose of glucocorticoid medications,
were more likely to identify with belonging to ‘other’ ethnic
minority groups and had slightly lower prevalence of
hypertension.

Despite finding a significant outcome for the primary AZA
analysis, results should be interpreted with caution given the
inherent limitations that exist in this observational study.
Specifically, we are only able to account for known confound-
ers of AZA/MMF use and CD. Multiple unknown confound-
ers still exist that may unpredictably influence results and
therefore preclude any type of causal conclusions. A prospec-
tive, randomized trial would be required to capture unmeas-
ured confounders. Also, for the great majority of patients we
did not capture incident CD and therefore the timing of medi-
cation use vs development of CD is unclear. Further limita-
tions of this study include a lack of information regarding
medication adherence, which can be a common challenge in
clinical practice and has the potential to substantially alter the
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Table 3. Baseline characteristics of participants by AZA and MMF use

Characteristics No AZA use (n¼248) AZA use (n¼52) P-value No MMF use (n¼204) MMF use (n¼96) P-value

SDI score
Median (IQR) 1.0 (0.0–1.0) 1.0 (0.0–2.0) 0.40 0.0 (0.0–1.1) 1.0 (0.0–2.0) 0.32
Mean (S.D.) 1.0 (1.4) 1.2 (1.5) 1.0 (1.5) 1.1 (1.4)

Disease duration, years, median (IQR) 12.7 (5.8–21.9) 11.9 (6.7–16.6) 0.48 13.2 (6.0–22.2) 11.6 (6.0–19.4) 0.22
SLEDAI-2K

Median (IQR) 2.0 (0.0–4.0) 4.0 (2.0–6.0) <0.01 2.0 (0.0–4.0) 3.5 (0.0–6.0) 0.03
Mean (S.D.) 3.1 (3.8) 4.3 (3.6) 2.9 (3.5 ) 4.0 (4.2)

SLEDAI-2KG
Median (IQR) 2.3 (0.0–6.0) 2.1 (1.5–7.3) <0.01 2.0 (0.0–6.0) 4.0 (2.0–7.8) <0.01
Mean (S.D.) 4.2 (4.9) 5.5 (3.8) 3.8 (4.1) 5.7 (5.7)

Other immunosuppressant use, n (%)
Antimalarials 183 (82.1) 41 (83.7) 0.79 152 (82.6) 72 (81.8) 0.87
Belimumab 11 (4.4) 3 (5.8) 0.68 10 (4.9) 4 (4.2) 0.78
Cyclophosphamide 2 (0.8) 0 0.52 2 (1.0) 0 0.33
Ciclosporin 2 (0.8) 0 0.52 2 (1.0) 0 0.33
Methotrexate 23 (9.3) 2 (3.9) 0.20 23 (11.3) 2 (2.1) 0.01
Rituximab 2 (0.8) 0 0.52 1 (0.5) 1 (1.0) 0.58

Prior immunosuppressant use, n (%)
Azathioprine – – – 2 (1.0) 0 0.33
Cyclophosphamide 0 0 – 0 0 –
Ciclosporin 0 0 – 0 0 –
Methotrexate 2 (0.8) 0 0.52 2 (1.0) 0 0.33
Mycophenolate 5 (2.0) 18 (34.6) <0.01 – – –

Glucocorticoid dose, mg/day
Mean (S.D.) 4.4 (8.5) 4.2 (5.8) 0.23 3.1 (5.5) 7.0 (11.4) <0.01

SLE manifestations, n (%)
Cognitive dysfunction 137 (55.2) 20 (38.5) 0.03 102 (50.0) 55 (57.3) 0.24
Antiphospholipid positivitya 34 (13.7) 12 (23.0) 0.09 28 (13.7) 18 (18.8) 0.26
Nephritis 68 (27.5) 25 (48.1) <0.01 43 (21.1) 50 (52.6) <0.01
Mucocutaneous 137 (55.5) 35 (67.3) 0.12 117 (57.4) 55 (57.9) 0.93
Musculoskeletal 90 (36.4) 22 (42.3) 0.43 76 (37.3) 36 (37.%) 0.92
Other NPSLE manifestationsb 66 (26.6) 9 (17.3) 0.16 50 (24.5) 25 (26.0) 0.78
Serositis 20 (8.1) 6 (11.5) 0.42 15 (7.4) 11 (11.6) 0.23

Additional CD risk factorsc, n (%)
Hypertension 100 (40.3) 24 (46.2) 0.44 76 (37.3) 48 (50.0) 0.04
Obesity 83 (33.5) 14 (26.9) 0.36 63 (30.9) 34 (35.4) 0.43
Smoker 14 (6.1) 3 (5.8) 0.94 16 (7.8) 2 (2.1) 0.05

Ethnicity, n (%)
Black 50 (20.2) 9 (17.3) 0.64 36 (17.6) 23 (24.0) 0.20
White 132 (53.2) 30 (57.7) 0.56 111 (54.4) 51 (53.1) 0.84
Chinese 27 (10.9) 6 (11.5) 0.89 18 (8.8) 15 (15.6) 0.08
Other 39 (15.7) 7 (13.4) 0.68 39 (19.1) 7 (7.3) 0.01

Education level (highest achieved), n (%)
�grade 12 45 (18.1) 15 (28.8) 40 (19.6) 20 (20.8)
College or university degreed 203 (81.9) 37 (71.2) 0.08 164 (80.4) 76 (79.2) 0.80

a Positive lupus anticoagulant testing and/or anti-b2-glycoprotein 1 IgG or IgM and/or anti-cardiolipin IgG or IgM above the laboratory-specific upper
limit of normal at baseline and again after �12 weeks.

b Psychosis, seizures, stroke, neuropathy and/or transverse myelitis.
c Known risk factors for cognitive dysfunction not captured elsewhere.
d Completion of a college (�2 years) or university (�4 years) degree.

SLEDAI-2K: SLEDA Index 2000; SLEDAI-2KG: SLEDAI-2K Glucocorticoid.

Table 4. Mixed logistic regression models for medication use predicting cognitive dysfunctiona

Medication Cumulative dose (g/kg) (n¼676) Use for �6 months (n¼676) Treatment duration (years) (n¼676)

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Azathioprine 0.76 (0.58, 0.98) 0.04 0.47 (0.12, 1.76) 0.26 0.72 (0.54, 0.97) 0.03
Mycophenolate 1.03 (0.93, 1.13) 0.58 0.76 (0.32, 1.79) 0.53 1.12 (0.96, 1.31) 0.15

a Defined as a z-score ��1.5 on two or more domains as determined by comprehensive cognitive testing.
Covariates included in the models: SLEDAI-2KG (37–40) score (incorporates glucocorticoid dose with the SLEDAI-2K), SDI, additional CD risk factors not
captured elsewhere (hypertension, obesity, active smoker), persistent aPL antibody positivity (positive lupus anticoagulant testing and/or anti-b2-glycoprotein
1 IgG or IgM and/or anti-cardiolipin IgG or IgM above the laboratory-specific upper limit of normal at baseline and again after �12 weeks, recorded as a
binary variable), history of lupus nephritis, active use of an additional immunomodulator (antimalarials, belimumab, calcineurin inhibitor, cyclophosphamide,
methotrexate, rituximab), prior use of an immunomodulator (AZA, calcineurin inhibitor, cyclophosphamide, methotrexate, MMF), BDI score, BAI score, age
(in years), sex (male vs female), ethnicity (Black, Caucasian, Chinese or other), education level (completion of a college or university degree recorded as a
binary variable), employment status (employed or full-time student vs other) and marital status (married or common-law partner vs other).
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results. Also, this is a single-center study in which all partici-
pants were required to speak English due to the nature of the
cognitive tests, with the great majority of participants having
completed postsecondary education and identifying as White.
Further studies are needed to clarify whether results are gener-
alizable to other patient populations. This is especially impor-
tant when studying cognition, given that White ethnicity is
protective against multiple social, economic and educational
disparities [44].

Despite these limitations, there are multiple strengths of
this study that we would like to highlight. Importantly, to our
knowledge, this is the first study to investigate the association
of AZA, MMF and SLE-CD. Existing literature, as discussed
in the introduction, has included only case series and open-
label studies examining multiple NPSLE outcomes simulta-
neously. Additionally, this study was conducted after the de-
velopment of an a priori hypothesis that identified a potential
mechanism to support the findings. Moreover, despite the ret-
rospective analysis completed for this study, the data were
collected prospectively, limiting misclassification and recall
biases. Furthermore, the longitudinal design allowed us to ac-
count for both intra- and interindividual effects. Also, the use
of a cumulative dose of AZA as a primary predictor may sup-
port a ‘dose-dependent’ association and, along with the con-
sistency of sensitivity analyses, strengthens a potential
relationship between AZA use and cognitive functioning in
patients with SLE. Regardless, this project is a preliminary ret-
rospective study and a prospective study is required to accu-
rately determine whether there is a protective effect of AZA
with regard to SLE-CD.

Supplementary data

Supplementary data are available at Rheumatology online.
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