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Clinical science
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Abstract
Objective: To phenotype SLE based on symptom burden (disease damage, system involvement and patient reported outcomes), with a specific
focus on objective and subjective cognitive function.

Methods: SLE patients ages 18–65 years underwent objective cognitive assessment using the ACR Neuropsychological Battery (ACR-NB)
and data were collected on demographic and clinical variables, disease burden/activity, health-related quality of life (HRQoL), depression, anxiety,
fatigue and perceived cognitive deficits. Similarity network fusion (SNF) was used to identify patient subtypes. Differences between the sub-
types were evaluated using Kruskal–Wallis and v2 tests.

Results: Of the 238 patients, 90% were female, with a mean age of 41 years (S.D. 12) and a disease duration of 14 years (S.D. 10) at the study
visit. The SNF analysis defined two subtypes (A and B) with distinct patterns in objective and subjective cognitive function, disease burden/
damage, HRQoL, anxiety and depression. Subtype A performed worst on all significantly different tests of objective cognitive function (P<0.03)
compared with subtype B. Subtype A also had greater levels of subjective cognitive function (P<0.001), disease burden/damage (P<0.04),
HRQoL (P<0.001) and psychiatric measures (P<0.001) compared with subtype B.

Conclusion: This study demonstrates the complexity of cognitive impairment (CI) in SLE and that individual, multifactorial phenotypes exist.
Those with greater disease burden, from SLE-specific factors or other factors associated with chronic conditions, report poorer cognitive
functioning and perform worse on objective cognitive measures. By exploring different ways of phenotyping SLE we may better define CI in
SLE. Ultimately this will aid our understanding of personalized CI trajectories and identification of appropriate treatments.

Keywords: SLE phenotypes, cognition, machine learning

Introduction

SLE is a complex autoimmune disease that affects multiple
organs, including the brain. The ACR defines central or periph-
eral nervous system involvement in SLE as neuropsychiatric

SLE (NPSLE). NPSLE includes 19 focal or diffuse syndromes
and cognitive impairment (CI) is one of the most common
diffuse conditions [1]. CI is a significant problem in SLE. The
prevalence of CI in SLE has been reported to range between
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20 and 80% of patients [2]. The discrepancy among estimates
is likely due to different measures being used or different
cohorts being studied [3]. Self-reported measures of subjective
CI in SLE lead to higher prevalence rates [4] compared with
objective measures of CI, where the prevalence is closer to
38% [5].

CI significantly affects health-related quality of life
(HRQoL) [6], yet to date there are limited treatment options.
In part, this is due to uncertainty regarding the cause, which is
likely multifaceted [3]. Many of the factors that can cause CI
are not specific to SLE. Non-specific SLE factors affecting
cognitive function include mood disorders, anxiety, sleep dis-
turbance, fatigue, pain, CNS-acting medication, cerebral
small vessel disease and stroke [7–12], all of which are more
prevalent in SLE compared with the general population. SLE-
specific factors shown to be associated with CI in SLE include
disease activity, duration of disease and disease damage, in-
cluding changes within the brain [2, 6, 13–15]. These specific
and non-specific factors may vary from individual to individ-
ual with SLE. In addition, many of the factors that affect CI
are interlinked and patients can have multiple combinations
of these at any given point [3]. The variability in CI causes
and presentations makes it difficult to build cognitive profiles,
and ultimately difficult to choose appropriate treatments.

In order to try to better understand the potentially individu-
alized concept/construct and causes of CI in SLE, more spe-
cific phenotypes are required. Clinical phenotypes of SLE,
such as renal vs cutaneous involvement, have long been estab-
lished, and new research to create more homogeneous SLE
subgroups based on features such as molecular mechanisms
are ongoing [16]. However, problems with CI may not be
addressed by these studies. Interestingly, Pisetsky et al. [17]
recently proposed the idea of phenotyping SLE patients into
two symptomology groups: those with ‘classic active
autoimmune-driven manifestations’ and those with other
symptoms such as depression, widespread pain, fatigue and
CI. In our study, we take this further and phenotyped SLE
patients based on symptom burden [disease damage, system
involvement and patient-reported outcomes (PROs)], specifi-
cally focusing on cognitive function (objective and subjective).
The purpose of this is to understand which factors are associ-
ated with CI in SLE. If different phenotypes can be deter-
mined, then treatments for CI in SLE can be better tailored to
each individual. We used machine learning techniques to look
for SLE disease burden phenotypes and then examined the
contributing factors associated specifically with CI in SLE.

Patients and methods
Participants

Consecutive SLE patients meeting 2019 EULAR/ACR classifi-
cation criteria for SLE [18] were approached from the
Toronto Lupus Clinic at the University Health Network

(UHN) Toronto Western Hospital and asked if they wished
to participate. Patients provided written informed consent in
accordance with the Helsinki Declaration and the study was
reviewed and approved by the UHN Research Ethics Board
(CAPCR ID: 15-9582). Inclusion criteria required all partici-
pants to be 18–65 years old and to have an adequate level of
English to enable completion of the cognitive tasks.

Materials

Demographic, clinical and serological data and PRO meas-
ures were collected.

PRO measures

PRO measures were collected using the 36-item Short Form
Health Survey (SF-36) version 2, general time frame (4 weeks)
[19], LupusQoL [20], 20-item Perceived Deficits Questionnaire
(PDQ-20) [21], Beck Depression Inventory-II (BDI-II) [22],
Beck Anxiety Inventory (BAI) [23] and Fatigue Severity Scale
(FSS) [24].

Clinical outcomes

SLE disease activity was assessed using the SLEDAI 2000
(SLEDAI-2K) [25] and disease damage using the SLICC/ACR
Damage Index (SDI) [26].

Cognitive assessments

The comprehensive 1 hour ACR Neuropsychological Battery
(ACR-NB) [27] was undertaken, using the Hopkins Verbal
Learning Test-Revised (HVLT-R) [28] instead of the
California Verbal Learning Test (CVLT) [29] and with the ad-
dition of Trail Making Test A. The HVLT-R is shorter and an
easier test compared with the CVLT, which could have ren-
dered our battery less sensitive than the original ACR-NB.
However, the addition of Trail A to our battery helps to offset
that, as it adds overall sensitivity to the battery. In addition,
the Montreal Cognitive Assessment (MoCA) was adminis-
tered and the Revised North American Adult Reading Test
can assess for estimated premorbid IQ.

The 19 cognitive tests administered represented six cognitive
domains: manual motor speed, simple attention and process-
ing speed, visual–spatial construction, language processing,
learning and memory and executive functioning (Table 1).
Performance on the cognitive tests examining dexterity (finger
tapping) can be affected by SLE damage or current pain status.
As such, during the administration of the task the psychomet-
rist assessed the participant’s physical capability and recorded
any limitations. This was then accounted for at the analysis
stage.

Design and procedures

Data collected for this study are part of a longitudinal project
involving multiple visits. However, this article will only discuss
data from the baseline visit, collected 12 January 2016–24

Rheumatology key messages

• Using machine learning, this study identified two distinct phenotypes of SLE.

• Phenotype variations included differences in objective and subjective cognitive function, psychiatric measures, HRQoL and disease

burden.

• The identification of different SLE phenotypes will aid future cognitive impairment clinical trials.
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September 2019. The majority of participants completed all
outcome measures on the same day; the remaining participants
completed all the assessments within 1 month. Cognitive test-
ing was performed by six psychometrists, all of whom received
significant training and supervision from the study psycholo-
gist. Before a new psychometrist started working with partici-
pants their testing was checked for high agreement on
administration and scoring; no differences were observed.

Analyses
Algorithm to determine CI status

Participants were categorized as having CI based on the fol-
lowing algorithm: participants must have impaired perfor-
mance in two or more domains (domains defined in Table 1),
domains 1–4 were considered impaired if one or more tests
within the domains had a z-score ��1.5 and domains 5 and
6 required two or more tests to have a z-score ��1.5 [30].

The definition of CI in SLE has yet to be formally estab-
lished and researchers have used varying definitions [5, 31].
Our algorithm is based on ACR guidance and results from
previous studies that suggest an S.D. of 2 or a z-score cut-off
of 1.5 is indicative of impairment on cognitive tests [32, 33].
This study had multiple tests within cognitive domains, so to
avoid overestimation of CI in a specific domain, the above al-
gorithm was devised.

SNF

The demographic and clinical data, PROs and cognitive test
results were used in the SNF analysis. Where data were miss-
ing, imputation using the median values from the whole sam-
ple was used [34]. All variables used within the SNF analysis
were first assigned to one of seven key themed groups: patient
baseline characteristics, anxiety and depression, health-
related quality of life (HRQoL), disease burden, clinical blood
work and medication and objective and subjective measures
of cognitive function. The group assignation of each variable
can be seen in Table 2. These grouped variables, ‘data sets’
hereafter, were then transformed into patient similarity net-
works and fused using SNF to create an integrated network
[35]. The eigengaps algorithm was used to identify the best
number of clusters based on the fused network. Spectral clus-
tering, a type of clustering that uses a combination of

principal component analysis (PCA) and k-means clustering,
was then used to generate participant subtypes [36].

PCA

Using PCA, the ACR-NB tests were reduced to generate a
factor score (CI factor score). PCA was used to obtain lower-
dimensional data while preserving as much of the data’s
variation as possible.

Differences between the SNF subtypes

We then assessed the associations of the SNF subtypes with
all the variables in our dataset using v2 tests for categorical
data and Kruskal–Wallis tests for continuous data.
Significance was set at P< 0.05 and Bonferroni corrected sig-
nificance was set at P<0.0008.

Results

We recruited 360 participants; 331 declined to participate.
Those who declined were slightly older (41 vs 45 years), were
diagnosed with SLE at an older age (27 vs 29 years) and had a
longer disease duration (14 vs 16 years). No differences were
seen in sex or education level. Of those recruited, 38 withdrew
and 21 were withdrawn by the principal investigator (PI).
Reasons for withdrawals included language barriers, visual
problems, inability to dedicate time to the study or no longer
wished to participate. A further 63 were removed due to miss-
ing data that could not be imputed. Comparisons between
those who withdrew/were excluded and those who were in-
cluded showed differences in education (excluded had a
greater number who attended college but a lesser number
who attended university) and disease activity levels (excluded
had a higher score, 4 vs 3). No differences were seen in age,
sex, age at diagnosis, disease duration, disease damage or
medication use. The following results represent data from 238
SLE participants. All participants completed all cognitive tests
on the same day. Table 3 shows the baseline characteristics
and that this cohort is a representative sample of SLE
patients.

The SNF analysis revealed two participant subtypes based
on the seven data sets listed in Table 2. Subtype A was

Table 1. ACR-NB domains and cognitive test scores

Domains Test scores Domains Test scores

Manual motor speed Finger tapping test: dominant hand
Finger tapping test: non-dominant

hand

Language
processing

COWAT
Animal fluency test

Simple attention and
processing speed

Trail A
Stroop colour naming
Stroop word reading

Learning and
memory

Visual–spatial: RCFT recall, RCFT delay recall,
RCFT recognition

Verbal [28]: HVLT-R delayed recall, HVLT-R
recognition, HVLT-R total recall

Visual–spatial
construction

RCFT copy Executive
functioning

Stroop (interference score)
WAIS letter-number
WAIS-III digit Symbol/SDMT
Trail B
Auditory consonant Trigrams test

Our battery is identical to the ACR-recommended cognitive battery for adults with SLE except that the HVLT-R was substituted for the CVLT and the Trail
Making Test A was added. The HVLT-R is shorter and an easier test compared with CVLT, which could have rendered our battery less sensitive than the
original ACR-NB. However, the addition of Trails A to our battery helps to offset that, as it adds overall sensitivity to the battery. In addition, the MoCA was
administered and the Revised North American Adult Reading Test can assess for estimated premorbid IQ.
RCFT: Rey–Osterrieth Complex Figure Test; COWAT: Controlled Oral Word Association Test; SDMT: Symbol Digit Modalities Test.
References for all tests can be found in the supplementary material, available at Rheumatology online.
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composed of 119 participants and subtype B of 119 (Fig. 1),
the groups were of equal size by chance.

Age, sex and age at diagnosis were statistically different be-
tween the two subtypes (Table 4) but disease duration and
current immunosuppressant, glucocorticoid and biologic use
were not. Subtype A was older at the study visit and at age of
diagnosis compared with subtype B, but had a comparable
disease duration. Subtype B had more participants with posi-
tive anti-dsDNA, low C3 and low C4 results. Significant
differences between the subtypes for the PROs were found
from the HRQoL measures, fatigue score and depression and
anxiety measures. Significant differences in disease measures
were found for comorbid fibromyalgia, disease activity,
disease damage [specifically in the following organs: musculo-
skeletal (MSK), cardiovascular and gonadal] and disease

manifestations in the last 10 years (specifically MSK,
CNS and skin disease involvement; Table 4). Subtype A had
greater levels of fatigue, depression, anxiety, fibromyalgia and
disease burden/damage and poorer HRQoL compared with
subtype B.

Cognitive measures

The two subtypes were significantly different on all subjective
measures of cognition from the PDQ-20 and 11 of the 19 ob-
jective cognitive test scores from the ACR-NB. Subtype A ex-
perienced the worst cognitive impairment on all subjective
and objective measures (Table 4). Although more participants
in subtype A [n¼ 66 (55%)] had CI, as defined by our algo-
rithm, compared with subtype B [n¼55 (44%)], this was not
statistically significant (P¼ 0.19).

Table 2. Grouped variables (data sets)

Data set Variables

Baselinea characteristics Age at SLE diagnosis
Age at baseline visit
Disease duration at baseline visit
Sex
Employment status up to baseline visit
Education level up to baseline visit
Income quintile

Anxiety and depression Beck Depression Inventory-II score
Beck Anxiety Inventory score

HRQoL SF-36: Bodily Pain, General Health, Mental Health,
Physical Functioning, Role Emotional Role Physical,
Social Functioning, Vitality, Physical Score, Mental
Score

LupusQoL: Physical, Emotional, Body Image,
Pain, Planning, Fatigue, Intimate, Burden

Disease burden SLEDAI-2K score
SDI total score and SDI by organs: SDI Ocular, SDI Neurologic, SDI Renal, SDI Pulmonary, SDI Cardiologic,

SDI Vascular, SDI Gastrointestinal, SDI MSK, SDI Skin, SDI Gonad, SDI Diabetes, SDI Malignancy
SLE involvement in the following systems within the last 10 years based on the nine organ systems of the

SLEDAI-2K: CNS, Vasculitis, Skin, MSK, Serositis, Renal, Immunology, Haematology, Constitutional
FSS
Fibromyalgia

Clinical blood work
and medication

Treated within 3 months of study visit with:
• Glucocorticoids
• Antimalarials
• Immunosuppressives

Average prednisone dose within 3 months of baseline visit
Blood test results for (results within 3 months of baseline visit or closest possible result):

• Anti-Ro
• Anti-La
• Anti-Smith
• Anti-RNP
• Anti-phospholipid (anti-cardiolipins IgG and IgM and lupus anticoagulant)
• Anti-dsDNA
• Anti-smRNP
• Anti-Scl-70
• Anti-Jo-1
• Anti-centromere
• Anti-chromatin
• Anti-ribosomal P
• C3
• C4

Objective cognitive measures All ACR-NB cognitive tests as seen in Table 1
Subjective cognitive measures PDQ-20: individual question results, total score and the four subscores (attention and concentration, retrospec-

tive memory, prospective memory and planning and organisation)

The research team identified seven key themes/data sets. Variables collected as part of the study were then assigned to the most relevant data set. The
assignation of all variables can be seen in this table.

a Baseline refers to the first visit when all measures were collected, including patient characteristics, PROs and cognitive assessment.
References for all tests can be found in the supplementary material, available at Rheumatology online.
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From the PCA, the first two dimensions (components)
explained 40.1% of the variance in neuropsychological per-
formance. The first dimension (subsequently referred to as the
CI factor score), explained 29.7% of the variance and primar-
ily included tests such as complex processing speed [Wechsler
Adult Intelligence Scale, 3rd ed. (WAIS-III) digit symbol], ex-
ecutive function–task switching (Trail B) and verbal memory
(HVLT-R total recall). A subtype comparison with the CI fac-
tor score showed again that subtype A had lower scores, indi-
cating greater CI compared with subtype B (P< 0.001;
Fig. 2).

The finger tapping dexterity test was found to be invalid
for four participants due to physical or pain difficulties caused
by SLE, as reported by the psychometrist. The analysis was
run with these four results removed.

Secondary SNF analysis

A total of 63 participants had to be removed from the analysis
due to large amounts of missing baseline data from PROs and
psychiatric measures. In order to include these participants in
a repetition of our analyses, for sensitivity purposes, we
checked their subsequent study visits for a more complete
data set. If a more complete visit was found, this was used in
our secondary analyses. A total of 21 participants were added
to the second SNF analysis (Supplementary Fig. S1, available
at Rheumatology online).

Using 259 participants in the second SNF analysis
revealed no differences (Supplementary Table S1, available at
Rheumatology online) except the subtype numbers: subtype
A¼ 135, subtype B¼ 124. All participants remained in the
same subtype for both SNF analyses, except two, who were
originally in subtype B but moved to subtype A in the second
SNF.

Discussion

In this analysis using machine learning, we identified two dis-
tinct SLE participant subtypes. These subtypes had important
differences in a range of features, including objective and
subjective cognitive function measures, HRQoL, disease bur-
den, psychiatric measures, age, age at diagnosis and gender.
Subtype A had the most objective and subjective cognitive im-
pairment, as well as scoring more poorly on all PROs and
clinical measures mentioned compared with subtype B.

Subtype differences were seen across all cognitive domains
except manual motor speed and simple attention. Subtype A
performed worse on all statistically significant different cogni-
tive tests (11 of 19) compared with subtype B. However, the
percentage of people with CI (as defined by our algorithm)
did not differ statistically between the two subtypes. This is of

Table 3. Baseline characteristics of the study cohort (N¼ 238)

Variables Values

Age at assessment,
years, mean (S.D.)

41 (12)

Female, n (%) 214 (90)
Education level (data missing

for 4 patients), n (%)
Grade 8: 9 (3.8)

High school graduate: 44 (18.5)
College: 80 (33.6)

University: 105 (44.1)
Age at diagnosis, years, mean (S.D.) 26 (11)
Disease duration at assessment,

years, mean (S.D.)
14 (10)

SLEDAI-2K score, mean (S.D.) 3.0 (3.4)
SDI score, mean (S.D.) 1.1 (1.5)
Immunosuppressant use, n (%) 131 (55)
Current antimalarial use, n (%) 195 (82)
Glucocorticoid use, n (%) 115 (48)
Biologic medication use, n (%) 15 (6.3)

Figure 1. SNF for baseline visit data. Prior to our SNF analysis we created seven data sets: patient baseline features, clinical blood work and medication,

disease burden, anxiety and depression, HRQoL, subjective (PDQ-20) and objective (ACR-NB) measures of cognitive function (Table 2). These data sets

were transformed into patient similarity networks. The patient similarity networks were then fused using SNF to create an integrated network. The above

diagram shows the seven patient similarity networks on the left and the integrated network on the right. Clusters for the networks are outlined in blue.

The integrated network revealed two significant cluster subtypes. These subtypes were defined by patterns from the seven patient similarity networks

and each subtype has 119 participants. *Demographic and clinical variables used within the patient baseline and disease burden information included age,

sex, marital and employment status, education and income level, age at diagnosis, disease damage, disease activity, fatigue and fibromyalgia status
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importance, as it suggests a dichotomous definition of CI in
SLE may fail to identify the more subtle CI differences that
are common in SLE [3] and a better way to define CI in SLE
may be required. The current gold standard to assess CI in
SLE proposes administering multiple cognitive tests covering

six cognitive domains [32]. Using results from multiple tests is
difficult for hypothesis testing and, as such, many SLE
researchers have tried to simplify this into a dichotomous var-
iable [31], as we did. However, a better approach may involve
using continuous variables, such as those derived from factor

Table 4. Significant differences between the subtypes for variables inputted into the original SNF analysis (N¼ 238)

Variables Subtype A (n¼119) Subtype B (n¼119) P-value

Baseline demographic and clinical variables
Age at assessment, years, median (IQR) 46 (31–54) 37 (30–47) 0.001
Female, n (%) 113 (95) 101 (85) 0.016
Age at diagnosis, years, median (IQR) 28 (20–36) 23 (17–30) 0.003
Anti-dsDNA number positive, n (%) 37 (31) 61 (51) 0.002
Low C3, n (%) 33 (28) 63 (53) <0.001
Low C4, n (%) 3 (3) 23 (19) <0.001
Depression, anxiety and fatigue, median (IQR)a

Beck Depression Inventory-II 22 (14–31) 7 (2–11) <0.001
Beck Anxiety Inventory 23 (17–34) 7 (3–11) <0.001
FSS 5.67 (4.56–6.22) 3.22 (1.95–4.44) <0.001
HRQoL, median (IQR)b

SF-36 Mental 36 (29–46) 54 (45–58) <0.001
SF-36 Physical Role 31 (26–37) 50 (43–54) <0.001
LupusQoL Physical Health 53 (36–69) 94 (81–97) <0.001
LupusQoL Burden 50 (17–67) 83 (75–92) <0.001
LupusQoL Pain 50 (33–67) 100 (83–100) <0.001
LupusQoL Emotional 63 (42–77) 92 (79–100) <0.001
LupusQoL Body Image 69 (40–88) 92 (75–100) <0.001
LupusQoL Planning 58 (42–75) 100 (92–100) <0.001
LupusQoL Fatigue 38 (25–53) 81 (66–94) <0.001
LupusQoL Intimate 63 (25–75) 100 (100–100) <0.001
Fibromyalgia, n (%)
Fibromyalgia 25 (21) 3 (3) <0.001
SLICC/ACR Damage Index
SDI total score, median (IQR) 1 (0–2) 0 (0–1) <0.001
MSK damage, n (%) 34 (29) 11 (9) <0.001
Cardiovascular damage, n (%) 14 (12) 1 (1) 0.001
Gonadal, n (%) 6 (5) 0 0.04
Disease activity
SLEDAI-2K score, median (IQR) 2 (0–4) 3 (0.5–4) 0.01
SLE system involvement within the last 10 years, n (%)
MSK 108 (91) 88 (74) 0.001
CNS 33 (28) 16 (13) 0.01
Skin 111 (93) 100 (84) 0.04
Subjective measures of cognition—PDQ-20,c median (IQR)
Attention and concentration 12 (10–15) 6 (3–9) <0.001
Retrospective memory 10 (7–13) 5 (2–7) <0.001
Prospective memory 9 (6.5–11) 4 (2–6) <0.001
Planning and organisation 11 (8–14) 5 (2–7) <0.001
Total score 41 (34–51) 21 (11–29) <0.001
Objective measures of cognition—ACR-NB z-scores,d median (IQR)
2.1 Trail A 0.51 (�0.32–0.98) 0.76 (0.05–1.25) 0.01
2.2 Stroop colour naming �0.2 (�0.87–0.67) 0.2 (�0.61–1.08) 0.03
3 RCFT copy �0.95 (�2.45–0.08) �0.26 (�1.24–0.43) 0.01
4.1 COWAT �0.33 (�0.98–0.29) 0.04 (�0.78–0.65) 0.02
5.1 RCFT recall �1.07 (�1.90 to �0.08) �0.39 (�1.29–0.37) <0.001
5.2 RCFT delay recall �0.99 (�2.05 to �0.08) �0.52 (�1.34–0.41) 0.01
5.4 HVLT-R delayed recall �1.13 (�2.05 to �0.08) �0.61 (�1.64–0.28) <0.001
5.6 HVLT-R recognition �1.06 (�1.75 to �0.52) �0.67 (�1.39–0.17) <0.001
6.1 Stroop interference score 0.24 (�0.41–0.81) 0.61 (�0.08–1.34) 0.01
6.3 WAIS-III digit symbol 0 (�0.99–0.67) 0.33 (�0.33–0.99) <0.001
6.5 Auditory consonant trigrams test �1.19 (�1.80–0.23) 0.11 (�1.50–0.82) <0.001

a Higher scores indicate greater levels of depression, anxiety and fatigue.
b Higher scores indicate better HRQoL.
c Higher scores indicate more perceived cognitive impairment.
d Higher z-scores indicate less cognitive impairment.

Not significant: cognitive impairment based on algorithm (P¼ 0.19), domain 1.1 (P¼ 0.54), domain 1.2 (P¼ 0.3), domain 2.3 (P¼ 0.53), domain 4.2
(P¼ 0.05), domain 5.3 (P¼ 0.42), domain 5.5 (P¼ 0.3), domain 6.2 (P¼ 0.11), domain 6.4 (P¼ 0.18).
Bold text¼Bonferroni corrected.
RCFT: Rey–Osterrieth Complex Figure Test; COWAT: Controlled Oral Word Association Test.
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analysis. In our study we also used PCA as a method to com-
bine multiple cognitive test scores. Our PCA-generated factor
score was found to be significantly different between our sub-
types, again showing subtype A to be more impaired.

The disease damage and system involvement variables
revealed significant differences between the subtypes in mul-
tiple systems. For disease damage, these included differences
in cardiovascular, MSK and gonadal systems, and for system
involvement these included MSK, CNS and skin. Subtype A
had higher levels of burden in all of these systems compared
with subtype B. Although a direct association between CI
and levels of disease burden are beyond the scope of this ar-
ticle, it is interesting to see that the subtype with greater lev-
els of disease burden also performed worse on cognitive
testing. Many of the systems that have been shown to be
more affected in subtype A have been found to be associated
with CI in previous research and these systems are discussed
below.

Both CNS involvement and cardiovascular damage in SLE
are associated with alterations to brain structures and cogni-
tive decline [2, 37]. Studies have repeatedly shown connec-
tions between cardiovascular disease and cognitive
impairment [37]. Also, risk factors associated with cardiovas-
cular disease are often associated with cerebrovascular disease
[38]. Cerebral small vessel disease (SVD), a marker of cere-
brovascular disease, has been shown to affect cognitive func-
tion in SLE patients [11, 39]. SLE patients with evidence of
SVD, such as white matter hyperintensities, had a greater as-
sociation with CI and stroke [12].

MSK involvement may be linked to deficits in cognition
through pain. It is well known that MSK involvement can
cause pain in SLE [40], and pain is associated with impaired
cognition [41, 42]. This relationship is bidirectional, with
both cognition and pain sharing neuronal pathways [43].
Distraction from cognitive tasks can help to reduce feelings of
pain [43, 44], but more frequently pain negatively impacts
cognition. The limited processing capacity of the brain means
that the experience of pain can divert attention away from
cognitive tasks, leading to CI. A worry or fear of pain can
also cause hypervigilance, meaning an increased focus on
pain and a reduction in cognitive abilities [44, 45]. Indirectly
pain can also impact cognition by its associations with mood
disorders and poor sleep quality [9, 45]. Further research
examining direct associations between CI, CNS and MSK

involvement and cardiovascular damage, while exploring dif-
ferent phenotypes of SLE is needed.

Diagnosis of fibromyalgia was found to be different be-
tween our subtypes, with a greater number of those in subtype
A having this comorbidity. Also, subtype A scored worst on
all HRQoL subscores compared with subtype B. Previous
work has found HRQoL to be negatively impacted by CI
[46]. This has also been shown to affect employment status
and social interactions [46], indicating that understanding the
links between CI and HRQoL is vital to improve patients’
lives.

Fatigue levels were also found to be different between the
subtypes. Fatigue is a complex construct and can be separated
into multiple subdomains, such as cognitive and physical
[47]. Cognitive fatigue has been associated with altered brain
processes during cognitive tasks and may be linked to patient-
reported ‘brain fog’ or subjective measures of cognitive func-
tion [48]. One theory suggests that overuse of compensatory
brain mechanisms can lead to cognitive fatigue and poten-
tially overt CI [48, 49]. However, others have failed to find
associations between subjective and objective measures of
cognition, stating subjective CI is more closely associated with
depression and anxiety than objective CI [4]. Depression and
anxiety are important factors when assessing cognitive func-
tion, and we did find differences between the subtypes for
these factors, but they may not be the main driving factor
[48]. What was interesting about this work was that we found
the subtype with poorer performance in objective cognitive
measures also had higher self-reported subjective CI. Subtype
A had the highest levels of impairment for both measures.
Clearer definitions and understandings of the relationships
are needed for the terms cognitive fatigue, brain fog and sub-
jective and objective measures of CI in SLE.

This study does have some limitations. First, the data
reported are all cross-sectional, so they do not provide
answers regarding long-term outcomes. However, we have
collected these data for multiple time points and will begin
longitudinal analysis as our next step. Second, we had missing
data for some tests on the ACR-NB, SF-36 and autoantibody
results. To address this, in the SNF analysis, median imputa-
tion was used. In addition, a sensitivity analysis with patient
data imputed from alternative research visits showed concor-
dant results. Third, due to the complexity of cognitive func-
tion in SLE and the many factors associated with this
condition, a number of variables were considered and analy-
ses undertaken. In order to control for the multiple compari-
sons, we also highlighted Bonferroni-corrected significant
results within our main results (Table 4). It is also worth not-
ing the high level of education within our study population,
which is known to impact cognitive ability [50]. This is repre-
sentative for our Canadian lupus cohort but may not be in
other settings. Fourth, we found significant results for disease
damage in the gonadal system, which may be linked to the
effects of oestrogen on CI. However, it is a limitation of this
study that we do not have further information on oestrogen
status, but this should be considered in future studies. Lastly,
our results showed significant findings for MSK involvement/
damage, HRQoL pain subscore and fibromyalgia, suggesting
higher levels of pain was an important factor within subtype
A. However, we did not include a stand-alone pain measure
in this study and therefore could not explore this further.
Given the potential importance of pain on CI in SLE, this will
be taken into account in future work.

Figure 2. Subtype comparison with the CI factor score. Differences

between the two subtypes for the PCA determined the CI factor score

(generated from all ACR-NB tests; P< 0.001. The CI factor score

accounted for 29.7% of the variance and was associated predominantly

with tests of executive function and verbal memory
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This study is the first to use machine learning to phenotype
symptom burden in SLE with a specific focus on CI. The
results demonstrate the complexity of CI in SLE and that indi-
vidual, multifactorial phenotypes exist. The main characteris-
tics of those with increased impairment on objective cognitive
tasks were greater subjective levels of CI, disease burden and
damage; poorer psychiatric status; poorer HRQoL; and in-
creased levels of pain and fatigue. Further work investigating
cognitive fatigue and brain mechanisms in SLE is needed.
Overall, these results may aid in phenotyping CI in SLE. This
will then help in our understanding of personalized CI trajec-
tories and identifying appropriate treatment options.
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