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Abstract

Background: Neuropsychiatric manifestations (NP) are common in systemic lupus
erythematosus (SLE). However, the pathophysiological mechanisms are not completely
understood. Neurofilament light protein (NfL) is part of the neuronal cytoskeleton. Increased
NfL concentrations, reflecting neurodegeneration, is observed in cerebrospinal fluid (CSF) in
several neurodegenerative and neuroinflammatory conditions. We aimed to explore if plasma
NfL could serve as a biomarker for central nervous system (CNS) involvement in SLE.
Methods: Sixty-seven patients with SLE underwent neurological examination; 52 underwent
lumbar puncture, while 62 underwent cerebral magnetic resonance imaging (MRI). We
measured selected auto-antibodies and other laboratory variables postulated to have roles in
NP pathophysiology in the blood and/or CSF. We used SPM12 software for MRI voxel-based
morphometry.

Results: Age-adjusted linear regression analyses revealed increased plasma NfL



concentrations with increasing creatinine (f=0.01, p<0.001) and Q-albumin ($=0.07,
p=0.008). We observed higher plasma NfL concentrations in patients with a history of
seizures (p=0.57, p=0.014), impaired motor function ($=0.36, p=0.008), increasing disease
activity (f=0.04, p=0.008), and organ damage (=0.10, p=0.002). Voxel-based morphometry
suggested an association between increasing plasma NfL concentrations and the loss of
cerebral white matter in the corpus callosum and hippocampal gray matter.

Conclusion: Increased plasma NfL concentrations were associated with some abnormal
neurological, cognitive, and neuroimaging findings. However, plasma NfL was also
influenced by other factors, such as damage accrual, creatinine, and Q-albumin, thereby
obscuring the interpretation of how plasma NfL reflects CNS involvement. Taken together,
NfL in CSF seems a slightly better marker of neuronal injury than plasma NfL in patients

with SLE.
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Introduction

Neurological involvement in patients with systemic lupus erythematosus (SLE) is
common and significantly contribute to morbidity [1]. The pathophysiological mechanisms
are unclear and while some phenomena are the result of an injury to the neuronal cells
because of vascular disturbances or immune attack, others are caused by an inhibition or
excitation of neuronal receptors [1].The latter is exemplified in murine SLE models by anti-
NR2 antibodies which in low levels can impair neuronal function, and cause excitotoxic
neuronal death at higher concentrations [2]. It is critical to investigate if the cerebral
manifestations are potentially reversible or static because of neuronal death. Therefore,
biomarkers reflecting neuronal damage, possibly predicting clinical outcomes, and allowing
insights into prevailing mechanisms are long awaited.

Neurofilament light protein (NfL) is part of the neuronal cytoskeleton. Increased NfL
levels in the cerebrospinal fluid (CSF) are observed in several neurodegenerative disorders
and predict future rates of cognitive decline [3]. In addition, NfL levels in the CSF (CSF NfL)
correlate with central nervous system (CNS) involvement in autoimmune inflammatory
diseases, such as multiple sclerosis, SLE, and primary Sjegren’s syndrome [3,4].

Lumbar puncture is a more invasive procedure than blood sampling, and it would have
been advantageous if the blood-based measures of NfL provided equivalent and adequate
clinical information as CSF measures. A study of elderly subjects advocated the
aforementioned fact, suggesting that plasma NfL levels could be an equally good biomarker
as CSF NfL. Moreover, plasma NfL can predict cognitive decline and changes in
hippocampal volumes and fractional anisotropy in the corpus callosum [5]. It has been
demonstrated that a reduction in the hippocampal and corpus callosum volumes occurs in SLE
patients. Therefore, we aimed to explore the association between plasma NfL concentrations

in patients with SLE and past and present neurological or psychiatric (neuropsychiatric- NP)



manifestations, cerebral magnetic resonance imaging (MRI) abnormalities, blood-brain

barrier function, CSF NfL, and other selected biomarkers, including kidney function [6,7,5,8].

Patients and Methods

Patients

Aiming to perform a population-based study, all (86) SLE patients who fulfilled the
American College of Rheumatology (ACR) revised classification criteria for SLE [9]
followed at Stavanger University Hospital were invited to participate in the study. Sixty-eight
(79%) of these patients gave written informed consent to participate in the study and were for
research purposes only admitted to the hospital for 2 days, and underwent an extensive
standardized examination by specialists in internal medicine (EH and LG) and neurology
(ABT). One patient was later excluded because of a brain tumor, thus resulting in 67 patients
for analysis. Fifty-two patients underwent lumbar puncture; however, some of the CSF
analyses were not performed in five of them because of insufficient CSF volumes. Five of the
67 patients did not undergo an MRI examination because of contraindications (claustrophobia
or cochlear implants).

Neuropsychological testing was performed by trained psychometricians and
supervised by a neuropsychologist (SSM) who also evaluated the results and mapped the
findings to the following domains: simple and complex attention, memory, visual-spatial
processing, language, reasoning/problem solving, psychomotor speed, and motor function.
Table 3 outlines the neuropsychological test battery, and a detailed description of the
procedures has been previously reported (Harboe, Tjensvoll et al. 2009). We defined the cut-
off for an abnormality as a standardized score >2SD from the reference mean, based on
normative data for each test. For depression, we applied Beck Depression Inventory and used
a score >13 as the cut-off value. Past and present neuropsychiatric manifestations were

evaluated and established according to recommendations from ACR by a group of specialists



in rheumatology, internal medicine, neurology, radiology and neuropsychology [15]. We have
previously investigated the role of NfL in CSF in the same SLE cohort [4].

The study was approved by the Regional Committee for Medical and Health Research
Ethics (2010/1455/REK vest), and was conducted in compliance with the tenets of the

Declaration of Helsinki.

Laboratory analyses

Routine hematological, biochemical and immunological tests were analyzed in the
hospital’s laboratory. We calculated the 1gG index as a measure of intrathecal 1gG production
and Q-albumin, reflecting blood-brain barrier integrity, using standard methods [16]. The
presence of anti-phospholipid antibodies (aPL) was defined by positive results for either anti-
cardiolipin or beta2-glycoproteinl IgM or 1gG antibodies or a positive lupus anticoagulant
test [17]. We analyzed anti-NR2 antibodies in the CSF by electrochemiluminescence method
on a SECTOR Imager 2400 platform (MSD, Gaithersburg, MD, USA). The synthetic
DWEYSVWLSN decapeptide was applied as antigen. The cut-off value for anti-NR2
antibodies was based on CSF from 24 subjects who underwent lumbar puncture as part of a
neurological examination. None of these subjects later turned out to have any inflammatory,
autoimmune, or malignant diseases. The CSF sample with the highest signal out of all these
subjects was chosen as the cut-off value/internal calibrator and measured together with the
samples on each plate. For each sample, a ratio against the internal calibrator was calculated.
Samples with ratio > 1.0 were considered positive, and < 1.0 were considered negative. The
procedure is previously described in details [18]. Anti-ribosomal P protein antibodies in CSF
was analyzed by enzyme-linked immunosorbent assay (ELISA) using synthetic C-terminal
22-amino acid ribosomal P peptide conjugated to human serum albumin as an antigen, the

procedure is previously described in details [19]. Protein S100B was analyzed in the CSF by



ELISA (Abnova, Jhongli City, Taiwan). Moreover, we measured CSF NfL concentrations
using an in-house ELISA [3]. Plasma NfL concentrations were measured using Single
molecule array (Simoa) technology and the NF-light Advantage kit, based on the

manufacturer’s instructions (Quanterix, Billerica, MA).

Statistical analyses

While continuous data are summarized as medians and ranges, categorical data are
presented as numbers and percentages. We calculated correlations between plasma NfL and
the age, urine albumin/creatinine ratio, and CSF NfL concentrations using Spearman rank
correlation.

Plasma NfL measures were log-transformed to achieve the normality of data for more
appropriate use in regression analyses. To examine possible associations between plasma NfL
and laboratory and clinical variables corrected for age, we conducted linear regression
analyses with log-transformed plasma NfL as a dependent variable. We applied Bonferroni
correction for multiple testing. Moreover, we examined laboratory and clinical variables with
p-value <0.2 in age-adjusted linear regression, in multivariable linear regression analyses.
One model was created for each clinical phenomenon, with log-transformed plasma NfL as
the dependent variable. We excluded variables that lacked significant effects from the final
models, with the exception of the age, serum creatinine, and Q-albumin, which were
considered important variables regardless of their significance level.

We performed identical procedures to analyze the effect of similar laboratory and
clinical variables on the NfL plasma/CSF ratio.

All analyses were performed with IBM SPSS Statistic 26.
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MRI and voxel-based morphometry

Image acquisition and white matter hyperintensity (WMH) evaluation procedures have
been previously described. However, the images were captured in a 1.5 Tesla system
(Philips). Two neuroradiology specialists (OJG and MKB) performed WMH assessment
according to the Scheltens’ visual rating scale [20,21].

MRI images were preprocessed using default settings by the CAT12 extension (Gaser,
http: //dbm.neuro.uni-jena.de/wordpress/vbm/download/) of SPM12 software
(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Moreover, the images were smoothed
using an 8 mm full-width-half-maximum Gaussian kernel [22].

We performed multiple regression tests in SPM12 to explore the association between
plasma NfL concentrations and gray matter (GM) or white matter (WM) volume changes. We
created two models. The age, sex, and total intracranial volume were applied as nuisance
variables to correct for potential influence in one model. In contrast, the age, sex, total
intracranial, creatinine, and Q-albumin were applied as nuisance variables in the other model.
Analyses were performed over all GM and WM voxels (whole-brain analysis) and,
hypothesis-driven, within a hippocampus (GM) or corpus callosum (WM) mask, respectively.
The masks were defined by applying WFU_pickatlas version 3.0.5
(http://www.nitrc.org/projects/wfu_pickatlas/) [23,24].

We applied family wise error correction for multiple testing, using p<0.05 as the

significance threshold [25].

Results
Table 1 summarizes the selected demographic and clinical data.
Five patients had lupus nephritis with persistent proteinuria, two of them also had

hematuria, while no patients had cellular casts in the urine sediment. No patients underwent
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dialysis at the time of investigation, one patient had previously underwent kidney
transplantation because of end-stage kidney disease.

Plasma NfL concentrations increased with increasing age (Spearman p=0.62, p<0.001)
but were not correlated with sex (Spearman p=0.18, p<0.138).

We observed a moderate correlation between NfL concentrations in CSF and plasma
(Spearman p=0.51, p<0.001).

While creatinine was moderately correlated with plasma NfL (Spearman p=0.41,
p=0.001), it was weakly correlated with CSF NfL (Spearman p=0.30, p=0.04).

We then performed linear regression analyses with log-transformed plasma NfL as a
response variable and the selected laboratory variables as explanatory variables, corrected for
age (Table 2). The aforementioned model demonstrated a weak association between plasma
NfL and creatinine and between plasma NfL and estimated glomerular filtration rate.

We constructed a linear regression model with log-transformed plasma NfL as the
dependent variable, and the age, creatinine, and age multiplied by creatinine as explanatory
variables to determine if the effect of creatinine on plasma NfL was age-dependent. However,
we did not observe an effect of the interaction variable age multiplied by creatinine (p= 0.69).

There was no correlation between plasma NfL and the albumin/creatinine ratio in
urine (Spearman p=0.22, p=0.08).

We observed a small but significant association between increasing levels of plasma
NfL and Q-albumin (Table 2). The data of one patient were censored in this analysis because
of standardized residuals >3. There were no other associations between plasma NfL
concentrations and the selected laboratory variables (Table 2). No association between plasma
NfL and anti-DNA-antibodies or complement C3 or C4 levels were found (data not shown).

The ratio of NfL plasma/CSF was not correlated to the variables in Table 2 (data not

shown).
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No association was found between current prednisolone dose and NfL in plasma
($=0.02 [95%CI:-0.02 — 0.07], p=0.3). We have no data on cumulative prednisolone dose in

our cohort.

Plasma NfL and clinical variables
Disease activity and accrued damage

Plasma NfL levels increased with the disease activity, as measured by the SLE disease
activity index (SLEDAI) score (Table 3). None of the patients had onset of the NP
manifestations included in the SLEDAI within the last ten days of examinations. Plasma NfL
levels increased with disease-related organ damage, as assessed by the Systemic Lupus
International Collaborating Clinics/American College of Rheumatology Damage Index (SDI)

score (Table 3).

NP manifestations
In this close-to population based cohort 63 patients (94%) had experienced at least one NP
syndrome (median 2, range 0-6). The number of patients with the various past or present NP
manifestations are given in Table 3. Cognitive dysfunction, mood disorder and
polyneuropathy were diagnosed based on results of testing at inclusion, all other
manifestations included occurrence in the past, for headache limited to the last year. Plasma
NfL concentration was higher in patients with active NP manifestations, (including only
cognitive dysfunction, mood disorders and polyneuropathy) compared to patients with
previous NP manifestations (f=0.35, [95%CI:0.06-0.64], p=0.02).
Patients with lacunar infarcts on cerebral MRI had borderline significant higher
plasma NfL levels than those without (Table 3). This was not observed in cortical infarcts.
In addition, patients with a history of seizures had higher plasma NfL levels (Table 3).

We observed a borderline, but not significant association between total cognitive dysfunction
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(all domains) and plasma NfL (Table 3). Only motor impairment was associated with higher
plasma NfL levels in the subgroups. To test for potential additive effect of multiple NP
manifestations in the same patient, we added total number of NPSLE manifestations as a
correcting variable in these analyses, but no effect of this was seen in the model (data not
shown). None of the associations between NP manifestations and plasma NfL remained
significant after applying the conservative Bonferroni correction for multiple testing (Table
3).

There were no other associations between plasma NfL concentrations and NPSLE. We
investigated possible associations with subtypes of headache and polyneuropathy (i.e.,
tension-type headache and migraine, and sensory, motor, and sensorimotor polyneuropathy)
in subanalyses, without revealing any association with plasma NfL levels (data not shown).

The ratio of NfL plasma/CSF concentrations was not influenced by any reported CNS
manifestation ($=0.006 [95%CI:-0.02 — 0.03], p=0.6) peripheral nervous system manifestation
(p=-0.003 [95% CI:-0.02-0.009], p=0.6), or total number of NPSLE manifestation (3 0.04

[95% CI:-0.05-0.14], p=0.4), all analyses corrected for age, sex, creatinine, and Q-albumin.

Multivariable regression analyses with both laboratory and clinical variables

Based on the results of initial regression analyses, we included creatinine, Q-albumin,
and aPL in multivariable regression analyses. In the above-mentioned models, the SLEDAI
NP items, motor function, and a history of seizures were found to exert an effect on plasma
NfL concentrations (Table 4). However, SDI scores, lacunar infarcts, cognitive (all domains),
or specifically memory or language dysfunction in multivariable regression analyses did not

exert an effect on the plasma NfL concentrations (data not shown).
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Plasma NfL and MRI findings
White matter hyperintensities

There were no associations between WMHs (Scheltens’ scores) and plasma NfL
concentrations ($=0.005 (95%CI:-0.016-0.026), p=0.6)), when corrected for age, sex,

creatinine, and hypertension.

Voxel-wise analyses

No areas appeared in whole-brain analyses corrected for age, sex, and total intracranial
volume, in which GM or WM volumes were associated with plasma NfL concentrations.
However, small clusters of hippocampal GM and corpus callosum WM volume loss were
associated with increased plasma NfL in regions of interest (ROI) analysis (Figure 1 and
Table 5).

We then corrected for creatinine and Q-albumin, and observed a considerable increase
in cluster sizes of volume loss within the corpus callosum mask, while all clusters within the
hippocampus mask disappeared, except for one (Figure 1 and Table 5). In whole-brain
analyses, GM volumes were not influenced by plasma NfL. However, several clusters
appeared for smaller WM volumes with increasing plasma NfL concentrations (Figure 1 and
Table 5). We observed no effects of creatinine or Q-albumin in the whole-brain or ROI

analyses of GM and WM, respectively (data not shown).

Discussion

In the present study, we found that some abnormal neurological, cognitive, and
neuroimaging findings were associated with increased plasma NfL levels. However, we also
show that numerous factors may influence the plasma NfL concentration and thereby obscure

the understanding of how the aforementioned levels reflect the pathophysiology and clinical
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and laboratory findings. Moreover, we did not observe an association between brain-reactive
autoantibodies and plasma NfL, compared to our previous observation that anti-NR2
antibodies exert a strong influence on the CSF NfL levels [4].

We observed moderate correlation between CSF and plasma NfL concentrations; and
that blood-brain barrier permeability influenced plasma NfL concentrations. In addition,
creatinine rather than age exerts a strong influence on plasma NfL levels. The latter
observation remains to be explained since NfL has a relatively large molecular weight (64
kDa) which is comparable to albumin (61 kDa), and thus only minute amounts should be
excreted into the urine, however, as far as we know, this has not been investigated yet.

Increasing plasma NfL concentrations were associated with reduced GM and WM
volumes in the hippocampus and corpus callosum, respectively. These are brain regions
where loss of cerebral matter has been observed in SLE patients. Our findings were also in
accordance with a recent study that indicated plasma NfL as a prognostic marker of
degeneration in the above-mentioned specific regions during aging [5].

To obtain a more comprehensive understanding of the potential usefulness of plasma
NfL measures for NPSLE, we performed analyses corrected first for conventional factors
(age), and secondly also for kidney function (creatinine) and blood-brain barrier function (Q-
albumin). We hypothesized that the latter model generates a more accurate picture of how
plasma NfL levels might reflect harmful neuronal processes. Furthermore, we revealed an
association between increasing plasma NfL with a widespread reduction of WM volumes in
the corpus callosum and other parts of the brain, while the association with GM volume
reduction in the hippocampus disappeared.

Regarding cognitive performance, we observed higher plasma NfL concentrations in
patients with impaired motor function. It is uncertain if the observation is because of WM loss

in the anterior part of the corpus callosum. However, impaired motor function has been
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associated with decreased fractional anisotropy in the anterior parts of the corpus callosum in
elderly subjects, similar to our results [26].

Regarding clinical neurological findings, we only observed an association between a
history of seizures and increased plasma NfL. Notably, the seizures were absent during the
examination and blood collection. A potential hypothesis could be that these patients
manifested chronic neuronal harmful processes that would predispose a susceptible brain to
seizures over time. Neither the association between impaired motor function and plasma NfL
nor between history of seizures and plasma NfL remained significant after the conservative
correction for multiple testing, the findings should therefore be cautiously interpreted and
should be further explored in larger patient cohorts.

We observed a borderline significant association between lacunar infarcts and plasma
NfL. This association, independent of the time from insult, could reflect microvasculopathy, a
common finding in SLE [1]. Nonetheless, the association disappeared upon correcting
creatinine and Q-albumin levels. Stroke diagnosis was based on the presence of cortical
infarcts on MRI. High NfL levels in plasma and CSF reportedly appear in stroke patients in
the acute stage and return to baseline levels following 3-5 months [27].

The disease activity and chronic organ damage were low in the SLE cohort.
Nevertheless, we observed strong associations between plasma NfL concentrations and both
disease activity and damage accrual. Items related to current or present CNS manifestations
are heavily weighed in SLEDALI,. but none of our patients had new-onset NP manifestations
included in this index. Although we found an association between plasma NfL concentration
and active NP manifestations, this can not explain the association between SLEDAI score and
plasma NFL as the active NP manifestations in our patient cohort are not among those
manifestations included in the SLEDAI. This finding underscores the difficulties of

interpretation the association between plasma NfL and neuronal damage in patients with other
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organ involvement as SLE patients. The association between damage accrual and plasma NfL
persists while deleting CNS items, but disappears while correcting for creatinine and Q-
albumin, thus indicating that the aforementioned association was because of non-CNS factors.

The limitations of this study include its cross-sectional design and the use of both past
and present NPSLE phenomena. We applied the original ACR recommendation for NPSLE
syndromes. However, the use of strict attribution criteria limited to the closeness in time
would have been an optimal approach [1]. Headache, polyneuropathy without
electrophysiological pathology, mild depression, anxiety, and mild cognitive dysfunction do
not exclusively represent NPSLE because they have a high prevalence in the general
population [28]. An attribution model only including «lupus headache» as defined by the
SLEDAI scoring guidelines could potentially revealed association between plasma NfL and
headache, however, as none of our patients had such headache the last ten days upon
inclusion, this could not be explored in our cohort.

Diffusion tensor imaging is the preferred modality over voxel-based morphometry for
WM analyses. Brain volume changes and plasma NfL must be the dependent and explanatory
variables, respectively, in voxel-based morphometry. This might have influenced the results,
particularly in the model including Q-albumin and creatinine and necessitates interpreting the
findings with caution. We performed a very conservative correction for multiple testing in the
voxel-based morphometry, with the possibility of our failure to identify other areas of plasma

NfL-associated true volume loss.

The strengths of our study were the unselected patients with well-classified disease
and comprehensive and systematic clinical examinations.
In conclusion, increased plasma NfL levels are associated with the loss of WM and

GM in the corpus callosum and hippocampus, respectively, thereby reflecting SLE processes
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in the brain. To some extent, neurological findings and cognitive impairment are also
associated with elevated plasma NfL levels. However, plasma NfL levels are influenced by
several other factors, such as damage accrual, creatinine, and Q-albumin. We have explored a
small group of SLE patients with combined past and present NP manifestations, our findings
should be further explored in larger cohorts including patients with active, major NP
manifestations. Taken together, CSF NfL level seems to be a slightly better marker of

neuronal injury than plasma NfL in patients with SLE.
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Figure Legend

Figure 1. Clusters of voxels with GM- or WM loss with increasing plasma NfL-concentration
(p < 0.05, FWE corrected) overlaid on modulated and warped mean images of all patients.
The cluster color represents the statistical significance of GM or WM decrease according to
the gradation of the color bar.

la. Hippocampus GM analyses corrected for age, sex and total intracranial volume

1b. Corpus callosum WM analyses corrected for age, sex and total intracranial volume

1c. Whole brain WM analyses corrected for age, sex, total intracranial volume, serum
creatinine and Q-albumin

1d. Corpus callosum WM analyses corrected for age, sex, total intracranial volume, serum

creatinine and Q-albumin



