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Editor’s Corner Volume 6, Number 1, January 2019
Neurology.org/NN

Josep Dalmau, MD, PhD, Dennis L. Kolson, MD, PhD, Friedemann Paul, MD
and Scott S. Zamvil, MD, PhD

N2 year in review and message from
the editor to our reviewers
Neurol Neuroimmunol Neuroinflamm January 2019 vol. 6 no. 1 e525. doi:10.1212/NXI.0000000000000525

For this January’s issue ofNeurology: Neuroimmunology and Neuroinflammation (N2), the editors
have selected articles from this and other journals that they found interesting over the course of
2018. These articles are from different areas of the fields of neuroimmunology and neuro-
inflammation and are discussed in a brief commentary that we hope will inspire our readers to
further explore these topics.

The use of immune checkpoint inhibitors (ICIs) has revolutionized the treatment of cancer, with
an increasing number of histologic tumor types being considered for these treatments.1 ICIs
target molecules such as cytotoxic T lymphocyte–associated antigen 4, programmed cell death
protein (PD1), and PD1 ligand that are expressed on activated immune cells (T cells, B cells,
natural killer cells, and some myeloid cells) and regulate inflammatory and autoimmune
responses through a negative feedback mechanism.2 Boosting the immune system with mono-
clonal antibodies against these molecules can result in serious immune-related adverse effects
(irAEs) that manifest with an extensive variety of symptoms affecting the peripheral or CNS.
Several mechanisms have been proposed for irAEs, including, among others, (1) exacerbation of
a preexisting immune disorder, such as multiple sclerosis (MS), during or after the initiation of
ICIs and (2) exacerbation of subclinical immune responses against antigens expressed in the
cancer and nervous system (onconeuronal antigens) resulting in paraneoplastic neurologic
syndromes.2 There are reports suggesting that these ICI-enhanced paraneoplastic immune
responses can be mediated by autoantibodies (e.g., anti-N-methyl-D-aspartate receptor
[NMDAR] encephalitis) or T cells causing some of the classic paraneoplastic syndromes (e.g.,
anti–Hu-associated encephalitis).3 The study of these complications offers an opportunity to
better understand the immune mechanisms involved in similar neurologic disorders when they
occur without the use of ICIs. In the March 2018 issue of N2, Hottinger et al.4 described a 71-
year-old womanwho developed anti–Hu-associated paraneoplastic encephalitis after the use of 2
ICIs (ipilimumab and nivolumab) to treat her metastatic small cell lung cancer (SCLC). Con-
sidering that this disorder is mediated by T cells against a family of onconeuronal antigens (Hu
proteins), the authors reasoned that natalizumab would block the migration of these T cells into
the brain mitigating the neuronal damage, while not affecting the T cell activity against the
systemic cancer. Indeed, after treatment with natalizumab, the patient had substantial neurologic
improvement and a durable oncologic response. This case suggests that with the increasing use of
ICIs in patients with tumors prone to associate with paraneoplastic immune responses (e.g.,
SCLC), the number of irAE manifesting as paraneoplastic syndromes may increase. Moreover,
the strategy of using natalizumab or similar drugs for T cell–mediated paraneoplastic disorders
deserves further investigation with prospective clinical trials.

From the ICREA-IDIBAPS, Hospital Cĺınic (J.D.), University of Barcelona, Spain; the University of Pennsylvania (J.D, D.L.K.), Philadelphia, PA; the Charite University Hospital (F.P.), Berlin,
Germany; and the Department of Neurology (S.S.Z.), University of California, San Francisco, CA.

Funding information and disclosures are provided at the end of the article. Full disclosure form information provided by the authors is available with the full text of this article at
Neurology.org/NN.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.
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One of the initially recognized potential triggers of autoimmune
encephalitis was the association with tumors, with histologic
types varying according to the immune response (e.g., teratoma
in anti-NMDAR encephalitis or SCLC in GABAb receptor
encephalitis).5 More recently, some of these disorders (anti-
IgLON5, anti-LGI1, and anti-Caspr2) have been found to be
associated with distinct human leukocyte antigen Class II
haplotypes, suggesting an underlying genetic predisposition.6–10

Despite these tumor associations or genetic susceptibility, the
mechanisms that trigger the immune response in many
patients remain unknown. The identification that autoimmune
encephalitis, mainly associated with NMDAR antibodies, can
occur a few weeks after herpes simplex encephalitis (HSE),
suggested the possibility of viruses as triggers of brain auto-
immunity.11 One proposed mechanism is that the viral en-
cephalitis causes a release of neuronal proteins (among them
NMDAR or other cell surface proteins), which in the context
of extensive inflammation leads to an autoimmune response
against the neuronal antigens. This mechanism is supported by
2 findings: (1) the close time-relationship (less than 3months)
between HSE and the subsequent development of autoim-
mune encephalitis and (2) the variety of autoantibodies
identified in these patients, including antibodies targeting the
NMDAR, gamma-aminobutyric acid (GABA)a receptor, and
unknown cell surface antigens.11 Another proposed mecha-
nism is that the immune response post-HSE is triggered by
molecular mimicry. Although molecular homology between
herpes simplex virus 1 (HSV-1) and NMDAR has not been
identified, the study of Salovin et al.12 in the July issue of N2
suggests this possibility. The authors used 2 cohorts of pedi-
atric patients with anti-NMDAR encephalitis without a history
of HSE and age-matched control groups. In each cohort, more
participants with anti-NMDAR encephalitis than controls had
anti-HSV-1 IgG antibodies. The findings were statistically
significant for one of the cohorts and when the cohorts were
combined. In addition to molecular mimicry, the authors
raised several alternative hypotheses, such as virus-induced
alteration of NMDAR outside the CNS, or HSV-1 modulation
of the immune system in a manner that allows inappropriate
recognition of native NMDARs.

The persistent risk of cognitive impairment syndromes inHIV-
infected individuals despite complete suppression of virus
replication with anti-retroviral therapy is a difficult diagnostic
and therapeutic challenge. Cysique et al.13 used 1H-MRS to
assess neuronal and glia brain metabolic markers at baseline
and ;23 months in a cohort of 73 HIV+, virally suppressed
patients in comparison with 35 HIV− controls. The HIV+

group had stably lower N-acetyl aspartate (NAA) levels in
caudate and posterior cingulate cortex (PCC); however, a sub-
groupwith progressive impairment had decreasingNAA levels in
the PCC. Individuals with stable impairment also demonstrated
decreasing frontal whitematter (WM) creatinine, which suggests
impaired cellular energetics. The message is clear: HIV sup-
pression alone is insufficient to fully protect the brain from
coactivated pathways associated with progressive injury. We
need predictive risk markers for brain injury in virally suppressed

HIV+ individuals. The study by Fleischman et al.14 of 66 HIV+

virally suppressed patients showed that plasma neopterin levels
were negatively correlated with hippocampal volumes (by 3T
MRI) and episodic memory. Thus, this well-studied marker of
monocyte/macrophage activation may, like neurofilaments
(NFL), be useful for developing a plasma biomarker panel for
not only assessing risk but also tracking the brain’s response to
persistent, suppressed HIV infection and response to adjunc-
tive neuroprotective therapies.

Several articles in 2018 have touched on serious side effects of
modern immunotherapies used in MS and neuromyelitis optica
spectrum disorders (NMOSDs), 2 of which are highlighted here.
Rituximab, a monoclonal antibody targeting the CD20 antigen on
B lymphocytes, has been increasingly used over the past 15 years
to treat patients with NMOSDs, a severe autoimmune condition
of the CNS, in which the optic nerves, the spinal cord, and the
brainstem are preferentially affected. Rituximab’s clinical efficacy
in reducing relapse frequency and severity is beyond doubt;
however, safety issues also have to be taken into consideration
because the number of patients with long treatment courses is
growing. Marcinnò et al.15 followed up 15 patients with
NMOSDs (10 seropositive for the aquaporin-4 [AQP4] anti-
body) treated repeatedly with rituximab over a median of 70
months (range 17–124 months), 7 patients had a follow-up of
at least 70 months. Median interval between rituximab infu-
sions was 11 (3–36) months. Laboratory assessments com-
prised regular measurements of serum immunoglobulin A, G,
andM levels (median sampling interval 4.9 months). In a subset
of patients, serial AQP4 antibodymeasurements and anti-tetanus
(TET), anti–varizella zoster virus (VZV), and Epstein-Barr
virus nuclear antigen (EBNA) IgG were measured.

Treatment with rituximab caused a significant reduction of
IgA, IgG, and IgM.Hypo-IgG (<7.0 g/L) was detectable in 11/
15 patients (73%) at least once over the treatment course. Of
interest, hypogammaglobulinemia for IgG (hypo-IgG) was
present in 4 patients before initiation of rituximab. Similar
observations were reported for hypo-IgA (<0.7 g/L) in 6/15
(40%), in 2 patients before rituximab, and hypo-IgM (<0.4 g/
L) in 9/15 (60%), in 1 patient before rituximab. Three of 15
patients developed severe hypo-IgG (<4.0 g/L) in at least 1
measurement, whereas severe hypo-IgM (<0.2 g/L) was found
in 2 of 15 patients at least once. The frequency of hypo-IgG,
hypo-IgA, and hypo-IgM increased with longer rituximab
treatment courses. Two patients with severe hypo-IgG had
infectious complications after 8 and 9 years of rituximab
treatment (pneumonia with hand, foot, andmouth disease and
bilateral multifocal pyelonephritis). Anti-TET IgG levels were
below the protection threshold (≤0.1 IU/mL) before ritux-
imab commencement in 4/15 patients (27%). Anti-TET levels
decreased in 10/15 patients during rituximab and fell below the
protection threshold in 1. Moreover, anti-TET IgG levels
during rituximab treatment were significantly lower compared
with healthy controls. Anti-VZV and anti-EBNA IgG de-
creased over time in 8/15 patients and 0/6 controls and 12/15
patients and 1/16 controls, respectively.
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This study is clinically very important despite the small sample
size and the monocenter setting because it shows that severe
hypogammaglobulinemia and reduction of anti-TET pro-
tection may develop under treatment with rituximab in a con-
siderable number of patients with NMOSDs. The authors
correctly recommend monitoring the total and class-specific
IgG levels and the anti-TET IgG before and during rituximab
treatment as a measure to mitigate risks of serious infectious
complications of rituximab, in particular with prolonged
treatment courses of 5 years or more.

Daclizumab, a monoclonal antibody inhibiting interleukin-
2 signaling by blocking interleukin-2 receptor alpha
(CD25) was approved for treatment of relapsing MS in
2016. However, the drug was withdrawn voluntarily from
the market by the manufacturer in March 2018. The Eu-
ropean Medicines Agency also recommended suspension
and recall of the drug subsequent to 12 cases of severe
inflammatory brain disorders including 3 deaths. Luessi
et al.16 performed a thorough and insightful workup of 6 cases
of encephalitis following treatment with daclizumab in Ger-
many and an additional vasculitis case from the United States.
The index case in that report was a 32-year-old man with
a typical clinical and radiographic disease course of relapsing-
remitting MS who had been on disease-modifying treatment
with daclizumab for 8 months when he developed aggressive
behavior, incoherent thoughts, delusions, fluctuating dysar-
thria, and progressive memory loss, all of which are not
regarded as classic symptoms of MS. MRI showed a new jux-
tacortical right frontal lobe lesion; EEG was suggestive of
a moderately severe encephalopathy; CSF analysis revealed
pleocytosis and elevated protein levels; and antibodies to glial
fibrillary acidic protein were detected in CSF and serum.
Treatment with high-dose steroids, plasma exchange, and rit-
uximab lead to partial recovery, albeit with persistent neuro-
psychological deficits. The other 6 cases of serious inflammatory
complications emerging on treatment with daclizumab
comprise CNS vasculitis, inflammatory demyelinating CNS
processes, anti-NMDAR-associated encephalitis, acute dis-
seminated encephalomyelitis, and drug rash with eosino-
philia and systemic symptoms syndrome. Outcome was
partial recovery in some cases, whereas 1 patient had severe
disability requiring foster care. The mechanisms underlying
these and other cases remain speculative and presumably
involve an impaired Treg/natural killer cell balance through
inhibition of regulatory T cells without parallel expansion of
immunoregulatory CD56bright natural killer cells. These cases
are in line with previous reports of secondary autoimmunity
under daclizumab treatment including 2 deaths in the pivotal
clinical trials (autoimmune hepatitis and psoas abscess) and
underscore the necessity for increased vigilance toward rare
side effects of new immunomodulatory drugs both in clinical
trials and after approval.

The recent successful introduction of the anti-CD20 anti-
body, ocrelizumab, in MS therapy has highlighted the role
that B cells play in MS pathogenesis. Besides serving as

a source of antibody-producing plasma cells, B cells can
present antigens to T cells and secrete cytokines that pro-
mote differentiation of either proinflammatory or regulatory
T cells. One important question is whether patterns of B cell
cytokine production or B cell subsets associate with partic-
ular stages of MS. Guerrier et al.17 evaluated proinflammatory
IL-6 and anti-inflammatory IL-10 production in B cells from
patients with radiologically isolated syndrome (RIS), clini-
cally isolated syndrome (CIS), untreated patients with
relapsing-remitting MS (RRMS), and healthy controls. They
discovered that high baseline IL-6/IL-10 ratio in patients
with RIS/CIS is associated with disease activity and that this
cytokine imbalance reflected a decrease in IL-10+ B cells,
without a change in IL-6+ B cells. “Double-negative” (IgD-/
CD27-) memory B cells are a subset that are increased in
systemic lupus erythematosus and Sjögren syndrome and are
associated with increased activity of those autoimmune dis-
eases. Of particular interest, this group observed an over-
representation of double-negative memory B cells in CIS and
RRMS, although there were no alterations in distribution of
other B cell subsets examined in any disease phases. Overall,
their data are exciting and support the concept that there may
be skewing toward certain proinflammatory B cell phenotypes
during the evolution of early MS, a possibility that deserves
further investigation.

Although a majority of patients with MS present in the
relapsing-remitting phase, at least one-half of those patients
subsequently enter a progressive phase, which is characterized
by a steady increase in disability. Unlike for RRMS, currently
there is a lack of effective treatments for secondary progressive
MS (SPMS). Whereas T cells and B cells, the lymphocyte
subsets of the adaptive immune system, are thought to have
a central role in directing inflammation associated with RRMS,
the CNS inflammation in progressive MS is characterized by
activation of resident CNS cells (e.g., microglia) that partici-
pate in innate immunity and promote demyelination and
neurodegeneration. Unfortunately, it is not feasible to monitor
the cellular changes associated with progressive MS by con-
ventional MRI. Thus, Rissanen et al.18 used PET with the
radioligand [11C](R)-PK11195 that binds to a protein
expressed on activated microglia and macrophages, and some
astrocytes, to evaluate WM damage in SPMS. They observed
that higher [11C](R)-PK11195 binding in normal-appearing
WM (NAWM) was associated with higher clinical disability
and reduced WM structural integrity and that increasing age
contributed to greater microglial activation in the NAWM
among patients with MS, but not in healthy controls. These
exciting findings establish how PET can be used to quantitate
microglial activation associated with MS progression and serve
as complementary imaging modality in treatment studies of
progressive MS.

Currently approved medications for treatment of RRMS re-
duce inflammation and promote immune modulation. In
contrast, CNS repair, including remyelination and axonal re-
generation, is a major goal for treatment of progressive MS.
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Leucine-rich repeat and immunoglobulin-like domain-
containing Nogo receptor-interacting protein 1 (LINGO-1)
is an inhibitory transmembrane signaling protein expressed by
neurons and oligodendrocytes, which prevents axonal out-
growth and oligodendrocyte differentiation, restraining mye-
lination. Anti-LINGO antibody, opicinumab (BIIB033), is
being advanced in clinical MS studies for its potential
neuroprotection and capability to promote remyelination.
In 2014, a phase I study demonstrated the safety of opici-
numab in patients with MS and healthy controls,19 and it is
now in clinical trials evaluating its efficacy. Because the
mechanism of action (MOA) of opicinumab is attributed to its
action on neurons and oligodendrocytes, it is important to
distinguish its MOA from approved MS therapies, which
modulate activity of immune cells. In this regard, Ranger
et al.20 demonstrated that LINGO-1 is not expressed by im-
mune cells from human peripheral blood or rat spleen,
LINGO-1 blockade did not affect T cell proliferation or cy-
tokine production, and opicinumab treatment of patients with

MS did not cause significant changes in immune system gene
expression in either blood or CSF. Together, their data provide
further support that anti-LINGO-1 treatment exerts its novel
activity via remyelination and/or neuroprotection, indepen-
dent of immune modulation. If MS clinical trials demonstrate
efficacy, opicinumab will be a welcome addition to the arma-
mentarium of treatments.

Lastly, we want to thank our reviewers. We are able to accept
only a minority of submitted manuscripts and must make
difficult decisions regarding which articles will most benefit
our readers and improve patient care. Your thoughtful
comments regarding experimental research investigations,
the uniqueness of study populations, novel methods and
techniques, studies that are especially educational, or new
strategies for diagnosing and treating neurologic disease are
enormously helpful and highly appreciated. Our gratitude for
your dedication to reviewing forNeurology® Neuroimmunology
& Neuroinflammation cannot be adequately conveyed.

Please send an email to nnnjournal@neurology.org if you would like to do more reviews or if you have never reviewed
for the journal but are interested in doing so. Please include a description of your credentials and expertise in the areas in which
you are qualified to review. The reviewers listed below with 1 asterisk have reviewed 5 or more manuscripts. Two asterisks
indicate that the reviewer has reviewed 10 or more manuscripts. This list includes those reviewers who returned a review
or reviews of initial submissions (re-reviews of the same manuscript are not included) between November 1, 2017, and October
16, 2018.

Martina Absinta
Orhan Aktas
Philipp Albrecht
Christina J. Azevedo
Francesca Bagnato
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MS is an inflammatory disease in which both genetic and environmental factors play roles in the
predisposition to disease. A number of recent studies suggest that gut microbiota might be
a potential environmental factor linked with the pathogenesis of MS. Trillions of bacteria
residing in the human gut (gut microbiota) play an important role in maintaining a healthy
state, and perturbation of the gut microbiota is associated with exacerbation and/or pre-
cipitation of MS. A number of recent studies have shown that patients with MS have gut
dysbiosis characterized by altered levels of certain gut bacteria.1–5 Because MS is an in-
flammatory disease, it is hypothesized that gut bacteria enriched in patients with MS might
possess proinflammatory properties, whereas those showing reduced relative abundance might
be anti-inflammatory in nature.

Initial MS microbiome studies may be confounded because of disease-modifying therapies
(DMTs). Hence, it is important to delineate the role of gut microbiota changes specific to
disease from those influenced by DMTs. In this issue of Neurology®: Neuroimmunology &
Neuroinflammation, Katz Sand et al.6 analyzed gut microbiota profile in patients with relapsing-
remitting MS (RRMS). They conducted a cross-sectional study to determine the effect of 2
commonly used DMTs, dimethyl fumarate (DMF) and glatiramer acetate (GA), on gut
microbiota composition in patients with RRMS. The authors recruited 75 treatment-naive
RRMS patients, 33 patients with RRMS on DMF, and 60 patients with RRMS on GA at 2
different MS centers, 1 in New York, NY and another in San Francisco, CA. Although samples
were collected from 2 different geographical locations, no community-level differences were
detected, indicating that there was no significant effect on gut microbiota because of geography.
DMF and GA treatment also had no effect on microbial richness (α-diversity) or bacterial
community diversity (β-diversity), which suggests that DMTs had no major impact on overall
gut microbiota composition. However, taxa-level analyses using linear discriminant analysis
effect size (LEfSe) showed certain bacterial genera with increased or decreased relative
abundance in DMT-treated RRMS patients compared with the treatment naive RRMS group.
The DMF-treated group showed reduced relative abundance of the order Clostridiales and
families Lachnospiraceae, Veillonellaceae, and Tissierellaceae. As certain species from the order
Clostridiales had been linked with MS and neuromyelitis optica, it is suggested that DMTs
might act through suppressing proinflammatory bacteria belonging to the order Clostridiales.
However, the order Clostridiales also contains a number of bacteria with anti-inflammatory
properties, especially bacteria with ability to induce CD4+FoxP3+ regulatory T cells (Tregs).7

Levels of Bacteroides also trended higher in the DMT-treated RRMS group, which contain
bacteria such as Bacteroides fragilis with the ability to induce Tregs and suppress disease in
experimental model of MS.8 Recent studies have shown that DMT treatment is associated with
an increased relative abundance of Prevotella and Sutterella genera.3,9 However, the current
study failed to find an increase in relative abundance of either Prevotella or Sutterella. The
authors suggest that induction of Prevotella and Sutterella in other studies may be due to
interferon beta (IFNβ) because patients with RRMS in those other studies were treated with
IFNβ alone or IFNβ/GA. Thus, the jury is still out regarding the link between GA or DMF
treatment and Prevotella and/or Sutterella.
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Analysis of functional pathways using phylogenetic in-
vestigation of communities by reconstruction of unobserved
states showed modulation of retinol (Vitamin A) metabolism
in both DMF- and GA-treated groups. Because retinoic acid
metabolism is linked with generation of Tregs by dendritic
cells in the small intestine, it is possible that the beneficial
effects of GA and DMF are through modulation of immune
responses toward anti-inflammatory activity by inducing
regulatory CD4 T cells (Tregs) in the gut. However, identi-
fication of metabolic pathways using either shotgun meta-
genomic sequencing or fecal metabolite measurements needs
to be performed to validate the role of retinol metabolism in
the beneficial effects of GA and DMF in patients with MS.

This study by Sand Katz et al.6 is an important first step in
understanding the interplay between DMTs, gut microbiota,
and MS microbiome. Their data suggest that certain bacteria
belonging to a specific taxa, especially those belonging to the
order Clostridiales, may play important roles in disease
pathogenesis. However, in the absence of bacterial classifica-
tion at the genera or species level, it is difficult to identify the
specific bacterial species responsible for the beneficial effect of
DMTs. This study used 150 bp paired-end sequencing, which
might not achieve resolution comparable to the newer 250 or
300 bp paired-end reads. In addition, the microbiome field is
moving away from operational taxonomic unit (OTU)–based
gut microbiota profiling to amplicon sequence variants
(ASVs) because ASVs can identify bacteria at the genus or
even at the species level.10 Thus, future studies using longer
paired-end reads and identifying bacterial species (ASVs) using
the Divisive Amplicon Denoising Algorithm-2 (DADA-2)
platform will be more informative. In the absence of a pre-
disease group and/or healthy control group, it is difficult to
conclude whether treatment with DMTs restored the gut
microbiota toward a healthy microbiome or predisease state.

In conclusion, this finding suggests that DMTs might lead to
subtle changes in the composition of gut microbiota and
highlight its significance in MS. However, multicentric

longitudinal studies will validate and authenticate the role of
gut microbiota in MS. Further studies are also needed to
determine whether gut dysbiosis precedes MS or it is a con-
sequence of disease, treatment, or other unknown factors.
The current study by Katz Sand et al. and previous 2 studies
have laid the groundwork for future studies to determine the
role of gut microbiome in the pathogenesis of MS.
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Abstract
Objective
To explore changes in CSF sTREM2 concentrations in the evolving course of HIV-1 infection.

Methods
In this retrospective cross-sectional study, we measured concentrations of the macrophage/
microglial activation marker sTREM2 in CSF samples from 121 HIV-1–infected adults and 11
HIV-negative controls and examined their correlations with other CSF and blood biomarkers of
infection, inflammation, and neuronal injury.

Results
CSF sTREM2 increased with systemic and CNS HIV-1 disease severity, with the highest levels
found in patients with HIV-associated dementia (HAD). In untreated HIV-1–infected patients
without an HAD diagnosis, levels of CSF sTREM2 increased with decreasing CD4+ T-cell
counts. CSF concentrations of both sTREM2 and the neuronal injury marker neurofilament
light protein (NFL) were significantly associated with age. CSF sTREM2 levels were also
independently correlated with CSF NFL. Notably, this association was also observed in HIV-
negative controls with normal CSF NFL. HIV-infected patients on suppressive antiretroviral
treatment had CSF sTREM2 levels comparable to healthy controls.

Conclusions
Elevations in CSF sTREM2 levels, an indicator of macrophage/microglial activation, are
a common feature of untreated HIV-1 infection that increases with CD4+ T-cell loss and
reaches highest levels in HAD. The strong and independent association between CSF sTREM2
and CSF NFL suggests a linkage between microglial activation and neuronal injury in HIV-1
infection. CSF sTREM2 has the potential of being a useful biomarker of innate CNS immune
activation in different stages of untreated and treated HIV-1 infection.
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Despite expressing low levels of CD4,1,2 microglia and peri-
vascular macrophages in the CNS are important targets of
HIV-1 infection and likely key mediators of neuropathic in-
flammation and neuronal injury in HIV-1 infection, particu-
larly during its advanced phase. Microglia are the resident
myeloid cells in the CNS and are important components of
the local innate immune response to HIV-1 and may be
critical in the chronic immune activation characteristic of
CNS in untreated HIV-1.3 The chronic activation of microglia
and macrophages in HIV-1 together with possible microglial
dysfunction4 are probably involved in the pathogenesis of
HIV-associated neurocognitive disorders (HANDs) and
HIV-associated dementia (HAD).5

TREM2 is a receptor glycoprotein that belongs to the im-
munoglobulin superfamily. In the brain, TREM2 is expressed
exclusively by myeloid cells, including microglia and macro-
phages.6 In vitro, TREM2 promotes phagocytosis, suppresses
Toll-like receptor-induced inflammatory cytokine pro-
duction, and enhances anti-inflammatory cytokine transcrip-
tion.7 Its expression in the brain is upregulated in response to
the tissue damage that accumulates in aging and in neuro-
degenerative diseases.8 Increased CSF concentrations of sol-
uble TREM2 (sTREM2) have been noted in Alzheimer
disease9,10 and MS.11,12

The aim of this study was to explore changes in CSF sTREM2
through different stages of untreated and treatedHIV-1 infection
and to examine the relation of this microglial and macrophage
activation marker to changes in other markers of inflammation
and neuronal injury across a broad spectrum of HIV-1 infection.

Methods
Study design and patients
Archived blood and CSF samples from 121 HIV-infected adults
and 11 HIV-negative controls from Gothenburg, Sweden, and
San Francisco, CA, were analyzed in this retrospective cross-
sectional study. All samples were collected between 1999 and
2014 within the context of research protocols. Selection of
samples was performed to obtain a distribution of groups rep-
resenting progression of systemic HIV and the presentation of
overt neurologic disease and was not intended to reflect the
prevalence of treatment, systemic or CNS disease severity, or
treatment in the study sites.13 All participants were clinically
evaluated for neurologic and neurocognitive symptoms, but
formal neurocognitive testing was not routinely performed.
Participants were grouped as outlined in previous studies14,15: 4
groups of chronically HIV-infected patients without overt neu-
rologic complaints or signs, designated as “neuroasymptomatic”

(NA) and divided by blood CD4+ T-cell counts into 4 groups
with >350, 200–349, 50–199, andCD4< 50 cells/μL.The group
presenting with HAD was defined in accordance with the
Centers for Disease Control and Prevention and the American
Academy of Neurology Task force criteria.16,17 All these partic-
ipants were either antiretroviral treatment (ART) naive or off
treatment for at least 6 months when sampled. We also included
a group of treated HIV-infected patients with plasma HIV RNA
suppression to below 50 copies/mL for >1 year (ART sup-
pressed). A group of uninfected (HIV-negative) healthy controls
(n = 11) were included for comparison.

Standard protocol approvals and
patient consents
This study was approved by the institutional review boards of
the 2 study sites. All blood and CSF samples were analyzed
after obtaining informed consent of participants under these
institutional review board-approved protocols. If their ca-
pacity to provide consent was questioned, consent was also
obtained from those with power of attorney.

Blood and CSF sampling
Blood and CSF were obtained according to standard proto-
cols as previously described.18,19 CSF was immediately
centrifuged at low speed to remove cells and thereafter ali-
quoted and stored within 1 hour of collection at ≤−70°C until
the time of the biomarker assays. Blood was collected in
EDTA tubes, and plasma was aliquoted and stored in parallel
with CSF for later batch assays.

Laboratory methods
CSF sTREM2 was measured using an in-house electro-
chemiluminescence assay on a Meso Scale Discovery (MSD)
SECTOR imager 6000 (MSD, Rockville, MD), using
a method adapted from Kleinberger et al.20 The capture an-
tibody was biotinylated polyclonal goat anti-human TREM2
(0.25 μg/mL R&D Systems, Minneapolis, MN), and the de-
tector antibody was monoclonal mouse anti-human TREM2
(1 μg/Ml Santa Cruz Biotechnology, Dallas, TX). A standard
curve for calculations of unknowns was constructed using
recombinant human TREM2 (4,000–62.5 pg/mL), and CSF
samples were diluted 1:4 before being assayed. For a more
comprehensive description of the method, please see Alosco
et al.21 Intra-assay coefficients of variability were <15%, and all
samples were measured on the same day using the same
reagents.

Neopterin concentrations were analyzed in serum and CSF by
a commercially available immunoassay (BRAHMS, Hennigsdorf,
Germany), with an upper normal reference value of 8.8 nmol/L
in blood and 5.8 nmol/L in CSF.22

Glossary
HAD = HIV-associated dementia; HAND = HIV-associated neurocognitive disorder; IFN = interferon; MSD = Meso Scale
Discovery; NA = neuroasymptomatic; NFL = neurofilament light protein; WBC = white blood cell.
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CSF neurofilament light protein (NFL) concentrations were
measured by means of a sensitive sandwich assay (NF-light
ELISA kit; UmanDiagnostics AB, Umeå, Sweden) as pre-
viously described.15,23 CSF NFL was age adjusted to the study
population median of 42 years when comparing CSF NFL in
different study groups. The upper limit of normal was <773
ng/L, based on the antilog of the log scale mean + 2 SD in 359
healthy controls.24

The Cobas TaqMan RealTime HIV-1 (version 1 or 2;
Hoffmann-La Roche, Basel, Switzerland) and the Abbott
RealTime HIV-1 assay (Abbot Laboratories, Abbot Park, IL)
were used to measure HIV RNA levels in cell-free CSF and
plasma at each site. The study visits included assessments of
CSF white blood cell (WBC) count, CSF and blood albumin,
and blood CD4+ and CD8+ T lymphocyte counts by local
clinical laboratories using routine methods.

Statistical methods
Descriptive statistics were performed using Prism (version 7;
Graphpad Software Inc, La Jolla, CA) or SPSS (IBM SPSS
version 22) software. Continuous variables were log10 trans-
formed where appropriate to reduce skewness. Comparison
of biomarker concentrations was performed with one-way
analysis of variance and Tukey multiple comparison tests for
evaluation of multiple groups. Biomarker associations were
analyzed with Pearson correlation analysis. The relationship
between age log10 CSF sTREM2, NFL, and neopterin levels,
were analyzed with linear regression.

Data availability
The data sets analyzed during the current study are available
from the corresponding author on reasonable request.

Results
A total of 121 HIV-1–infected patients (49 women and 72
men) and 11 HIV-negative controls (4 women and 7 men)

were studied. Eighty-five of the included HIV-1–infected
patients were untreated and NA: 25 with CD4+ >350, 20 with
CD4+ 200–349, 20 with CD4+ 50–199, and 21 with CD4+

T-cell count <50 cells/μL; 7 additional untreated patients had
HAD (at the time categorized as AIDS dementia complex
using Memorial Sloan-Kettering Stage25 1, n = 4; stage 2, n =
2; and stage 3, n = 1); 28 patients were on suppressive stable
ART. The background clinical, laboratory, and demographic
data for each subject group are summarized in table 1.

Overall, the comparison of subgroups showed a significant
difference in CSF sTREM2 concentrations between the
groups (p < 0.001). The highest CSF sTREM2 levels were
found in patients with HAD, followed by untreated NA
patients with low CD4+ T-cell counts (figure 1, A). HIV-
infected patients on suppressive antiretroviral treatment had
CSF sTREM2 levels comparable to healthy controls. The
group with high CD4+ T-cell counts (>350 cells/μL) had the
lowest CSF sTREM2 concentrations among untreated NA
patients, and CSF sTREM2 increased gradually in groups
with lower blood CD4+ T-cell counts. Consequently, a re-
verse correlation was found betweenCSF sTREM2 andCD4+

T-cell count in NA patients (r = −0.32, p < 0.01). Similar
differences between the groups were also found in CSF
neopterin (figure 1, B) and CSF NFL (figure 1, C). Statistical
outcomes of group comparisons in these 3 biomarkers are
shown in table 2.

CSF sTREM2 showed a significant correlation with CSF
neopterin (r = 0.45, p < 0.0001) and CSF NFL (r = 0.62, p <
0.0001) in the full cohort. A correlation was also found be-
tween CSF neopterin and CSF NFL (r = 0.50, p < 0.0001),
figure 2, A–C. Figure e-1 (links.lww.com/NXI/A81) shows
a heat map of the Pearson correlation analysis that provides
a visual overview of the biomarker associations.

Age, CSF neopterin, and albumin ratio stood out as in-
dependent predictors of CSF sTREM2 in a multivariable

Table 1 Background characteristics

Groups N

Age Plasma HIV RNA CSF HIV RNA Blood CD4+ T cells

Median years (IQR) Median Log10 (IQR) Median Log10 (IQR) Median cells/mL (IQR)

HIV negative 11 39 (29–53) NA NA ND

Neuroasymtpomatic HIV (NA)

CD4 > 350 25 40 (30–47) 4.12 (3.54–4.64) 3.43 (2.41–4.13) 480 (395–705)

CD4 200–349 20 38 (31–45) 4.76 (4.32–5.31) 4.10 (3.44–4.52) 240 (212–285)

CD4 50–199 20 36 (32–50) 5.28 (4.65–5.64) 4.32 (3.77–4.91) 105 (62–148)

CD4 < 50 21 44 (35–48) 5.60 (5.08–5.90) 3.25 (2.13–3.76) 15 (10–30)

HAD 7 43 (42–62) 5.76 (5.23–5.96) 4.98 (4.14–5.45) 54 (31–80)

HIV, treated-suppressed (ART suppressed) 28 45 (34–58) <1.30 (<1.30–<1.30) <1.30 (<1.30–<1.30) 595 (452–862)

Abbreviations: HAD = HIV-associated dementia; IQR = interquartile range; NA = neuroasymtpomatic.
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Table 2 Comparisons of CSF sTREM2, neopterin, and NFL concentrations among groups

Group comparisons
CSF sTREM2
(log) CSF Neopterin (log)

CSF NFL
(log)

Overall ANOVA p

<0.001 <0.001 <0.001

Tukey multiple comparison

HAD vs HIV2 <0.001 a <0.001

HAD vs NA CD4 ≥ 350 <0.01 <0.001 <0.001

HAD vs NA CD4 200–349 ns ns <0.001

HAD vs NA CD4 50–199 ns ns <0.001

HAD vs NA CD4 < 50 ns ns <0.001

HAD vs ART suppressed <0.01 <0.001 <0.001

NA CD4 < 50 vs HIV2 <0.01 a <0.001

NA CD4 < 50 vs NA CD4 ≥ 350 <0.05 <0.001 <0.001

NA CD4 < 50 vs NA CD4 200–349 ns ns <0.001

NA CD4 < 50 vs NA CD4 50–199 ns ns ns

NA CD4 < 50 vs ART suppressed <0.05 <0.001 <0.001

NA CD4 50–199 vs HIV2 <0.05 a ns

NA CD4 50–199 vs NA CD4 ≥ 350 ns <0.01 ns

NA CD4 50–199 vs ART suppressed ns <0.001 <0.01

NA CD4 200–349 vs NA CD4 ≥ 350 ns <0.05 ns

NA CD4 200–349 vs ART suppressed ns <0.001 ns

NA CD4 ≥ 350 vs ART suppressed ns <0.01 ns

Abbreviations: ANOVA = analysis of variance; HAD = HIV-associated dementia; NA = neuroasymtpomatic; NFL = neurofilament light protein; ns = not
significant.
a CSF neopterin missing on HIV-negative participants.

Figure 1 Concentrations of CSF biomarkers in the 7 participant groups

The figure shows concentrations of CSF sTREM2 (A), CSF neopterin (B), and age-adjusted CSF NFL (C) in the 7 participant groups. Boxes in all panels
depict median and IQR, whiskers show 10–90 percentiles, and “+” designates the mean values. Gray horizontal lines show the upper limit of normal.
Statistical comparisons of groups are given in table 2. Measured markers are listed in the title of each panel and findings described in the text.
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analysis, including patients from all HIV groups, that included
CSF sTREM2 vs age, blood CD4+ T-cell count, CSF WBC,
albumin ratio, plasma and CSF HIV RNA, serum and CSF
neopterin, and ART (table 3).

CSF sTREM2 was confirmed as an independent predictor of
CSF NFL together with age, CD4+ T-cell count, and CSF
HIV RNA in a multiple linear regression analysis (table 3).

CSF sTREM2 and age
CSF sTREM2 and CSF NFL increased significantly with age
while no correlation between age and CSF neopterin was
found (figure 2, D–F).

When the 11 HIV-negative controls were exclusively evalu-
ated, a very strong correlation was found between CSF
sTREM2 and CSF NFL (r = 0.85, p < 0.01; figure 3, A),
although CSF NFL was within the normal range in all 11
controls. Both these CSF biomarkers increased with normal
aging (figure 3, B). Age and CSF sTREM2 stood out as in-
dependent predictors of CSF NFL in a multivariable analysis
(not shown). To be noted, neither CD4+ T cells nor neo-
pterin levels were available in the group of healthy controls.

Discussion
In this study, we found that CSF concentrations of sTREM2
increased with systemic HIV-1 disease progression as in-
dicated by blood CD4+ T-cell loss. High CSF sTREM2 levels
were generally found in patients with HAD. Microglia and

perivascular macrophages are important target cells for HIV-1
in the brain. In addition, these cells are also mediators of
inflammatory processes that may cause neuronal dysfunction
and injury as results of their activation. Microglial activation
is characteristic of and consistently found in HIV-1
encephalitis.26

We also found that CSF sTREM2 levels were strongly cor-
related with CSF concentrations of NFL. CSF NFL is typi-
cally markedly increased in HAD15 reflecting ongoing axonal
injury, something that was found also in the present study
(table e-1, links.lww.com/NXI/A82). However, compared
with nondemented patients with correspondingly high CSF
sTREM2 concentrations, patients with HAD had consider-
ably higher CSF NFL. A similar pattern was also found for
CSF neopterin. This may suggest that macrophage and micro-
glial activation is not enough to cause neurodegeneration in
HAD but that also other mechanisms than immune activation
probably are involved in the pathogenesis.

ART has had a profound effect on morbidity and mortality of
HIV-1 infection, including HAD and other complications in-
volving the CNS.27 However, while substantially reduced by
ART, residual CNS immune activation has been found in al-
most half of the patients with durably suppressed plasma and
CSF virus.28 In the present study, 36% of patients on suppres-
sive ART still had CSF neopterin levels above the upper normal
reference limit. However, no significant difference in CSF
sTREM2 between ART-treated HIV-1–infected patients and
HIV-negative controls was found in this study. This may suggest
that the persistent CNS immune activation that is commonly

Figure 2 Correlations between CSF biomarkers and age

The figure shows correlations between CSF sTREM2, neopterin, and NFL (A–C). Regression lines and Pearson correlation coefficient are shown in each panel.
Associations between CSF biomarkers and age (D–F). Regression lines and Pearson correlation coefficient are shown in panel D and F. No significant
correlation was found between CSF neopterin and age (E). NFL = neurofilament light protein.
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found in patients on effective ART is not mainly driven by
macrophage/microglial activation, but rather by activated
lymphocytes or astrocytes. The pteridine metabolite neopterin
has been extensively studied in HIV. Increased CSF levels are
generally found in untreated HIV22 and can also, as previously

mentioned, often be found in patients on ART5,28 and are
slightly higher in ART-treated non-HAD patients with milder
forms of HAND compared with unimpaired patients.5 Neo-
pterin is produced primarily in monocytes/macrophages and
related cells, and the most important stimuli are interferons

Table 3 Univariable correlation (left columns) and multiple linear regression (right columns) determining predictors of
log10 CSF sTREM2 and log10 CSF NFL

Predictor

Univariable Multivariable

Std b (r) p Std badj p

Predicting CSF sTREM2

Age 0.504 <0.001 0.384 <0.001

CD4 −0.356 <0.001

CSF WBC 0.008 0.931

CSF/P albumin ratio 0.492 <0.001 0.297 <0.001

P HIV RNA 0.344 <0.001

CSF HIV RNA 0.295 0.001

S neopterin 0.409 <0.001

CSF neopterin 0.454 <0.001 0.385 <0.001

ART −0.204 0.024

Predicting CSF NFL

Age 0.406 <0.001 0.300 0.001

CD4 −0.536 <0.001 −0.384 <0.001

CSF WBC −0.064 0.489

CSF/P albumin ratio 0.413 <0.001

CSF HIV RNA 0.351 <0.001 0.184 0.017

CSF neopterin 0.498 <0.001

CSF sTREM2 0.897 <0.001 0.258 0.003

ART −0.276 0.002

Abbreviations: NFL = neurofilament light protein; WBC = white blood cell.

Figure 3 CSF sTREM2 in HIV-negative controls

(A) A strong correlation between CSF
sTREM2 and CSF NFL was found in HIV-
negative controls (n = 11). (B) Both CSF
sTREM2 and NFL increase with age in
healthy controls. NFL = neurofilament
light protein.
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(IFNs), especially Th1-type cytokine IFN-γ.29 However,
astrocytes can also produce neopterin on activation,30 and CSF
concentrations of neopterin can probably increase also during
lymphocytic inflammation, as seen in, for example, early HIV-1
infection with aseptic meningitis.

TREM2 is an innate immune receptor expressed exclusively
on the surface of cells of the monocytic lineage. It is a type-1
transmembrane glycoprotein with an ectodomain that is
proteolytically cleaved and released into the extracellular
space as a soluble variant (sTREM2), making sTREM2
a more specific biomarker of macrophage/microglial activity
than neopterin. The process whereby sTREM2 is released
into the extracellular space and the CSF is also different
compared with the mechanisms that are driving neopterin
production, which may contribute to different expressions of
these 2 biomarkers. CSF sTREM2 may be a later and there-
fore less sensitive marker of macrophage/microglial activation
than neopterin, thereby requiring larger numbers of study
participants to disclose possible differences between the
groups, an assumption that may be supported by the fact that
we could not demonstrate any difference between HIV neg-
atives and ART-treated study participants in CSF NFL either,
although a small but significant difference has been found in
previous larger studies.15,31 CSF neopterin was not available
in HIV-negative controls in the present study.

Brain imaging using PET has been studied as an in vivo
method to reveal microglial activation,32,33 but it may not be
sensitive enough in HIV, at least when the translocator pro-
tein (TSPO) ligand is used.34 PET scanning is also expensive
and not generally available, and it would be beneficial to
identify a reliable CSF biomarker of macrophage/microglial
activation in HIV. Such a marker could facilitate studies ex-
ploring pathogenesis of neuro-HIV in untreated and treated
HIV-infected patients and potentially also employ a clinical
usage in treated patients with cognitive impairment.

Other markers of microglial activation that have been sug-
gested for studies in HIV are sCD163, sCD14, Monocyte
chemoattractant protein-1 (MCP-1), Chitinase-3-like protein
1 (YKL-40), and ganglioside GD3.3,35–38 However, most of
those are not sufficiently specific for microglial and macro-
phage activation. sTREM2, the secreted form of the triggering
receptor, is exclusively expressed on myeloid cells but not on
astrocytes and therefore has the potential to become a CSF
biomarker selective for macrophage/microglial activation.

Of interests, a strong correlation between CSF sTREM2 and
CSF NFL levels was also found in HIV-negative controls with
normal CSF NFL in relation to their age. The brain displays
an increasing inflammatory state with aging, and both
microglial dysfunction and neuronal injury increase with
normal aging.39 Age-related microglial activation coincides
with age-related neurodegeneration and cognitive decline,40

and the results from our small cohort of HIV-negative con-
trols support a linkage between microglial activation and

axonal injury in normal aging. This is a research area of great
interest that needs to be further explored.

This study has several limitations. Although the total number
of participants was reasonably large, some of the groups were
limited in size, especially the HAD group because of its low
incidence. We used a cross-sectional design to reconstruct
a longitudinal process. It has become increasingly difficult to
perform longitudinal studies on untreated patients when early
and universal ART is standard. Neurocognitive performance
testing was not consistently performed in non-HAD patients,
precluding examination of associations of CSF sTREM2 level
elevations with milder forms of HAND. Although TREM2 is
exclusively expressed by myeloid cells, CSF sTREM2 levels
cannot distinguish between microglial and macrophage acti-
vation. The various contributions of these cells to the CNS
immune activation and pathogenesis in HIV-1 disease have
not been established and also cannot be determined by the
results of this study.

Macrophage/microglial activation, as measured by CSF
sTREM2, increased with decreasing CD4+ T-cell counts in
NA HIV and was especially high in HAD. The magnitude of
the increase in CSF sTREM2 levels in HAD relative to healthy
controls was similar to that previously noted in Alzheimer
disease and MS.10,12 Both CSF sTREM2 and CSF NFL in-
crease with normal aging, but there is also a strong in-
dependent association between CSF sTREM2 and axonal
injury as measured by CSF NFL. Of interest, this is also the
case in healthy controls. Our results suggest that CSF
sTREM2 is a potentially useful biomarker of microglial acti-
vation in different stages of HIV infection.
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HIV-1 infection: from activation to senescence? Glia 2017;65:431–446.

5. Edén A, Marcotte TD, Heaton RK, et al. Increased intrathecal immune activation in
virally suppressed HIV-1 infected patients with neurocognitive impairment. PLoS
One 2016;11:e0157160.

6. Colonna M. TREMs in the immune system and beyond. Nat Rev Immunol 2003;3:
445–453.

7. Neumann H, Takahashi K. Essential role of the microglial triggering receptor
expressed on myeloid cells-2 (TREM2) for central nervous tissue immune homeo-
stasis. J Neuroimmunol 2007;184:92–99.

8. Pimenova AA, Marcora E, Goate AM. A tale of two genes: microglial apoe and Trem2.
Immunity 2017;47:398–400.
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Abstract
Objectives
To investigate the characteristics of different clinico-serologic subgroups of immune-mediated
necrotizing myopathy (IMNM).

Methods
We retrospectively reviewed data from medical charts of 64 patients diagnosed with IMNM
between 2012 and 2017 in 3 neuromuscular referral centers in The Netherlands and 1 in
Belgium.

Results
Seventeen patients had anti-3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR)
autoantibodies (Abs), of whom 11 had a history of statin use, 15 had anti-signal recognition
particle (SRP) Abs, 2 had anti-melanoma differentiation-associated protein 5 (MDA5) Abs, 22
patients were seronegative, and 9 patients did not have a complete Ab assessment. Moderate to
severe disability in HMGCRAb–positive and anti-SRP Ab–positive IMNMwas common (71%
and 60%, respectively) despite multimodality treatment. Compared with statin-associated anti-
HMGCR Ab–positive IMNM, statin-naive anti-HMGCR Ab–positive IMNM patients were
more often men (67% vs 45%), had lower rates of dysphagia (17% vs 45%), and more
frequently had third-line therapy (50% vs 9%) and poor to fatal outcome (50% vs 0%).
Compared with seropositive IMNM, seronegative IMNM was characterized by female pre-
dominance (1:3), frequent occurrence of associated connective tissue disorders (22% vs 9%),
and significantly higher rates of extramuscular disease activity (50% vs 16%, p 0.014; 2-sided
Fisher exact), also after excluding patients with an associated connective tissue disease (35% vs
7%, p 0.038; 2-sided Fisher exact).

Conclusions
Our findings indicate that seronegative IMNM forms a subgroup with distinctive features from
seropositive IMNM.
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A majority of patients with immune-mediated necrotizing
myopathy (IMNM)—a relatively new entity within the
spectrum of idiopathic inflammatory myopathies (IIMs)—
suffer from disability despite treatment, indicating inadequate
management.1–7 Indeed, disease management is complicated
due to the heterogeneity of IMNM. On the one hand, key
features of IMNM—i.e., progressive and often severe proximal
muscle weakness—are generally shared among patients.5,8 On
the other hand, disease manifestations such as dysphagia, axial
and respiratory muscle weakness, and cancer vary significantly
between patients.1–9 No clear data exist with regard to the
variance in extramuscular disease activity (EMA) or associated
connective tissue diseases (CTDs) between different patients
with IMNM.

Progress in further characterizing IMNM has been made by the
discovery of 2 myositis-specific autoantibodies (MSAs),
i.e., anti-3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) and anti-signal recognition particle (SRP) auto-
antibodies (Abs), which allowed for a serologic subclassification
of IMNM.6,10 This has resulted in the identification of 2 sub-
groups of patients with IMNM with distinct clinico-serologic
profiles. However, in a third of IMNM patients, these MSAs
cannot be detected in sera and are therefore called “seronega-
tive” IMNM.7 This group has not yet been characterized in
detail, except for an association with cancer.9 We conducted
a cross-sectional study to investigate clinical and serologic
characteristics in a case series of IMNM, including seronegative
IMNM, diagnosed in tertiary referral hospitals in The Neth-
erlands and Belgium.

Methods
Standard protocol approvals, registrations,
and patient consents
We retrospectively reviewed data from medical charts of
patients diagnosed with IMNM between 2012 and 2017 in 3
neuromuscular referral centers in The Netherlands and 1 in
Belgium. Diagnosis was based on the European Neuromus-
cular Centre criteria.7,11 Adult patients with subacute, sym-
metric, and predominantly proximal muscle weakness and
a muscle biopsy characterized by muscle fiber necrosis and
sparse to no inflammatory infiltrates were included. Toxic
myopathy, active endocrinopathy, amyloidosis, family history
of muscular dystrophy or proximal motor neuropathies, and
any histopathologic features characteristic of other IIM sub-
types were exclusion criteria. Furthermore, we excluded

patients with anti-synthetase syndrome.12 Muscle biopsies
(including immunostains) were re-evaluated in case of di-
agnostic uncertainty.7,11 The study was conducted in accor-
dance with the Declaration of Helsinki and the research codes
provided by the regional review board guidelines.

A predefined set of data was extracted from the medical charts:
presence of MSAs and/or myositis-associated Abs (MAAs),
age at onset, sex, duration of follow-up, history of statin use,
the presence of proximal muscle weakness and dysphagia,
EMA, the presence of CTDs or cancer, serum creatine kinase
(CK) activity at diagnosis, treatment, and outcome. The fol-
lowing MSAs were assessed by a commercial semiquantitative
line blot essay (Euroimmun, Lubeck, Germany): anti-Mi2 α
and β, anti-transcriptional intermediary factor 1γ (TIF1γ),
anti-melanoma differentiation-associated protein 5 (MDA5),
anti-nuclear matrix protein 2 (NXP2), anti-small ubiquitin-like
modifier activating enzyme 1 (SAE1), anti-histidyl-tRNA
synthetase (Jo1), anti-SRP, anti-threonyl-tRNA synthetase
(PL7), anti-alanyl-tRNA synthetase (PL12), anti-glycyl-tRNA
synthetase (EJ), and anti-isoleucyl-tRNA synthetase (OJ). On
the same line blot assay, the following MAAs were assessed:
anti-Ku, anti-polymyositis-scleroderma 100 protein (PM-
Scl100), anti-polymyositis-scleroderma 75 protein (PM-
Scl75), and anti-Ro52.13 A negative or a weak titer (1+) was
considered negative, whereas moderately elevated (2+) and
high titers (3+) were considered positive. In addition, anti-
HMGCR Abs were assessed by a commercial quantitative
enzyme-linked immunosorbent assay (ELISA; INOVA, San
Diego, CA).14 A level of anti-HMGCR Abs of 20 units/mL or
higher was considered positive. The participating centers used
the same line blot and anti-HMGCR assays. Patients were
subsequently serologically grouped as follows: (1) anti-
HMGCR Ab–positive IMNM, further subclassified in statin-
associated and statin-naive disease; (2) anti-SRP Ab–positive
IMNM; (3) IMNM with MSAs other than anti-HMGCR or
anti-SRP Abs; (4) seronegative IMNM in case no MSAs were
found; and (5) IMNMwith incomplete serologic status in case
serum could not be analyzed by both the line blot essay and the
quantitative anti-HMGCR ELISA. If a patient had a combi-
nation of MSAs and MAAs, the patient was classified into the
respective MSA subgroup. EMA included interstitial lung
disease (ILD), arthritis, Raynaud phenomenon, and skin or
cardiac symptoms if considered IIM related.15 An associated
CTDwas considered present if a formal diagnosis of CTDwas
established at any time during the disease. Cancer was con-
sidered disease related if present from 3 years before to 3 years

Glossary
Ab = autoantibody; CK = creatine kinase; CTD = connective tissue disease; DM = dermatomyositis; EMA = extramuscular
disease activity; HMGCR = hydroxy-3-methylglutaryl-coenzyme A reductase; IIM = idiopathic inflammatory myopathy;
IMNM = immune-mediated necrotizing myopathy; ILD = interstitial lung disease; IVIg = intravenous immunoglobulin;
MAA = myositis-associated Ab; MSA = myositis-specific autoantibody; SLE = systemic lupus erythematosus; SRP = signal
recognition particle; SSc = systemic sclerosis; ULN = upper limit of normal.
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after a diagnosis of IMNM.9 Serum CK activity was expressed
as the number of times the upper limit of normal (ULN) of the
local laboratory. The ULN for serum CK activity of the Dutch
laboratories was 145 IU/L for women and 171 IU/L for men,
and in the Belgian laboratory, this was 170 IU/L for women
and 195 IU/L for men. Treatment was scored as follows: (1)
glucocorticoid monotherapy; (2) second-line therapy con-
sisting of azathioprine and/ormethotrexate and/or calcineurin
inhibitors and/or mycophenolate mofetil; and (3) third-line
therapy consisting of intravenous immunoglobulins (IVIgs),
cyclophosphamide, rituximab, or other biologicals. Outcome
was defined as good to excellent in case of normal or near-
normal functioning (with no apparent disability), moderate in
case of slight to moderate disability (e.g., use of cane), poor in
case of severe disability (e.g., wheelchair-bound), or dead.

Statistical methods
Results were primarily described using simple descriptive
statistics. In addition, statistical tests for comparison of clini-
cally relevant disease characteristics between seropositive and
seronegative patients were performed, consisting of a Mann-
Whitney U test for age and a 2-sided Fisher exact test for sex,
the presence of dysphagia, EMA, associated CTDs, the use of
third-line treatment, and favorable outcome. The explorative
nature of this study did not allow for multiple comparisons.16

Data availability
Any data not published within the article will (after anonym-
ization) be shared on request from any qualified investigator.

Results
In total, 64 patients were included: 33 from Amsterdam, 16
from Ghent, 12 from Nijmegen, and 3 from Leiden. In 1
patient, the diagnosis was based on the presence of anti-
HMGCR Abs without pathologic confirmation. All other
patients had undergone a muscle biopsy showing necrotizing
myopathy with no or minimal lymphocytic infiltrates.

Seventeen patients (27%) had anti-HMGCR Abs, of whom
eleven (65%) had a history of statin use. Fifteen patients (23%)
had anti-SRP Abs, of whom 1 patient (7%) also had another
MSA (anti-MDA5) and 3 patients (20%) also hadMAAs (anti-
Ro52 Abs, anti-polymyositis-scleroderma-75 [PM-SCl75] Abs,
and anti-Sjögren syndrome-A Abs, respectively). One patient
(2%) had anti-MDA5 Abs only. Twenty-two patients (34%)
had noMSAs, of whom 4 (18%) hadMAAs: 2 anti-Ku Abs, one
anti-Ro52 Ab, and one anti-PM-Scl75 Ab. Nine patients (14%)
had incomplete Abs data: data on myositis line blot assay and
anti-HMGCRAbs ELISAwere not available in 7 and 2 patients,
respectively. These 9 patients were excluded from further
analysis. The demographics and disease characteristics of the
remaining 55 patients are shown in table 1.

Median age at onset was 54 years (range 16–82), and 33
patients (61%) were women. The age at onset of patients with
seronegative IMNM (median age 51 years, range 16–79 years)

was comparable to that of patients with anti-SRP Ab–positive
IMNM (median age 49 years, range 20–82 years), but lower
than that of patients with HMGCR Ab–positive IMNM
(median age 60 years, range 54–74 years). No statistical sig-
nificant difference in age between seropositive and seronega-
tive patients (p 0.189; Mann-Whitney U test) was found.

Female preponderance was observed in seronegative IMNM
(M:F ratio 1:3) compared with patients with seropositive
IMNM (M:F ratio 1:1). This finding did not reach statistical
significance (p 0.158; 2-sided Fisher exact test). Median
follow-up was 2 years (range 1 week to 24 years). The patient
with a 1-week follow-up died of respiratory weakness and
myocardial infarction. In total, 5 patients had a follow-up
duration of less than 1 year.

All patients presented with proximal muscle weakness con-
sisting of upper arm and upper leg weakness (legs more than
arms), except 1 patient who had only proximal leg weakness.
Dysphagia was present in 21 patients (38%). Compared with
statin-associated HMGCR Ab–positive (45%) and anti-SRP
Ab–positive (53%) IMNM, dysphagia was found less fre-
quently in statin-naive anti-HMGCR Ab–positive (17%)
IMNM and seronegative (27%) IMNM. No statistical sig-
nificant difference in the prevalence of dysphagia between
seropositive and seronegative patients (p 0.262; 2-sided
Fisher exact test) was found.

EMA and associated CTDs were found predominantly in se-
ronegative IMNM. Eight patients (15%) of whom 5 (67%)
with seronegative IMNM had an associated CTD. Four
patients had systemic sclerosis (SSc), 2 patients mixed CTD, 1
patient systemic lupus erythematosus (SLE), and 1 patient
SLE and Sjögren’s syndrome. EMA was found in 11 patients
(50%) with seronegative IMNM compared with 5 patients
(16%) with seropositive IMNM, respectively (table 1). A
statistical significant difference in the occurrence of EMA
(p 0.014; 2-sided Fisher exact test) but not in CTDs (p 0.248;
2-sided Fisher’s exact) between seropositive and seronegative
patients was demonstrated, also after excluding 8 patients with
an associated CTD (p 0.038; 2-sided Fisher exact test).

Among all included patients, the most frequent EMA features
included arthritis in 6 (11%), Raynaud phenomenon in 5
(9%), and ILD in 4 (7%). ILD was found in 3 patients (14%)
with seronegative IMNM and in 1 patient (6%) with anti-
HMGCR Ab–positive IMNM. None of the patients had
classical skin abnormalities consistent with dermatomyositis
(DM), i.e., heliotropic erythema or Gottron papules. Related
cancers were found in 5 cases (9%), equally distributed among
the subgroups. Related cancers included larynx carcinoma,
ovary carcinoma, mediastinal tumor, bladder carcinoma, and
breast carcinoma.

Median serum CK activity was 41 times the ULN, ranging
from normal to 300 times the ULN. There was 1 patient with
normal serum CK activity presenting with rapidly progressive
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muscle weakness and polyarthritis, who had a muscle biopsy
consistent with IMNM, no MSAs/MAAs, and responded
favorably to glucocorticoid therapy. Differences in median
serum CK activity did not differ between the 3 IMNM
subgroups.

Eleven patients (20%) received glucocorticoid monotherapy,
whereas 28 (51%) and 14 (25%), respectively, had second-
and third-line treatment (table 2). Treatment data were not
available for 2 patients (4%). Third-line therapy, mostly IVIg,
was administered to 50% of the statin-naive anti-HMGCR
Ab–positive IMNM patients and 55% of the anti-SRP Ab–
positive IMNM patients, as compared to 10% of the statin-
associated anti-HMGCR Ab–positive IMNM patients and
15% of seronegative IMNM patients. We found no statistical
significant differences in the rates of third-line treatment be-
tween seropositive and seronegative patients (p 0.200; 2-sided
Fisher exact test).

Twenty-one patients (38%) had good to excellent outcome,
26 patients (47%) had moderate outcome, 3 patients (5%)
had poor outcome, and 4 patients (7%) died (table 2). Out-
come data were not available in 1 patient (2%). Causes of
deaths included laryngeal carcinoma, metastasized bladder
carcinoma, renal failure, and a mediastinal tumor. Except for
the small group of statin-naive anti-HMGCR Ab–positive

IMNM patients, of whom 3 (50%) had a poor outcome or
died, outcome was essentially the same across the other
subgroups. We found no statistical significant differences in
the rates of good-excellent outcomes between seropositive
and seronegative patients (p 0.397; 2-sided Fisher exact test).

Discussion
We found that seronegative IMNM had distinctive features
including a significantly higher frequency of EMA. The higher
rates of EMA in seronegative IMNM were not fully explained
by the concomitant presence of an associated CTD, thus
indicating a truly distinctive feature. A female predominance
and higher rates of associated connective tissue disorders were
seen in seronegative patients, but these findings did not reach
statistical significance, probably due to the relatively small
sample size. One study found higher rates of cancer in sero-
negative IMNM compared with the HMGCR Ab–positive
and anti-SRP Ab–positive IMNM.9We could not confirm this
in our study, again probably because of the relatively small
sample size of our study. It may well be that the female pre-
ponderance has to be ascribed to the association with CTDs
as was the case in two-thirds of the seronegative patients. SSc
was the most frequent CTD in these patients. A recent study
found that necrotizing myopathy was the second most

Table 1 Demographics and disease characteristics of 55 patients with an IMNM

Anti-HMGCR (n = 17)

Anti-SRP
(n = 15)

Anti-MDA5
(n = 1)

Seronegative
(n = 22)

Statin +ve
(n = 11)

Statin 2ve
(n = 6)

Demographics

Age at onseta (median years, range) 63 (54–74) 57 (52–65) 49 (20–82) 47 51 (16–79)

Femalesa (n, %) 5 (45) 2 (33) 8 (53) 1 (100) 16 (73)

Disease features

Proximal muscle weakness (n, %) 11 (100) 6 (100) 15 (100) 1 (100) 21 (95)

Dysphagiaa (n, %) 5 (45) 1 (17) 8 (53) 1 (100) 6 (27)

CK (median deviation from ULN, range) 64 (6–114) 90 (4–176) 59 (18–195) 4 30 (0–83)

Extramuscular diseaseb activity (n, %) 1 (9) 1 (17) 3 (20) 0 (0) 11 (50)

CTDa,c (n, %) 0 (0) 1 (17) 2 (13) 0 (0) 5 (22)

MAAs (n, %) 0 (0) 0 (0) 3 (20) 0 (0) 4 (18)

Cancer (n, %) 1 (9) 1 (17) 1 (7) 0 (0) 2 (9)

Abbreviations: anti-MDA5 = anti-melanoma differentiation-associated protein 5 Ab–positive IMNM; anti-SRP = anti-signal recognition particle Ab–positive
IMNM; CK = serum creatine kinase activity; CTD = connective tissue disease; IMNM= immune-mediated necrotizingmyopathy;MAA =myositis-associated Ab;
seronegative = IMNM without any myositis-specific Ab; statin +ve anti-HMGCR = statin-associated anti-3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)
autoantibody (Ab)-positive IMNM; statin −ve anti-HMGCR = statin-naive anti-HMGCR Ab-positive IMNM; ULN = upper limit of normal.
a The differences in age, sex, and the presence of dysphagia or associated CTDs between seropositive and seronegative patients were not statistically
significant.
b Interstitial lung disease, arthritis, Raynaud phenomenon, and skin or cardiac symptoms if considered myositis related. The difference in the prevalence of
EMA between seropositive and seronegative patients was statistically significant (16% vs 50%, p 0.014; 2-sided Fisher exact test), also after excluding patients
with an associated connective tissue disease (7% vs 35%, p 0.038; 2-sided Fisher exact test).
c Five patients with systemic sclerosis, 3 patients with mixed connective tissue disease, 1 case with systemic lupus erythematosus (SLE), and 1 case with both
SLE and Sjögren syndrome.
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common histologic subtype (according to the 2004 ENMC
criteria) in patients with SSc.17

Of note, 2 patients had anti-MDA5 Ab–positive IMNM.
These antibodies are associated with classic DM or overlap
myositis with other cutaneous manifestations, frequent oc-
currence of prominent ILD, and relatively little myositis.5,18

The patient with solely anti-MDA5 Abs has been previously
described and had no skin rash or ILD.19 The patient with
both anti-SRP and anti-MDA5 Abs presented with proximal
muscle weakness, nonspecific skin erythema on her chest and
upper arms, digital cutaneous ulceration, arthralgia, and a se-
rum CK activity of 90 times the ULN. This concomitant
presence of 2 MSAs is remarkable because usually, MSAs are
mutually exclusive.4,6,20

We found some apparent differences when we compared our
seropositive patients with those reported in previous reports.
Although earlier reports did not find any differences between
statin-associated and statin-naive anti-HMGCR Ab–positive
IMNM except for younger age at onset, higher serum CK
activity, and more frequent non-Caucasian ethnicity in the
latter, we observed that statin-naive anti-HMGCR Ab–
positive IMNM patients were more often men (66% vs 45%),
had lower rates of dysphagia (17% vs 46%), received more
often third-line therapy (50% vs 9%), and had more fre-
quently poor to fatal outcome (50% vs 0%).6 The number of
cases with a history of statin use in anti-HMGCR–positive
IMNM (65%) was comparable to that found in North

American and European case series with HMGCR Ab–
positive IMNM (44%–67%) and much higher as compared to
a Japanese case series with HMGCR Ab–positive IMNM
(18%).1,2,6 None of our anti-SRP Ab–positive IMNMpatients
had ILD, although an association in 13%–22% has been
reported.1,3,4 The frequency of cancer in our patients was too
low to compare it with that of other case series. Our data
confirm that in general, HMGCR Ab–positive IMNM and
anti-SRP IMNM are severe conditions, as illustrated by the
proportion of patients (65%) with moderate, severe, or fatal
outcome despite multimodality treatment.1–4,6

The strength of our study is the detailed description of the
IMNM group as a whole, and in particular with respect to the
description of the as yet relatively underexposed seronegative
patients. The main limitation of our study is the retrospective
nature and the relatively small sample size of the study.

Our findings indicate that seronegative IMNM is distinct from
seropositive IMNM, given the frequent occurrence of EMA
and associated CTDs and the female preponderance in the
former. The results may not necessarily be extrapolated to
other ethnic populations, considering the predominantly
European ancestry of our study population. Larger pro-
spective studies are warranted to confirm our findings.
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J. Lim: drafting/revising the manuscript, study concept or
design, analysis or interpretation of data, and accepts

Table 2 Treatment and outcome in 55 patients with an immune-mediated necrotizing myopathy (IMNM)

Anti-HMGCR (n = 17)
Anti-SRP
(n = 15)

Anti-MDA5
(n = 1)

Seronegative
(n = 22)Statin +ve (n = 11) Statin 2ve (n = 6)

Treatmenta

Glucocorticoid monotherapy (n, %) 2 (18) 1 (17) 3 (20) 0 (0) 5 (23)

Second-line therapy (n, %) 8 (73) 2 (33) 5 (33) 1 (100) 12 (54)

Third-line therapy (n, %) 1 (9) 3 (50) 7 (47) 0 (0) 3 (14)

Outcomeb

Good-excellent outcome (n, %) 4 (36) 1 (17) 6 (35) 0 (0) 10 (45)

Moderate outcome (n, %) 7 (63) 2 (33) 8 (57) 1 (100) 8 (36)

Poor outcome (n, %) 0 (0) 2 (33) 0 (0) 0 (0) 1 (5)

Dead (n, %) 0 (0) 1 (17) 1 (7) 0 (0) 2 (9)

Abbreviations: anti-MDA5 = anti-melanoma differentiation-associated protein 5 Ab–positive IMNM; anti-SRP = anti-signal recognition particle Ab–positive
IMNM; seronegative = IMNM without any myositis-specific Ab; statin +ve anti-HMGCR = statin-associated anti-3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR) autoantibody (Ab)-positive IMNM; statin −ve anti-HMGCR = statin-naive anti-HMGCR Ab-positive IMNM.
a Treatment schemes of patients with IMNM shown in percentages. Treatment data from 2 (9%) patients with seronegative IMNM are missing; azathioprine
and/or methotrexate and/or mycophenolatemofetil were considered second-line therapy; intravenous immunoglobulins (n = 13) and/or rituximab (n = 3; all
in combination with intravenous immunoglobulins) and/or cyclofosfamide (n = 1) were considered third-line therapy. Differences in the rates of third-line
treatment between seropositive and seronegative patients were not statistically significant.
b Outcomes in IMNM shown in percentages. Outcome data from 1 (5%) patient with seronegative IMNM is missing; good-excellent outcome was defined as
normal or near-normal functioning with no apparent disability; moderate outcome was defined as slight to moderate disability (e.g., use of cane); poor
outcome was defined as severe disability (e.g., wheelchair-bound); causes of deaths included laryngeal carcinoma, metastasized bladder carcinoma,
pneumonia, respiratory weakness and myocardial infarction, peritonitis, and a mediastinal tumor. Differences in the rates of good-excellent outcomes
between seropositive and seronegative patients were not statistically significant.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 1 | January 2019 5

http://neurology.org/nn


responsibility for conduct of research and final approval.
A. Rietveld, J.L. De Bleecker, U.A. Badrising, and C.G.J. Saris:
drafting/revising the manuscript, analysis or interpretation of
data, and accepts responsibility for conduct of research and
final approval. A.J. van der Kooi and M. de Visser: drafting/
revising the manuscript, study concept or design, analysis or
interpretation of data, and accepts responsibility for conduct
of research and final approval.

Acknowledgment
The authors thank Dr. Eleonora Aronica for her help with the
revision of muscle biopsies, Dr. Ester van Leeuwen for
performing the serological assessment, and Dr. Rob de Haan
for statistical consultation.

Study funding
No targeted funding reported.

Disclosure
J. Lim reports no disclosures. A. Rietveld received research
support from Prinses Beatrix Spierfonds. J.L. De Bleecker
served on the scientific advisory board of Sanofi/Genzyme,
Pfizer, and CSL Behring and received travel funding and/or
speaker honoraria from Sanofi/Genzyme and CSL Behring.
U.A. Badrising consulted for Novartis and Argenx (compen-
sation paid to Leiden University Medical Center). C.G.J. Saris
reports no disclosures. A.J. van der Koii received research
support from CSL Behring. M. de Visser served on the sci-
entific advisory board of AveXis; served on the editorial board
of Neuromuscular Disorders and Clinical Neurology and Neu-
rosurgery; and is a member of the adjudication committee for
Bristol Myers. Full disclosure form information provided by
the authors is available with the full text of this article at
Neurology.org/NN.

Received May 7, 2018. Accepted in final form August 15, 2018.

References
1. Watanabe Y, Uruha A, Suzuki S, et al. Clinical features and prognosis in anti-SRP and

anti-HMGCR necrotising myopathy. J Neurol Neurosurg Psychiatry 2016;87:
1038–1044.

2. Allenbach Y, Drouot L, Rigolet A, et al. Anti-HMGCR autoantibodies in European
patients with autoimmune necrotizing myopathies: inconstant exposure to statin.
Medicine 2014;93:150–157.

3. Pinal-Fernandez I, Parks C, Werner JL, et al. Longitudinal course of disease in a large
cohort of myositis patients with autoantibodies recognizing the signal recognition
particle. Arthritis Care Res 2017;69:263–270.

4. Suzuki S, Nishikawa A, Kuwana M, et al. Inflammatory myopathy with anti-signal rec-
ognition particle antibodies: case series of 100 patients. Orphanet J Rare Dis 2015;10:61.

5. Allenbach Y, Benveniste O, Goebel HH, Stenzel W. Integrated classification of in-
flammatory myopathies. Neuropathol Appl Neurobiol 2017;43:62–81.

6. Mammen AL, Chung T, Christopher-Stine L, et al. Autoantibodies against 3-hydroxy-
3-methylglutaryl-coenzyme A reductase in patients with statin-associated autoim-
mune myopathy. Arthritis Rheum 2011;63:713–721.

7. Allenbach Y, Mammen AL, Benveniste O, Stenzel W; Immune-mediated Necrotizing
Myopathies Working Group. 224th ENMC International Workshop: clinico-sero-
pathological classification of immune-mediated necrotizing myopathies Zandvoort,
The Netherlands, 14-16 October 2016. Neuromuscul Disord 2018;28:87–99.

8. Basharat P, Christopher-Stine L. Immune-mediated necrotizing myopathy: update on
diagnosis and management. Curr Rheumatol Rep 2015;17:72.

9. Allenbach Y, Keraen J, Bouvier AM, et al. High risk of cancer in autoimmune necro-
tizingmyopathies: usefulness ofmyositis specific antibody. Brain 2016;139:2131–2135.

10. Targoff IN, Johnson AE, Miller FW. Antibody to signal recognition particle in pol-
ymyositis. Arthritis Rheum 1990;33:1361–1370.

11. Hoogendijk JE, Amato AA, Lecky BR, et al. 119th ENMC International Workshop:
trial design in adult idiopathic inflammatory myopathies, with the exception of in-
clusion bodymyositis, 10-12 October 2003, Naarden, TheNetherlands. Neuromuscul
Disord 2004;14:337–345.

12. Uruha A, Suzuki S, Suzuki N, et al. Perifascicular necrosis in anti-synthetase syndrome
beyond anti-Jo-1. Brain 2016;139:e50.

13. Cavazzana I, Fredi M, Ceribelli A, et al. Immunoprecipitation assays in 57 myositis
sera. J Immunol Methods 2016;433:1–5.

14. Shovman O, Gilburd B, Chayat C, et al. Anti-HMGCR antibodies demonstrate high
diagnostic value in the diagnosis of immune-mediated necrotizing myopathy fol-
lowing statin exposure. Immunol Res 2017;65:276–281.

15. Miller FW, Rider LG, Chung YL, et al. Proposed preliminary core set measures for
disease outcome assessment in adult and juvenile idiopathic inflammatory myo-
pathies. Rheumatology 2001;40:1262–1273.

16. Rothman KJ. No adjustments are needed for multiple comparisons. Epidemiology
1990;1:43–46.

17. Paik JJ, Wigley FM, Lloyd TE, et al. Spectrum of muscle histopathologic findings in
forty-two scleroderma patients with weakness. Arthritis Care Res 2015;67:1416–1425.

18. Senecal JL, Raynauld JP, Troyanov Y. Editorial: a new classification of adult auto-
immune myositis. Arthritis Rheumatol 2017;69:878–884.

19. Jaeger B, de Visser M, Aronica E, van der Kooi AJ. Respiratory failure as presenting
symptom of necrotizing autoimmune myopathy with anti-melanoma differentiation-
associated gene 5 antibodies. Neuromuscul Disord 2015;25:457–460.

20. Betteridge Z, McHugh N. Myositis-specific autoantibodies: an important tool to
support diagnosis of myositis. J Intern Med 2016;280:8–23.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 1 | January 2019 Neurology.org/NN

http://nn.neurology.org/lookup/doi/10.1212/NXI.0000000000000513
http://neurology.org/nn


ARTICLE OPEN ACCESS

Management and prognostic markers
in patients with autoimmune encephalitis
requiring ICU treatment
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Abstract
Objective
To assess intensive care unit (ICU) complications, their management, and prognostic factors
associated with outcomes in a cohort of patients with autoimmune encephalitis (AE).

Methods
This study was an observational multicenter registry of consecutively included patients diagnosed
withAE requiringNeuro-ICU treatment between 2004 and 2016 from18 tertiary hospitals. Logistic
regression models explored the influence of complications, their management, and diagnostic
findings on the dichotomized (0–3 vs 4–6) modified Rankin Scale score at hospital discharge.

Results
Of 120 patients with AE (median age 43 years [interquartile range 24–62]; 70 females), 101
developed disorders of consciousness, 54 autonomic disturbances, 42 status epilepticus, and 39
severe sepsis. Sixty-eight patients were mechanically ventilated, 85 patients had detectable neu-
ronal autoantibodies, and 35 patients were seronegative. Worse neurologic outcome at hospital
discharge was associated with necessity of mechanical ventilation (sex- and age-adjustedOR 6.28;
95% CI, 2.71–15.61) tracheostomy (adjusted OR 6.26; 95% CI, 2.68–15.73), tumor (adjusted
OR 3.73; 95% CI, 1.35–11.57), sepsis (adjusted OR 4.54; 95% CI, 1.99–10.43), or autonomic
dysfunction (adjusted OR 2.91; 95% CI, 1.24–7.3). No significant association was observed with
autoantibody type, inflammatory changes in CSF, or pathologic MRI.

Conclusion
In patients with AE, mechanical ventilation, sepsis, and autonomic dysregulation appear to
indicate longer or incomplete convalescence. Classic ICU complications better serve as prog-
nostic markers than the individual subtype of AE. Increased awareness and effective management
of these AE-related complications are warranted, and further prospective studies are needed to
confirm our findings and to develop specific strategies for outcome improvement.
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Autoimmune encephalitis (AE) is a potentially life-threatening
inflammation of the CNS and constitutes 20%–30% of en-
cephalitis cases in adults.1 AE often leads to subacute, severe, and
debilitating encephalitis necessitating long-term management in
a neurologic intensive care unit (ICU). Recent estimations on
mortality due to AE range between 12% and 40%,2–4 although
only limited data are available on in-hospital mortality and
morbidity. Patients with AE-associated anti-NMDA receptor
antibodies in particular,5 but also those with AE associated with
antibodies against other neuronal surface or intracellular anti-
gens, often require long-term ICU management.4 Moreover,
more than 40% of patients with probable AE without anti-
neuronal antibody detection and exclusion of other dis-
orders require ICU treatment.2 In turn, long-term ICU
treatment together with immunosuppression as mandatory
therapy puts these patients at high risk of ICU treatment–
related complications. Neurologic ICU complications due to
AE,6 such as status epilepticus, severe hyperkinetic movement,
and autonomic disorders, are usually dealt with on a case-by-
case basis. In fact, there are limited data available on the fre-
quency, management, and potential prognostic value of com-
plications in the ICU for patients with AE.7

The ICU-CompoSE study (ICU–Complications of Severe
Encephalitis) focuses on demographic and clinical charac-
teristics in a large cohort of AE patients’ subtypes requiring
neuro-ICU treatment. In the study, we aimed at identifying
ICU-specific prognostic factors. In addition, we assessed
potential factors for short-term outcome on discharge from
hospital instead of long-term outcome, which reflects other
factors of individual AE subtypes, e.g., relapse frequency and
tumor association. Moreover, we also assessed potential prog-
nostic factors for worse outcome at discharge from hospital.

We hypothesize that short-term outcome of patients with AE
requiring ICU treatment is dependent on the occurrence of
ICU complications rather than on diagnostic subtypes of AE.

Methods
Design and patients
We conducted a multicenter nationwide cohort study in 18
tertiary neurologic centers in Germany and consecutively in-
cluded patients between January 1, 2004, and December 31,
2016. The cooperation of 2 German neurologic and neu-
rointensive care networks (German Network for Research
in Autoimmune Encephalitis [GENERATE], generate-net.de,
and Initiative of German Neurointensive Trial Engage-
ment [IGNITE], dgni.de/forschung/ignite-initiative-klinischer-

multizenter-studien/ueber-ignite.html) facilitated compil-
ing information in the GENERATE databank on patients with
the clinical syndrome of AE requiring intensive care treatment.

The inclusion criteria for patients were as follows: patients of
any age with the clinical syndrome of encephalopathy including
disturbance of consciousness for more than 24 hours with ac-
companying lethargy, irritability, and any change in personal-
ity or behavior1 were included in this study if at least 2 of
the following criteria were met: (1) fever or history of fever,
(2) epileptic seizures and/or new neurologic deficits, (3) CSF
pleocytosis (>4 cells/μl), (4) EEG abnormalities, and (5)
pathologic neuroimaging findings (MRI/CT). Furthermore,
infectious or other alternative causes of encephalopathic syn-
drome had to be excluded. In addition, only patients admitted
to an ICU during the course of the disease were included. ICU
admission was necessary if the patient had one or more of the
following symptoms: decreased level of consciousness, severe
dyskinesia, autonomic dysfunction, epileptic seizure(s)/status
epilepticus, and need for mechanical ventilation or other
complications, such as severe sepsis, thrombosis, embolic
events, other relevant organ failure, cardiac arrhythmia, re-
suscitation, and increased intracranial pressure.

Standard protocol approvals, registration,
and patient consents
The study protocol was approved by the local research ethics
committee at each center. Written informed consent was
obtained from every patient or their representative.

Data collection
Data were collected at the participating GENERATE and IG-
NITE centers on the basis of cooperation within the network.
At each collaborating center, a local investigator retrospectively
gathered demographic information (sex, age, ethnic back-
ground, and patient’s medical history) and all clinical AE fea-
tures (prodromi, symptoms at presentation, and onset and
duration dates). In addition, ICU charts were used to retrieve
patient data on the management of ICU complications. Major
complications and their therapeutic management during the
patient’s stay in the ICU and patient’s clinical outcome were
documented using an electronic case report form (ICU-
CompoSE-eCRF) extending the existing GENERATE-eCRF.

The major clinical ICU problems consisted of the following:

1. Disturbance of consciousness: coma duration and onset
in course of the disease, somnolence, sopor, mutism, and
delirium;

Glossary
AE = autoimmune encephalitis; AED = antiepileptic drug; DWI = diffusion-weighted imaging; eCRF = electronic case report
form; FDG-PET = fluorodeoxyglucose PET; FLAIR = fluid-attenuated inversion recovery; GENERATE = German Network
for Research in Autoimmune Encephalitis; ICU = intensive care unit; IGNITE = Initiative of German Neurointensive Trial
Engagement; IQR = interquartile range; mRS = modified Rankin Scale; RE = receptor encephalitis; SE = status epilepticus.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 1 | January 2019 Neurology.org/NN

http://generate-net.de
http://www.dgni.de/forschung/ignite-initiative-klinischer-multizenter-studien/ueber-ignite.html
http://www.dgni.de/forschung/ignite-initiative-klinischer-multizenter-studien/ueber-ignite.html
http://neurology.org/nn


2. Autonomic dysfunction: hyperthermia, hypoventilation/
hyperventilation, tachycardia/bradycardia, cardiac arrhyth-
mia, cardiac arrest, hypotensive/hypertensive arterial
blood pressure, diarrhea, hyperhidrosis, and sialorrhea;

3. Status epilepticus (SE)/seizures: semiology (if available),
duration and frequency of seizures/status, refractory
status, detection of SE, use of EEG monitoring, and
antiepileptic drugs (AEDs) used;

4. Movement disorder and hyperkinetic status: clinical
manifestation, management, and drugs used;

5. Other complications: severe sepsis/septic shock, other
relevant organ failure, increase in intracranial pressure,
resuscitation, surgical complications, and psychiatric com-
plications (e.g., suicide attempt);

6. Ethical conflicts: ovarectomy (prophylactic or diagnos-
tic), change in therapeutic goal, therapy limitation or
disruption, and interdisciplinary ethical consultation.

Additional systematically assessed data included the following:

1. Mechanical ventilation: reason for intubation, time of
intubation during the course of the disease, duration of
ventilation, ventilation mode, time and reason for trache-
ostomy, reintubation, and other ventilatory problems;

2. Algesia and sedation: duration, drugs used, and use of
inhalative sedation (isoflurane and sevoflurane).

Diagnostic workup data included laboratory testing for auto-
antibodies from CSF and serum, neurophysiologic data
(i.e., EEG results), and brain imaging results (pathologic MRI
suggestive for AE was defined as a hyperintense signal on T2-
weighted fluid-attenuated inversion recovery (FLAIR) sequen-
ces highly restricted to one or both medial temporal lobes or in
multifocal areas involving gray matter, white matter, or both
compatible with demyelination or inflammation).8 If available,
cerebral fluorodeoxyglucose PET (FDG-PET) results were also
retrieved. Furthermore, in case a tumor had been detected, the
entity of the tumor and antitumor therapy were retrieved.

For outcome analysis, values of the modified Rankin Scale
(mRS) were retrieved by the treating physician from clinical
charts during the ICU stay, revealing both the poorest value
(maximum mRS—obtained at the poorest neurologic/
functional status of the patient) and the mRS at the end of
the hospital stay. Good neurologic outcome was defined as
a dichotomized (mRS) score of 0–3 for no disability to
moderate disability at hospital discharge, whereas mRS
scores of 4–6 were defined as poor outcome.9

Statistical analyses
Descriptive statistics summarize the patient’s characteristics
(continuous variables: quartiles/count data: absolute and rel-
ative frequencies). Because we had to work with the given
sample of this rare disease, we performed no formal sample size
calculations. Consequently, we limited the modeling, avoided
data imputations, did not examine subgroups or interactions,
and did not strictly control the type I error rate; results are

explorative. We performed crude and adjusted logistic regres-
sions (adjusted for age [linear and per year] and sex) to derive
factors associated with good to moderate (mRS scores 0–3) or
poor (mRS scores 4–6) neurologic outcome at hospital dis-
charge. Because linear regression models with untransformed
mRS scores lead to the same conclusions, we decided to focus
on the logistic regression results. In total, we explored 19 po-
tential prognostic factors. In light of only 7 observed in-hospital
deaths, we decided not to run additional regression models for
hospital mortality. We report crude and adjusted ORs with
2-sided 95% CIs (not corrected for multiplicity) and a signifi-
cance level α = 0.05 (2-sided). All statistical analyses were
performed using the statistical language R 3.4.3. (Source: R
Core Team [2014]. R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL R-project.org/).

Data availability statement
The data used for this study can be supplied by the corre-
sponding author upon request. The STROBE guidelines were
used for reporting of this observational study.

Results
Patient characteristics
Of the 602 patients enrolled in the GENERATE database
(until December 31, 2016), we included 120 patients in the
ICU-CompoSE study. The median age at disease onset was
43 years (interquartile range [IQR] 24–62, range 9–82 years),
and 70 patients (58%) were female (table 1). Ethnicity was
Caucasian in 99% and Asian in 1%.

Clinically, consistent with the accounts of the treating physi-
cians and the clinical charts, 63% of the 120 patients showed
symptoms of limbic encephalitis, whereas 31% were judged to
show a generalized form of encephalitis, and 8% exhibited brain
stem encephalitis. Other specific clinical syndromes included
cerebellitis and Rasmussen encephalitis (table 1).

Prodromal symptoms were found in 34%, and the median
duration of these symptoms was 8 days (IQR: 5–34; range
1–1,000 days). Prodromal symptoms consisted of unspecific
respiratory or gastrointestinal symptoms (50%), headache
(47%), neurologic deficits (41%), psychiatric symptoms
(26%), and cognitive impairment (15%). The median delay
between first symptoms and hospital admission was 6 days
(IQR: 0–32; range 0–3,485 days).

MRI was performed in 98% of patients, and a pathologic result
was obtained in 70%. In detail, the main pathologic findings
consisted of FLAIR lesions (N = 88), diffusion-weighted
imaging lesions (N = 25), MRI-contrast enhancing lesions (N
= 15), and limbic lesions (N = 52).

EEG showed pathologic findings in 84% (generalized slow
activity in 85%, focal abnormalities in 60%, and epileptic
discharges in 41% of patients).
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CSFwas analyzed in 97% of the patients; 60% had pleocytosis,
and 50% showed an increased total protein content. Isolated
oligoclonal bands in CSF were seen in 29%.

Neuronal autoantibodies were examined in 27/120 patients in
serum only, 10/120 patients in CSF only, and 83/120 patients
in CSF and serum. Autoantibody testing was performed by
commercially available mosaic biochip (Euroimmun, Lübeck,
Germany) according to the manufacturer’s procedures by
certified laboratories and by scientific laboratories using im-
munohistochemistry.10 Well-characterized neuronal auto-
antibodies were detected in 85/120 patients (71% total, 57%
in serum, 48% in CSF, and 47% both). Anti-NMDA-R anti-
bodies were most common, followed by leucine-rich glioma-
inactivated 1, CASPR2, and glutamic acid decarboxylase
(table 1). A total of 93% of patients were screened for a tumor,
which was found in 21% of the screened patients (table 1).

ICU complications and management
Eighty-four percent of patients had a decreased level of
consciousness, and 34% developed delirium. Impairment of

Table 1 Demographic and clinical characteristics and
diagnostic workup of the ICU-CompoSE cohort

Variable All n = 120

Age, median (min/max), y 43 (9/82)

IQR 24/62

Female sex (%) 70 (58)

Prodromi, number of patients (% of n = 120) 41 (34)

Duration of prodromi median (min/max), d 8 (1/1,000)

IQR, d 5/34

Clinical syndromea, number of patients

Limbic encephalitis 76

Encephalitis 37

Movement disorder 9

Encephalomyelitis 4

Rasmussen encephalitis 3

Brainstem encephalitis 2

Cerebellitis 2

Focal encephalitis 2

Progressive encephalomyelitis with rigidity
and myoclonus

1

Unknown 1

Diagnostic results, number of patients (%)

CSF (n = 116)

Pleocytosis (%, total n = 116) 70 (60)

Elevated CSF protein level (%, total n = 116) 50 (43)

Oligoclonal bands (OCBs) tested (% of n = 116) 89 (77)

OCB-positive CSF (% of n = 89) 26 (29)

OCB-positive CSF and serum (% of n = 89) 25 (28)

OCB negative (% of n = 89) 38 (42)

MRI, number of patients (% of n = 120) 118 (98)

Pathologic 83 (70)

Brain PET, number of patients (% of n = 120) 51 (43)

Pathologic 32 (63)

EEG, number of patients (% of n = 120) 107 (89)

Pathologic 90 (84)

Tumor screening, number of patients (% of n = 120) 112 (93)

Diagnosis of tumorb 25 (21)

Autoantibody (AAB) detection, number of patients (%) 120 (100)

Serum tested 110 (92)

CSF tested 93 (76)

AAB found 85 (71)

Table 1 Demographic and clinical characteristics and
diagnostic workup of the ICU-CompoSE cohort
(continued)

Variable All n = 120

AAB found CSF 57 (48)

AAB found serum 68 (57)

AAB groupa (% of n=85)

NMDA 53 (62)

VGKC (4LgI1,2 CASPR2, 4VGKC) 10 (12)

GAD 5 (6)

GABA 4 (5)

Paraneoplastic (anti-Hu, anti-Yo) 4 (5)

Othersc 12 (14)

Ovarectomy, number of patients (% of n = 120) 10 (8)

Monolateral 4 (3)

Bilateral 3 (3)

Explorative ovarectomy 3 (3)

Incomplete removal 5 (4)

Oocyte removal 1 (1)

Abbreviations: VGKC = voltage-gated potassium channel complex, LgI =
leucine-rich glioma inactivated 1, CAPSR2 = contactin-associated protein 2,
GABA = gamma-aminobutyric acid, GAD = glutamic acid decarboxylase; OCB
= oligoclonal band.
a Multiple selection possible.
b Tumor entity: 10 teratoma, 6 bronchial carcinoma, 1 lymphoma, rectal
carcinoma, breast carcinoma, prostate carcinoma, seminoma (each), 1 un-
differentiated unclassified tumor, and 3 undetermined tumors.
c Amphiphysin (n = 1), Glycine (n = 2), MAK (male germ cell–associated ki-
nase) (n = 1), ITPR1 (inositol triphosphate receptor) (n = 1), SOX (Sry-like
motility group box) (n = 1), AAB against potassium channels (n = 3), not
further specified (n = 3).
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consciousness lasted more than 8 days in 70% and more than
30 days in 32% of patients.

Autonomic dysregulation (33% tachycardia, 19% bradycardia,
18% hypertensive crisis or hypotension, 18% hypoventilation,
and 13% hyperthermia) was seen in 45% of patients. The
therapeutic strategies including external and internal cooling
and administration of IV dantrolene for fever treatment,
pacemaker for bradycardia, mechanical ventilation for hypo-
ventilation, and catecholamines/antihypertensives for blood
pressure dysregulation are listed in table 2.

Thirty-five percent of patients developed status epilepticus
(SE) (43% generalized, 37% nonconvulsive, and 34% focal or
complex-focal), and 34% of patients had a relapse SE. The
duration of SE was less than 1 day in 36% and more than 7
days in 28% of patients. The median number of different
AEDs per patient with SE used to treat epileptic status was 5.

Thirty-three percent of patients showed movement disorders,
which were treated with benzodiazepines (74%), AEDs
(53%), and propofol (31%). We cannot exclude that some of
the movement disorders were actually epileptic events and
vice versa, especially without EEG.

Other relevant complications: 26% of patients experienced
severe sepsis with organ dysfunction and 7% septic shock. Ten
percent underwent cardiopulmonary resuscitation. Eight
percent had venous thrombosis.

Mechanical ventilation was necessary in 57% of all patients,
with a median duration of 28 days (IQR: 10–54; range 1–350
days). Thirty-seven percent had to be reintubated, and 68%
underwent tracheostomy during the course of ICU treatment.
Fifty-four percent of the patients developed ventilator-
associated pneumonia (Table 3).

Outcome and potential prognostic factors
The median duration of ICU stay was 24 days (IQR: 7–45),
and the median duration of hospital stay was 49 days (IQR:
31–100). Ninety percent of patients showed a maximummRS
score of ≥4 (23% mRS score 4, 61% mRS score 5, and 7%
mRS score 6). At the time of hospital discharge, 47% of
patients showed a mRS score of ≥4 (28% mRS score 4, 15%
mRS score 5, and 7.5% mRS score 6). However, 60 patients
(50% of the total cohort) had improved mRS values com-
pared with the maximum mRS value [mRS 1 (12 patients), 2
(21 patients), and 3 (27 patients)] (figure).

Fifty-five percent of patients were discharged from the ICU to
regular hospital wards, and 38% were transferred to neuro-
logic intensive care rehabilitation centers. In 18% of cases, an
ethical conflict had to be resolved during the hospital stay.

Table 4 summarizes the results of the crude and the sex- and
age-adjusted logistic regression analyses. Of the 19 potential

Table 2 AE-associated complications and clinical
management

Variable
All
n = 120

Consciousness disorder, no. of patients (% of n = 120) 101 (84)

Manifestation

Somnolence 40 (33)

Sopor 30 (25)

Coma 18 (15)

Delirium 41 (34)

Mutism 13 (11)

Duration of consciousness disorder

Median, d (IQR) 20 (5–40)

Minimum/maximum, d 0–400

<1 d 7

1–7 d 22

8–30 d 28

>30 d 32

Autonomic disorders, no. of patients (% of n = 120) 54 (45)

Manifestation

Fever without infection 15 (13)

Hypoventilation 22 (18)

Hyperventilation 12 (10)

Tachycardia 40 (33)

Bradycardia 23 (19)

Other heart rhythm disorders 11 (9)

Blood pressure crises 21 (18)

Diarrhea 6 (5)

Hypersalivation 10 (8)

Therapy, no. of patients

Dantrolene 3

External cooling 12

Internal cooling 7

Pacemaker 11

Status epilepticus (SE), no. of patients (% of n = 120) 42 (35)

Manifestation (% of n = 42)

Generalized SE 18 (43)

Focal SE 14 (33)

Nonconvulsive SE 15 (36)

SE relapse 13 (31)

Continued
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Table 2 AE-associated complications and clinical
management (continued)

Variable
All
n = 120

Cumulative duration of SE no. of patients (% of n = 42)

<1 d 8 (19)

1–7 d 15 (36)

>7 d 7 (17)

Unknown 12 (28)

SE detection, no. of patients (% of n = 42)

Clinical 28 (67)

EEG once 4 (10)

EEG several times 28 (67)

EEG monitoring 10 (23)

Therapy SE, no. of antiepileptic drugs (AEDs) used
(% of n = 42)

AED, median no. of different AEDs 5

AED ≤ 4, no. of patients (%) 21 (50)

AED > 4, no. of patients (%) 21 (50)

Movement disorders, no. of patients (% of n = 120) 39 (33)

Manifestation (% of n = 39)

Generalized 13 (39)

Focal 23 (58)

Othersa 22 (56)

Complications of movement disorders 11 (28)

Therapy movement disorders (% of n = 39)

Benzodiazepines 29 (74)

AED 21 (53)

Isoflurane 2 (5)

Propofol 12 (31)

Othersb 14 (36)

Other complications, no. of patients (% of n = 120) 63 (53)

Severe sepsis 31 (26)

Septic shock 8 (7)

Cardiopulmonary resuscitation 12 (10)

Surgical complications 7 (6)

Venous thrombosis 10 (8)

Othersc 49 (42)

a Bruxism and axial rigor.
b Opioids, atypical neuroleptics, and L-dopa.
c Pneumothorax, ICU-acquired weakness, self-injury, pleural effusions, sui-
cide attempt, pulmonary embolism, rhabdomyolysis, allergic reaction, ileus,
catheter infection, transfusion-dependent anemia, and severe electrolyte
derangement.

Table 3 ICU complications and outcome

Variable
All
n = 120

Mechanical ventilation (MV), no. of patients
(% of n = 120)

68 (57)

Duration of MV, median, d (IQR) 28 (10–54)

Minimum/maximum, d 0/350

Reasons for MV, no. of patients (% of n = 68)

Consciousness disorder 47 (69)

Respiratory insufficiency 36 (53)

Missing protection reflexes 29 (34)

Hypoventilation 6 (9)

Pneumonia 13 (19)

Othersa 9 (13)

Intubation, no. of patients (% of n = 68) 63 (93)

Reintubation 25 (37)

Tracheal cannula (TC) 46 (68)

Duration intubation to TC, median, d 10

Complications of MV, no. of patients (% of n = 68)

Pleura drainage 5 (7)

Acute respiratory distress syndrome 4 (6)

Ventilator-associated pneumonia 37 (54)

Othersb 19 (28)

Ethical consideration, no. of patients (% of n = 120) 21 (18)

Change of therapy target 8 (7)

DNR/DNI 2 (2)

Treatment discontinuation 2 (2)

Ethical counseling 2 (2)

Othersc 6 (5)

Outcome ICU stay, no. of patients (% of n = 120)

Transfer to regular hospital ward 68 (57)

Transfer to neurointensive care rehabilitation 46 (38)

Deceased 9 (7.5)

Duration ICU stay, median, d (IQR) 24 (7–45)

Minimum/maximum, d 1/400

Duration hospital stay, median, d (IQR) 49 (31/100)

Minimum/maximum, d 1/1978

Abbreviations: DNR =do-not-resuscitate order; DNI = do-not-intubate order;
IQR = interquartile range.
a Sedation in psychosis, status epilepticus, and severe sepsis.
b Recurrent pneumonia, difficult airway, severe sepsis, intubation injury, and
pneumothorax.
c Dismissal against medical advice, personal risk, and extraneous
endangering.
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prognostic factors, the presence of autonomic dysfunction (OR
2.9), severe sepsis/septic shock (OR 4.5), tracheostomy (OR
6.3), a tumor finding (OR 3.7), and the need for mechanical
ventilation (OR 6.3) in addition to its duration (OR per each
day 1.03) were all associatedwith a poor neurologic outcome at
hospital discharge. In contrast, we observed no correlation for
a correlation of prodromal symptoms, status epilepticus, ethical
considerations, diagnostic results such as pathologic brain im-
aging (MRI and PET), pathologic EEG, or antibody status with
the dichotomized neurologic outcome at hospital discharge.

Discussion
The findings of our study provide a number of relevant
insights regarding prognostic factors for outcome in severely
affected patients with AE. These insights may increase
awareness of the potential poor prognostic factors in patients
with AE requiring ICU treatment.

First, autonomic dysfunction, associated with worse outcome,
is critical in a major subset of patients. It is an intrinsic aspect

of AE, particularly NMDA receptor encephalitis (RE), which
represents the largest patient group within our cohort.5,7,10,11

Thus, autonomic dysfunction can be regarded as being a dis-
ease-specific risk factor or indicator for poor outcome. It
can be hypothesized to be a causative trigger factor for
further intensive care–associated complications, e.g., hy-
potension requiring vasopressors or respiratory dysfunction
requiring mechanical ventilation resulting in ventilator-
associated pneumonia.

Second, similar to ICU patients with diseases other than AE,
severe sepsis and septic shock were strongly related to worse
neurologic outcome.12 Of interest, the proportion of patients
who developed severe sepsis and septic shock that resulted in
organ dysfunction (33%) was more than doubled in patients
with severe AE compared with the general ICU population in
Germany with a rate of 13% in 1 study.13 Treatment-induced
immunosuppression, autonomic dysfunction, and a longer
duration of mechanical ventilation most likely contributed to
the increased proportion of sepsis and sepsis-induced organ
dysfunction in our cohort.

Third, paraneoplastic origin (teratoma and other tumors in 21%
of patients) was strongly associated with worse outcome as
measured by the dichotomizedmRS score. This is in accordance
with previous reports focusing on NMDA-RE. Here, tumor
removal led to faster improvement and fewer relapses.5,14

In addition to the aforementioned disease-related factors,
prolonged mechanical ventilation is associated with worse
outcome. Here, similar results have been reported in acute
encephalitis of all etiologies.2,15 A number of conditions are
associated with the need for long-term respiratory support in
this severely affected patient cohort including the increased risk
of infection and pneumonia due to immunosuppression and
the development of ICU-acquired weakness, which frequently
affects critically ill patients and contributes to worse acute
outcome and long-term mortality.16 Surprisingly, status epi-
lepticus was not associated with a deterioration of neurologic
outcome, although it was detected in a relevant subset of 35%
of all patients. However, there was a slight tendency wherein
pathologic EEG findings to be more frequently associated with
a worse outcome. In clinical practice, seizure-related myoclonic
activity may be difficult to differentiate from dyskinetic and
stereotypic movements associated with certain AE subtypes.
Therefore, the rate of status epilepticus in these patientsmay be
overestimated, leading to decreased specificity in the evaluation
of this factor in correlation with clinical outcome.

Paraclinical findings, e.g., pleocytosis and increased CSF
protein levels, abnormal cerebral MRI, or FDG-PET are
helpful for the diagnostic workup17 but are apparently not
relevant for evaluating the risk of poor clinical outcome after
ICU therapy. Although antineuronal autoantibodies were
detected in 85 patients (71%), mostly NMDA-R antibodies
(in 53 patients), these findings did not predict a negative or
a positive neurologic outcome. This result is of relevance to

Figure Alluvial plot of modified Rankin Scale (mRS) scores
during and at the end of hospital stay

Left: mRS scores 3–5 at maximum mRS during hospitalization, right: mRS
scores 1–5 at hospital discharge. The alluvial plot shows the number of
patients crossing over from themaximummRS score during hospitalization
to the finalmRS score at discharge. In all 3 “maximum” groups, the transition
goes downward at a percentage of ≥75%. The height of a mRS block rep-
resents the size of the group, and the height of a stream field represents the
size of the components contained in both blocks connected by the stream
field. Deceased patients (mRS 6) are not included in the figure Therewere no
patients with mRS 0–2 at disease maximum.
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clinical-based decision in contrast to relying on the diagnostic
test for antineuronal autoantibodies because there are still
a number of antibodies that cannot be reliably detected using
the available laboratory tests.18

Disorders of consciousness such as delirium have recently been
identified as a risk factor for developing long-term cognitive
dysfunction after surviving sepsis in a large cohort of ICU
patients.19 Our data showed no evidence for an association of
altered consciousness with regard to the short-term outcome in
our study. However, neurocognitive dysfunction is a major
factor influencing the overall condition and is highly relevant
for patients formanaging their daily activities, it is therefore also
relevant for evaluating in the patients’ mRS scores. The study
design did not include a regular neuropsychological assessment
at hospital discharge and no follow-up evaluation of patients.
Because most patients exhibited mRS scores above 3, for
which cognitive dysfunction is less significant, the relevance of
consciousness disorders on overall outcome may be under-
estimated. It would be interesting to conduct a future study
evaluating neurocognitive dysfunction in either this or a similar

patient cohort as a long-term follow-up similar to what has
already been undertaken in NMDA-RE-cohorts.20

Our patients showed severe deficits: 90% of patients had
a maximummRS score 4–6 during their disease course. At the
time of ICU discharge, however, this improved remarkably in
75% of the surviving patients, with only 48% of patients
showing an mRS value of ≥4 (28% mRS 4 and 15% mRS 5).
The hospital mortality rate of 7.5% in our cohort was almost
identical with the recently published ICU NMDA-RE study.7

However, in other cohorts with AE, the reported mortality
was much higher.2,21–23 The reasons for this low mortality
might be the improved treatment and earlier recognition and
diagnosis of AE. In addition, there might also be a bias at-
tributable to the fact that relatives/spouses of deceased
patients refused their informed consent.

Neuro-ICU management in patients with AE frequently
involves a long period of care. Therefore, complications,
sometimes severe, occur in a majority of patients. More de-
tailed knowledge of the individual prognosis based on well-

Table 4 Potential prognostic factors of the neurologic outcome at hospital discharge according to the dichotomized
modified Rankin Scale (mRS)

Potential prognostic factor Crude OR (95% CI) p-value (2-sided) Adjusted OR (95% CI) p-value (2-sided)

S Prodromal symptoms [absent] 1.03 (0.44–2.41) 0.95 1.28 (0.52–3.19) 0.59

Y Consciousness disorder [absent] 1.80 (0.63–5.57) 0.28 2.39 (0.8–7.84) 0.13

M Somnolence [absent] 1.41 (0.64–3.09) 0.39 1.36 (0.61–3.05) 0.45

P Autonomic dysfunction [absent] 1.69 (0.8–3.59) 0.17 2.91 (1.24–7.3) 0.02

T Status epilepticus [absent] 0.90 (0.42–1.92) 0.78 0.95 (0.43–2.09) 0.91

O Other complications [absent] 4.21 (1.95–9.42) 3.3 × 10−4 4.45 (1.99–10.43) 3.9 × 10−4

M Sepsis/septic shock [absent] 3.97 (1.67–10.11) 2.4 × 10−3 4.54 (1.84–12.11) 1.5 × 10−3

W Pathologic CSF [absent] 0.76 (0.21–2.71) 0.67 0.94 (0.25–3.5) 0.92

O Pathologic MRI brain imaging [absent] 0.91 (0.41–2.03) 0.82 0.79 (0.34–1.81) 0.57

R Pathologic EEG [absent] 0.35 (0.12–0.90) 0.04 0.40 (0.14–1.09) 0.08

K Pathologic PET brain imaging [absent] 0.76 (0.32–1.73) 0.51 0.53 (0.21–1.28) 0.17

U Tumor [absent] 3.82 (1.43–11.49) 0.01 3.73 (1.35–11.57) 0.01

P Autoantibody [absent] 0.84 (0.38–1.85) 0.66 1.01 (0.44–2.33) 0.98

Autoantibody in CSF [absent] 1.11 (0.53–2.35) 0.78 1.46 (0.66–3.31) 0.35

Autoantibody in serum [absent] 0.78 (0.37–1.66) 0.53 0.90 (0.41–1.98) 0.80

T Mechanical ventilation [absent] 5.78 (2.60–13.61) 3.0 × 10−5 6.28 (2.71–15.61) 3.5 × 10−5

H Duration of ventilation [days] 1.03 (1.02–1.05) 3.8 × 10−4 1.03 (1.02–1.06) 2.1 × 10−4

E Tracheostomy [absent] 4.98 (2.24–11.57) 1.2 × 10−4 6.26 (2.68–15.73) 4.5 × 10−5

R Ethical considerations [absent] 1.3 (0.48–3.55) 0.61 1.52 (0.54–4.39) 0.43

Effect size estimates (with 95% CI) are provided such that ORs > 1 indicate a correlation with a worse outcome (usually with the presence of a pathologic
finding). The reference category or unit is provided in square brackets. Adjusted ORs were adjusted only for sex and age (linear) because of the limited
number of patients. Left column: SYMPTOM—main symptoms and ICU complications; WORKUP—diagnostic findings; THER—therapeutic management and
ethical considerations.
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defined risk factors will aid decision making by both physicians
and family members/spouses with regard to ICU treatment
in supposedly treatment-resistant cases. Consequently, ethical
decisions will have to be addressed. For example, 10 women
underwent ovarectomy and were confronted with a lifelong
challenge regarding family planning after surviving their acute
illness. The discussion on the necessity of explorative or even
prophylactic ovarectomy has increased recently as evidenced in
2 case reports of postencephalitic ovary removal 1 year after
initial NMDA-RE in adolescent patients without symptoms.24

Issues resulting in lifelong consequences for patients need to
be further addressed, in particular, because data, for example,
on tumor incidence in different age groups11 and ethnicities10

show differential results.

Our analysis was performed using retrospectively collected
patient data obtained from a subgroup of 120 patients who
required IUC treatment. These patients were revealed from
a nationwide cohort in Germany, which in the meantime
consists of more than 750 patients with AE (GENERATE
cohort; generate-net.de/). To our knowledge, this cohort of
120 patients represents the largest reported cohort of critically
ill patients with AE who underwent ICU treatment compared
with previous studies with patients with AE3,4,7,21,22 and
mixed encephalitis cohorts including AE subgroups.2,15,25,26

This notwithstanding, some limitations need to be discussed
herein:

First, the study is a noninterventional retrospective analysis
and therefore not suitable for detecting cause and effect
relationships.

Second, patients with a date of disease onset between 2004
and 2016 were enrolled in the study. During this time,
awareness of AEs and antibody testing increased, reducing the
time to treatment. Furthermore, while planning the study, the
inclusion criteria were based on the encephalitis criteria as
published by Granerod et al.1 Since then, the Graus criteria
have been published in February 2016.8 According to the
Graus criteria, the 35 patients without evidence of autoanti-
body in CSF or serum have been considered as possible AE
rather than definite AE. Although, from a clinical standpoint,
it still seems reasonable to include these patients in our co-
hort, although they were antibody negative. In addition, ICU
management probably remained relatively unchanged. The
continuing analysis of the present cohort will focus on the
influence of (German) guidelines on AE management.27

Third, the 120 cases included in our study did not allow for
a more profound analysis of rare or less frequent potential
prognostic factors. Note that the statistical power for 120
patients is rather limited. Therefore, further adjustments or
multiple testing corrections were not applied. In addition,
a documentation bias should be mentioned. Clearly, extended
clinical interpretations of our findings could only be justified
on the basis of their confirmation in an independent dataset.

Finally, the primary end point focused on outcome data at
“hospital discharge” because it was not possible to obtain
follow-up data of the patients, which might provide further
important information, e.g., on long-term cognitive function.

Ultimately, our aim is that the data gathered within the tight
network and close cooperation will provide evidence-based
support with regard to ICU management and may be of ad-
vantage for counseling patients and relatives during a severe
and threatening course of an autoimmune disease according
to the relevant influencing factors.

The spectrum of ICU complications and the severity of the
underlying disease reflect some general ICU- and specific AE-
related features. Of interest, and despite early targeted im-
munotherapy,7 clinically highly threatening courses of AE still
occur. Focusing on the earliest possible clinical diagnosis
according to the Graus criteria8 may foster earlier immuno-
therapy. Moreover, these critical disease courses underscore
the need for novel, target-specific treatment approaches be-
yond immunotherapy. Future studies should reveal whether
such clinical rather than diagnostic-based approaches will
result in less ICU complications in patients with AE. Co-
operation and dialogue within a network such as GENERATE
and IGNITEmight be beneficial to AE-related ICU treatment
because they could lead to an interdisciplinary evaluation of
earlier and if necessary more aggressive management of AE
resulting in better short- and long-term outcomes.
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Abstract
Objective
To determine the effects of the disease-modifying therapies, glatiramer acetate (GA) and
dimethyl fumarate (DMF), on the gut microbiota in patients with MS.

Methods
Participants with relapsing MS who were either treatment-naive or treated with GA or DMF
were recruited. Peripheral blood mononuclear cells were immunophenotyped. Bacterial DNA
was extracted from stool, and amplicons targeting the V4 region of the bacterial/archaeal 16S
rRNA gene were sequenced (Illumina MiSeq). Raw reads were clustered into Operational
Taxonomic Units using the GreenGenes database. Differential abundance analysis was per-
formed using linear discriminant analysis effect size. Phylogenetic investigation of communities
by reconstruction of unobserved states was used to investigate changes to functional pathways
resulting from differential taxon abundance.

Results
One hundred sixty-eight participants were included (treatment-naive n = 75, DMF n = 33, and
GA n = 60). Disease-modifying therapies were associated with changes in the fecal microbiota
composition. Both therapies were associated with decreased relative abundance of the Lach-
nospiraceae and Veillonellaceae families. In addition, DMFwas associated with decreased relative
abundance of the phyla Firmicutes and Fusobacteria and the order Clostridiales and an increase
in the phylum Bacteroidetes. Despite the different changes in bacterial taxa, there was an
overlap between functional pathways affected by both therapies.

Interpretation
Administration of GA or DMF is associated with differences in gut microbial composition in
patients with MS. Because those changes affect critical metabolic pathways, we hypothesize
that our findings may highlight mechanisms of pathophysiology and potential therapeutic
intervention requiring further investigation.
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MS is believed to result from interactions between underlying
genetic predisposition and environmental exposures.1,2 En-
vironmental risk factors, including vitamin D levelse1 (links.
lww.com/NXI/A86), viral exposures,e2 smoking,e3 and obe-
sity,e4,e5 are related to MS onset and disease course. However,
most of the environmental risk factors in MS remain un-
explained. In consideration of additional potential mediators,
the gut is a natural site of investigation, given that it is a major
locus of environmental interaction and home to a large por-
tion of the human immune system. In addition, immunologic
development and patterning, dysregulated in MS and other
autoimmune diseases, is heavily influenced by resident com-
mensal microbes, the microbiota. Gut microbial composition
is shaped by both genetics and environmental exposures that
begin in utero, providing a potential pathogenic link between
these factors and autoimmune diseases such as MS. Studies of
experimental allergic encephalomyelitis (EAE) in mice have
demonstrated reduced disease severity with administration of
oral antibiotics3 and established that the presence of com-
mensal flora is required for EAE induction.4

Several groups have begun to study the gut microbiota in
patients with MS to identify a potential disease-associated
signature.5–9 However, initial studies were limited by small
numbers of participants and potentially confounded by the
effects of disease-modifying therapies (DMTs). Separating
changes in microbial composition related to MS disease state
from changes induced by DMTs is crucial to further un-
derstand the role of gut microbiota in MS. We recently
reported structural and functional changes in gut microbiota in
untreated patients with MS compared with healthy controls10;
in the current study, we began to examine the effects of DMT.

Therapy-induced changes in microbial composition may
contribute toward efficacy by favoring microbes with anti-
inflammatory properties, for example by influencing T-cell
differentiation toward regulatory phenotypes or promoting
the production of regulatory cytokines. This could manifest
either as a “reversal” of observed differences in baseline gut
microbiota associated with the MS disease state or in un-
related changes that nonetheless promote immune tolerance
over inflammation in MS. Some changes may be neutral and
still others may be detrimental, contributing to incomplete
efficacy. Changes to individual taxa may be less important
than the overall reshaping of the microbial community.

This cross-sectional study was designed to define the effects of
2 commonly prescribed DMTs on gut microbial composition

in patients with MS. Glatiramer acetate (GA) is administered
by subcutaneous injection. It is a random copolymer of ala-
nine, lysine, glutamic acid, and tyrosine with widespread im-
munomodulatory effects including effects on antigen
presentation and polarization of naive T cells away from TH1
and TH17 and toward TH2 and regulatory phenotypes with
accompanying changes in cytokine profilese6 (links.lww.com/
NXI/A86). Efficacy in MS was established by several clinical
trialse7–e9 and it has been U.S. Food and Drug Administration
(FDA) approved for the treatment of MS since 1996. Di-
methyl fumarate (DMF) is an orally administered fumaric
acid ester. Immunological effects relevant to MS include
antiproliferative effects, inhibition of the NF-KB pathway,
promotion of the heme oxygenase pathway, and anti-
inflammatory effects related to T-cell differentiation and cy-
tokine production.e10 Efficacy was established by 2 large
clinical trials,e11,e12 and U.S. FDA approval was granted for
MS in 2013.

In this study, we demonstrate that these 2 immunomodula-
tory therapies distinctly alter gut microbial composition in
patients with MS.

Methods
Participants were recruited at the Corinne Dickinson Gold-
smith Center for Multiple Sclerosis at Mount Sinai (New
York, NY) between August 2013 and December 2015 and at
the University of California San Francisco Multiple Sclerosis
Center (San Francisco, CA) between July 2013 and Sep-
tember 2016 as part of the MS Microbiome Consortium.
Potential participants aged 18–65 years were approached by
MS Center clinicians during clinical visits. Patients with MS
were eligible to participate if they met the McDonald 2010
criteria for relapsing-remitting MS or qualified as having
clinically isolated syndrome along with abnormal brain MRI
and were either naive to MS DMT or stable on GA or DMF
for at least 3 months. Participants could not have taken
antibiotics within 3 months or high-dose corticosteroids
within 1 month of enrollment. Additional exclusions were
a diagnosis of diabetes or inflammatory bowel disease, recent
gastroenteritis, and treatment with an immunosuppressant
medication for any condition in the 3 months preceding
enrollment.

Clinical data
Clinical details including demographic information, detailed
MS disease history, medical history, and height and weight

Glossary
DMF = dimethyl fumarate; DMT = disease-modifying therapy; EAE = experimental allergic encephalomyelitis; FDA = Food
and Drug Administration; GA = glatiramer acetate; IFN = interferon; LEfSe = linear discriminant analysis effect size; LDA =
linear discriminant analysis; OTU = operational taxonomic unit; PICRUSt = phylogenetic investigation of communities by
reconstruction of unobserved states.
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were recorded. The Expanded Disability Status Scale was
completed by the treating MS clinician or abstracted from the
electronic medical record by one of the study investigators
(I.K.S. and R.B.). Statistics were performed using SPSS 23.

Microbiota

Sample collection
Research coordinators reviewed detailed instructions regarding
stool collection with all participants and provided them stool
kits to be completed at home. Care was taken to match the kits
and instructions at both institutions using a dry swab techni-
que (BD #220135; Becton, Dickinson and Company, Franklin
Lakes, NJ). Participants were instructed to collect stool samples
using the first bowel movement of the day on 2 separate days,
preferably 2 days within the same week. They were then
instructed to place each completed kit between 2 freezer packs
inside a thermal envelope and ship immediately or keep in their
home freezer if there was to be a short delay in shipping. A
prepaid return shipping label for overnight shipping was pro-
vided tominimize transit time. Participants were also instructed
to send samples only in the early part of the week to avoid
samples arriving over the weekend. On receipt, samples were
immediately placed at −80°C until bacterial DNA extraction.

16S rRNA amplicon sequencing and data analysis
The workflow for microbiota sequencing and analysis is
outlined in figure 1. DNA was extracted from samples using
the PowerSoil DNA Isolation Kit (MoBio #12888) according
to the manufacturer’s instructions. For each sample, PCR
targeting the V4 region of the bacterial/archaeal 16S rRNA
gene was completed in triplicate using the 515/806 primer
pair, and amplicons were sequenced using Illumina MiSeq
(150 bp paired-end) sequencing primers, and procedures
were described in the Earth Microbiome Project standard
protocol.11

Raw reads were clustered into Operational Taxonomic Units
(OTUs) using closed-reference SortMeRNA12 method at 97%
identity based on the GreenGenes database v13.8 using Quan-
titative Insights Into Microbial Ecology (QIIME) v1.9.13 Tax-
onomy was assigned to the retained OTUs based on the
GreenGenes reference sequence, and the GreenGenes tree was
used for all downstream phylogenetic community comparisons.
Samples with less than 10,000 sequences per sample were fil-
tered out. OTUs were filtered to retain only OTUs present in at
least 5% of the samples and containing at least 100 reads. Several
very rare (relative abundance <5 × 10−5) OTUs including
OTUs 4295564 (k__Bacteria; p__[Thermi]; c__Deinococci;

Figure 1 Flow chart explaining the bioinformatic pipeline and statistical methods (see Methods for details)
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o__Thermales; f__Thermaceae; g__Thermus; s__), 112194
(k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria;
o__Rickettsiales; f__Rickettsiaceae; g__Rickettsia; s__), and
4319519 (k__Bacteria; p__Spirochaetes; c__Spirochaetes;
o__[Borreliales]; f__[Borreliaceae]; g__Borrelia; s__) were
identified as potential contaminants and were removed. Sam-
ples collected from the same participant within 1 week were
combined to 1 sample by averaging the OTU tables.

After filtering, samples were rarefied to 10,000 sequences per
sample, and alpha and beta diversities were computed using
QIIME v1.9. Unweighted UniFrac14 was used as the distance
metric to perform principal coordinate analysis and to generate
the corresponding plots. Alpha-diversity differences across the
3 treatment groupswere tested by the non–parametric Kruskal-
Wallis rank test. Beta diversity differences were assessed by
comparing the within-group and between-group unweighted
UniFrac distances using a non–parametric 2-sample t-test
based on 1,000 Monte Carlo permutations, followed by
a Bonferroni correction for multiple testing. Differential
abundance analysis was performed using linear discriminant
analysis effect size (LEfSe).15 Briefly, the non–parametric
Kruskal-Wallis rank test was first applied to detect differentially
abundant taxa. Significant taxa (p < 0.05) were then used to
build a linear discriminant analysis (LDA) model, which esti-
mated the effect size associated with a treatment group. p< 0.05
and LDA score >2 were used as the criteria to determine dif-
ferentially changed taxa after treatment compared with samples
from those who were treatment-naive.

To infer metagenomic functions (and predict metabolic
functions from the predicted gene content) of the bacteria
significantly altered by DMTs, the software package phylo-
genetic investigation of communities by reconstruction of
unobserved states (PICRUSt) v1.1.116 was applied to all
OTUs (2,191 OTUs) after quality filtering as described
above, following the recommended pipeline of normalizing
OTUs by copy number (to account for copy number differ-
ences of the 16S rRNA gene among taxa), predicting func-
tions using the Kyoto Encyclopedia of Genes and Genomes
orthologs, and assembling predicted Kyoto Encyclopedia of
Genes and Genomes orthologs into functional pathways.
Differentially changed metabolomic pathways between the
treated and naive groups were identified using the non–
parametric Kruskal-Wallis rank test, followed by the
Benjamini-Hochberg correction for multiple testing with
a false discovery rate ≤15%, reflecting the exploratory nature
of this piece of the study.

Immunophenotyping
Whole blood was collected for immunophenotyping (only at
Mount Sinai because of the requirement for fresh samples)
and immediately processed byMount Sinai’s Human Immune
Monitoring Core. Specimens were stained with a pre-
optimized T-cell antibody cocktail and acquired within 3
hours using a BD LSR Fortessa (BD, San Jose, CA). A min-
imum of 500,000 events were recorded from each sample to

accurately assess minor cell populations. Compensation was
performed with unstained cells and BD compensation beads.
FlowJo 9.4 software (Treestar Inc, San Carlos, CA) was used
for postacquisition analysis. Statistical analysis was performed
using unpaired 2 tailed t-test (GraphPad Software, La
Jolla, CA).

Standard protocol approvals, registrations,
and patient consents
The research was approved by the Institutional Review
Boards at Mount Sinai and UCSF, and written informed
consent was obtained from all participants.

Data availability statement
Anonymized data are available and will be shared on request
from any qualified investigator.

Results
The study enrolled a total of 186 participants who met the
inclusion criteria. Of these, 168 (90.3%) had at least 2 samples
whose DNA passed quality control measures and were ulti-
mately included. This includes 75 participants who were
treatment-naive, 33 treated with DMF, and 60 treated with
GA as outlined in figure 1. Immunophenotyping data were
available only for a subset of the participants recruited at
Mount Sinai (n = 30 naive, n = 26 DMF, and n = 12 GA).
Clinical characteristics of study participants, broken down by
treatment group, are outlined in table 1 (microbiota) and
table e-1 (links.lww.com/NXI/A89, immunophenotyping).

Immunophenotyping profiles validated the
expected effects of DMF and GA
Peripheral blood mononuclear cells were collected from 68
participants recruited at Mount Sinai (treatment-naive n = 30,
DMF n = 26, and GA n = 12) and analyzed by FACS to
identify CD3, CD4, and CD8 populations. The surface
markers CCR4 and CCR6 were used to further classify CD4
T cells as Th17 (CCR4+CCR6+)e13 (links.lww.com/NXI/
A86) or Th2 (CCR4+CCR6−).e14

DMF treatment was associated with reduced percentage of
CD3, CD4, and CD8 T cells as previously describede15 (links.
lww.com/NXI/A86). DMF treatment was also associated
with a reduced percentage of CCR4+ CCR6+ T cells (t-test, p
< 0.0001), as well as a milder reduction of CCR4+CCR6−
T cells (t-test, p = 0.02). Treatment with GA did not have any
effect on total CD3 or CD4 percentage but was associated
with a reduced percentage of CCR4+ CCR6+ T cells com-
pared with treatment-naive patients (t-test, p = 0.02), which
was not significantly different from the effect of DMF on those
cells (t-test, p = 0.2) (figure e-1, links.lww.com/NXI/A87).

Administration of DMF or GA results in distinct
alterations to gut microbial composition in
patients with MS
16S amplicon sequencing was performed on the Illumina
MiSeq platform to assess changes in the fecal microbiome of
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patients with MS after different treatments. In total,
49,679,344 raw reads passed the quality filtering in QIIME
and were clustered into OTUs based on the GreenGenes
database at a 97% sequence identity. We further applied
stringent filters to remove samples with low sequencing reads
and rare taxa (see Methods for detail) and then combined
multiple collections within a short time interval from the same
participant to counteract temporal variations (figure 1). This
resulted in 8,542,763 high-quality reads (on average 49,628 ±
31,746 reads per participant) mapping to 2,191 unique
OTUs. At the phylum level, the microbiota of all patients with
MS was comprised predominately of Firmicutes (45.9%) and
Bacteroidetes (41.0%) and to a lesser extent of Proteobacteria
(8.7%), Actinobacteria (2.0%), and Verrucomicrobia (2.0%),
consistent with recent reports on microbiota profiles identi-
fied in patients with MS or healthy participants on a Western
diet5,6,17,18 (figure 2).

Because our sample collections were made at 2 geographically
distinct sites, we first established that there were no
community-level differences between the 2 sites (figure e-2,
links.lww.com/NXI/A88). Because there were more women
than men in our study and the proportion of women differed
by therapy, we also performed diversity analyses between
sexes. Although no alpha diversity differences were detected,
we detected small within-sex and between-sex beta diversity
differences (p = 0.01, effect size = 0.6%) that are not notice-
able on a principal coordinate analysis plot (figure e-2). As
shown in figure 2, administration of DMF orGA did not result
in overall changes to microbial community structure as
measured by alpha diversity (richness of taxa within samples
by observed_species or richness and evenness of taxa within
samples by chao1) or beta diversity (diversity between dif-
ferent samples by unweighted UniFrac. However, LEfSe
analysis identified 13 differentially abundant bacterial genera
in patients with MS on DMF and 14 differentially abundant
genera in patients on GA, as compared to those who were
treatment-naive (table 2). Of interest, GA led to a reduction in
the relative abundance of 7 genera and an increase of 7 genera,

whereas all the 13 genera affected by DMF treatment showed
decreased relative abundance (figure 3). Among the taxo-
nomic units decreased by DMF, the most dramatic effect was
mapped to the order Clostridiales (figure 4), thereby sug-
gesting potential importance of this taxon.

Inference of functional consequences of
alterations in gut microbial composition
induced by DMF and GA
PICRUSt was used to evaluate potential functional implica-
tions of these changes in gut microbial profiles.16 We noted
significant changes in 42 pathways in DMF-treated partic-
ipants (30 increased and 12 decreased) and in 63 pathways in
GA-treated participants (36 increased and 27 decreased).
Despite the different route of administration and the different
effect on bacterial taxa, there was an overlap of 17 pathways
between the 2 therapies. GA and DMF had a concordant
effect on 15 of those pathways, which included pathways af-
fecting vitamin, amino acid, energy, and xenobiotic metabo-
lism. More specifically, among the common concordant
pathways affected were retinol (vitamin A), methane, and
ethylbenzene metabolism, as well as valine, leucine, and iso-
leucine degradation (figure 5).

Discussion
Defining the effects of DMT on gut microbial composition is
critical for the inclusion of treated MS patients in microbiota
studies and interpretation of any findings. This has been
established in several other disease states, for example, in
separating effects of metformin from those of the type 2 di-
abetes disease statee16 (links.lww.com/NXI/A86). Many
other medications, from non–steroidal anti-inflammatory
drugse17 to proton pump inhibitors,e18 have been shown to
affect the gut microbiota, and in this study, we demonstrate
that MS therapies do as well. Although we acknowledge that
definitive effects are best established through longitudinal
studies of samples collected before and subsequent to the start

Table 1 Participants’ demographic and MS disease characteristics

Treatment-naive (N = 75) Glatiramer acetate (N = 60) Dimethyl fumarate (N = 33)

Age 38.1 ± 10.9 45.7 ± 10.3 42.5 ± 10.9

Female 47 (62.7%) 46 (76.7%) 18 (51.5%)

BMI 25.1 ± 5.3 25.0 ± 4.6 26.6 ± 5.5

Disease duration 4.2 ± 5.8 10.4 ± 7.1 10.2 ± 7.3

Treatment duration NA 5.1 ± 3.7 1.5 ± 0.59

EDSS

Median 2.0 1.5 1.0

Mean 1.8 ± 1.2 1.4 ± 1.1 1.1 ± 1.2

Abbreviation: BMI = body mass index.
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of DMT, cross-sectional studies allow for preliminary evalu-
ation of these ideas and generation of hypotheses for further
study.

The phylum Bacteroidetes was increased in relative abun-
dance in our DMF cohort compared with the treatment-naive
cohort. This difference was mainly driven by an increase in the
genus Bacteroides that narrowly missed statistical significance.
This result is interesting in the context of other studies that
have looked at this commensal group in MS and suggested
a potential protective effect. A small study in pediatric MS

showed relative depletion of Bacteroides compared with
healthy controls.8 From a mechanistic standpoint, oral
administration of purified polysaccharide A produced by
Bacteroides fragilis was shown to mitigate EAE in an IL-10-
dependent fashion.19 Lipid 654, a lipodipeptide generated by
several commensal Bacteroidetes species, reaches the sys-
temic circulation and is reduced in the serum of patients with
MS compared with healthy controls.20 In an adoptive transfer
model of EAE, low-level Lipid 654 was administered to induce
toll-like receptor 2 tolerance and was found to attenuate EAE
and decrease macrophage activation and TH17 cells in the

Figure 2 Overall community differences in the gut microbiota of treated or untreated patients with MS

(A and B) Rarefaction curves plotting alpha diversity indices (A: Observed_species; B: Chao1) vs the number of sequences for each treatment group. n.s.: not
statistically significant by the Kruskal-Wallis sum-rank test. (C) Principal coordinate plot based on the unweighted UniFrac distance metric. The percentage of
variability explained by the first 3 principal components was plotted. Each colored point represents a participant from one of the therapy groups (Naive, DMF,
or GA). (D) No obvious beta diversity differences were observed across groups as demonstrated by similar within-group and between-group distances. n.s.:
not statistically significant by a non–parametric 2-sample t-test based on 1,000 Monte Carlo permutations, followed by a Bonferroni correction for multiple
testing. (E)Mean relative abundance of prevalentmicrobes (>1% in any therapy group) at the phylum level. DMF =dimethyl fumarate; GA = glatiramer acetate;
k = kingdom; p = phylum.
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Table 2 Differentially abundant taxa

Differentially abundant taxa score

Mean relative abundance

FC: log2 (DMF/NA) log10.LDA. p ValueNaive DMF

Phylum

k__Bacteria.p__Fusobacteria 3.0E-04 1.2E-05 −4.6 2.6 9.91E-03

k__Bacteria.p__Cyanobacteria 1.8E-03 1.8E-04 −3.3 2.6 3.56E-02

k__Bacteria.p__Firmicutes 5.1E-01 3.8E-01 −0.4 4.7 1.25E-02

k__Bacteria.p__Bacteroidetes 4.1E-01 5.0E-01 0.3 4.7 4.58E-02

Class

k__Bacteria.p__Fusobacteria.c__Fusobacteria 3.0E-04 1.2E-05 −4.6 2.7 9.91E-03

k__Bacteria.p__Proteobacteria.c__Epsilonproteobacteria 4.1E-04 7.6E-05 −2.4 2.8 1.39E-02

k__Bacteria.p__Firmicutes.c__Clostridia 4.8E-01 3.6E-01 −0.4 4.7 1.81E-02

k__Bacteria.p__Bacteroidetes.c__Bacteroidia 4.1E-01 5.0E-01 0.3 4.7 4.58E-02

Order

k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__Fusobacteriales 3.0E-04 1.2E-05 −4.6 2.6 9.91E-03

k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__
Actinomycetales

2.8E-03 2.9E-04 −3.2 3.4 4.26E-03

k__Bacteria.p__Proteobacteria.c__Epsilonproteobacteria.o__
Campylobacterales

4.1E-04 7.6E-05 −2.4 2.9 1.39E-02

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales 4.8E-01 3.6E-01 −0.4 4.7 1.81E-02

k__Bacteria.p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales 4.1E-01 5.0E-01 0.3 4.7 4.58E-02

Family

k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__
Fusobacteriales.f__Fusobacteriaceae

2.96E-04 1.21E-05 −4.6 2.6 9.91E-03

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
[Tissierellaceae]

1.28E-02 9.66E-04 −3.7 3.9 4.07E-03

k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__
Actinomycetales.f__Corynebacteriaceae

2.19E-03 2.16E-04 −3.3 3.3 3.07E-02

k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__
Actinomycetales.f__Actinomycetaceae

5.86E-04 7.47E-05 −3.0 3.1 3.26E-02

k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__
Actinomycetales.f__Micrococcaceae

2.38E-05 4.30E-06 −2.5 2.7 6.91E-04

k__Bacteria.p__Proteobacteria.c__Epsilonproteobacteria.o__
Campylobacterales.f__Campylobacteraceae

4.14E-04 7.59E-05 −2.4 2.9 1.39E-02

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
Veillonellaceae

1.72E-02 9.77E-03 −0.8 3.4 4.36E-02

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
Lachnospiraceae

1.93E-01 1.54E-01 −0.3 4.3 1.37E-02

k__Bacteria.p__Firmicutes.c__Bacilli.o__Bacillales.f__
Planococcaceae

2.02E-06 0 NA 3.4 3.88E-02

Genus

k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__
Actinomycetales.f__Actinomycetaceae.g__Varibaculum

3.46E-04 1.25E-05 −4.8 2.3 1.89E-03

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
[Tissierellaceae].g__WAL_1855D

3.16E-03 1.17E-04 −4.8 3.3 5.91E-03

k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__
Fusobacteriales.f__Fusobacteriaceae.g__Fusobacterium

2.96E-04 1.21E-05 −4.6 2.7 9.91E-03

Continued
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CNS.21 Our results suggest that the observed effects of DMF
on gut microbiota might be relevant to its anti-inflammatory
effects in MS.

A decrease in the genus Prevotella in patients with MS was
noted in several small studies; however, several of these may
have been confounded by treatment with DMT, given the
inclusion of a significant number of treated patients (partic-
ularly interferon [IFN]).6,7 One study found an increase in
Prevotella associated with treatment (pooled group including
IFN and GA), suggesting a possible mechanistic association
for this genus with DMTs.5 In addition, human-derived Pre-
votella histicola suppresses EAE in a CD4+FoxP3+Treg–
dependent fashion.22 In our cohort, we noted no change in
the relative abundance of Prevotella in treated participants
compared with those who were treatment-naive, suggesting
that this genus is less affected by either GA or DMF than by
IFN. Another possible explanation for observed differences in
the effects of DMT on Prevotella in our study compared with
others relates to our use of the V4 hypervariable region as
compared to the use of V3–V5 in the aforementioned studies.
However, previous comparisons of these variations in the
technique have demonstrated relatively consistent results,
making this difference unlikely to fully account for this
discordance.23–25

We noted the genus Sutterella to be 2.4-fold less abundant in
participants treated with GA as compared to those who were

treatment-naive, with no difference in relative abundance with
DMF. An increase in Sutterella in treated compared with
untreated patients withMSwas previously reported; however,
the treatment group included patients treated with either IFN
or GA.5 Suggesting that IFN may in fact be the driving factor,
an additional study has noted an increase in Sutterella in
IFN-treated MS patients.26 In a spontaneous EAE model,
specimens from mice who received transplanted MS fecal
material were noted to be relatively depleted in Sutterella.27

Given that the EAE course worsened in mice transplanted
with fecal material from patients with MS, compared with
those transplanted from a healthy twin, this finding might be
pathologically significant. However, in this experiment, 3 of
the 5 MS twins received treatment with IFN, potentially
confounding interpretation of these results. Further work is
needed to understand whether Sutterella is associated withMS
pathology, whether there are differential effects of DMTs on
the abundance of this genus, and finally whether such po-
tential effects on Sutterella abundance have any clinical
significance.

In our study, the relative abundance of members of the order
Clostridiales (phylum Firmicutes, class Clostridia) was de-
creased. Members of 2 particular Clostridial families, Lach-
nospiraceae and Veillonellaceae, were decreased by both DMF
and GA. Of interest, we previously noted increased relative
abundance of the genus Megasphaera (family Veillonellaceae)
in untreated MS compared with healthy controls.10 DMF

Table 2 Differentially abundant taxa (continued)

Differentially abundant taxa score

Mean relative abundance

FC: log2 (DMF/NA) log10.LDA. p ValueNaive DMF

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
[Tissierellaceae].g__Peptoniphilus

3.30E-03 2.07E-04 −4.0 3.3 6.31E-03

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
[Tissierellaceae].g__Anaerococcus

2.52E-03 1.84E-04 −3.8 3.2 1.87E-02

k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__
Actinomycetales.f__Corynebacteriaceae.g__Corynebacterium

2.19E-03 2.16E-04 −3.3 3.3 3.07E-02

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
Veillonellaceae.g__Megasphaera

1.39E-03 1.49E-04 −3.2 2.8 6.93E-05

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
[Tissierellaceae].g__Finegoldia

2.20E-03 3.38E-04 −2.7 3.1 4.28E-02

k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__
Actinomycetales.f__Micrococcaceae.g__Rothia

2.38E-05 4.30E-06 −2.5 2.9 6.91E-04

k__Bacteria.p__Proteobacteria.c__Epsilonproteobacteria.o__
Campylobacterales.f__Campylobacteraceae.g__Campylobacter

4.14E-04 7.59E-05 −2.4 2.9 1.39E-02

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
Lachnospiraceae.g__Blautia

4.14E-02 2.92E-02 −0.5 3.8 4.36E-03

k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__
Lachnospiraceae.g__uid_Lachnospiraceae

8.01E-02 6.35E-02 −0.3 3.9 8.18E-03

k__Bacteria.p__Firmicutes.c__Bacilli.o__Bacillales.f__
Planococcaceae.g__uid_Planococcaceae

2.02E-06 0 NA 3.4 3.88E-02

Abbreviations: DMF = dimethyl fumarate; EDSS = Expanded Disability Status Scale; LDA = linear discriminant analysis; NA = not applicable.
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seems to “reverse” this. Clostridial organisms have received
significant attention in demyelinating disorders. An increased
frequency of immunoreactivity to epsilon toxin–producing
Clostridium perfringens type B was observed in patients with
MS, suggesting this organism as contributory to MS pathol-
ogy, given the potentially toxic effects at the blood-brain
barrier.28 A subsequent study demonstrated the ability of
epsilon toxin to destroy oligodendrocytes and induce de-
myelination.29 An overabundance of C perfringens has also

been noted in a small study of patients with neuromyelitis
optica.30 In addition to the described potential effects of
Clostridial members on inflammation, Lachnospiraceae was
demonstrated to impair oligodendrocyte differentiation in
cultured cells and was associated with impaired myelination in
mice.31 Clostridial taxa therefore have potential for pathologic
relevance in MS and the mechanism of action of DMTs both
with respect to inflammation and neurodegeneration/
neuroprotection. In concordance with our results regarding

Figure 3 Cladogram indicating the effect of disease-modifying therapies on the phylogenetic structure of MS patients’
microbiota

Upper: DMF vs Naive. Lower: GA vs
Naive. Only significant taxa (p-value
< 0.05, LDA score >2) identified by
LEfSe were displayed. Differential
abundant taxa are marked by col-
ored shades: red indicates enrich-
ment in the therapy groups (DMF or
GA), and green indicates enrich-
ment in the naive group. Circles
represent phylogenetic levels from
kingdom to genus from inside out.
Each dot represents a taxon and its
diameter is proportional to the tax-
on’s effect size. c = class; DMF = di-
methyl fumarate; f = family; g =
genus; GA = glatiramer acetate; k =
kingdom; LEfSe = linear discriminant
analysis effect size; LDA = linear dis-
criminant analysis; o = order; p =
phylum; uid = unidentified, accord-
ing to the GreenGenes database.
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other Clostridial family members, DMF was noted to inhibit
the log-phase growth of C perfringens in vitro, and inves-
tigators hypothesized that this may be contributory to the
drug’s mechanism of action.32 A decrease in species belonging
to Clostridia clusters was previously found in patients with
MS compared with controls; however, this majority of par-
ticipants in this study were treated with DMTs.7 A decrease in
the relative abundance of Clostridial members could be
common to several MS DMTs.

DMF resulted in a decrease in the relative abundance of many
taxa, with Bacteroidetes members as the only significant in-
crease. The methodology used here to calculate relative
abundance values precludes conclusions about the absolute
numbers of microbes present. However, fumarates have
known antimicrobial properties and in fact DMF was pre-
viously used as an antimicrobial preservative for upholstery.33

Of interest, previous work in EAE suggests that a reduction in

gut bacterial load might be of benefit.3 Compared with mice
who received no antibiotics or intraperitoneal antibiotics,
those who received oral antibiotics before EAE induction
demonstrated reduced EAE severity that correlated to an in-
crease in FoxP3+Treg cells in distal peripheral lymph nodes.
Further, costimulation of harvested lymphocytes from distal
nodes resulted in decreased production of proinflammatory
cytokines such as IFN gamma and increased production of
anti-inflammatory cytokines such as IL-10. Additional studies
are needed to evaluate this potential effect of DMF as its
generalized antimicrobial properties may be a contributing
factor to efficacy in MS.

When considering the ultimate influence of DMT on MS gut
microbiota, the effects of the overall shaping of the microbial
community on downstream functional pathways may bemore
important than effects on individual genera. PICRUSt analysis
may help identify the impact of changes in microbial

Figure 4 Relative abundances of the order Clostridiales and its family members are differentially changed by therapy

Relative abundances of the order Clos-
tridiales (A) and its family members are
differentially changed by therapies (B: Lach-
nospiraceae; C: Veillonellaceae; D: Tissier-
ellaceare). Asterisk (*) indicates significant
change compared with naive as determined
by the LEfSe analysis (see also in table 2). The
inner bisecting line indicates the median. The
lower and upper edges of the box represent
the 25th and the 75th percentiles, re-
spectively. LEfSe = linear discriminant analysis
effect size.

10 Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 1 | January 2019 Neurology.org/NN

http://neurology.org/nn


composition on biological and metabolic pathways and sug-
gest potential mechanisms that link changes in gut microbiota
with therapeutic effects.16 One of the common pathways af-
fected by both GA and DMF was retinol (vitamin A) me-
tabolism. Vitamin A metabolites are known to modulate
specific functional aspects of the immune response, such as
the Th1–Th2-cell balance and the differentiation of Treg and
Th17 cells.34 Retinoic acid also modulates lymphocyte traf-
ficking by enhancing integrin a4b7 expression on lymphocytes
and imprinting them with gut tropism.35 Of interest, dendritic
cells from the gut-associated lymphoid tissue, but not from
the spleen, were able to produce retinoic acid from retinol,
suggesting that vitamin A plays an important role specifically
in the gut-immune system interaction. Another bacterial
pathway affected by both therapies was methane metabolism.
An increased relative abundance of methane-producing bac-
teria and exhaled methane in patients with MS compared with
healthy controls was reported.5 The role of these pathways in
MS pathophysiology and precise effects of therapies will need
to be further explored in future studies.

Our study is still limited by the relatively small sample size and
cross-sectional nature of sample collection, including un-
avoidable imperfect matching of groups with respect to age,

sex, and disease duration. Also, although recruitment at 2
separate locations is a merit, particularly because careful at-
tention was granted to implement identical methodology and
analyses did not demonstrate community-level differences by
site, it is possible that unmeasured differences in study groups
related to geography confounded our results in some fashion.

Our study results confirm our hypothesis that DMTs for MS
have measurable effects on gut microbiota. Future directions
will include working with a larger cohort with longitudinal
follow-up of individuals who begin new DMTs to assess the
effects more precisely and to evaluate questions regarding
the relationship of gut microbiota to therapy response and
tolerability. Bidirectional relationships have been confirmed
in other disease states36–39 and will need to be investigated in
MS as well. Effects are likely to be particularly important for
orally deliveredmedications. In addition, lessons learned from
these studies may inform our understanding of the patho-
genesis of the disease and lead to the exploration of new
potential treatment targets.
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package phylogenetic investigation of commu-
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were found to be affected in participants trea-
ted with DMF (30 upregulated and 12 down-
regulated) and 63 pathways in participants
treated with GA (36 upregulated and 27
downregulated). Despite the different route of
administration and the different effect on bac-
terial taxa, there was an overlap of 17 pathways
that were changed by both therapies, 15 of
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Abstract
Objective
We sought to develop molecular biomarkers of intrathecal inflammation to assist neurologists
in identifying patients most likely to benefit from a range of immune therapies.

Methods
We used Luminex technology and index determination to search for an inflammatory activity
molecular signature (IAMS) in patients with inflammatory demyelinating disease (IDD), other
neuroinflammatory diagnoses, and noninflammatory controls. We then followed the clinical
characteristics of these patients to find how the presence of the signature might assist in
diagnosis and prognosis.

Results
A CSF molecular signature consisting of elevated CXCL13, elevated immunoglobulins, normal
albumin CSF/serum ratio (Q albumin), and minimal elevation of cytokines other than CXCL13
provided diagnostic and prognostic value; absence of the signature in IDD predicted lack of
subsequent inflammatory events. The signature outperformed oligoclonal bands, which were
frequently false positive for active neuroinflammation.

Conclusions
A CSF IAMS may prove useful in the diagnosis and management of patients with IDD and
other neuroinflammatory syndromes.

Classification of evidence
This study provides Class IV evidence that a CSF IAMS identifies patients with IDD.
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The diagnosis and treatment of inflammatory demyelinating
diseases (IDD) has becomemore complex, increasing interest
in identifying biomarkers that can assist neurologists. IDD
pathology is generally limited to the CNS behind the blood-
CSF barrier, and thus, intense effort has been devoted to
investigating CSF biomarkers in MS.1–6 However, CSF im-
munoglobulin G (IgG) abnormalities in MS, first described in
1950,7 remain the only molecular biomarker routinely or-
dered by neurologists in the clinic, and therefore, a large gap
exists in our diagnostic armamentarium. Aiding in the search
for IDD biomarkers has been the increased availability of
proteomic tools, such as Luminex, a microsphere-based mul-
tianalyte processing system allowing simultaneous measure-
ment of dozens of analytes using small input volumes.

Given the availability of a large CSF biobank from patients
with neurologic diseases at our institution and an active lab-
oratory using Luminex technology,8,9 we pursued the hy-
pothesis that inflammation could be characterized by
measuring cytokines and immunoglobulins (Igs) and that
this characterization would have clinical utility. In the pres-
ent study, we investigated 94 patients utilizing Luminex
panels for cytokines and Ig subclasses to determine whether
these measures could serve as biomarkers for inflammatory
activity in IDD. We utilized indexing to CSF and serum
albumin concentrations to control for blood-CSF penetra-
tion, searching for biomarkers locally produced in the CNS
and a molecular signature that would identify distinctive
patterns of CNS inflammation in IDD not present in other
neuroinflammatory diseases.

We found that patients with active IDD had a pattern on
Luminex testing of CSF and serum we labeled the in-
flammatory activity molecular signature (IAMS), which was
helpful prognostically. Patients with inactive forms of IDD,
such as many patients with clinically isolated syndrome (CIS),
radiologically isolated syndrome (RIS), and primary pro-
gressive MS (PPMS), and patients with other neurologic
diseases did not have this signature.

Methods
We sought to develop molecular biomarkers of intrathecal
inflammation to assist neurologists in identifying patients
most likely to benefit from immunotherapies. This study ul-
timately provides Class IV evidence that a specific CSF IAMS
identifies patients with IDD.

Patients
During a 24-month period, from September 2015 to Sep-
tember 2017, all patients carrying the diagnosis of IDD who
underwent diagnostic lumbar puncture (LP) and gave in-
formed consent for inclusion of their CSF and serum in
the Dartmouth-Hitchcock Medical Center’s (DHMC)
CSF Biobank were included in this study. Patients with
other inflammatory neurologic diseases (OIND) and non-
inflammatory neurologic diseases (NIND) controls were in-
cluded based on the clarity of their diagnoses, i.e., patients
in whom the diagnosis was not clear were excluded. All
patients underwent a full diagnostic work-up, including
history, examination, routine CSF/serum analyses, and
MRI of the CNS. CSF and serum were banked at −80°C.10

In 69 patients, CSF and serum were available, and Ig and
albumin concentrations were tested in both fluids; in 25
patients, only CSF was available or albumin concentrations
were unavailable.

We utilized the revised 2017 McDonald criteria.11 Patients
were divided into 3 groups (IDD, OIND, and NIND) and 10
subgroups based on their clinical presentation at the time of
LP (figure 1): relapsing-remitting MS (RRMS); CIS in which
LP was performed within 3 months of the clinical event
(CIS-near); CIS in which LP was performed long after the
clinical event (CIS-distant); RIS; PPMS; acute disseminated
encephalomyelitis (ADEM); OIND of the CNS with high
levels of inflammation determined by a total nucleated cell
count >15 (OIND-CNS-hi-infl); OIND of the CNS with
low levels of inflammation determined by a total nucleated
cell count <15 (OIND-CNS-lo-infl); OIND of the periph-
eral nervous system (OIND-PNS); and NIND controls.
The diagnoses of the CIS group were subsequently ad-
justed based on the LP results and clinical activity during
follow-up. We defined “active” forms of MS similarly to
the definition utilized in the McDonald criteria11,12;
i.e., presence of recent clinical relapses and/or MRI activity
(contrast-enhancing lesions, or new or unequivocally en-
larging T2 lesions). The conversion status to RRMS based
on LP results or subsequent clinical activity is shown in
table 1.

The number of patients receiving corticosteroids for their
neuroinflammatory event within 3 months of LP were as
follows: RRMS (0/4), CIS (25/28), RIS (0/5), PPMS (0/4),
and ADEM (2/2). The number of patients on immuno-
modulatory therapies at the time of their LP were as follows:

Glossary
ADEM = acute disseminated encephalomyelitis; CIS = clinically isolated syndrome; DHMC = Dartmouth-Hitchcock Medical
Center; IAMS = inflammatory activity molecular signature; IDD = inflammatory demyelinating diseases; IgG = immunoglobulin
G;LP = lumbar puncture;NIND = noninflammatory neurologic diseases;OCB = oligoclonal bands;OIND = other inflammatory
neurologic diseases;OIND-CNS = OIND of the central nervous system;OIND-PNS = OIND of the peripheral nervous system;
PPMS = primary progressive MS; RIS = radiologically isolated syndrome; RRMS = relapsing-remitting MS.
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RRMS (3/4), CIS (16/28), RIS (1/5), PPMS (0/4), and
ADEM (0/2). The IAMS status of the patients was not sig-
nificantly affected by these treatments, but numbers in the
groups were too small to confidently rule out a treatment
effect.

Qalbumin and oligoclonal bands
Blood-CSF barrier integrity was assessed by measuring albu-
min in both fluids. Q albumin, [CSF albumin]/[serum albu-
min], was calculated based on CSF and serum concentrations
determined by Mayo Clinic when an IgG index was ordered
on CSF- and serum-matched samples.13,14 In our control
group, Q albumin averaged 0.0034.

Oligoclonal band (OCB) analysis was performed by Mayo
Clinic using isoelectric-focusing and immunofixation.

Luminex for immunoglobulins and cytokines
Cytokine and Ig levels in CSF and serumweremeasured using
the BioplexPro Human Immunoglobulin Isotyping panel and
the BioPlexPro Human Chemokine panel (BioRad, Cam-
bridge, MA). These Luminex panels were chosen because the
human chemokine/cytokine panel contains 40 molecules
commonly altered in inflammatory processes, and the im-
munoglobulin panel measures separately 4 IgG subclasses as
well as IgM and IgA. Values were expressed in 3 ways:

1. Ianalyte: Where CSF, serum, and Q albumin were available,
an index was calculated as Ianalyte = Q analyte/Q albumin

with Q analyte = [Canalyte in CSF]/[Canalyte in serum];
Canalyte = concentration of analyte.

2. Canalyte: If serum or Q albumin was unavailable, analyte
concentration was expressed as Canalyte.

Table 1 Diagnoses of CIS patients at times after the CIS event and subsequent activity in IAMS-negative and IAMS-positive
patients

Diagnosis prior to
LP n

LP
timing

Diagnosis after
LP

Activity after
LP

Activity after LP in
IAMS-positive
patients

Activity after LP in
IAMS-negative
patients

Final
diagnosis

RRMS 4 RRMS 4/4 4/4 0/0 RRMS

CIS 11 Near RRMS 5/11 5/8 0/3 RRMS

CIS 5 Near CIS 0/5 0/2 0/3 CIS

CIS 4 Near CIS 4/4 4/4 0/0 RRMS

CIS 4 Distant RRMS 0/4 0/0 0/4 RRMS

CIS 4 Distant CIS 0/4 0/1 0/3 CIS

TOT 32 13/32 13/19 0/13

Abbreviations: CIS = clinically isolated syndrome; IAMS = inflammatory activity molecular signature; LP = lumbar puncture; RRMS = relapsing remitting MS.
The diagnoses of CIS patients changed during the course of their follow-up after the initial event, according to the 2017McDonald criteria.11 Here, patients are
classified according to their diagnosis at the time of the event, i.e., prior to the LP, the diagnosis after results of the CSF analysis, and the final diagnosis after
follow-up. Also shown are the IAMS results in each group. The column labeled “activity after LP” represents a summation of the 2 columns “activity after LP in
IAMS-positive patients” and “activity after LP in IAMS-negative patients.”

Figure 1 Patients in the study had a variety of inflammatory demyelinating diseases (IDDs)

Also included in the study were patients with other neurologic diseases (OIND) and patients with noninflammatory neurologic diseases (NIND) considered
controls. Within the IDD group were patients with clinically isolated syndrome (CIS), relapsing remitting MS (RRMS), primary progressive MS (PPMS), acute
disseminated encephalomyelitis (ADEM), and demyelination thought to be related to treatment with TNF blockade. The CIS patients were classified as CIS
based on information available at the time of the lumbar puncture (LP), and further divided into patients in whom the LP was performed soon after the event
(CIS-near) or long after the event (CIS-distant). Within the OIND were patients with OIND of the peripheral nervous system (OIND-PNS) and of the CNS (OIND-
CNS). Within the latter group were patients with low inflammation (OIND-CNS lo-infl) and high inflammation (OIND-CNS hi-infl). Two patients underwent CSF
analysis to rule out IDD, and their diagnosis remains unclear (R/O IDD). All patients underwent LPwith CSFs analyzed for routine studies aswell as quantitation
of cytokines and immunoglobulins by Luminex. Most patients also had similar analysis of serum with determination of indices.
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3. Ranalyte: In figure 2, values were collated over the multiple
runs in which control values were different and values
were expressed as Ranalyte, defined by the ratio of Ianalyte or
Canalyte of the patient to the mean + 2 SD of Ianalyte or
Canalyte of controls. Values >1 are considered significantly
elevated above controls.

CSF cell count and protein
These measurements were performed by the DHMC
central laboratory. All the CSFs were atraumatic with RBC
counts <6 cells.

MRIs
MRIs of the neuraxis were obtained according to standard
practice and were included if performed within 3 months of
the LP. The number of gadolinium (Gd)-enhancing lesions
was determined by the neuroradiologist and confirmed by
a neurologist.

Statistical analysis
Data from controls were tested for significant deviations from
normal distribution (p < 0.05; D’Agostino and Pearson nor-
mality test). Since most cytokines elevated in the CSF of IDD
patients, including CXCL13, were normally distributed, val-
ues were considered elevated if they were higher than the
mean + 2 SD of controls; i.e., an R value >1. Correlations were
analyzed using Pearson’s correlation. Relative risk evaluation
was used for testing relationships on categorical variables, e.g.,
negative and positive IAMS. All statistical analyses were per-
formed by using GraphPad Prism version 7.00 (GraphPad,
San Diego, CA).

This study was designed as a nontargeted discovery approach,
and, as such, sample sizes for group comparisons were not
adequate to achieve statistical power.15

Clinical data
Clinical data were obtained by neurologist review (A.R.P.) of
electronic medical records at DHMC.

Data availability
Anonymized data will be shared upon request by qualified
investigators.

Standard protocol approvals, registrations,
and patient consents
Informed consent was obtained from all study participants.
The study adhered to the Declaration of Helsinki and was
approved by the local ethics committee of DHMC (CPHS#:
STUDY00029241).

Results
Cytokine and immunoglobulin levels in
inflammatory demyelinating disease patients
and controls
Due to the substantial clinical heterogeneity among patients
with various types of IDD, we categorized IDD and control
patients into groups as shown in figure 1. Sex, age, and CSF
characteristics of the patients in these categories are shown in
table 2.

A CSF molecular signature was a consistent feature of IDD
patients with inflammatory activity. This signature consisted of:

1. Elevated CSF CXCL13 levels (figure 2)
2. Restricted elevations of other cytokines in the CSF;

i.e., levels of ≤5 cytokines elevated other than CXCL13
3. Elevated Ig levels assessed by the Luminex Immuniglo-

bulin panel
4. Normal Q albumin.

Inflammatory demyelinating disease
Forty-four patients with various forms of idiopathic IDD16

underwent CSF Luminex analysis.

Confirmation of the clinical diagnosis of relapsing-remitting MS
In 4 patients with clinical presentations likely to be active
RRMS based on history, examination, and MRI findings, an

Figure 2 CXCL13 in inflammatory demyelinating diseases (IDDs)

CXCL13 values are expressed as RCXCL13,
defined by the ratio of ICXCL13 (circle) or
CCXCL13 (x) of the patient to the mean + 2
SD of ICXCL13 or CCXCL13 of NIND controls.
Since the distribution of values for ICXCL13
and CCXCL13 in controls was normal,
values above 1 were considered signif-
icantly elevated above NIND controls.
MedianRCXCL13 values are shown as a bar.
The RCXCL13 calculation was utilized so
that the data from complete CSF/serum
analyses generating ICXCL13 values could
be shown using the same y-axis as CSF
analyses generating CCXCL13 values. Pa-
tient groups were abbreviated as in the
legend to figure 1. CIS = clinically isolated
syndrome; NIND = noninflammatory neu-
rologic diseases; PPMS = primary pro-
gressive MS; RIS = radiologically isolated
syndrome; RRMS = relapsing-remittingMS.
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LP was performed to confirm the diagnosis. None of these
patients had a relapse or Gd-enhancing lesion within 3
months before or after the LP. IAMS was found to be pos-
itive in all 4 patients, with other cytokine indices elevated in
this group, including CXCL10 (2/4), CCL3, CXCL8, IL10,
IL16, and CXCL11 (1/4), although none of the RRMS
patients had >3 elevated cytokines. All 4 patients had activity
within mean of 2.1 years of follow-up after their LP.

Clinically isolated syndrome
Twenty-eight patients underwent an LP to aid in the evalu-
ation of a first clinical episode meeting the 2017 McDonald
criteria for CIS.11 Both CSF and serum were available for
16 patients; for the other 12 patients, only CSF was
tested.

In 20 of these patients, the time from onset of the symptoms
of CIS to the LP was relatively short, 2.6 months (range:
0.3–5.8 months). These spinal taps were performed to better
define the acute event, and the range of times was usually due
to variability of patient acceptance of the procedure. Although
the inflammatory milieu could have quieted within that time
frame, there was no correlation, positive or negative, between
presence of IAMS and time after LP. In a mean period of 2.2
years after the CIS event, 9 of 20 patients developed new
activity. All of these patients had a positive IAMS. In contrast,
all 6 of the CIS-near patients without IAMS did not develop
new activity. A positive IAMS did not definitively predict
future activity, since 5 of the CIS-near patients had a positive
IAMS without subsequent activity. Since the follow-up period
was relatively short, IAMS positivity in these patients may
indicate that during a longer follow-up period they would
have eventually developed new activity.

Eight of the 28 patients diagnosed as having experienced CIS
underwent an LP more than 4 years (mean: 8.9 years and
range: 4.5–11.7 years) after an acute, demyelinating neuro-
logic event and were grouped as “CIS-distant”. LP was per-
formed to evaluate whether nonspecific symptoms such as
headache, seizures, or severe fatigue represented new events
consistent with MS or symptoms unrelated to the CIS event.
Four of 8 of these patients were OCB positive, all of whom
had elevated IIg or CIg. However, only 1 of 8 patients had
a positive IAMS, and this patient was diagnosed by brain
biopsy as having a grade 3 oligodendroglioma. The ultimate
diagnoses, OCB positivity and IAMS status of the patients
with CIS are shown in tables 1 and 3.

Primary progressive MS
In 4 patients with relatively little disability, diagnosis of PPMS
was felt to be likely, but progression was slow, and LP was
performed to confirm the diagnosis. All 4 were OCB positive.
Three of the 4 patients (PPMS-lo infl), with an average age of
54 years, had no enhancing lesions on MRI of the brain or
spinal cord and were negative for IAMS because of normal
ICXCL13 values. In contrast, a 41-year-old patient with en-
hancing lesions in the spinal cord at the time of the LP
(PPMS-hi infl) had a positive IAMSwith elevated ICXCL13 and
additionally, elevated CXCL9, CXCL11, and CCL22.

Radiologically isolated syndrome
Five patients fulfilled criteria for RIS.17 In a follow-up aver-
aging 1.6 years (range: 0.5–2.8 years) after the abnormal MRI,
none of these patients developed an attack or new MRI
lesions. Three of the 5 patients had positive OCBs. One pa-
tient had a positive IAMS, a 37-year-old woman with non-
specific symptoms of headache and fatigue. A history of severe

Table 2 Patient demographics and CSF profiles

Classification (#n) Sex (F/M) Mean age Mean TNC Mean protein Qalbumin OCB (+/2)

RRMS (n = 4) 4/0 45 (30–61) 3 (2–4) 39 (29–56) 0.0049 (0.0027–0.00780 4/0

CIS (n = 28) 22/6 44 (18–74) 4 (0–11) 33 (18–69) 0.0036 (0.0017–0.0075) 17/6

RIS (n = 5) 5/0 37 (23–49) 2 (0–6) 31 (24–38) 0.0040 (0.0025–0.0060) 3/2

PPMS (n = 4) 2/2 48 (40–61) 8 (0–31) 34 (24–50) 0.0038 (0.0022–0.0054) 4/0

ADEM (n = 2) 1/1 35 (21–56) 59 (0–10) 36 (25–47) 0.0058 (0.0030–0.0086) 1/1

Post-TNF blocker (n = 1) 1/0 39 0 31 ND 1/0

OIND-CNS (hi infl) (n = 7) 3/4 57 (39–66) 69 (19–137) 90 (48–148) 0.0137 (0.0067–0.0187) 4/3

OIND-CNS (lo infl) (n = 4) 2/2 34 (22–39) 4 (0–11) 38 (23–77) 0.0034 (0.0029–0.0039) 3/1

OIND-PNS (n = 9) 8/1 66 (49–81) 1 (0–3) 80 (42–198) 0.0147 (0.0091–0.0392) 1/6

NIND (n = 28) 18/10 46 (20–64) 1 (0–4) 30 (17–57) 0.0040 (0.0022–0.0055) 0/25

Abbreviations: ADEM = acute disseminated encephalomyelitis; CIS = clinically isolated syndrome; ND = not done; NIND = noninflammatory neurologic
diseases; OCB = oligoclonal bands; OIND-PNS = OIND of the peripheral nervous system; PPMS = primary progressive MS; RIS = radiologically isolated
syndrome; RRMS = relapsing-remitting MS; TNC = total nucleated cells.
Patient groupswere abbreviated as in legend to figure 1. In theOIND-CNS, the “hi infl”had >15 TNCs perμL in their CSF, while “lo infl”had less than 15 TNCs per
μL. Numbers in parentheses represent the range of the values.
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MS in the mother and a sister of the patient led her primary
care physician to order an MRI of the brain, which revealed
multifocal white matter disease consistent with demyelinating
disease, but without any enhancing lesions. In a follow-up of
1.2 years, there was no clinical or radiologic change.

Acute disseminated encephalomyelitis
Two patients fulfilled criteria for ADEM,18,19 both with
a monophasic, highly inflammatory event with >10 Gd-
enhancing lesions in brain and spinal cord and no new clinical
or radiologic events after 2.6 and 2.9 years of follow-up. The
CSF was obtained during the acute neuroinflammation. One
CSF was OCB negative and the other was OCB positive.
Neither had positive IAMS; both had elevated Q albumin and Ig
indices but normal indices for CXCL13 and other cytokines.

TNF blocker-induced demyelination
A 39-year-old woman had IDD thought to be secondary to
treatment of autoimmune uveitis with adalimumab and, after
3.5 years of follow-up after the event, had no new de-
myelinating events off of the TNF blocker. She had negative
IAMS, positive OCBs, and elevated CIg at the time of her
myelitis, but normal CSF concentrations of all cytokines, in-
cluding CXCL13.

Confirmation of the absence of MS
In 2 patients referred to DHMCwith the diagnosis of MS, but
in whom the diagnosis was felt to be incorrect, CSF was

obtained for diagnostic purposes. One of these patients, who
was OCB negative, is currently being followed with the clin-
ical impression of nonspecific or nonlocalizing neurologic
symptoms with abnormal MRI.20 The other patient was OCB
positive and turned out to have a glioblastoma. Both patients
were IAMS negative.

Correlation between inflammatory activity molecular
signature and contrast-enhancing lesions
Twenty-seven of the 36 CIS, RRMS, and PPMS patients
underwentMRI scanning within 3months of LP. As expected,
MRIs within 3 months of LP tended to be performed onmore
active patients. Thus, 17 of 27 patients had at least 1 en-
hancing lesion (mean = 4). In these relatively active patients, 3
of 10 patients without Gd-enhancing lesion had negative
IAMS, whereas only 1 of 17 patients with Gd-enhancing
lesions had negative IAMS. Using a relative risk analysis,
patients without Gd-enhancing lesions were shown to be 5.1
times as likely as patients with Gd-enhancing lesions to have
a negative IAMS.

Other nondemyelinating inflammatory neurologic
diseases
Eleven patients in the study were classified as OIND-CNS.
There were 7 patients with neuroinfections or neuro-
sarcoidosis, i.e., Lyme meningitis (n = 2), viral meningitis or
meningoencephalitis (n = 3), neurocysticercosis (n = 1), and
neurosarcoidosis (n = 1), and there were 4 patients with less

Table 3 OCB positivity vs IAMS positivity

Diagnosis prior to LP N Diagnosis after LP Final diagnosis after follow-up OCB positivity IAMS positivity

RRMS 4 RRMS RRMS 100% 100%

CIS (near) 11 RRMS RRMS 100% 73%

4 CIS RRMS 0 100%

5 CIS CIS 0 60%

CIS (distant) 4 RRMS RRMS 100% 0

4 CIS CIS 0 25%a

RIS 5 RIS RIS 60% 0

PPMS (lo-infl) 3 PPMS PPMS 100% 0

PPMS (hi-infl) 1 PPMS PPMS 100% 100%

ADEM 2 ADEM ADEM 50% 0

OIND-CNS (hi-infl) 7 OIND-CNS OIND-CNS 57% 0

OIND-CNS (lo-infl) 4 OIND-CNS OIND-CNS 75% 100%

OIND-PNS 9 OIND-PNS OIND-PNS 22% 0

NIND 28 NIND NIND 0 0

Abbreviations: ADEM = acute disseminated encephalomyelitis; CIS = clinically isolated syndrome; IAMS = inflammatory activity molecular signature; ND = not
done; NIND = noninflammatory neurologic diseases; OCB = oligoclonal bands; OIND-PNS = OIND of the peripheral nervous system; PPMS = primary
progressive MS; RIS = radiologically isolated syndrome; RRMS = relapsing-remitting MS.
Patient groups were abbreviated as in legend to figure 1. Groups are identical to those reported in table 1.
a One patient with a grade 3 oligodendroglioma.
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inflammatory disease, i.e., toxoplasma encephalitis and HIV
positivity, neuropsychiatric systemic lupus erythematosus,
Sjogren’s CNS involvement, and low-grade viral meningitis.
Seven HIV-negative patients with CNS infections or neuro-
sarcoidosis had a distinctive CSF pattern with high values for
CSF total nucleated cells, elevated Q albumin, and elevations in
a broad range of cytokines. For these patients, the average
number of CSF cytokine levels above the cutoff (mean + 2 SD
of NIND controls) was 34.2 of the 39 cytokines tested. Four
of 7 had positive OCB. The 4 less inflammatory patients had
only a few cytokine elevations. Three of these 4 patients had
a positive IAMS, but their clinical picture, including lack of
demyelination, resulted in no confusion with IDD. All 11
patients in the OIND-CNS group had elevated CXCL13
levels. Two of the highest values for ICXCL13 were in Lyme
meningitis patients.

Nine patients had inflammatory PNS disease (OIND-PNS),
none of whom had positive IAMS. Four had chronic in-
flammatory demyelinating polyneuropathy, 2 had acute in-
flammatory demyelinating polyradiculoneuropathy, and 1
each had vasculitic neuropathy, HIV neuropathy, and sarcoid
neuropathy. None of these patients had increased total nu-
cleated cells, while all had elevated protein. In all the 5 patients
in whom Q albumin was tested, this parameter was elevated. In
7 patients in whom OCBs were tested, only 1 was positive.

Noninflammatory neurologic disease controls
All patients underwent LP as part of a diagnostic evaluation
for neurologic symptoms. Thus, none of our controls were
truly “normal,” but we considered 28 patients with a con-
firmed diagnosis that was clear and noninflammatory as ap-
propriate controls and labeled the group NIND. Thirteen
patients had noninflammatory headache syndromes, in-
cluding idiopathic intracranial hypertension or migraine, 4
had idiopathic epilepsy, 5 had noninflammatory neuropathies,
4 had brain white matter disease attributable to microvascular
disease, and 2 had Alzheimer’s disease. CSF from these
patients had normal standard analysis, normal Q albumin, were
negative for OCBs or IIg, and had CXCL13 concentrations/
indices within the normal range.

Correlation of RCXCL13 with CSF measures and imaging
The number of Gd-enhancing lesions tended to be higher in
patients presenting with higher RCXCL13 values, with themean
RCXCL13 for 8 patients with >1 enhancing lesions being 15 and
for 19 patients with 0 or 1 enhancing lesion being 6; however,
this was not statistically significant. Similar correlations were
seen for CSF TNCs, OCB number, and CSF IgG1 concen-
tration, but none were statistically significant. There was no
correlation between RCXCL13 and OCB positivity.

Qalbumin as a measure of blood-CSF
barrier integrity
As previously noted,13 Q albumin in IDD patients was not
different from controls (0.0039 for RRMS/PPMS/CIS/RIS
patients compared to 0.0043 for controls). The range of

values was wide for IDD patients (0.0017–0.0085) and ap-
proximately the same in controls. Inflammatory diseases
other than IDD had high Q albumin with the OIND-PNS and
OIND-CNS-hi-infl average Q albumin levels of 0.0147 and
0.0137.

Evidence of constitutive production
of cytokines
The majority of cytokine indices ranged between 3 and 30,
a range that could be predicted from the 8–10 kDa molecular
weight of these proteins.5 However, some mean cytokine
indices in the controls were over 500, such as CXCL10,
CCL2, CXCL16, and CXCL12, providing evidence for con-
stitutive intrathecal production.

Discussion
This article identifies a distinctive CSF signature of active
inflammation in IDDs utilizing Luminex technology and
validates the signature’s clinical utility both longitudinally and
cross-sectionally. The combination of (1) elevated CXCL13
index; (2) restricted elevations of other cytokine indices; (3)
elevated Ig as manifested by OCBs or Ig indices; and (4)
normal Q albumin values was unique to CIS and active forms of
MS and not seen in the other neuroinflammatory diseases
tested, i.e., ADEM, inactive PPMS, or non-demyelinating
neuroinflammatory diseases. This signature is helpful in
identifying activity in IDD but is not a useful diagnostic assay
for MS due to false negatives, e.g., 3 of 4 patients with PPMS,
and false positives, e.g., other inflammatory neurologic disease
with mild CNS inflammation.

The use of indices for most of our analysis was important,
correcting for serum values and blood-CSF barrier disruption.
When we established our CSF biobank, we collected CSF
samples alone, as done in most previous CSF cytokine studies
in IDD,1–3,21–23 with occasional concurrent serum samples.
However, it became clear that measuring CSF alone would
not be sufficient since many cytokine serum levels were quite
variable and blood-CSF integrity (Q albumin) was also variable.
This variability resulted in wide swings in CSF analyte con-
centrations, independent of its intrathecal production. For
instance, serum CXCL13 concentrations ranged from 27 to
243 pg/mL, a nine-fold difference. Q albumin ranged from
0.0017 to 0.0085, a five-fold difference, even within the rela-
tively narrow range of IDD and controls. Thus, fluctuation in
these 2 variables could be as high as 45-fold but were un-
related to intrathecal production. A few other investigators
recently have recognized the importance of correcting for
these variables in assessing CSF biomarkers.5,24 Thus, the
majority of the cytokine data in this study is based on Ianalyte,
with a raised index being strong supportive evidence of in-
trathecal production of the analyte.13 Albumin has been the
choice of reference molecule for calculation of CSF indices25

because it is produced exclusively in the liver and because of
its intermediate size of 66 kD.
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The potential application for IAMSmost likely to be clinically
useful is in predicting the likelihood of future activity. In 26
patients, 13 CIS, 4 PPMS, 5 RIS, 2 ADEM, and 2 possible MS,
a negative IAMS predicted lack of activity during the mean 2.3
years after LP. There were no patients with negative IAMS
who developed activity during this period. The IAMS result
may inform treatment decisions as a clinician might consider
not initially using disease-modifying therapy on patients with
negative IAMS.

As others have noted,26,27 elevated CXCL13 levels are not
specific for MS. High CXCL13 levels are a consistent feature
of Borrelia burgdorferi infection,28 and 2 of the highest ICXCL13
levels in our study were in patients with Lyme neuro-
borreliosis. Eight of 11 patients in our OIND-CNS group had
elevated CSFCXCL13, but patients had profiles very different
than the IDD and control groups, with broad cytokine ele-
vations and very high levels of Q albumin (average of 0.0123 vs
0.004 in IDD and control groups).

The source of intrathecal CXCL13 production in IDDs has
not been definitively determined. Possibilities include mac-
rophage lineage cells29 or microglia,30 plasmacytoid dendritic
cells,31 astrocytes,32 or follicular dendritic cells.33 Some
CXCL13 production may occur within specially organized
lymphoid tissue called ectopic lymphoid follicles in MS,
mostly located in the meninges,34–36 but selective intra-
parenchymal induction of CXCL13 within active MS plaques
has also been described.37

We did not find positive OCBs to be as helpful as IAMS in
predicting future activity. OCBs or increased IIg in the absence
of the remaining IAMS-positive components appeared to
indicate that active inflammation was present at some point
during the course of illness, likely during the neuro-
inflammatory episode defining CIS, but not necessarily at the
time of LP. In our study, 5 of 8 patients with CIS who had not
converted to MS an average of 8.9 years after CIS were OCB
positive, indicating a high rate of false positivity for OCB
as a measure of active inflammation, a finding consistent
with a recent meta-analysis.38 In addition, 4 of 4 patients with
PPMS in our study were OCB positive, with only 1 with
a positive IAMS showing evidence of active inflammation. It is
possible that CNS microenvironments providing local avail-
ability of B-cell permissive factors, including CXCL10, BAFF,
and APRIL,39,40 can establish antibody-secreting cell “niches”
within the CNS following transient inflammation without the
need for recurrent inflammation. In contrast, persistent
CXCL13 production within the CNS may require ongoing
inflammation.

Our study suffers from some limitations. First, there were
relatively low numbers in each group as 44 IDD patients were
divided into 7 clinical categories. Second, for those diagnosed
with CIS, there was a limited follow-up after the LP. Third,
cutoffs for positivity were based on concurrently analyzing
numerous noninflammatory controls; thus, for this test to be

clinically helpful, absolute values for cutoffs will need to be
determined to minimize the number of negative controls that
will be required. Fourth, 25 patients did not have full index
determinations because either serum or albumin determi-
nations were unavailable. Finally, because an LP is rarely
performed on secondary progressive MS patients in clinical
practice, this MS patient subgroup was not included in the
study, despite evidence that some of these patients demon-
strate active intrathecal inflammation.6 Considering these
limitations, the clinical value of IAMS in IDD will have to be
confirmed in a prospective trial.

Our study identifies CSF molecular signature as a powerful
biomarker for the distinctive intrathecal inflammation in
IDDs, which may have clinical utility for neurologists faced
with difficult management challenges in inflammatory neu-
rologic diseases.
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Abstract
Objective
This investigation aimed at examining whether circulating inflammatory biomarkers C-reactive
protein (CRP), interleukin-6 (IL6), and alpha 1-antichymotrypsin (ACT) were related to
cerebrovascular disease (CVD) assessed by MRI.

Methods
The study included nondemented elderly participants of a community-based, multiethnic
cohort, who received baseline MRI scans and had CRP (n = 508), ACT (435), and IL6 (N =
357) measured by ELISA. Silent brain infarcts and white matter hyperintensities (WMH) were
derived from all available MRI scans at baseline, approximately 4.4 years after blood sample
collection for inflammatory biomarkers. Repeated assessments of infarcts and WMH, as well as
microbleeds assessment, were performed at follow-up MRI visits around 4.5 years later. Cross-
sectional and longitudinal relationship between inflammatory biomarkers and CVD were an-
alyzed using appropriate logistic regression models, generalized linear models, or COXmodels.

Results
After adjusting for age, sex, ethnicity, education, APOE genotype, and intracranial volume, 1 SD
increase in log10IL6 was associated with infarcts on MRI {odds ratio [OR] (95% confidence
interval [CI]) = 1.28 [1.02–1.60], p = 0.033}, and 1 SD increase in log10CRP and log10ACTwas
associated with microbleeds (OR [95% CI] = 1.46 [1.02–2.09], p = 0.041; and 1.65
[1.11–2.46], p = 0.013; respectively). One SD increase in log10ACT was also associated with
larger WMH at the follow-upMRI (b = 0.103, p = 0.012) and increased accumulation of WMH
volume (b = 0.062, p = 0.041) during follow-up. The associations remained significant after
additional adjustment of vascular risk factors and excluding participants with clinical stroke.

Conclusions
Among older adults, increased circulating inflammatory biomarkers were associated with the
presence of infarcts and microbleeds, WMH burden, and progression of WMH.
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Subclinical cerebrovascular diseases (CVDs), including pri-
marily lacunar infarcts or silent brain infarcts, white matter
hyperintensities (WMH), and cerebral microbleeds, are fre-
quent findings on MRI scans of normal elderly people.1–3

“Silent” changes in the brain reflect individuals carrying sub-
clinical CVD without clinical symptoms, but they are not
benign because of the strong association with increased risk of
recurrent strokes,4 dementia,5 and mortality.

Strong evidence suggests that chronic inflammation plays a cru-
cial role in the development of stroke, cardiovascular disease,
dementia,6 and atherosclerosis.7 Therefore, it is reasonable to
hypothesize that chronic inflammation might also be involved in
arteriolosclerosis damage of brain vessels, manifested radiologi-
cally as localized ischemic infarcts, diffuseWMH, ormicrobleeds.8

However, the association between inflammatory biomarkers and
CVD remains unclear.9–27 Some existing studies were based on
clinical convenience samples, some included middle-aged par-
ticipants, and few studies included Hispanics or African-
Americans10,11,18,19 who have a higher frequency of vascular risk
factors.28 Therefore, the results may not be applied to clinically
normal, ethnically diverse, elderly populations who could be the
key target population for potential intervention. In addition, there
are few longitudinal studies9,15,22,23 and few studies13,19–21 that
exploredmicrobleeds.Most studiesmeasured 2 key inflammatory
markers c-reactive protein (CRP) and interleukin-6 (IL6), al-
though alpha 1-antichymotrypsin (ACT), which has long been
implicated in AD,29 has never been examined.

We examined whether circulating levels of inflammatory
markers (CRP, IL6, and ACT) were associated with the
presence and progression of CVD (i.e., infarcts, WMH, and
microbleeds) among nondemented elderly participants of
a community-based, multiethnic cohort.

Methods
Study participants
The current study included participants from an ongoing
prospective study of aging and dementia, the Washington
Heights-Hamilton Height-Inwood and Columbia Aging
Project (WHICAP), who were elders identified from Medi-
care beneficiaries residing in northern Manhattan.30 The
original cohort for this study included 2,776 participants. At
baseline, participants were asked about medical and neuro-
logic history, received assessments of health and function, and
were assessed using a neuropsychological battery. Participants
were followed approximately for 18 months, repeating the

baseline examinations. The diagnosis of dementia or its ab-
sence was based on standard research criteria using all avail-
able information at a consensus conference.

A total of 769 WHICAP participants received MRI scans in-
cluding T1-weighted images, fluid-attenuated inversion re-
covery (FLAIR)-weighted images, and proton density and
T2-weighted double-echo images.31 Among the 680 non-
demented (n = 45 demented) participants who had baseline
MRI data available and analyzed by FreeSurfer (n = 44 without
FreeSurefer processing),30 a total of 508 (75%) participants
had CRP, 435 (64%) had ACT, and 357 (53%) had IL6
detected (figure 1). Participants who had measured biomarkers
were younger, had fewer African-Americans, had fewer vascular
risk factors than those who did not have biomarker data sam-
ple.30 RepeatedMRI scans were completed for 310 participants
4.5 (SD = 0.9) years after their baseline scans, and 230 of them
also received gradient echo (GRE) scans for microbleeds as-
sessment. Compared with the neuroimaging project in which
participants did not have repeated scans, those with repeated
scans were younger at baseline (79.3 vs 80.7, p = 0.002) and
had more hypertension (90% vs 83%, p = 0.08).30

Standard protocol approvals, registrations,
and patient consents
The Columbia University Institutional Review Board has
reviewed and approved this project. All individuals provided
written informed consent.

MRI protocol
All scans were acquired on a 1.5T Philips Intera scanner at
Columbia University. T1-weighted images were acquired with
a repetition time of 20 milliseconds (ms); echo time, 2.1 ms;
field of view (FOV), 240 cm; 256× 160–pixelmatrix with 1.3-mm
section thickness, and voxel size 1 × 1 × 1.3 mm. Freesurfer
(V.5.1) (surfer.nmr.mgh.harvard.edu/) was used to analyze T1
images with visual quality control and manual correction.
WMH quantification was based on T2-weighted FLAIR MRI
scans (repetition time, 11,000ms; echo time, 144ms; inversion
time, 2,800; and FOV 25 cm, 2 nex, 256 × 192 matrix with
3-mm slice thickness). An optimized, high-resolution three-
dimensional T2*-weighted GRE image (repetition time, 45ms;
echo time, 31 ms; flip angle, 13; and slice thickness, 2 mm) was
acquired at the follow-up MRI visit for microbleeds visualiza-
tion and quantification. The imaging processing was blinded to
any information about participants.

We used all the available images to determine whether a par-
ticipant had brain infarction on MRI, which was defined as

Glossary
ACT = alpha 1-antichymotrypsin; APOE = apolipoprotein; BMI = body mass index; CAA = cerebral amyloid angiopathy;
CVD = cerebrovascular disease; CRP = C-reactive protein; CV = coefficient of variation; FOV = field of view; GRE = gradient
echo; ICV = intracranial volume; IL6 = interleukin-6;WHICAP = Washington Heights/Hamilton Heights Inwood Columbia
Aging Project; WMH = white matter hyperintensity; sICAM-1 = intercellular adhesion molecule-1.
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lesions 3 mm or larger. Signal void seen on the T2-weighted
images was used to indicate a vessel. We also consider other
necessary imaging characteristics such as CSF density on the
T1-weighted image and distinct separation from the circle of
Willis vessels and perivascular spaces.

Total WMH volume was determined following the proce-
dures as previously described.32 First, FLAIR images were
skull stripped, and then a threshold and seed-growing algo-
rithm was applied to identify voxels that fell within an
a priori–determined distribution of hyperintense signal. Total
WMH volume was then calculated by multiplying labeled
voxels by voxel dimensions. We calculated the ratio of WMH
over total intracranial volume (ICV) to adjust the head size
differences. We log-transformedWMH/ICV ratio value in the
analyses.

Microbleeds were visually inspected and rated according to
the research criteria.2 We classified microbleeds into “lobar”
(in the frontal, temporal, parietal, and occipital lobes) and
“deep” (in basal ganglia, thalamus, and infratentorial regions).

The number of microbleeds was also recorded. A dichotomous
microbleeds status, presence (at least one microbleeds) vs ab-
sence (as reference group), was used in the main analysis.

Biomarker measurement
The circulating levels of CRP, IL6, and ACT were measured
in previous studies of WHICAP. Nonfasting plasma (CRP)
and serum (IL6 and ACT) samples, collected 4.4 years before
the first MRI scan (figure 1), were used in all analyses. Briefly,
blood samples were collected in BD Vacutainer Ethyl-
enediaminetetraacetic acid (EDTA) tubes and centrifuged at
2,000g for 15 minutes at room temperature and then stored at
−80°C in polypropylene cryotubes until analysis. For serum
samples, collected blood samples were allowed to sit for 30
minutes before they were centrifuged, aliquoted, and stored at
−80°C. The CRP levels were measured using a high-sensitivity
(1.6 ng/mL) ELISA kit (Diagnostic systems laboratories, Inc.,
Webster, TX, with the intra-assay and interassay coefficient of
variations (CVs) of 4.6% and 11.7%, respectively. The IL-6 levels
were measured using a high-sensitivity (0.11 pg/mL) ELISA kit
(R&D Systems, Minneapolis, MN; intra-assay CV = 7.4% and

Figure 1 Selection of the study population

Selection of study participants from the neuroimaging study of the Washington Heights/Hamilton Heights Inwood Columbia Aging Project (WHICAP). The
study participants were those participants of the WHICAP imaging substudy started in 2004. A total of 769 WHICAP participants received MRI scans including
T1-weighted images, FLAIR-weighted images, and proton density and T2-weighted double-echo images, whichmeasured whitematter hyperintensity (WMH)
and infarcts. Among the 680 nondemented (n = 45 demented) participants who had baseline MRI data available and analyzed by FreeSurfer (n = 44 without
FreeSurefer processing), a total of 508 (75%) participants had CRP and 435 (64%) had ACT/IL6 detected (figure 1). For the analysis for IL6, 357 participants were
included after excluding 78 participants whose IL6 levels were out of the measurement range. A total of 310 (46% of 680) participants completed repeat MRI
scans approximately 4.5 (SD = 0.9) years after their baseline scans, and 230 (74% of 310) of them also received gradient echo (GRE) scans for microbleeds
assessment. In total, 235 (76%) had CRP and 204 (66%) had IL6/ACTmeasured among the 310 participants who received second structural MRI scans, and 171
(74%) had CRP and 145 (63%) had IL6/ACT measured among those who received GRE scans (figure 1). ACT = alpha 1-antichymotrypsin; CRP = C-reactive
protein; IL6 = interleukin-6.
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inter-assay CV = 7.8%). The ACT levels were measured using an
immunoperoxidase assay kit (Immunology Consultants Labora-
tory, Inc., Newberg; sensitivity of 2.518 ng/mL; both intra-assay
and interassayCVs <10%). Laboratory personnel were blinded as
to the demographic and clinical status of the study participants.

Covariates
Ethnicity, including Hispanic, non-Hispanic black, non-
Hispanic white, or Other, based on self-report using the for-
mat of the 2000 US census, was used as a dummy variable with
non-Hispanic white or other as the reference. Sex (male as the
reference), smoking status (nonsmoker [as the reference] or
ever smoked [including current smokers and past smokers
who had ≥1 cigarette/day for ≥1 year]), and apolipoprotein
(APOE) status (presence of either 1 or 2 vs absence of «4
alleles [as the reference]), were used as dichotomous varia-
bles. Body mass index (BMI; kg/m2) was calculated as weight
over height squared. The presence of depression was defined
as ≥4 on the 10-item version of the Center for Epidemiologic
Studies Depression scale. Presence or absence of heart dis-
ease, diabetes mellitus, and hypertension, as well as the use of
medication for the conditions, were based on self-reported
information, and clinical stroke was determined by self-report,
neurologic examination, or a review of medical records. A
vascular comorbidity burden score (range 0–4) was calculated
by summing these 4 dichotomized vascular comorbidity var-
iables. Fasting plasma lipids were determined on baseline
blood samples using standard techniques.

Statistical analyses

Characteristic variables of the participants
Circulating levels of inflammatory biomarkers were trans-
formed using logarithm and then standardized ([log10Bio-
marker − mean of log10Biomarker]/SD of log10Biomarker).
The resulting standardized values were approximately normally
distributed. Demographics, clinical characteristics, vascular and
lifestyle factors, and brain imaging findings of participants by
biomarker tertiles were compared using analysis of variance for
continuous variables and the χ2 test for categorical variables.

Cross-sectional associations between the
inflammatory biomarkers and cerebrovascular
disease
Generalized linear models were used to test the associations
between the inflammatory biomarkers and baseline WMH,
and logistic regression models were used for the inflammatory
biomarkers and infarcts or microbleeds status. All the models
were adjusted for age at time of scan, sex, education, ethnicity,
and APOE «4 status. In the fully adjusted models, we addi-
tionally adjusted for health and vascular risk factors, including
BMI, depression, plasma lipids level, smoking status, and
vascular comorbidity burden. All covariates were treated as
time-independent variables.

Longitudinal data analysis
The changes of WMH were calculated as [log10(follow-up
WMH/ICV) − log10(baseline WMH/ICV)]. Multiple re-
gression models were used to test whether inflammatory

biomarkers were associated with differential WMH change,
adjusted for time from baseline scan to the follow-up scan in
addition to all the other covariates. Cox proportional hazard
models were used to examine whether baseline inflammatory
biomarkers were associated with the risk of developing in-
cident infarcts among those without infarcts at baseline.

Supplementary analyses
We excluded 102 (20.1% of 508) participants with clinical
stroke and repeated the analyses only among participants
without clinical stroke. We also excluded 24 participants who
developed incident dementia during follow-up and repeated
the analysis for microbleeds and infarcts at follow-up. In ad-
dition, we examined whether certain regions were particularly
vulnerable to inflammatory effects by examining WMH in the
frontal, parietal, occipital, and temporal regions separately and
by examining lobar and deep microbleeds separately. Finally,
we examined the relationship between inflammatory bio-
markers and CVD by race/ethnic groups, sex, and APOE
status.

All analyses were performed using PASW Statistics 17.0
(formerly SPSS Inc., Chicago, IL). All p values were based on
two-sided tests with the statistical significance level set
at 0.05.

Data availability
The data that support the findings of this study are available
on request from the corresponding author, yg2121@colum-
bia.edu. Some access restrictions apply to the data used for the
current study because of privacy concerns including the fol-
lowing: (1) the data contain elements that are considered
Protected Health Information under HIPAA regulations; and
(2) there is a potential risk for linkage of data made publicly
available in conjunction with multiple studies based on the
same cohort. Although the data on which the manuscript is
based are not publicly available, a limited data set is available
under a standard HIPAA Data Use Agreement, subject to
review and approval by the Columbia University Privacy
Officer.

Results
Demographic and cerebrovascular disease
characteristics according to levels of
inflammatory biomarkers
The 3 inflammatory markers positively correlated with each
other,30 with correlation coefficients between CRP and IL6,
between CRP and ACT, and between IL6 and ACT being
0.51, 0.39, and 0.21, respectively, all p < 0.0001.

Those with a higher level of inflammatory biomarkers are
more likely to be women and more likely to be African-
Americans (table 1). Those in the highest tertiles were less
likely to be APOE «4 positive (CRP), had higher BMI (CRP
and IL6), had worse lipids profiles (CRP and IL6), had more
vascular comorbidities (CRP), and had higher education
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Table 1 Demographic, clinical, and dietary characteristics in relation to CRP, IL6, and ACT

Lowest Middle Highest Total *p Value *p (H vs L)

CRP tertile

Number 169 170 169 508

CRP, mg/L, median (IQR) 2.03 (1.22–2.89) 5.55 (4.44–7.51) 22.3 (15.7–37.3) 5.59 (2.87–15.8)

Age at blood collection, mean (SD) 72.95 (5.87) 72.05 (5.83) 72.53 (5.42) 72.51 (5.71) 0.435 0.546

Age at baseline MRI scan, mean (SD) 80.49 (5.84) 79.41 (5.6) 79.87 (5.57) 79.92 (5.68) 0.199 0.305

Age at follow-up, mean (SD) 84.55 (5.54) 83.62 (5.11) 84.05 (5.36) 84.07 (5.33) 0.559 0.576

Education, mean (SD) 10.92 (4.8) 10.84 (4.88) 10.6 (4.55) 10.78 (4.74) 0.810 0.533

Female, N (%) 102 (60) 113 (67) 119 (70) 334 (66) 0.162 0.062

Whites, N (%) 64 (38) 50 (30) 42 (25) 156 (31) 0.080 0.025

African-American, N (%) 43 (25.4) 53 (31.4) 63 (37.1) 159 (31.3)

Hispanics, N (%) 61 (36.1) 61 (36.1) 62 (36.5) 184 (36.2)

Others, N (%) 1 (0.6) 5 (3) 3 (1.8) 9 (1.8)

APOE «4 positive, N (%) 54 (32) 40 (24) 33 (19) 127 (25) 0.025 0.008

BMI, kg/m2, mean (SD) 25.65 (4.6) 27.7 (5.23) 29.89 (6.45) 27.77 (5.74) <0.0001 <0.0001

Triglycerides (TG), mg/dL, mean (SD) 134.5 (75.6) 144 (68.6) 169.7 (111.2) 149.3 (88.1) 0.001 <0.0001

Total cholesterol, mg/dL, mean (SD) 199.2 (38.7) 200.8 (37) 198.1 (41.4) 199.3 (39) 0.815 0.794

HDL-cholesterol, mg/dL, mean (SD) 51.8 (14.1) 50.5 (15.9) 44.6 (12.6) 49 (14.6) 0.000 <0.0001

LDL-cholesterol, mg/dL, mean (SD) 121.2 (33.7) 121.5 (31.9) 119.8 (33) 120.8 (32.8) 0.877 0.704

Ratio of TG to HDL-cholesterol, mean (SD) 3.03 (2.47) 3.4 (2.57) 4.4 (4.12) 3.61 (3.19) <0.0001 <0.0001

Heart disease, N (%) 61 (36) 95 (55) 74 (43) 230 (45) 0.001 0.149

Hypertension, N (%) 135 (79) 145 (85) 149 (88) 429 (84) 0.103 0.038

Diabetes mellitus, N (%) 28 (16) 45 (26) 62 (36) 135 (26) <0.0001 <0.0001

Clinical stroke, N (%) 31 (18) 33 (19) 38 (22) 102 (20) 0.614 0.345

Vascular score, mean (SD) 1.51 (0.96) 1.87 (0.98) 1.91 (1.01) 1.76 (1.00) <0.0001 <0.0001

Infarct presence at baseline, N (%) 54 (32) 49 (29) 66 (39) 169 (33) 0.123 0.173

Infarct presence at follow-up, N (%) 37 (52) 37 (49) 38 (59) 112 (53) 0.481 0.396

WMH† at baseline, mean (SD) −6.02 (0.71) −6.05 (0.64) −5.97 (0.67) −6.02 (0.67) 0.523 0.497

WMH† at follow-up, mean (SD) 25.53 (0.61) −5.48 (0.45) 25.34 (0.56) −5.45 (0.55) 0.088 0.032

Increased WMH,‡ mean (SD) 0.63 (0.37) 0.60 (0.45) 0.64 (0.38) 0.62 (0.4) 0.847 0.939

Microbleeds at follow-up, N (%) 13 (20) 18 (30) 15 (33) 46 (27) 0.225 0.104

Lobar microbleeds at follow-up, N (%) 9 (14) 12 (20) 14 (31) 35 (20) 0.081 0.026

Deep microbleeds at follow-up, N (%) 4 (6) 7 (12) 4 (9) 15 (9) 0.539 0.572

No. of microbleeds, mean (SD) 0.23 (0.52) 0.42 (0.79) 0.82 (1.95) 0.45 (1.16) 0.028 0.008

No. of lobar microbleeds, mean (SD) 0.17 (0.48) 0.3 (0.74) 0.73 (1.8) 0.36 (1.08) 0.021 0.007

No. of deep microbleeds, mean (SD) 0.06 (0.24) 0.12 (0.32) 0.09 (0.29) 0.09 (0.28) 0.544 0.608

IL6 tertile

Number 119 119 119 357

IL6, pg/mL, median (IQR) 1.41 (1.18–1.65) 2.43 (2.04–2.87) 4.55 (3.85–6.19) 2.44 (1.65–3.91)

Continued
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Table 1 Demographic, clinical, and dietary characteristics in relation to CRP, IL6, and ACT (continued)

Lowest Middle Highest Total *p Value *p (H vs L)

Age at blood collection, mean (SD) 72.38 (5.71) 72.19 (5.96) 73.12 (5.36) 72.56 (5.68) 0.408 0.312

Age at baseline MRI scan, mean (SD) 79.74 (5.66) 79.33 (5.67) 80.11 (5.12) 79.73 (5.48) 0.552 0.603

Age at follow-up, mean (SD) 83.83 (5.45) 83.66 (5.46) 84.25 (4.74) 83.9 (5.22) 0.835 0.685

Education, mean (SD) 11.08 (4.95) 11.19 (4.52) 10.79 (4.58) 11.02 (4.68) 0.790 0.629

Female, N (%) 73 (62) 75 (63) 89 (74) 237 (66) 0.085 0.042

Whites, N (%) 46 (39) 38 (31.9) 29 (24.2) 113 (31.7) 0.346 0.083

African-American, N (%) 32 (27.1) 37 (31.1) 44 (36.7) 113 (31.7)

Hispanics, N (%) 36 (30.5) 40 (33.6) 44 (36.7) 120 (33.6)

Others, N (%) 4 (3.4) 4 (3.4) 3 (2.5) 11 (3.1)

APOE «4 positive, N (%) 25 (33) 33 (28) 28 (23) 86 (24) 0.486 0.691

BMI, kg/m2, mean (SD) 26.4 (4.49) 27.66 (4.91) 28.54 (5.64) 27.54 (5.1) 0.006 0.001

Triglycerides (TG), mg/dL, mean (SD) 136.7 (73.3) 157 (78.2) 155.5 (111.6) 149.6 (89.6) 0.159 0.110

Total cholesterol, mg/dL, mean (SD) 205.5 (38) 200.8 (42.3) 199.7 (36.6) 202 (39) 0.485 0.256

HDL-cholesterol, mg/dL, mean (SD) 53.6 (16.6) 50 (14.5) 46.3 (13.8) 50 (15.3) 0.001 <0.0001

LDL-cholesterol, mg/dL, mean (SD) 125 (33) 118.2 (31.2) 123.3 (32.6) 122.2 (32.3) 0.260 0.696

Ratio of TG to HDL-cholesterol, mean (SD) 3.08 (2.58) 3.65 (2.51) 4.02 (4.09) 3.58 (3.16) 0.076 0.175

Heart disease, N (%) 52 (43) 51 (42) 49 (41) 152 (42) 0.923 0.694

Hypertension, N (%) 99 (83) 102 (85) 99 (83) 300 (84) 0.829 0.999

Diabetes mellitus, N (%) 31 (26) 30 (25) 33 (27) 94 (26) 0.904 0.770

Clinical stroke, N (%) 18 (15) 20 (16) 32 (26) 70 (19) 0.047 0.026

Vascular score, mean (SD) 1.68 (1.00) 1.71 (0.96) 1.79 (1.00) 1.76 (1.00) 0.670 0.393

Infarct presence at baseline, N (%) 33 (28) 40 (34) 47 (40) 120 (34) 0.158 0.055

Infarct presence at follow-up, N (%) 26 (52) 31 (55) 28 (60) 85 (56) 0.754 0.453

WMH† at baseline, mean (SD) −6.05 (0.68) −6.02 (0.72) −5.95 (0.72) −6.01 (0.71) 0.513 0.265

WMH† at follow-up, mean (SD) 25.59 (0.62) −5.41 (0.54) 25.34 (0.58) −5.45 (0.59) 0.072 0.028

Increased WMH,‡ mean (SD) 0.56 (0.39) 0.66 (0.44) 0.59 (0.4) 0.61 (0.41) 0.416 0.670

Microbleeds at follow-up, N (%) 12 (31) 13 (28) 10 (26) 35 (28) 0.905 0.665

Lobar microbleeds at follow-up, N (%) 10 (26) 10 (21) 8 (21) 28 (23) 0.858 0.634

Deep microbleeds at follow-up, N (%) 4 (10) 4 (9) 5 (13) 13 (10) 0.784 0.692

No. of microbleeds, mean (SD) 0.54 (1.00) 0.43 (0.83) 0.74 (2.05) 0.56 (1.36) 0.576 0.524

No. of lobar microbleeds, mean (SD) 0.44 (0.91) 0.34 (0.76) 0.61 (1.88) 0.45 (1.25) 0.623 0.554

No. of deep microbleeds, mean (SD) 0.10 (0.31) 0.09 (0.28) 0.13 (0.34) 0.10 (0.31) 0.788 0.682

ACT tertile

Number 145 145 145 435

ACT, mg/L, median (IQR) 158 (146–165) 188 (181–195) 232 (216–272) 188 (165–216)

Age at blood collection, mean (SD) 72.55 (6.27) 72.72 (5.4) 73.56 (5.78) 72.95 (5.83) 0.266 0.128

Age at baseline MRI scan, mean (SD) 79.86 (6.25) 79.84 (5.33) 80.28 (5.44) 79.99 (5.68) 0.747 0.522

Age at follow-up, mean (SD) 84.12 (5.87) 84.64 (5.28) 83.71 (4.89) 84.16 (5.37) 0.632 0.666

Continued
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(ACT) compared with those in the lowest tertile of the cor-
responding biomarker (table 1).

Those with a higher tertile of any of the inflammatory bio-
marker tended to have more CVD (table 1). Comparing the
inflammatory marker levels according to the CVD status

revealed a similar relationship, i.e., participants with infarcts at
baseline had higher IL6 levels than those without, those with
higher WMH at follow-up had higher ACT levels than those
with lower WMH, and those with microbleeds had higher
ACT levels than those without microbleeds (table 2 and
figure 2).

Table 1 Demographic, clinical, and dietary characteristics in relation to CRP, IL6, and ACT (continued)

Lowest Middle Highest Total *p Value *p (H vs L)

Education, mean (SD) 10.25 (4.71) 10.53 (4.89) 11.37 (4.36) 10.72 (4.67) 0.096 0.038

Female, N (%) 84 (58) 105 (71) 101 (71) 290 (67) 0.035 0.030

Whites, N (%) 42 (29.2) 41 (27.7) 52 (36.4) 135 (31) 0.046 0.048

African-American, N (%) 46 (31.9) 42 (28.4) 53 (37.1) 141 (32.4)

Hispanics, N (%) 54 (37.5) 61 (41.2) 33 (23.1) 148 (34)

Others, N (%) 2 (1.4) 4 (2.7) 5 (3.5) 11 (2.5)

APOE «4 positive, N (%) 38 (26) 25 (17) 38 (27) 101 (23) 0.081 0.972

BMI, kg/m2, mean (SD) 27.68 (5.65) 26.95 (4.95) 27.52 (6.2) 27.38 (5.63) 0.501 0.815

Triglycerides (TG), mg/dL, mean (SD) 145.3 (82.3) 144.3 (61.1) 151 (108.7) 146.9 (86.4) 0.789 0.583

Total cholesterol, mg/dL, mean (SD) 196.7 (40.8) 201.1 (40.5) 200.8 (37.1) 199.5 (39.5) 0.581 0.380

HDL-cholesterol, mg/dL, mean (SD) 50.2 (16.7) 50.2 (14.3) 49.4 (14) 49.9 (15) 0.861 0.627

LDL-cholesterol, mg/dL, mean (SD) 116.4 (30.4) 122 (35.9) 122.4 (32.8) 120.3 (33.1) 0.253 0.138

Ratio of TG to HDL-cholesterol, mean (SD) 3.52 (2.93) 3.31 (2.12) 3.66 (3.84) 3.5 (3.05) 0.644 0.715

Heart disease, N (%) 56 (38) 64 (44) 64 (44) 184 (42) 0.547 0.340

Hypertension, N (%) 115 (79) 124 (85) 127 (87) 366 (84) 0.133 0.058

Diabetes mellitus, N (%) 31 (21) 46 (31) 41 (28) 118 (27) 0.131 0.174

Clinical stroke, N (%) 29 (20) 28 (19) 32 (22) 89 (20) 0.832 0.666

Vascular score, mean (SD) 1.59 (1.04) 1.81 (1.00) 1.82 (0.96) 1.76 (1.00) 0.095 0.053

Infarct presence at baseline, N (%) 47 (33) 46 (32) 50 (35) 143 (33) 0.873 0.709

Infarct presence at follow-up, N (%) 32 (46) 28 (54) 36 (62) 96 (54) 0.210 0.077

WMH† at baseline, mean (SD) −6.04 (0.7) −5.95 (0.67) −5.95 (0.73) −5.98 (0.7) 0.476 0.288

WMH† at follow-up, mean (SD) 25.6 (0.62) 25.4 (0.53) 25.34 (0.58) 25.46 (0.59) 0.028 0.013

Increased WMH,‡ mean (SD) 0.54 (0.39) 0.62 (0.38) 0.70 (0.42) 0.61 (0.4) 0.085 0.027

Microbleeds at follow-up, N (%) 10 (20) 7 (15) 23 (49) 40 (28) <0.0001 0.003

Lobar microbleeds at follow-up, N (%) 8 (16) 7 (15) 18 (38) 33 (23) 0.008 0.013

Deep microbleeds at follow-up, N (%) 2 (4) 2 (4) 10 (21) 14 (10) 0.005 0.010

No. of microbleeds, mean (SD) 0.30 (0.76) 0.21 (0.54) 1.13 (1.97) 0.54 (1.31) 0.001 0.001

No. of lobar microbleeds, mean (SD) 0.26 (0.75) 0.17 (0.43) 0.91 (1.84) 0.44 (1.20) 0.004 0.002

No. of deep microbleeds, mean (SD) 0.04 (0.20) 0.04 (0.20) 0.21 (0.41) 0.10 (0.30) 0.004 0.004

Abbreviations: ACT = alpha 1-antichymotrypsin; ANOVA = analysis of variance; BMI = body mass index; CRP = C-reactive protein; ICV = total intracranial
volume; IL6 = interleukin-6; WMH = white matter hyperintensities.
*p Values were from the χ2 test for categorical variables or the one-way ANOVA test for continuous variables. p (H vs L) is the p value corresponding to the
comparison of the highest (H) to the lowest (L) tertile.
† “WMH” was calculated as log10(WMH volume/intracranial volume).
‡ “Increased WMH” was calculated as the increase from the first to the second WMH value [log10(follow-up WMH/ICV) − s(baseline WMH/ICV)].
Bold values indicate statistical significant difference with p < 0.05.
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Table 2 Average CRP, IL6, and ACT levels according to the cerebrovascular disease status

CRP IL6 ACT

N

z-score,
mean
(SD)

Geometric,
mean (SD)

p
Value N

z-score,
mean
(SD)

Geometric,
mean (SD)

p
Value N

z-score,
mean
(SD)

Geometric,
mean (SD)

p
Value

Infarct at
baseline

No 339 −0.02
(0.98)

6.06 (3.3) 0.388 237 20.08
(0.98)

2.41 (1.79) 0.036 292 −0.04
(0.99)

190.7 (1.25) 0.357

Yes 169 0.06
(1.06)

6.69 (3.6) 120 0.15
(1.03)

2.77 (1.84) 143 0.06
(1.02)

194.8 (1.26)

Total 508 0 (1.01) 6.26 (3.4) 357 0 (1) 2.53 (1.81) 435 0 (1) 192.0 (1.25)

Infarct at
follow-up

No 98 −0.11
(0.95)

5.48 (3.2) 0.556 68 −0.12
(0.93)

2.35 (1.74) 0.236 83 −0.22
(0.94)

182.9 (1.24) 0.168

Yes 112 −0.03
(0.99)

6.04 (3.3) 85 0.07
(1.02)

2.64 (1.83) 96 −0.01
(1.04)

191.6 (1.27)

Total 210 −0.07
(0.98)

5.77 (3.3) 153 −0.02
(0.99)

2.51 (1.79) 179 −0.11 (1) 187.5 (1.25)

Total
microbleeds

No 125 −0.24
(1.03)

4.66 (3.5) 0.063 89 −0.05
(0.96)

2.45 (1.76) 0.709 105 20.23
(0.97)

182.3 (1.25) 0.019

Yes 46 0.09
(0.97)

6.92 (3.2) 35 0.02
(0.98)

2.56 (1.79) 40 0.20
(1.03)

201.2 (1.26)

Total 171 −0.15
(1.02)

5.19 (3.4) 124 −0.03
(0.96)

2.48 (1.77) 145 20.11
(1.00)

187.3 (1.26)

WMH at
baseline*

Low 256 −0.05
(1.03)

5.86 (3.5) 0.104 170 −0.03 (1) 2.48 (1.81) 0.581 208 −0.08
(0.9)

188.7 (1.23) 0.084

High 234 0.1 (0.99) 7.00 (3.3) 175 0.03
(0.98)

2.57 (1.79) 214 0.09 (1.1) 196.1 (1.28)

Total 490 0.02
(1.01)

6.38 (3.4) 345 0 (0.99) 2.52 (1.8) 422 0 (1.01) 192.4 (1.26)

WMH at
follow-up*

Low 115 −0.15
(0.98)

5.20 (3.3) 0.189 83 −0.15
(0.98)

2.32 (1.79) 0.166 98 20.31
(0.86)

179.2 (1.22) 0.005

High 111 0.02
(0.97)

6.39 (3.3) 80 0.06
(0.93)

2.63 (1.74) 95 0.08
(1.05)

195.9 (1.27)

Total 226 −0.07
(0.98)

5.75 (3.3) 163 −0.04
(0.96)

2.46 (1.77) 193 20.12
(0.98)

187.3 (1.25)

Infarct
during
follow-up†

No 98 −0.11
(0.95)

5.48 (3.2) 0.88 68 −0.12
(0.93)

2.35 (1.74) 0.674 83 −0.22
(0.94)

182.9 (1.24) 0.995

Yes 42 −0.08
(0.89)

5.66 (2.9) 32 −0.04
(0.93)

2.48 (1.74) 37 −0.01
(1.04)

182.8 (1.28)
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Cross-sectional association between
inflammatory biomarkers and
cerebrovascular disease
In adjusted models, 1 SD increase in circulating log-
transformed CRP level was associated with increased odds
of having microbleeds (table 3), and the association remained
significant in the fully adjusted model (odds ratio [OR] =
1.80, 95% confidence interval [CI] = 1.07–3.03, p = 0.026).

One SD increase in circulating log-transformed IL6 level was
associated with increased odds of having infarcts at initial
(baseline) scan visit (table 3), and the association remained
significant in the fully adjusted model (OR = 1.30, 95% CI =
1.01–1.66, p = 0.039).

ACT seemed to be associated with increased odds of infarcts
at the follow-up visit (table 3), but the association was no
longer significant in the fully adjusted model. An increased
ACT level was associated with increased odds of having
microbleeds (table 3) and remained so in the fully adjusted
model (OR comparing 3rd to 1st tertile = 3.74, 95% CI =
1.28–10.90, p = 0.016; p-trend = 0.011). ACT was also as-
sociated with larger WMH at the follow-up visit (table 3) and
remained associated in the fully adjusted model (b = 0.087,
p = 0.041).

Longitudinal association between
inflammatory biomarkers and
cerebrovascular disease
A higher ACT level was associated with greater accumulation
of WMH during follow-up (table 3). In the fully adjusted
model, a 1-SD increase in log10aACT was associated with
0.083 (p = 0.011) increase in log10WMH during follow-up
(i.e., approximately 1.21 times increase in WMH volume).
None of the inflammatory biomarkers was associated with risk
of incident infarcts (table 3).

Supplementary analyses
When participants with clinically diagnosed stroke were ex-
cluded, log10CRP remained associated with microbleeds
(OR = 1.77, 95% CI = 1.08–2.92, p = 0.024), log10IL6 with
baseline infarcts (OR = 1.40, 95% CI = 1.05–1.87, p = 0.022),
and log10ACTwithmicrobleeds (OR= 2.01, 95%CI = 1.15–3.50,
p = 0.015), larger WMH at follow-up visit (b = 0.101, p = 0.044),

and greater accumulation of WMH (b = 0.119, p = 0.001), all in
the fully adjusted models.

Excluding 24 participants who developed dementia during the
follow-up, adjusted models showed that higher log10CRP and
log10ACT remained significantly associated with increased
odds of microbleeds, with OR (95% CI) = 1.49 (1.03–2.14),
p = 0.03, and 1.62 (1.08–2.42), p = 0.02, respectively, and
log10ACTwas also associated withWMHburden at follow-up
(b = 0.116, p = 0.006) and accumulation (b = 0.063, p =
0.048).

In the fully adjusted model, higher log10ACT was associated
with larger WMH at the follow-up visit in the frontal (b =
0.114, p = 0.017), parietal (b = 0.127, p = 0.028), and temporal
(b = 0.140, p = 0.029) regions and was associated with greater
accumulation of WMH during follow-up in the frontal (b =
0.102, p = 0.037), parietal (b = 0.117, p = 0.052), and temporal
(b = 0.133, p = 0.047) regions.

One SD increase in log10CRP level was associated with in-
creased odds of lobar microbleeds (OR = 1.81, 95% CI =
1.12–2.94, p = 0.016; p-trend = 0.019 for tertiles), whereas
ACT was associated with deep microbleeds (OR = 2.72, 95%
CI = 1.11–6.66, p = 0.028; p-trend = 0.007 for tertiles) in the
fully adjusted model.

The associations of inflammatory biomarkers with CVD in
general did not vary by ethnic groups, sex, or APOE status.
The only exception was that the association between ACT
and WMH accumulation during the follow-up (b for in-
teraction between ACT and Hispanic ethnicity = −0.143, p =
0.068) was significant for whites (b = 0.124, p = 0.042) and
African-Americans (b = 0.131, p = 0.037), but not for His-
panics (b = −0.018, p = 0.669).

Discussion
In this multiethnic, nondemented, elderly population, we
found that higher circulating proinflammatory biomarkers
were associated with more CVD. Our finding that IL6 was
associated with the presence of silent brain infarcts is con-
sistent with some previous studies,10,12 but not others.14,22

Table 2 Average CRP, IL6, and ACT levels according to the cerebrovascular disease status (continued)

CRP IL6 ACT

N

z-score,
mean
(SD)

Geometric,
mean (SD)

p
Value N

z-score,
mean
(SD)

Geometric,
mean (SD)

p
Value N

z-score,
mean
(SD)

Geometric,
mean (SD)

p
Value

Total 140 −0.10
(0.93)

5.53 (3.1) 100 −0.09
(0.93)

2.39 (1.73) 120 −0.11 (1) 182.8 (1.25)

Abbreviations: ACT = alpha 1-antichymotrypsin; CRP = C-reactive protein; IL6 = interleukin-6; WMH = white matter hyperintensity.
* Low and high WMHs were based on the median split. p Values from t-tests.
† Among those without infarct at baseline only.
Bold values indicate statistical significant difference with p < 0.05.
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Although some studies found CRP to be associated with
infarcts,10,12,13 our study, along with a few other
studies,9,14–16,19 did not replicate this finding. Studies also
found that CRP or intercellular adhesion molecule-1
(sICAM-1) levels were associated with incident lacunar
infarcts.9,23 Overall, there is some evidence showing a cross-
sectional relationship between inflammatory biomarkers and

CVD, but longitudinal evidence is limited. The potential role
of inflammatory markers other than CRP or IL6 in CVD is
worth further exploration.

A few studies found that higher CRP,9,10,19 IL6,10,26 or both22

were associated with more white matter lesions. Two other
studies found that the association between CRP and WMH

Figure 2 Association of circulating concentrations of inflammatory biomarkers and cerebrovascular disease

Association of circulating concentrations of C-reactive protein (CRP), interleukin-6 (IL6), and alpha 1-antichymotrypsin (ACT) with infarct and microbleeds
status (A.a–A.c) and white matter hyperintensity (WMH) level (B.a–B.c). p Values in the figure were from unadjusted t-test (for infarcts and microbleeds) or
from Pearson correlation (for WMH). WMH = white matter hyperintensity. *p < 0.05.
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Table 3 Association between inflammatory biomarkers and brain structural MRI measures

Logistic regression models*

CRP IL6 ACT

OR (95% CI) p Value OR (95% CI) p Value OR (95% CI) p Value

Infarcts at baseline

1 SD increase 1.10 (0.89–1.30) 0.333 1.28 (1.02–1.60) 0.033 1.12 (0.91–1.38) 0.290

Middle tertile 0.90 (0.56–1.44) 0.657 1.30 (0.74–2.27) 0.361 1.00 (0.61–1.66) 0.995

Highest tertile 1.42 (0.90–2.24) 0.136 1.74 (1.00–3.03) 0.052 1.12 (0.68–1.85) 0.646

p-trend 0.130 0.051 0.646

Infarcts at follow-up

1 SD increase 1.07 (0.80–1.44) 0.642 1.17 (0.83–1.65) 0.370 1.32 (0.96–1.81) 0.089

Middle tertile 0.97 (0.50–1.89) 0.932 1.07 (0.49–2.35) 0.860 1.44 (0.68–3.07) 0.341

Highest tertile 1.33 (0.65–2.70) 0.432 1.22 (0.53–2.83) 0.643 2.17 (1.03–4.57) 0.042

p-trend 0.446 0.645 0.042

Total microbleeds

1 SD increase 1.46 (1.02–2.09) 0.041 1.18 (0.76–1.81) 0.468 1.65 (1.11–2.46) 0.013

Middle tertile 1.86 (0.81–4.32) 0.146 0.99 (0.37–2.62) 0.983 0.87 (0.29–2.59) 0.798

Highest tertile 2.33 (0.93–5.85) 0.071 1.00 (0.30–2.57) 0.996 4.62 (1.78–11.99) 0.002

p-trend 0.108 0.996 0.092

Linear regression models*

CRP IL6 ACT

b p Value b p Value b p Value

WMH at baseline

1 SD increase 0.026 0.368 −0.002 0.962 0.060 0.072

Middle tertile −0.032 0.654 0.022 0.798 0.108 0.179

Highest tertile 0.004 0.950 0.028 0.753 0.090 0.262

p-trend 0.945 0.752 0.263

WMH at follow-up

1 SD increase 0.052 0.151 0.054 0.245 0.103 0.012

Middle tertile 0.050 0.545 0.131 0.204 0.184 0.057

Highest tertile 0.116 0.190 0.158 0.157 0.218 0.025

p-trend 0.191 0.150 0.022

WMH change†

1 SD increase 0.002 0.959 0.041 0.248 0.062 0.041

Middle tertile −0.031 0.639 0.086 0.282 0.081 0.260

Highest tertile 0.028 0.697 0.053 0.538 0.148 0.041

p-trend 0.728 0.519 0.040

Cox proportional hazard models*

CRP IL6 ACT

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Incident infarcts‡

1 SD increase 0.89 (0.64–1.24) 0.491 0.82 (0.49–1.37) 0.446 1.34 (0.98–1.83) 0.070

Continued
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was attenuated by the adjustment of cardiovascular13 or
other factors.11 Our study and several others did not find
CRP15,16,24,27 or other cytokines14,25,27 to be associated with
the severity of WMH volume. One previous study9 found
that CRP was associated with more progression of white
matter lesions. However, other studies15,22,23 did not find
such a relationship. We found that ACT, but not CRP or
IL6, was associated with WMH severity cross-sectionally at
the follow-up MRI scan visit and with progression of WMH
longitudinally. Two recent studies found that sICAM-1, but
not CRP, was associated with the presence21 or progression
of WMH.23 Therefore, inflammatory biomarkers other
than CRP or IL6 may be relevant for WMH. Interestingly,
both ACT and sICAM-1 play a role in cell adhesion and
endothelial dysfunction, which may contribute to the
pathogenesis of WMH.33 Similar to our study, other bi-
racial studies10,19 found that there was no evidence for ef-
fect of inflammatory biomarkers on WMH to be different
between white and black adults. More studies are needed to
examine the effect of inflammatory biomarkers on WMH
among Hispanics.

Only a few studies have examined the relationship between
circulating inflammatory biomarkers with microbleeds,13,19–21

but the results are inconsistent. Two studies found that CRP
was not associated with microbleeds,13,19 but a Japanese study
found that CRP, IL6, and IL18 were all associated with the
presence of microbleeds.20 The Framingham offspring study
found that tumor necrosis factor receptor 2 and myeloper-
oxidase were associated with increased odds of having
microbleeds, especially deep microbleeds.21 We found that
CRP was associated with increased odds of lobar but not deep
microbleeds, whereas ACT was associated with increased
odds of deep but not lobar microbleeds. The distribution of
microbleeds is believed to reflect 2 distinct underlying types of
microangiopathy34: lobar microbleeds are considered likely to
be attributable to cerebral amyloid angiopathy (CAA),
whereas deep microbleeds are considered to be due to hy-
pertensive arteriopathy. Therefore, CRP and ACT may rep-
resent 2 different pathways toward small hemorrhagic lesions
in the brain. This is in line with our previous findings that

increased CRP, but not ACT, was associated with smaller gray
matter volume,30 as it has been shown that CAA-related, but
not CAA-unrelated, microbleeds are associated gray matter
atrophy.35 Nevertheless, such differential roles of CRP, ACT,
or other inflammatory biomarkers in microbleeds need to be
confirmed in future studies.

Growing evidence suggest that inflammatory cytokines are
associated with increased risk of developing stroke, cardio-
vascular disease, and dementia.6 In addition, our study and
other longitudinal studies9,23 found inflammatory biomarkers
were associated with progression of CVD (particularly
WMH), suggesting cytokines, acute-phase proteins, endo-
thelial cell adhesive molecules, and other immune-related
proteins may play an active role in building up or contributing
to the vascular injuries in the brain. However, current evi-
dence has been inconsistent. The exact reason for this is un-
known, but it might be due to differences in age, prevalence of
vascular risk factors, ethnicity, MRI acquisition techniques,
and analytic strategies. In addition, there are few longitudinal
studies and some existing ones that failed to establish this
longitudinal relationship. Therefore, an alternative explana-
tion of the results might be that elevated inflammatory bio-
markers may be a marker of the inflammation as a result of
vascular or other pathologic injury. Generation of cytokines
can be upregulated in the brains of patients with stroke36 and
CAA,37 probably representing an immune response stimu-
lated by the vascular deposits of β-amyloid and other injuries.
In addition, increased circulating levels of peripheral proin-
flammatory cytokines are found in patients with AD com-
pared with controls.38 Overall, it is possible that both
directions exist and create a vicious circle for a progressive
accumulation of vascular and neurodegenerative damages, as
well as elevated inflammatory responses. Either way, further
understanding the role of inflammatory biomarkers in the
presence and progression of CVD is important because it may
help elucidate the pathogenesis of CVD and allow the de-
velopment of immune-modulating intervention measures for
CVD and related neurologic outcomes or it may help de-
termine how inflammatory markers can be used to monitor
disease progression.

Table 3 Association between inflammatory biomarkers and brain structural MRI measures (continued)

Cox proportional hazard models*

CRP IL6 ACT

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Middle tertile 0.92 (0.43–2.00) 0.838 0.72 (0.30–1.76) 0.473 1.84 (0.76–4.42) 0.176

Highest tertile 0.60 (0.26–1.37) 0.224 0.65 (0.24–1.76) 0.394 2.17 (0.91–5.19) 0.080

p-trend 0.222 0.400 0.071

Abbreviations: ACT = alpha 1-antichymotrypsin; CI = confidence interval; CRP = C-reactive protein; ICV = intracranial volume; IL6 = interleukin-6; OR = odds
ratio; WMH = white matter hyperintensity.
* All models adjusted for age at time of scan, sex, ethnicity/race, APOE status, and, for WMH only, also ICV.
† Additionally adjusted for duration between scans.
‡ Limit to 158 participants without infarcts at baseline only.
Bold values indicate statistical significant difference with p < 0.05.
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Although we adjusted for several key factors, we cannot
completely exclude the possibility that our results are subject
to residual confounding due to unmeasured factors. We only
examined 3 of the many inflammatory markers in our study,
whereas the role of many other inflammatory markers is also
worthy of examination. We only measured the inflammatory
markers once and they may not represent the long-term av-
erage level of the subject. Although WMH overall is strongly
associated with vascular factors and viewed as a reflection of
small vessel CVD,39 the pathogenesis of WMHs is not fully
understood and could be multifactorial.40 Thus, another
limitation of our study is that we did not subclassifyWMHs by
their putative etiologies. Our studymight be underpowered to
examine interactions, stratified analyses in subgroups, and the
longitudinal relationship. We did not correct for multiple
comparison as we consider our study to be exploratory in
nature and need replication in an external sample.

Our study has many strengths. We added new evidence to this
line of research by including several key inflammatory mark-
ers, both cross-sectional and longitudinal analyses, an elderly
population with advanced age, and different cerebrovascular
features. In addition, our study population comprised multi-
ple ethnic groups, making the results more generalizable to
the increasingly diverse US population. Finally, several key
potential confounding factors were adjusted in the analyses.

Among the old participants of our study, higher levels of
peripheral CRP and IL6 were associated with increased odds
of microbleeds and infarcts, respectively, and increased ACT
was associated with cerebrovascular events including in-
creased odds of infarcts and microbleeds and larger burden
and more accumulation of WMH. More studies, especially
longitudinal studies with a wide range of inflammatory bio-
markers, are needed to clarify whether inflammatory bio-
markers play an etiologic role in CVD or represent an
epiphenomenon of CVD.
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Payam Mohassel, MD,* Océane Landon-Cardinal, MD,* A. Reghan Foley, MD, Sandra Donkervoort, MS, CGC,

Katherine S. Pak, MD, Colleen Wahl, FNP, DNP, Robert T. Shebert, MD, Amy Harper, MD, Pierre Fequiere, MD,

Matthew Meriggioli, MD, Camilo Toro, MD, Daniel Drachman, MD, Yves Allenbach, MD, PhD,
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Abstract
Objective
To determine the prevalence and clinical features of anti-HMGCR myopathy among patients
with presumed limb-girdle muscular dystrophy (LGMD) in whom genetic testing has failed to
elucidate causative mutations.

Methods
Patients with presumed LGMD and unrevealing genetic testing were selected based on a few
clinico-pathologic features and tested for anti-HMGCR autoantibodies (n = 11). These clinico-
pathologic features are peak creatine kinase (CK) greater than 1,000 IU/L and at least 3 of the
following features: (1) limb-girdle pattern of weakness, (2) selective involvement of posterior
thigh on clinical examination or muscle imaging, (3) dystrophic changes on muscle biopsy, and
(4) no family history of muscular dystrophy.

Results
Six patients tested positive for anti-HMGCR autoantibodies. In 4, there was a presymptomatic
phase, lasting as long as 10 years, characterized by elevated CK levels without weakness. Muscle
biopsies revealed variable degrees of a dystrophic pathology without prominent inflammation.
In an independent cohort of patients with anti-HMGCR myopathy, 17 of 51 (;33%) patients
were initially presumed to have a form of LGMD based on clinico-pathologic features but were
ultimately found to have anti-HMGCR myopathy. Most of these patients responded favorably
to immunomodulatory therapies, evidenced by reduction of CK levels and improved strength.

Conclusions
Anti-HMGCR myopathy can resemble LGMD. Diagnosis of patients with a LGMD-like
presentation of anti-HMGCR myopathy is critical because these patients may respond favor-
ably to immunotherapy, especially those with shorter disease duration.
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Limb-girdle muscular dystrophies (LGMDs) encompass
a heterogeneous group of hereditary, degenerative myopathies
that pose a major diagnostic challenge. Current genomics
approaches do not identify a definitive genetic abnormality in
40%–60% of these patients (reviewed here1). Although most
patients presenting with chronic, slowly progressive myo-
pathies will be presumed to have a hereditary myopathy, and in
most cases an LGMD, autoimmune myopathies can also
present with a similar chronic disease course (reviewed here2).

Autoimmune anti-HMGCR (3-hydroxy-3-methylglutaryl-
coenzyme A reductase) myopathy typically has an acute or
subacute disease course in older adults with a history of statin
exposure3 and is defined by the presence of serum anti-
HMGCR autoantibodies.4 Yet, young adults and children
without statin exposure may also develop anti-HMGCR
myopathy, some of whom are anecdotally reported to present
with a chronic, LGMD-like phenotype.5–11 Thus, we hy-
pothesized that some patients with presumed LGMD, spe-
cifically those in whom genetic testing has failed to elucidate
causative mutations (i.e., “unrevealing genetic testing”), may
actually have anti-HMGCRmyopathy. We use the term “anti-
HMGCR myopathy” to refer to a myopathy associated with
anti-HMGCR autoantibodies.12

Using a few clinico-pathologic criteria, followed by autoanti-
body testing, we screened our cohort of patients with clinically
suspected LGMDand unrevealing genetic testing and identified
6 patients (1 previously reported6) with anti-HMGCR myop-
athy. Furthermore, in a separate cohort, 17 patients with anti-
HMGCR myopathy (;33%) were identified who were initially
presumed to have LGMD based on a chronic disease course and
clinico-pathologic features. A favorable treatment response could
be documented for most patients. In this study, we expand the
clinical spectrum of anti-HMGCR myopathy to include a
chronic phenotype closely resembling LGMD, with important
diagnostic repercussions given the treatment implications.

Methods
Standard protocol approvals, registrations,
and patient consents
The National Institutes of Health (NIH) patients were eval-
uated under research protocols approved by the Institutional
Review Boards of National Institute of Neurological Dis-
orders and Stroke (NINDS) (protocol 12-N-0095) or the
Undiagnosed Diseases Program, National Human Genome
Research Institute (NHGRI) (protocol 15-HG-0130)

between January 2014 and December 2016. Written informed
consent and/or assent (for minor patients) was obtained from
each participant in the study.

Clinico-pathologic criteria for patient selection
Patients with presumed hereditary myopathy with unrevealing
genetic testing (n = 128) were referred to the NIH for addi-
tional genetic and diagnostic evaluation. All patients had next-
generation sequencing–based LGMD panel testing through
commercial laboratories before referral to the NIH. The
patients were included for anti-HMGCR autoantibody testing
if they had elevated creatine kinase (CK) (peak level > 1,000
U/L) and met at least 3 of the following criteria: (1) limb-
girdle pattern of weakness, (2) relatively more prominent
involvement of the posterior thigh compartment compared
with anterior thigh on manual muscle testing or imaging, (3)
chronic myopathic changes as well as myofiber degeneration
and regeneration on muscle biopsy, and (4) no family history
of muscular dystrophy. These features were purposefully
chosen to be compatible with both LGMD and anti-HMGCR
myopathy.6,9,13,14 Most patients had variable CK levels; thus,
we included them in the study if they had at least 1 docu-
mented CK value greater than 1,000 U/L.

Patient evaluation and testing
Patients underwent clinical evaluation (history and neuro-
muscular examination), muscle MRI, muscle ultrasound, blood
laboratory testing (CK and human leukocyte antigen [HLA]
subtype testing), genetic testing, pulmonary function testing,
and echocardiogram. DNA, blood samples, and tissue were
obtained based on standard procedures. Testing for autoanti-
bodies against HMGCR were performed using Clinical
Laboratory Improvement Amendments-certified laboratories
(RDL, CA or ARUP, UT). All positive results were confirmed
using an immunoprecipitation assay as previously described.4

The patients reported their overall symptoms and muscle
strength using a general clinic questionnaire at each visit.
Manual muscle testing using the Medical Research Council
(MRC) grade was performed at each visit by at least 2 different
neuromuscular neurologists. Discrepant ratings were consoli-
dated at each visit at the bedside. Pediatric patients (P1 and P2)
also underwent timed tests (e.g., getting up from supine to the
standing position). Some patients also underwent serial
handheld dynamometry (P3 and P4) at follow-up visits.

The patients who tested positive for anti-HMGCR autoanti-
bodies (n = 6/11) were treated with immunosuppressive
therapies and prospectively followed. The patients and the
clinicians were not blinded to the treatments.

Glossary
ALBIA = addressable laser bead immunoassay; CK = creatine kinase; FSHD = facioscapulohumeral dystrophy; IVIg =
intravenous immunoglobulin; LGMD = limb-girdle muscular dystrophy; MRC = Medical Research Council; NGS = next-
generation sequencing; PAS = periodic acid Schiff; STIR = short tau inversion recovery; WES = whole exome sequencing;
WGS = whole genome sequencing.
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Muscle MRI and ultrasound
Muscle MRI was performed using conventional T1-weighted
spin echo and short tau inversion recovery (STIR) of the
lower extremities on a 3.0T Achieva Phillips, 3.0T Verio
Siemens, or 1.5T Aera Siemens system. Noncontrast images
were obtained from the pelvis, thighs, and lower legs in the
axial plain. Slices were 5–10 mm thick. The gap between slices
was 8–10 mm thick. Muscle ultrasound was performed using
an upgraded Siemens S2000 with a 15 MHz linear probe.

Molecular genetic testing
Of the anti-HMGCR–positive patients (n = 6), 3 patients (P2
and her mother, P4 and his parents, P5 and his parents and
unaffected sibling) had research-based whole exome se-
quencing (WES) testing at the NIH Intramural Sequencing
Center using the SeqCap EZ Exome + UTR Library Kit
(Roche, Nimblegen) and Illumina HiSeq2500 sequencing
instruments. One patient (P6) underwent clinical WES
(Baylor University) and whole genome sequencing (WGS)
(HudsonAlpha, Huntsville, AL). All anti-HMGCR negative
patients (n = 5) underwent WES at the NIH. Filtering of
variants was carried out for 4 different segregation sce-
narios (de novo, recessive homozygous, recessive com-
pound heterozygous, and isolated singleton proband) using
a customized SQL script with the following parameters:
minimum allele frequency less than 0.5% in the Exome
Aggregate Consortium, National Heart, Lung, and Blood
Institute (NHLBI) Exome Variant Server databases, and in
the laboratory’s aggregate exome variant database with 587
exomes; Combined Annotation Dependent Depletion
score greater than 20; and coverage greater than 10 reads.

Validation cohort patients
The patients in the validation cohort were evaluated at the
National Referral Center for rare neuromuscular diseases at
the Pitié-Salpêtrière University Hospital (Paris, France) be-
tween 2000 and 2017. All patients with anti-HMGCR my-
opathy who were initially clinically suspected of having
LGMD were identified. These patients had been evaluated as
part of routine clinical visits in the outpatient clinic or during
inpatient hospitalization at the Institute of Myology or in-
ternal medicine ward.Medical records were reviewed to assess
clinical features, serum CK levels, muscle biopsy findings,
electrodiagnostic studies, muscle MRI, and response to im-
munosuppressive therapies. Molecular and/or genetic testing
for LGMD or other common hereditary myopathies was
reviewed. Anti-HMGCR antibodies were identified using
ELISA (Inova Diagnostics, Inc, San Diego, CA) or address-
able laser bead immunoassay (ALBIA) (Rouen, France).15 All
of these patients also had a dot blot myositis profile (including
anti-Jo1, -PL7, -PL12, -Pm/Scl, -Scl70, -Ku, -SRP, and -Mi-2
autoantibodies) using line immunoassays (Euroimmun—
Germany or D-Tek—Belgium).

Data availability
Additional de-identified clinical data pertaining to this study
are available on request from the authors.

Results
Identification and characterization of patients
Eleven patients met the clinico-pathologic entry criteria as
described in the Methods section, 6 of whom (1 previously
reported6) had positive anti-HMGCR autoantibodies, with
titers 2–10 times the upper limit of normal. None of the 6
patients with anti-HMGCRmyopathy tested positive for anti-
SRP autoantibodies or other myositis-specific autoantibodies
when tested. The summary of relevant clinical findings in the
patients with anti-HMGCR autoantibodies is provided in
table 1. In contrast to classic cases of anti-HMGCRmyopathy,
the disease course was indolent in these patients. Elevated
CK, aspartate transaminase, or alanine transaminase (pre-
sumably originating from muscle), often preceded the onset
of overt muscle weakness, in some cases by more than 10
years. None of the patients took statin drugs, but 1 patient
(P6) took mushroom supplements (a natural source of sta-
tins) before developing muscle weakness.

A predominantly proximal pattern of muscle weakness was
notable in all patients with near-complete sparing of distal
muscles (e.g., anterior tibial group). Lower extremity weakness
preceded upper extremity weakness and was more severe. Mod-
erate to severe scapular winging was noted in 5 of the 6 patients,
without selective involvement of scapular fixators. At the time of
presentation, P1-P4 remained independently ambulatory. P5 re-
lied on the assistance of a cane for outdoor ambulation, whereas
P6 relied on amotorized wheelchair. Neck flexion, arm abduction
(deltoid), elbow flexion, and to a lesser degree elbow extension
were affected in the upper extremities. In the lower extremities,
hip flexion, hip adduction, hip extension, hip abduction, knee
flexion, and to a lesser degree knee extension were most com-
monly affected. Extraocular and facial muscles were spared.

Muscle imaging
Muscle MRI of the lower extremities showed a common
pattern of involvement. Patients with shorter duration of
disease showed minimal changes in T1 signal in the thighs or
lower legs, whereas those with longer duration of disease
showed T1 hyperintensity in paraspinal muscles, glutei,
hamstrings, and adductors with variable involvement and at-
rophy of the quadriceps muscles. The gracilis muscle was
relatively preserved (figure 1, A). In the lower leg, the pattern
was more variable, with the medial gastrocnemius showing
increased T1 signal in a heterogeneous and patchy distribu-
tion (3 of 6 patients). The tibialis anterior was relatively
preserved (figure 1, B). In addition, thigh and lower leg
muscles had hyperintense STIR signal with a heterogeneous
and patchy distribution (figure 1, C). STIR signal hyper-
intensity was not limited to areas of T1 hyperintensity, sug-
gestive of ongoing disease activity.

Muscle ultrasound showed an overall patchy and granular pat-
tern of increased echogenicity in the patients with a shorter
disease duration and more diffusely echodense muscles in those
with longer disease duration. In the upper extremities, ultrasound
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highlighted selective involvement of certain muscle groups
(e.g., biceps more than triceps) (figure 2).

Muscle histology
Severe myofiber atrophy, fiber size variability, and increased
internalized nuclei were nearly universal findings (figure 3).
Most biopsies included other chronic myopathic features such
as splitting myofibers and increased endomysial fibrosis.
Myofiber degeneration/necrosis and regeneration was a vari-
able feature. Some biopsies showed many degenerating/
necrotic myofibers, some actively undergoing myophagocy-
tosis (P2), whereas others had only a single degenerating fiber
(P4). A few biopsies showed a single or 2 small foci of chronic
perivascular inflammation composed of macrophages and
CD3-positive T cells. None of the biopsies showed prominent
primary inflammation—nonnecrotic myofibers surrounded
and/or invaded by chronic inflammatory cells. MHC-1 was
increased in degenerating fibers and rare nonnecrotic fibers,
but it appeared normal or only minimally increased in other
areas. None of the patients had diagnostic changes in known
LGMD proteins based on immunostaining.

A few additional nonspecific histologic findings were noted:
muscle biopsy of P6 had inclusions in some muscle fibers that
stained positive with periodic acid Schiff (PAS) stain, as well

as with desmin, myotilin, and ⍺β-crystalllin immunostains.
These PAS-positive inclusions were ⍺-amylase sensitive and did
not stain with adenosine triphosphatase or oxidative stains,
suggesting that they do not contain polyglucosan bodies, myosin,
or intermyofibrillar material. A single subsarcolemmal red-
rimmed vacuole was noted in the muscle biopsy of P4.

Genetic testing
All anti-HMGCR–positive patients (n = 6) had undergone
commercial genetic testing for common LGMDs using next-
generation sequencing (NGS) panels before referral to the
NIH (table 1). Because of the presence of asymmetric find-
ings and scapular winging, 2 patients were tested for facio-
scapulohumeral dystrophy (FSHD). Other patients lacked
typical features of FSHD and were not directly tested. Because
of the preponderance of internalized nuclei in P4, myotonic
dystrophy type 2 was also considered and ruled out by direct
testing. Four patients also underwent WES, 3 at the NIH (P2,
P4, and P5) and one through a commercial laboratory (P6).
Because of the presence of myofibrillar inclusions in P6’s
muscle biopsy and a suspicion for an underlying myofibrillar
myopathy, she also underwent WGS. None of the patients
had pathogenically relevant variants (excluding benign var-
iants) that matched familial segregation studies or mode of
inheritance of the disease associated with the gene in question.

Table 1 Clinical characteristics of NIH patients

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Sex M F F M M F

Age (y) 13.5 12 30 36 41 48

First sign, age (y) Decline in
running speed,
10

Could not jump
or run, 8a

Elevated CK, 19 Difficulty rising from the
floor, 20b

Elevated LFTs,
21

Dysphagia and
elevated CK, 25

Disease
duration (y)

3.5 4a 11 16b 20 23

CK (IU/L) 7,000–9,000 13,000–23,000 3,000–10,000 350–1,200 5,000 3,000–11,000

EMG/NCS ND Irritable
myopathy

Irritable
myopathy

Irritable
myopathy

Irritable
myopathy

Irritable
myopathy

Genetic and
molecular
testing

Extended
neuromuscular
panel

LGMDpanel and
WES

LGMD panel and
GAA dried blood
test

LGMD panel; FSHD; DM2;
and WES

LGMD panel;
WES; and GAA
dried blood
test

LGMD panel; MFM
panel; WES; and WGS

HLA-DRB1 07:01; 15:01 11:01; 11:02 11:01; 11:03 11:01; 11:04 01 or 15 (Amb) 07:01; 13:01

Echocardiogram Normal Normal Normal Normal Normal Normal

PFT FVC 3.08 L (81%) FVC 2.00 L (71%) FVC 2.49 L (78%) FVC 4.64 L (77%) FVC 3.69 L (74%) FVC 2.80 L (84%)

Other
comments

Linearmorphea
scleroderma

Exotropia noted
in early
childhood

Dural sinus
thrombosis while
on oral
contraceptive
pills

Liver biopsy showedmild
fatty liver disease;
obstructive sleep apnea
on BiPAP

Liver biopsywith
normal results

Took mushroom
supplements in her
20s; had bilateral
calf herniation at 13 y

Abbreviations: Amb = ambiguous; CK = creatine kinase; DM2 = myotonic dystrophy type 2; FSHD = facioscapulohumeral muscular dystrophy; FVC = forced
vital capacity; GAA = glucosidase alpha acid; LFT = liver function test; LGMD = limb-girdle muscular dystrophy; MFM =myofibrillar myopathy; ND = not done;
PFT = pulmonary function test; WES = whole exome sequencing; WGS = whole genome sequencing.
a The patient was never able to ride a bike independently (normally achieved by age 5 years or earlier) or play with monkey bars in the playground.
b The patient was never able to perform a push-up or pull-up and was a slow runner in his teens.
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Most (;70%) adult patients with anti-HMGCR myopathy
possess the HLA-DRB1*11:01 allele,16,17 whereas HLA
DRB1*07:01 is recently reported in several pediatric patients
with anti-HMGCRmyopathy.7 We tested these 6 patients for
the presence of either allele. All but 1 patient had the HLA-
DRB1*07:01 or 11:01 allele (table 1).

Follow-up after treatment
After confirmation of anti-HMGCR myopathy, all patients (n =
6) were treated with IV immunoglobulins (IVIg) and seen in
follow-up at the NIH. Steroids (methylprednisolone, 750 mg
every 3 weeks) were added to P6’s regimen after 4 months
of IVIg therapy. The patients were re-examined, CK was

remeasured, and a muscle MRI was repeated. Most patients
reported improved function and improved muscle strength.
Manual muscle testing using MRC grading or handheld dyna-
mometry showed improvement in muscle strength, at least in
select muscle groups (table 2). P2 also showed significant im-
provement in timed rise from the floor, a commonly used out-
come measure in pediatric muscular dystrophy.18 All patients
showed a marked reduction in CK levels. Most patients also had
a marked reduction in muscle MRI STIR signal intensity (figure
1, D). The pediatric patients (n = 2; mean age 12 years), who
had a shorter duration of symptoms before initiation of therapy,
demonstrated the most dramatic improvements in strength and
function to normal or near-normal levels (table 2).

Figure 2 Muscle ultrasound

Muscle ultrasound showing selective involvement and increased echogenicity in the biceps muscle (row A) when compared with the triceps muscle (row B).

Figure 1 Muscle MRI

Muscle MRI showing increased T1 hyperintensity in the hamstrings, adductors, and variably in quadriceps muscles. Gracillis muscle appears relatively
preserved (panel A).Medial gastrocnemius is variably involved in the lower leg (panel B). STIR signal is increased predominantly in the hamstrings, quadriceps,
and adductormuscles (C, arrowheads). After treatment, STIR signal is decreased inmost patients, especially those evaluated later after initiation of treatment
(D, arrows). VL = vastus lateralis; RF = rectus femoris; Sa = sartorius; Add = adductormagnus; Gr = gracilis; H = hamstrings; TA = tibialis anterior; So = soleus;mG
= medial gastrocnemius; lG = lateral gastrocnemius.
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After 1 year of follow-up, all patients remain on immunosup-
pression, and most continue to report improvement or stabili-
zation of weakness; none report worsening weakness. P6 is able
to ambulate with a walker for the first time in 2 years. P2 reports

regaining the ability to run. P1 attempted to lengthen the
treatment interval of IVIg to every 5 weeks and developed ele-
vated CK levels (;1,100 U/L). A few months later, he noted
a decline in athletic performance. Twomonths after returning to

Figure 3 Muscle biopsy showing myofiber atrophy and degeneration

Muscle biopsy showing profoundmyofiber atrophy (black arrowhead, A, F, and I), myofiber degeneration (black arrows, A, F, and I), internalized nuclei (white
arrowhead, A, E, and I), and increased endomysial fibrosis. Rare foci of chronic perivascular inflammation were noted in a few patients (B and J), consisting of
macrophages, and CD3-positive T cells (C). Whorled fibers, a chronicmyopathic change, were noted in patient 4 (E). A single red-rimmed vacuole was noted in
patient 4 (blue arrow, G). Major histocompatibility complex-1 (MHC-1) immunostain was increased in degenerating fibers and nonspecifically in limited areas
of the muscle biopsy (D and H). Patient 6 muscle biopsy had several myofibers with inclusions (red arrows K, L, and M) that stained positive with desmin,
myotilin, ⍺β-crystallin, and periodic acid Schiff (PAS) but not after treatment with diastase (PAS-D). The inclusions did not stain positive on NADH stain. Scale
bar = 100 μm (A-I, L); Scale bar = 50 μm (J, K, M).

Table 2 Response to treatment in patients with limb-girdle phenotype of anti-HMGCR myopathy

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Treatment IVIg ;1.5 g/
kg monthly

IVIg ;2g/kg
monthly

IVIg;2g/kg
monthly

IVIg ;2g/kg
monthly

IVIg ;2g/kg monthly IVIg ;1.5g/kg + 750 mg
methylprednisolone every 3 wk

Interval before
re-evaluation

30 mo 18 mo 18 mo 7 mo 6 mo 9 mo

Reported
functional
improvement

Running
speed

Walking
speed

Walking
speed

Rising from the
floor

Walking speed and
raising arms above the
head

Rolling over in the bed, gait stability,
walk with a walker, and raising arms

Manual muscle
testing

Improved
to normal

Improved Improved Stable/improved
in select muscles
only

Stable/improved in
select muscles only

Stable/improved in select muscles
only

CK before/after
treatment (IU/L)

3,789/509 13,270/6,205 3,876/971 351/166 4,993/450 3,222/296

MRI STIR Normalized Normalized Unchanged Improved Improved Improved

Abbreviations: AA = arm abduction; CK = creatine kinase; EF = elbow flexion; HA = hip abduction; HE = hip extension; HF = hip flexion; IVIg = intravenous
immunoglobulin; KE = knee extension; STIR = short tau inversion recovery; WE = wrist extension; WF = wrist flexion.
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his previous IVIg schedule (every 4weeks), his CKhas decreased
(;800 U/L), and his athletic performance has improved.

Validation cohort
We subsequently investigated another patient cohort in
a large neuromuscular referral center in France. We asked the
reverse question: how prevalent is a chronic, LGMD-like
presentation among patients with already-established anti-
HMGCR myopathy? Among 51 anti-HMGCR myopathy
cases examined, 17 patients (;33%) were initially suspected
to have LGMD based on clinical findings and muscle biopsy
criteria, all without genetic diagnostic confirmation. All 17
patients underwent specific molecular or genetic testing for
LGMD (including dystrophin [DMD], dysferlin [DYSF],
sarcoglycans [SGCA, SGCB, SGCG, and SGCD], calpain-3
[CAPN3], caveolin-3 [CAV3], anoctamin 5 [ANO5], fukutin-
related protein [FKRP]), or other hereditary myopathies such
as acid maltase deficiency or type 2 myotonic dystrophy.
These 17 patients had a clinical presentation and course of
disease evolution similar to the initial cohort (table 3). Most
patients had a prolonged disease course that initially pre-
sented with asymptomatic or oligosymptomatic hyper-
CKemia, exercise intolerance, or myalgia (table e-1, links.lww.
com/NXI/A90). A third of the patients had scapular winging.
In those who had individual muscle group strength data
available, the majority (;62%) had weakness of knee flexion
greater than extension; however, 3 (23%) had knee extension
greater then flexion weakness, whereas there was no differ-
ence in 2 (15%) patients. All patients displayed markedly
elevated CK levels (mean: 6,580 U/L). Muscle histologic
findings included myofiber degeneration and regeneration in

all patients and chronic myopathic changes in most patients.
Most patients were treated with various regimens and im-
munosuppressive agents, although a few patients declined
treatment, typically those with only mild weakness or
asymptomatic hyperCKemia. Only a minority of these
patients had exposure to statins (;24%). Overall, most
patients treated with immunosuppressant therapies demon-
strated improved muscle strength and functional capacity,
especially those with relatively shorter disease duration (table
e-2, links.lww.com/NXI/A91). Some patients with prolonged
disease duration and evidence of severe muscle damage
documented on muscle MRI did not show clear improve-
ments in muscle strength testing. However, a decline in CK
levels was seen in all treated patients. At the last follow-up,
most of these patients (10 of 13; 77%) were still receiving
IVIg either as monotherapy or in combination with another
immunosuppressant.

Discussion
We have characterized in detail a less recognized yet clinically
important phenotype of anti-HMGCRmyopathy that mimics
LGMD. In our cohort of patients with clinically suspected
LGMD and unrevealing genetic testing, we preselected
patients using 5 simple clinico-pathologic features and found
a relatively high proportion (n = 6/11; ;55%) of patients
with anti-HMGCR autoantibodies. These patients had a fa-
vorable response to immunosuppressive therapy. Because we
preselected patients based on clinical features before auto-
antibody testing, we may have missed additional patients with
anti-HMGCR myopathy with unexpected presentations and
underestimated the overall prevalence in this cohort.

The overall clinico-pathologic presentation of these patients
was indistinguishable from other patients with LGMD, in-
cluding those with genetic confirmation. Illustrating this
point, in the patients who tested negative for anti-HMGCR
autoantibodies (n = 5/11), we subsequently found a patient
with a secondCAPN3 deletionmutation that was missed on the
original NGS panel testing and another patient with GMPPB
mutations, a gene that was not included in the NGS panel.

Analyzing an independent patient cohort with established anti-
HMGCR myopathy, we found an ;33% prevalence for
a LGMD-like presentation in these patients. The clinical fea-
tures, disease course, and histopathologic findings of these
patients were similar to the initial cohort (table 3). Thus, these
patients independently corroborate the chronic, LGMD-like
phenotype in a large subset of patients with anti-HMGCR
myopathy. The preselection clinical criteria in the initial cohort
were also found in most validation cohort patients; however,
the pattern of weakness in the posterior thigh was not uni-
versally present. Thus, in future studies, less restrictive patient
selection criteria may help identify additional patients.

A few criteria have been proposed to aid in establishing
pathogenicity of an autoantibody (reviewed here19). Detecting

Table 3 Clinical characteristics and response to
treatment in the validation cohort

Age (y); mean 17–66; 40

Disease duration (y); mean 1–26; 11

Female N = 14/17 (82%)

Limb-girdle weakness N = 16/17 (94%)

Scapular winging N = 6/17 (35%)

Knee flexion weakness > knee extension
weakness

N = 8/13 (62%)

Peak CK (U/L); mean 1,200–17,000; 6,580

Myopathic EMG N = 17/17 (100%)

Muscle biopsy findings of chronic myopathy N = 15/17 (88%)

Statin drug exposure N = 4/17 (24%)

Improved strength after immunotherapy N = 11/13 (85%)

CK after treatment (U/L); meana 30–600; 201

IVIg at the last follow-up N = 10/13 (77%)

Abbreviations: CK = creatine kinase; EMG = electromyography; IVIg = in-
travenous immunoglobulin.
a Checked in 13 patients.
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anti-HMGCR autoantibodies falls short of providing definitive
proof for an autoimmune disease in these patients, but our
inference establishing this connection is supported by other data.

Anti-HMGCR autoantibodies are not found in healthy indi-
viduals or those with self-limited statin intolerance/myopa-
thy.20 Most importantly, genetically proven muscular
dystrophy patients do not test positive for anti-HMGCR
antibodies.21 To exclude the possibility of ELISA false pos-
itives (estimated at ;0.7%),20 we confirmed the presence of
anti-HMGCR autoantibodies in all the NIH LGMD-like
patients using the gold standard immunoprecipitation assay.
Similarly, the French anti-HMGCR cohort was tested using
either a validated ELISA or ALBIA test.

CK levels are closely associated with disease activity in anti-
HMGCR myopathy,10,22 and all treated patients in our study
showed unequivocal improvement in CK levels (tables 2 and
3). This was the case even in those patients never treated with
steroids because steroids can result in nonspecific CK re-
duction irrespective of disease etiology. Notably, the very few
patients in the validation cohort who did not pursue treatment
had persistently elevated CK levels. Most treated patients also
had functional gains or improvement on manual muscle
strength testing and/or MRI STIR signal intensity (table 2
and figure 1, D). These improvements were most notable in
those with shorter duration of disease who received immu-
notherapy within 4 years of symptom onset. The stabilization
and/or improvements documented in these patients would be
counter to the natural history of nearly all known LGMDs,
especially in patients with greater than 1 year of follow-up. In
parallel, the partial relapse of P1 after lengthening of IVIg
interval and his subsequent improvement after return to the
previous dosing interval also suggest a treatment response
directly attributable to immunotherapy.

The frequency of 2 immunogenetic alleles, HLA-DRB1*11:01
and 07:01, is increased in adult and pediatric patients with
subacute onset anti-HMGCRmyopathy, respectively.7,16,17 In
the NIH cohort that was systematically tested for these HLA
subtypes, all but 1 patient had either the HLA-DRB1*11:01 or
07:01 allele, which is much higher than what would be
expected in the general population, providing further support
for anti-HMGCR myopathy with a distinct phenotype in
these patients.

It is conceptually possible that anti-HMGCR myopathy can
co-occur with a genetic muscular dystrophy or even be trig-
gered by it. The NIH anti-HMGCR–positive patients un-
derwent extensive genetic testing by NGS panels (n = 6),
WES (n = 4) and/or WGS (n = 1). The Salpêtrière validation
cohort patients had less extensive but more directed molec-
ular and genetic testing. Although these genetic tests were
unrevealing, we cannot exclude this possibility in our cohort
with absolute certainty, in part because of the limitations of
current sequencing technologies; however, our findings make
this possibility doubtful.

Our findings on muscle imaging suggest that without treat-
ment, fatty replacement of muscle increases as the disease
progresses, limiting the opportunity of a clinical response to
treatment in later stages. There are very few reports about
treatment of patients with unexplained hyperCKemia and
anti-HMGCR myopathy23; however, it can be hypothesized
that initiating immunotherapy during this stage may have the
potential of preventing the clinical manifestations of the dis-
ease and require less aggressive immunosuppressive regimens.
In our experience, regardless of disease duration, immuno-
therapy still provided a tangible benefit and, at the very least,
seems to have prevented a further decline inmotor function in
patients with LGMD-like anti-HMGCR myopathy. None-
theless, given the small number of patients and the observa-
tional nature of our study, treatment decisions should be
individualized until more conclusive, prospective, and con-
trolled studies are conducted. Long-term follow-up of patients
is necessary to evaluate the possibility and timing of weaning
or discontinuing immunosuppression in this patient
population.

We propose testing for anti-HMGCR autoantibodies as part
of the evaluation of all patients with suspected LGMD with
unrevealing genetic testing or those with asymptomatic
hyperCKemia without a family history. If the diagnosis of anti-
HMGCR myopathy is serologically confirmed, treatment
with immunosuppressant therapies should be considered.
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Recent recommendations by the Food and Drug Administration1 and the European Medicines
Agency2 are to limit the clinical use of linear gadolinium-based contrast agents (GBCAs) due to
convincing evidence of deposition in tissues. Macrocyclic GBCA continued to be considered
safe, provided that patients have normal renal function. To date, given the low sensitivity of
conventional MRI, there has been a debate about the signal increase following the injections of
a macrocyclic GBCA.3,4

To overcome the relative insensitivity of MRI for gadolinium,5,6 inductively coupled plasma
mass spectrometry (ICP-MS) has become a useful tool to measure gadolinium in human
tissues.7,8 When coupled with a laser ablation system (LA), LA-ICP-MS can be used as a mo-
lecular microscope reaching lateral resolution in the micrometer range.9 We used LA-ICP-MS
(Materials and Methods e-1, links.lww.com/NXI/A85) to retrospectively analyze human brain
tissue. Exclusion criteria were reported linear GBCA application, an impaired renal function at
the time point of gadolinium application, contrast enhancement in the cerebellum onMRI, and
structural cerebellar changes (tumor, inflammation, edema, hypoxia, or demyelination). In-
clusion criteria were a diagnostic autopsy with archived paraffin-embedded tissue in the archive
of the Department of Neuropathology Charité-Universitätsmedizin Berlin and recorded ap-
plication of macrocyclic GBCA for diagnostic MRI analysis before death. Autopsy tissue sec-
tions from the cerebellum of 2 patients were chosen randomly. An age-matched control was
a randomly selected patient without recorded GBCA application.

The first patient (Gd1) was a woman, aged 65 years, died because of sepsis with endocarditis.
The cerebral MRI with IV application of 7 mL Gadovist was performed 2 weeks before death
due to cerebral ischemic infarction. The second patient (Gd2) was a man, aged 63 years, died
because of pneumonia and heart failure. He underwent 4 MRI scans with IV administration of
macrocyclic GBCA before death due to anti-NMDA-R encephalitis (13 mL Dotarem 4 weeks,
7 mL Gadovist 9 weeks, 15 mL Dotarem 22 weeks, and 7 mL Gadovist 25 weeks before death).
The control (Co1) was a man, aged 54 years, died because of a traumatic brain injury with no
history of receiving any GBCA.

The possibility of gadolinium accumulation due to environmental exposure could be excluded
by the analysis of another element of the lanthanides family, europium (figure e-1 links.lww.
com/NXI/A83), and an age-matched control with no reported GBCA application (figure).
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As previous MRI studies showed high levels of GBCA-derived
gadolinium depositions in the dentate nucleus,10 we analyzed
the cerebellum. We could detect gadolinium signal in the
dentate nucleus and cerebellar cortex of patient Gd1, who
received macrocyclic GBCAs 2 times including the last ap-
plication 2 weeks before death. The signal colocalized with
iron, copper, zinc, and phosphorous (figure). Accumulation of
gadolinium and phosphorous in this patient in the white
mater could not be explained by an artifact because the

amounts of iron, copper, and sulfur in that area are very low
(figure).

The cerebellar section of the second patient (Gd2), who re-
ceived macrocyclic GBCA 4 times, including the last appli-
cation 4 weeks before death, shows substantially lower
gadolinium signal in the dentate nucleus in comparison to
Gd1 (figure e-2 links.lww.com/NXI/A84). The different
amount of residual gadolinium could be in accordance with

Figure Representative images of the cerebellum of patient Gd1 who received Gadovist 2 weeks before death and the
control patient

Patient Gd1 (A) and control patient (B): (a) Light image of a paraffin-embedded section through the cerebellum. (b–f) LA-ICP-MS element distributionmaps of
phosphorus (P), gadolinium (Gd), iron (Fe), zinc (Zn), and copper (Cu). Although the P signal is less in the Gd1 image compared with the control, the relative
intensities show clearly different concentrations of P among the section. In the control image, the signal is higher because of superior instruments settings but
shows a uniform distribution of P with no “hotspot” as in Gd1.
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time-dependent excretion that remains to be studied in large
patient cohorts. Quantification experiments revealed that the
amount of gadolinium in patients Gd1 and Gd2 are 36 and
2 ng/g brain tissue, respectively. The amount of gadolinium
after linear GBCA administration was reported to be
2,100 ng/g in human dentate nucleus after 2 weeks.7 In
contrast to macrocyclic, dechelation was shown for linear
GBCAs in animal studies, leading to deposits that are probably
not washed out over time.6,11,12 Although we can detect pos-
sibly macrocyclic GBCA in our patients, the technique cannot
provide evidence of a potential gadolinium release from the
macrocyclic GBCA. The main limitations of our study are the
use of heterogenic archived human material making it difficult
to control the timing and quality of GBCA injections and
therefore difficult to evaluate a time dependency.

To date, no signs of adverse health effects and no morpho-
logical changes have been associated with gadolinium in the
brain. Nevertheless, the presence of probably macrocyclic
gadolinium in human (cerebellar) tissue should stimulate
further research also on other anatomical sites. This is par-
ticularly important in the context of repetitive gadolinium
administration in patients with neurologic progressive dis-
eases and an impaired blood brain barrier.

Future studies including patients with different numbers of
macrocyclic GBCA applications and longer time intervals be-
fore death (up to decades) with quantitative data are necessary.

Author contributions
E. Schellenberger and N. Jakubowski conceived the project
and designed experiments. A.H. El-Khatib, H. Radbruch,
S. Trog, F. Paul, and E. Schellenberger wrote the manuscript.
H. Radbruch and A. Koch prepared the samples and performed
histologic examination. B. Neumann applied the internal
standard. A.H. El-Khatib and S. Trog performed the LA-ICP-
MS measurements. A.H. El-Khatib performed the LA-ICP-MS
data analysis, produced the images, and performed tissue di-
gestion and ICP-MS analysis. M.W. Linscheid, E. Schellen-
berger, and N. Jakubowski supervised the work.

Study funding
No targeted funding reported.

Disclosure
H. Radbruch received travel funding and/or speaker honoraria
from Novartis and Sanofi and received research support from
Novartis, Sanofi, and Deutsche Forschungsgemeinschaft. A.H.
El-Khatib and S. Trog report no disclosures. B. Neumann is
a senior scientist of Proteome Factory AG. F. Paul served on
the steering committees of Novartis and MedImmune; re-
ceived speaker honoraria and travel funding from Bayer,
Novartis, Biogen, Teva, Sanofi-Aventis/Genzyme, Merck

Serono, Alexion, Chugai, MedImmune, and Shire; is an aca-
demic editor of PLoS ONE and an associate editor of Neu-
rology: Neuroimmunology & Neuroinflammation; consulted for
Sanofi Genzyme, Biogen, MedImmune, Shire, and Alexion;
and received research support from Bayer, Novartis, Biogen,
Teva, Sanofi-Aventis/Genzyme, Alexion, Merck Serono,
German Research Council, Werth Stiftung of the City of
Cologne, GermanMinistry of Education and Research, Arthur
Arnstein Stiftung Berlin, EU FP7 Framework Program, Arthur
Arnstein Foundation Berlin, Guthy-Jackson Charitable
Foundation, and NMSS. A. Koch reports no disclosures.
M. Linscheid is an editor of the Journal of Mass Spectrometry
and holds a patent for metal labeling of proteins software for
controlling mass spectrometric experiments capillaries for
micro-ESI MS. N. Jakubowski received publishing royalties
from Cambridge. E. Schellenberger received research support
from the German Research Foundation. Full disclosure form
information provided by the authors is available with the full
text of this article at Neurology.org/NN.

Received May 16, 2018. Accepted in final form September 6, 2018.

References
1. FDA. FDA Drug Safety Communication: FDA identifies no harmful effects to date

with brain retention of gadolinium-based contrast agents for MRIs; review to continue
[online]. Available at: fda.gov/Drugs/DrugSafety/ucm559007.htm. Accessed
September 22, 2017.

2. EMA. EMA’s final opinion confirms restrictions on use of linear gadolinium agents in
body scans [online]. Available at: ema.europa.eu/ema/index.jsp?curl=pages/medi-
cines/human/referrals/Gadolinium-containing_contrast_agents/human_referral_
prac_000056.jsp. Accessed September 22, 2017.

3. Radbruch A, Quattrocchi CC. Interpreting signal-intensity ratios without visible T1
hyperintensities in clinical gadolinium retention studies. Pediatr Radiol 2017;47:
1688–1689.

4. Espagnet MCR, Bernardi B, Pasquini L, Figa-Talamanca L, Toma P, Napolitano A.
Erratum to: signal intensity at unenhanced T1-weighted magnetic resonance in the
globus pallidus and dentate nucleus after serial administrations of a macrocyclic
gadolinium-based contrast agent in children. Pediatr Radiol 2017;47:1366.

5. Jost G, Lenhard DC, Sieber MA, Lohrke J, Frenzel T, Pietsch H. Signal increase on
unenhanced T1-weighted images in the rat brain after repeated, extended doses of
gadolinium-based contrast agents: comparison of linear and macrocyclic agents. In-
vest Radiol 2016;51:83–89.

6. Robert P, Lehericy S, Grand S, et al. T1-Weighted hypersignal in the deep cerebellar
nuclei after repeated administrations of gadolinium-based contrast agents in healthy
rats: difference between linear andmacrocyclic agents. Invest Radiol 2015;50:473–480.

7. Kanda T, Fukusato T, Matsuda M, et al. Gadolinium-based contrast agent accumu-
lates in the brain even in subjects without severe renal dysfunction: evaluation of
autopsy brain specimens with inductively coupled plasma mass spectroscopy. Radi-
ology 2015;276:228–232.

8. McDonald RJ, McDonald JS, Kallmes DF, et al. Intracranial gadolinium deposition
after contrast-enhanced MR imaging. Radiology 2015;275:772–782.

9. Becker JS, Jakubowski N. The synergy of elemental and biomolecular mass spec-
trometry: new analytical strategies in life sciences. Chem Soc Rev 2009;38:1969–1983.

10. Kanda T, Ishii K, Kawaguchi H, Kitajima K, Takenaka D. High signal intensity in the
dentate nucleus and globus pallidus on unenhanced T1-weighted MR images: re-
lationship with increasing cumulative dose of a gadolinium-based contrast material.
Radiology 2014;270:834–841.

11. Frenzel T, Apte C, Jost G, Schockel L, Lohrke J, Pietsch H. Quantification and
assessment of the chemical form of residual gadolinium in the brain after repeated
administration of gadolinium-based contrast agents: comparative study in rats. Invest
Radiol 2017;52:396–404.

12. Gianolio E, Bardini P, Arena F, et al. Gadolinium retention in the rat brain: assessment
of the amounts of insoluble gadolinium-containing species and intact gadolinium
complexes after repeated administration of gadolinium-based contrast agents. Radi-
ology 2017;285:839–849.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 1 | January 2019 3

http://nn.neurology.org/lookup/doi/10.1212/NXI.0000000000000515
https://www.fda.gov/Drugs/DrugSafety/ucm559007.htm
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/referrals/Gadolinium-containing_contrast_agents/human_referral_prac_000056.jsp
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/referrals/Gadolinium-containing_contrast_agents/human_referral_prac_000056.jsp
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/referrals/Gadolinium-containing_contrast_agents/human_referral_prac_000056.jsp
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/referrals/Gadolinium-containing_contrast_agents/human_referral_prac_000056.jsp
http://neurology.org/nn


CLINICAL/SCIENTIFIC NOTES OPEN ACCESS

Case of alemtuzumab-related alopecia areata
management in MS
Jillian K. Chan, MD, Anthony L. Traboulsee, MD, and Ana-Luiza Sayao, MD

Neurol Neuroimmunol Neuroinflamm 2019;6:e516. doi:10.1212/NXI.0000000000000516

Correspondence

Dr. Chan

jillian.chan@ubc.ca

We report a case of alopecia associated with alemtuzumab treatment for MS, the third case
described in the literature, to our knowledge.1,2 A 31-year-old woman diagnosed with relapsing-
remitting MS in February 2015 presented with demyelinating lesions in the medulla, cerebellar
peduncle, cerebellar hemisphere in addition to >9 T2 supratentorial lesions on brain MRI. She
was treated with an MS disease-modifying therapy (dimethyl fumarate 240 mg twice a day) for
8 months and experienced 2 clinical relapses during this time, prompting escalation to treat-
ment with alemtuzumab (60 mg) in June 2016. Her second course of treatment with alem-
tuzumab (36 mg) occurred in June 2017, with lymphocyte count reaching 0.5 × 109/L 30 days
posttreatment. Following alemtuzumab treatment, the patient was healthy without clinical or
radiologic MS disease activity and had no other medical concerns. Two months after second
course of treatment with alemtuzumab, the patient had a lymphocyte count of 0.7 × 109/L and
experienced significant patchy hair loss, and a dermatologist confirmed the diagnosis of alopecia
areata (AA). Hair loss continued over a period of 5months, during which her lymphocyte count
ranged from 0.7 to 0.8 × 109/L. She had a positive hair pull test, indicating further hair loss,
despite treatment with intralesional scalp injections of triamcinolone acetonide (5 mg/cc, 3 cc
total) in most of the affected areas both on AA diagnosis and 1 month later. Six months after the
second course of alemtuzumab, the patient experienced a sensory partial transverse myelitis
relapse, which was acutely managed with intravenous methylprednisolone 1,000 mg for 5 days.
Within 4 weeks after her systemic steroid treatment, hair regrowth including regions of de-
pigmentation was noted. The patient’s lymphocyte count during this time was 0.9 × 109/L.
Within 4 months of steroid treatment, hair regrowth was present over the entire scalp (figure).

Discussion
Alemtuzumab is a monoclonal antibody that targets CD52 causing T- and B-lymphocyte
depletion. It is known to cause secondary autoimmunity, including thyroid disease, immune
thrombocytopenic purpura, and anti-glomerular basement membrane disease. Proposed
mechanisms of secondary autoimmunity with alemtuzumab include the initial induction of
lymphopenia and (1) the subsequent propagation of self-antigen responsive T cells that es-
caped depletion in conjunction with an increased probability of T cells encountering self-
antigen and/or (2) the subsequent hyperrepopulation of B cells causing secondary B-cell
autoimmunity.3 Although secondary autoimmune diseases have previously been reported with
various rates of occurrence, AA has been rare and only briefly described.4 One report of
untreated alopecia universalis following alemtuzumab treatment in an MS patient demon-
strated no improvement after a 6-months follow-up period to which the patient declined further
treatments for alopecia.2 A second report of alopecia universalis associated with alemtuzumab
in MS documented complete hair regrowth 2 years after the last alemtuzumab infusion despite
no treatment for alopecia.1
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AA is an autoimmune disease that can involve focal or mul-
tifocal patches of nonscarring hair loss and is believed to be
caused by CD4+ T lymphocytes attacking the hair follicle.5

This infiltration of lymphocytes causes the follicle keratino-
cytes to undergo apoptosis and stop the production of hair.5

AA can be treated with topical immunotherapy, intralesional
scalp corticosteroids, or systemic corticosteroids (either oral
or intravenous). Patients with shorter AA disease duration
and less severe involvement respond well to systemic corti-
costeroids with higher remission rates using a common dose
of 500 mg methylprednisolone intravenous for 3 days with
minimal side effects.6 Due to the autoimmune pathogenesis of
AA, the immunosuppression and anti-inflammatory proper-
ties of corticosteroids can be effective.

This third case of alemtuzumab-associated alopecia shows
a temporal connection with the development of an autoim-
mune disease similar to the other 2 cases noted. In contrast to
those other cases, our patient experienced significant and
rapid hair regrowth after IVmethylprednisolone treatment for
an acute MS relapse. Although spontaneous hair regrowth
occurs in 30%–50% of patients with AA within the first year, it
may be possible to expedite this process with the use of sys-
temic methylprednisolone.7 Indeed, systemic corticosteroids
have been successfully used to treat AA in patients who have
not received alemtuzumab exposure.7 We show that systemic

corticosteroids can also be considered as a treatment for
alemtuzumab-related AA. Long-term follow-up of our patient
is needed to determine the extent of hair regrowth and any
risk of alopecia recurrence.

AA is a rare secondary autoimmune complication of alemtu-
zumab treatment for MS. As such, systemic corticosteroids
may be an effective treatment to promote hair regrowth in
patients experiencing this complication.
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Paracoccidioidomycosis (PCM) is a human systemic mycosis caused by Paracoccidioides bra-
siliensis, a thermodymorphic fungus that causes a chronic granulomatous inflammatory disease.1

It is an endemic disease in Latin America, with a higher incidence in Brazil.2 In this article, we
present the case of a patient with chronic multifocal PCM with CNS involvement.

Case report
A 47-year-old woman presented to our service with a high-intensity, throbbing holocranial
headache, accompanied by nausea, vomiting, and dizziness for 2 months. The patient worked
as a maid, and her medical history was significant only for tobacco use. Neurologic exami-
nation revealed dysphonia, dysmetria on the right, bilateral intention tremor, and mild gait
ataxia. MRI scan of the brain showed intra-axial lesions in the cerebellar hemispheres, with
peripheral enhancement by the contrast agent and adjacent vasogenic edema (figure 1). Due
to the initial hypothesis of tumor lesion, the patient underwent chest tomography that
showed nodular and excavated lesions compatible with a granulomatous infectious process
(figure 2A). The nasofibrolaryngoscopy (performed due to the presence of dysphonia)
evidenced edema of the posterior larynx and infiltrative lesions of both vocal cords, with
subglottic extension to the left, which was biopsied (figure 2B). Both bronchoalveolar lavage
and vocal cord biopsy were compatible with PCM, showing in Gomori-Grocott staining
(silver) the presence of yeast elements of various sizes, compatible with Paracoccidioides sp.
CSF examination was not performed due to contraindication to lumbar puncture due to
edema in the posterior fossa. The patient received parenteral treatment with amphotericin B
for 14 days and also dexamethasone, which was used for 6 days and then rapidly tapered off
until complete cessation 7 days later, presenting clinical improvement and resolution of
headache. She was discharged with sulfamethoxazole-trimethoprim (SMX-TMP) with the
orientation of maintaining the treatment for at least 18 months. Currently, the patient
is undergoing an outpatient follow-up and is awaiting the performance of control image
examinations.

Discussion
Themajor risk factor for acquiring infection is a profession or activity related to the management of
soil contaminated with the fungus, and unlike other mycoses (such as cryptococcosis, disseminated
histoplasmosis, and candidiasis), it is not usually related to immunosuppressive diseases.3 PCM
occurs more frequently in adults between the ages of 30 and 50 years, as a result of endogenous
latent foci reactivation.4

Treatment for severe and disseminated forms of PCM, as in the case of our patient that had
CNS involvement, amphotericin B in deoxycholate or in lipid formulation is indicated for use
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(induction phase). The duration of this phase depends on
the clinical stability of the patient, and amphotericin B
should be administered for the shortest possible time (on
average 2–4 weeks).3 Transition to oral medication (con-
solidation phase) should occur after clinical stabilization,
and SMX-TMP has been used because of its better posology
and patients’ adherence.5 The association of fluconazole
with SMX-TMP also appears to be a viable option in the
treatment of patients with neuroparacoccidioidomycosis.6

There is scarce evidence in the literature that some cases may
benefit from the use of corticosteroids concomitant with
antifungal treatment. The major concern in the treatment of
severe forms of PCM is the intense inflammatory response
induced by P. brasiliensis, which can be intensified by the
antifungal therapy and, depending on the localization, as in

patients with CNS involvement, might be life-threatening.7

For this reason, we decide to add dexamethasone to the
antifungal therapy.

After treatment and the observation of cure criteria,
patients should undergo outpatient follow-up. However,
the term definitive cure can never be applied to patients
with PCM because P. brasiliensis cannot be eradicated from
the organism. Therefore, the aim PCM treatment is to re-
duce the fungal load in the patient’s body, allowing cellular
immunity and the balance between parasite and host to
recover.3

Conclusion
The differential diagnoses for neuroparacoccidioidomycosis
usually include the following conditions: tuberculosis, cryp-
tococcosis, cysticercosis, and neoplasias.3 In endemic areas,
this diagnosis should be considered when ring-enhancing
mass associated with perilesional edema is observed on
MRI.8,9 In addition, considering a world that is getting smaller
with emphasis on a global viewpoint, this diagnosis should be
remembered when there is a compatible epidemiologic
history.
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Figure 1 Brain MRI

(A) Axial fluid-attenuated inversion-recovery images show perilesional
edema in both cerebellar hemisphere and hypointense in the center of the
lesions. (B) Axial diffusion-weighted image sequences show hyperintense
and hypointense lesionswith restricted diffusion ofwatermolecules. Sagittal
(C) and Coronal (D) T1-weighted sequences show peripheral hyperintense
rim surrounding a hypointense center and ring enhancement after in-
travenous infusion of paramagnetic contrast.

Figure 2 Chest CT and nasofibrolaryngoscopy findings

(A) CT of the thorax showed 3 nodular and micronodular lesions in
the upper segment, one of the lesions with excavation, suggesting
a granulomatous infectious process. (B) Nasofibrolaryngoscopy show-
ing posterior laryngeal edema. Infiltrative lesions of both vocal folds
with subglottic extension to the left, whose biopsy was compatible with
paracoccidioidomycosis.
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NMDA receptor encephalitis (NMDAR-E) can be associated with severe dyskinesias and life-
threatening dysautonomia,1 with the need for an intensive care setting. After NMDAR-E, severe
long-term disability is infrequent2; however, its exact basis remains ill-defined.

Case Summary
A 23-year-old Caucasian woman presented with a 10-day history of nonverbal acoustic hallu-
cinations and insomnia. Neurologic examination only showed psychomotor slowing. Cerebral
MRI was normal (figure, A, first column). CSF showed 73 leukocytes/μL, isolated oligoclonal
bands, and slightly increased lactate (2.3 mmol/L, normal <2.1 mmol/L). NMDAR antibodies
in serum and CSF were positive (1:100), and other antineural/onconeural antibodies were
negative. No ovarian teratoma was detected. Although 1,000 mg methylprednisolone and
immunoglobulins 0.4 g/kg were administered IV for 5 days, followed by oral prednisolone 1
mg/kg and tapering (20 mg every second day), her condition worsened. Dyskinesias, dysau-
tonomia, and respiratory insufficiency required analgosedation and artificial ventilation. Mul-
tidrug analgosedation (propofol, midazolam, esketamine, sufentanil, alpha-2 receptor agonists,
and 4-hydroxybutyrate) failed to alleviate dyskinesias and dysautonomia (>160 bpm, systolic
blood pressure 200 mm Hg) but led to laboratory signs of drug-induced hepatotoxicity
(transaminases 36-fold of normal). However, all these subsided after switching to isoflurane.
Rituximab (1,000 mg IV, 2 doses 2 weeks apart) was administered followed by immu-
noadsorption. As dyskinesias reappeared on isoflurane reduction, high concentrations (1.2 end-
tidal volume%) were maintained for 72 days. MRI now showed symmetrical striatal and dentate
nuclei T2-weighted hyperintensities (figure A, second column, arrows) and mesiotemporal
atrophy. Otherwise unchanged CSF now showed prominently increased lactate (4.2 mmol/L).
CSF neurofilament light chain levels, a neuronal damage marker,3 were dramatically increased
(15.796 pg/mL) compared with CSF obtained 4 weeks (798 pg/mL) and 16 weeks (174 pg/
mL) earlier. Suspecting an adverse reaction to isoflurane,4 IV analgosedation was reinstated.
Arterial hypertension soon reappeared. Upon follow-up MRI, striatal and dentate nucleus
hyperintensities had dissolved. However, now features typical for posterior reversible en-
cephalopathy syndrome had appeared (figure, A, third column, arrows) and made switching to
isoflurane inevitable. At 5 months, the patient became alert and adequately oriented but
suffered from severe flaccid tetraparesis and hypoesthesias, clinically and electrophysiologically
consistent with critical illness polyneuropathy/myopathy (CIP/CIM). While only minimal
cognitive impairment was noted at 9 months, she was still seriously handicapped, now rather by
cerebellar ataxia than residual CIP/CIM. MRI showed reversible forebrain atrophy hardly
affecting the putamen and progressive cerebellar atrophy (figure, A, forth column) that was
confirmed by MRI volumetry (figure, B). At 36 months, cerebellar ataxia showed mild im-
provement but still persisted in everyday relevance.
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Discussion
Poor outcome with severe disability or death after NMDAR-E
is rare,2 and the pathophysiologic basis for persistent neuro-
logic impairment remains largely unknown. Nevertheless,
there are some risk factors that are represented by our case,
including life-threatening dysautonomia resulting in severe
blood pressure fluctuations with organ damage and orofacial

dyskinesias compromising artificial ventilation1,5 with the
need for multidrug analgosedation leading to hepatotoxicity.
The switch to a volatile anesthetic was a reasonable conse-
quence; however, long-term isoflurane can be associated with
a reversible mitochondrial toxicity,6 apparent by imaging
hallmarks, as well as putative CSF markers for mitochondrial
dysfunction and neuronal damage, so a balanced analgose-
dation can be a challenge in NMDAR-E.

FigureMultipleMRI abnormalities as correlates of diverse adverse events and neurologic impairment during the course of
severe NMDAR-E

(A) Transaxial T2wMRIs at levels depicting the basal ganglia (A.a–A.d), the mesiotemporal structures (A.e–A.h), and the cerebellum (A.i–A.l) are shown. MRI at
initial presentation showed no abnormalities (A.a, A.e, and A.i). After 72 days of isoflurane, T2w signal hyperintensities in the lateral striatum and the deep
cerebellar nuclei developed (A.b and A.j, arrows). Temporomesial atrophy became evident (A.f, stars). Remission of the T2w signal hyperintensities after
discontinuation of isoflurane while after therapy-refractory arterial hypertension, PRES with typical vasogenic edema developed in bilateral occipital regions
areas (A.c, arrows). Mesiotemporal atrophy proceeded. Nine months after disease onset, signal abnormalities associated with PRES were in full remission
while severe cerebellar atrophy had occurred (A.l, arrows). (B) MRI volumetry performed using the FMRIB Software Library (FSL, Version 5.0.9, fmrib.ox.ac.uk/
fsl, for details see ref. 13) demonstrates amesiotemporally pronounced reversible atrophy hardly affecting the putamen and progressive cerebellar atrophy.
Volumes of the different structures were normalized to the volume of the initial MRI. NMDAR-E = NMDA receptor encephalitis; PRES = posterior reversible
encephalopathy syndrome; T2w = T2-weighted.
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In long term, our patient developed functional disability in
cognitive impairment with partial remission, a severe neu-
ropathy attributed to CIP/CIM after repeated sepsis, and
persistent cerebellar atrophy, all of them representing addi-
tional risk factors for poor outcome. Reversible cerebellar
ataxia is rare in adult NMDAR-E (<3%)2 and is progressive in
only a few patients.6 As septic encephalopathy spares the
cerebellum, cerebellar atrophy omitted the cerebellar nuclei
previously involved in isoflurane-associated MRI changes in
our case and the 2 patients with ataxia reported in the liter-
ature did not receive isoflurane,6 we hypothesize an alterna-
tive yet unknown pathophysiology.

In summary, multiple complications after NMDAR-E repre-
sent a rarity, some of which indeed may lead to long-term
impairment, e.g., cognitive decline, CIP/CIM, and cerebellar
atrophy. Further research is warranted to elucidate the diverse
pathophysiologies of chronic severe functional impairment
after NMDAR-E.
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A 62-year-old man presented with subacutely progressive headache, right-sided weakness, and
subtle receptive aphasia. The initial MRI showed a large oval subcortical left frontoparietal lesion,
hypertintense on T2- and hypointense on T1-weighted sequences, exerting mass effect on adjacent
sulci (figure, A). This lesion, which had a thin rim of peripheral diffusion restriction, and showed
only minimal focal enhancement, was favored to represent a low-grade glioma. The patient was
admitted to a neurosurgical service, and treated with high-dose dexamethasone, which resulted in
partial clinical improvement before open craniotomy and a limited debulking resection. He did well
postoperatively and was discharged with only mild right hemisensory loss. Unexpectedly, histo-
pathology showed no evidence of neoplasia. Therewas demyelination and inflammatory infiltration
with a predominance of CD68-immunoreactive foamy reactive macrophages (figure, B). CSF
examination (cell counts, protein, and albumin index) was normal, without evidence of oligoclonal
bands. The neurology consultant favored a diagnosis of isolated tumefactive demyelinating lesion,
lacking MS criteria for clinical or imaging evidence of dissemination in time and space. No further
treatment was recommended initially because deficits were minor and improving.

Two-months later, the patient was readmitted with a 5-day history of progressive new right-sided
weakness, sensory loss, receptive aphasia, and right homonymous hemianopia. Empirical high-dose
daily IVmethylprednisolonewas started. A repeatMRI showed a new extensive pattern of T2 signal
abnormality extending from the surgical cavity to deeper ipsilateral structures, including the internal
capsule, thalamus, cerebral peduncle, and pons. There was only minimal mass effect and focal
gadolinium enhancement, which did not surround the lesion (figure, C). MRI spectroscopy within
the lesion showed anNAA/choline ratio of 0.42 with a lipid lactate peak suggestive of a nontumoral
process, such as necrosis or inflammatory demyelination. The differential diagnosis however in-
cludedCNS lymphoma and progressivemultifocal leucoencephalopathy.Whole-bodyCT revealed
a 5-cm para-aortic mass at the mid-lumbar level, suggestive of metastatic adenopathy. A core needle
biopsy of the mass showed highly atypical cells with prominent nucleoli, staining positively for
SALL4 and OCT3/4 and negatively for CD30. This was consistent with metastatic seminoma
(figure). Testicular ultrasound revealed that the left testis had an irregular contour with areas of
hypoechogenicity and calcifications. Orchiectomy histopathology confirmed extensive atrophy and
focal fibrosis, suggestive of a “burned out” germ cell tumor. A dedicated pathologic re-examination
of the brain failed to show any evidence of germ cell infiltration. The patient’s serum and CSF were
sent for cell-based assay testing of clinically relevant paraneoplastic antibodies (including anti-Ma2/
Ta) and cell-surface neuronal, myelin, and astrocyte antibodies (including anti-aquaporin-4 and
anti-MOG); all were negative. Further screening by immunofluorescence immunohistochemistry
of rat brain sections and on live neuronal cultures did not reveal specific binding.

The oncologic diagnosis was stage IIb seminoma, which was treated with radiotherapy to the
para-aortic region. After bolus methylprednisolone, the patient was treated with a slow tapering
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course of oral steroids for the brain lesion. Ten months after
initial symptomatic onset, he had marked improvement in
visual and language deficits but persistent severe right hemi-
paresis, affecting the leg more than the arm. The last MRI
showed overall marked improvement in the abnormal signal
noted in the left temporal, parietal, and brainstem regions,
with residual changes most prominently in the thalamus and
splenium of the corpus callosum.

This is the fourth report of paraneoplastic tumefactive de-
myelination with seminoma,1–3 excluding 1 report in which
autopsy showed definite additional intravascular seminoma.4

Although unrevealing, this is the first reported search for
autoantibodies in a possible new paraneoplastic entity. In all 3
previous cases, the neurologic syndrome was the index
manifestation and consisted of visual and memory deficits.
MRI showed lesions restricted to occipital lobes and posterior
corpus callosum. Two patients had permanent neurologic
sequelae despite treatment with steroids and chemotherapy.
Our case showed unique prominent unilateral spread of de-
myelination to subcortical structures including the thalamus
and brainstem. Distinguishing tumefactive demyelination
from glioma or lymphoma on imaging remains challenging.

The following features may favor demyelination: incomplete
rim enhancement, T2 hypointense rim, absent or mild mass
effect, and minimal perilesional edema.5,6 This is also another
example of “burned out” testicular seminoma,7 in which tes-
ticular imaging and biopsy may seem unrevealing, and met-
astatic germ cell tumor is only revealed by dedicated systemic
imaging. Although seminomas mostly respond well to che-
motherapy and radiotherapy, with favorable long-term sur-
vival rates, the occurrence of tumefactive demyelination
seems to be associated with less favorable functional outcome.
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Figure Images

(A) Left frontoparietal “mass” (T2 FLAIR). (B) Histopathologic demyelination
(Luxol fast blue/periodic acid Schiff), macrophage infiltration, and relative
preservation of axons (not shown). (C) Two months later, extensive T2
hyperintensity (T2 FLAIR) believed to represent atypical demyelination. (D)
Workup revealed a retroperitoneal mass, with histology positive for germ
cell markers SALL-4 (shown) and OCT-3/4 (not shown). Bars = 50 μM. Appendix 1 Author contributions
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CLINICAL/SCIENTIFIC NOTES OPEN ACCESS
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We report 2 cases of NMDA receptor (NMDAR) encephalitis with classic signs and symptoms
of encephalitis, but in whomBalint syndrome was a predominant manifestation in the evolution
of the disease.

Patient 1, a 24-year-old woman, presented initially with catatonia, mutism, unusual anxiety, and
generalized epileptic seizures. She received 3months of intensive care. She had no psychosis, no
movement disorders, no sleep disturbance, or dysautonomia. Cerebral MRI was normal. Based
on a large workup (table) and positivity of CSF anti-NMDAR antibodies, a diagnosis of
NMDAR encephalitis was made, and she was accordingly treated for encephalitis and seizures
(table). No teratoma was detected. One year after disease onset, neuropsychological assess-
ment found deficits in executive functions (working memory, planning, and mental flexibility),
constructive apraxia, and left spatial neglect; Balint syndrome was not assessed at this time. She
was evaluated again 2 years after disease onset because of visual complaints, such as misreaching
when grasping objects and difficulty to judge distances. Ophthalmologic examination and
visual field were normal. Neurologic examination highlighted difficulties to reach and grasp
a pen introduced in the patient’s peripheral visual fields related to bilateral optic ataxia1;
lateralized spatial attention disorder attested by a rightward bias in manual line bisection and
left omissions related to left hemineglect; and partial descriptions of complex pictures and
embedded shapes, inability to detect the contour of dotted lines and to perform visual
labyrinth tests, and inability to enumerate dots with a revisiting phenomenon consistent with
simultanagnosia.2 Eye movements were normal. A full Balint syndrome was therefore di-
agnosed on the association of optic ataxia, psychic paralysis of gaze (simultanagnosia), and
lateralized disorder of attention (left hemineglect).3 At this time, cerebral MRI remained
normal, 18 fluorodeoxyglucose PET (18F-FDG PET/CT) found a mild left fronto-temporo-
parietal and insular hypometabolism, and EEG found diffuse posterior slow waves without
epileptiform abnormalities. She was treated with 2 new infusions of rituximab. Anti-
convulsants were not modified.

Patient 2, a 19-year-old woman, presented with severe limb apraxia and aphasia, behavioral
disorders such as emotional lability and psychomotor slowing, associated with signs of Balint
syndrome. The patient had no movement disorders, no epileptic seizure, sleep disturbance, or
dysautonomia. Based on a large workup (table) and the positivity of CSF anti-NMDAR
antibodies, a diagnosis of NMDAR encephalitis was made, and she was accordingly treated
(table). No teratoma was found. At this time, cerebral MRI was normal, 18F-FDG PET/CT
showed left temporo-occipito-parietal and bilateral insular hypermetabolism, and EEG found
bilateral occipital and parietal slow waves without epileptiform abnormalities. She was re-
evaluated 2 months after diagnosis at a rehabilitation center owing to the persistence of visual
symptoms after recovery from aphasia and apraxia. Ophthalmologic examination and visual
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Table Description of patients

Patient 1 Patient 2

Age 24 years 19 years

Initial clinical
presentation

Aphasia Apraxia

Catatonia Aphasia

Generalized seizures Behavioral disorders (emotional liability and psychomotor
slowing)

CSF analysis At disease onset: At disease onset:

19 WBC 12 WBC

Normal protein level Normal protein level

Oligoclonal bands Oligoclonal bands

Positive anti-NMDAR antibodies in serum and CSF Positive anti-NMDAR antibodies in CSF

Two years after disease onset: Two months after disease onset:

Normal cell count Normal cell count

Normal protein concentration Normal protein concentration

No oligoclonal bands No oligoclonal bands

Positive anti-NMDAR antibodies in CSF Positive anti-NMDAR antibodies in CSF

Treatment Methylprednisolone 1,000 mg daily for 5 days Prednisolone 180 mg daily for 1 month

IV immunoglobulin (2 courses, 0.4 g/kg daily for 5 days) IV immunoglobulin (1 course, 0.4 g/kg daily for 5 days)

Rituximab (1,000 mg per infusion, 4 infusions) Rituximab (1,000 mg per infusion, 2 infusions)

Cyclophosphamide (600 mg/m2/infusion, 9 infusions) Cyclophosphamide (600 mg/m2, 5 infusions)

Levetiracetam 1500 mg per day

Lacosamide 250 mg per day

Follow-up 26 months 6 months

Balint syndrome
assessment2

Two years after disease onset: Two months after disease onset:

Bilateral optic ataxia (left > right) Bilateral optic ataxia

Simultanagnosia Simultanagnosia

Inability to identify superimposed figure identification Inability to identify superimposed figure identification

Inability to perform visual labyrinth tests Inability to perform visual labyrinth tests

Inability to identify the contour of dotted lines Inability to identify the contour of dotted lines

Partial description of a complex picture Partial description of a complex picture

Erroneous counting with overestimations of the number of
dots

Erroneous counting with underestimations of the number of
dots

Elementary visual-perceptual impairment: length
comparison, size comparison, angle comparison task,
midline localization, comparison of dot position, and dot
position among distractors research. Total: 58/72 (impaired)

Elementary visual-perceptual impairment: length
comparison, size comparison, angle comparison task,
midline localization, comparison of dot position, and dot
position among distractors research). Total: 52/72 (impaired)

Left visual neglect Left visual neglect

Systematic rightward bias at manual line bisection (mean
deviation: 0.8 cm)

Systematic rightward bias at manual line bisection (mean
deviation: 0.8 cm)

Continued

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 1 | March 2019 Neurology.org/NN

http://neurology.org/nn


field were normal. Full Balint syndrome was diagnosed on
the association of optic ataxia, simultanagnosia, and lateralized
disorder of attention (left hemineglect) (table).2,3 Eye
movements were normal. Balint syndrome recovered over the
next 4 months.

Discussion
These 2 cases show the occurrence of Balint syndrome, in
addition to other symptoms, in NMDAR encephalitis. Balint
princeps description included optic ataxia, psychic paralysis of
gaze (now called simultanagnosia), and lateralized disorder of
attention (left spatial neglect), as observed in our 2 patients.3

Oculomotor apraxia as described later in addition to the triad
was not observed in our 2 patients.

Balint syndrome is a reliable marker of bilateral parieto-occipital
dysfunction. Accordingly, posterior slow waves were ob-
served on EEG in our 2 patients. Such posterior EEG ab-
normalities have been previously reported in NMDAR
encephalitis.4

While in most vascular or degenerative Balint syndrome, bi-
lateral parieto-occipital hypo metabolism is reported; meta-
bolic imaging in our patients showed different patterns.
Occipital hypometabolism has been highlighted in NMDAR
encephalitis, but other patterns have been described, such as
focal and lateralized hypo- or hypermetabolism.5 Further-
more, seizures and psychotropic treatment may also con-
tribute to the metabolic pattern variability.

The pathophysiologic mechanisms leading to these clinical,
EEG, and imaging changes remain unclear. They could in-
volve a direct pathogenic role of anti-NMDAR antibodies
leading to NMDAR internalization and a consecutive change
in neuronal activity.6 They could also involve a thalamo-
cortical disconnection, as such damage in connectivity has
been identified among users of ketamine, an NMDAR
antagonist.7

Our clinical observations highlight that posterior tropism of
functional and metabolic changes reported in NMDAR
encephalitis4,5 can be symptomatic. Future studies are needed
to assess the prevalence and pathophysiology of Balint syn-
drome in NMDAR encephalitis.
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Table Description of patients (continued)

Patient 1 Patient 2

Omission of elements displayed on the left side (map,
complex scene picture)

Omission of elements displayed on the left side (map,
complex scene picture)

Other
neuropsychological
symptoms

One year after disease onset: One month after disease onset:

Constructive apraxia Mild constructive apraxia

Working memory deficit (digit span and symbol digit
modalities test)

Working memory deficit (digit span and symbol digit
modalities test)

Limitation of cognitive flexibility (Trail Making Test)

Abbreviations: NMDAR = NMDA receptor; WBC = white blood cell.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 1 | March 2019 3

http://nn.neurology.org/lookup/doi/10.1212/NXI.0000000000000532
http://nn.neurology.org/lookup/doi/10.1212/NXI.0000000000000532
http://neurology.org/nn


Appendix 1 Author contributions

Name Location Role Contribution

Aude Metzger,
MD, PhD
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Case presentation
A 17-year-old man was brought to the emergency department with several weeks of irritability,
insomnia, and depression, followed by 1 week of nonsensical speech and visual, nonthreatening
hallucinations. His medical history included depression and Sydenham chorea diagnosed when
he was aged 12 years with positive ASO titer and anti-DNAse B antibodies.

He was thought to have a psychiatric illness and was admitted to the psychiatry service. After
a dystonic event, he was transferred to the intensive care unit. Brain MRI demonstrated T2/
fluid-attenuated inversion recovery (FLAIR) hyperintense juxtacortical lesions in the bilateral
parietal white matter (figure 1). His syndrome progressed over several days, including agitation,
episodes of catatonia, dyskinetic and dystonic movements, and eventually episodes of brady-
cardia, hypoxia, and hypotension. He became unresponsive and exhibited diffuse hyperreflexia,
bilateral Babinski signs, and clonus in the lower extremities were detected.

EEG demonstrated generalized slowing without epileptiform discharges or extreme delta
brush. Extensive serologic testing for infectious and autoimmune etiologies was unrevealing
other than mildly elevated antithyroid peroxidase and thyroglobulin antibodies. CSF analysis
revealed 3 nucleated cells (80% lymphocytes; 20% monocytes), normal glucose and protein
concentrations, and no oligoclonal bands. CSF autoimmune encephalitis (AE) panel was
pending.

Differential diagnosis
This patient presented with a subacute, progressive encephalitis syndrome. Encephalitis is
inflammation of the brain with associated neurologic dysfunction that typically presents with
an acute to subacute course.1 The clinical features of encephalitis include encephalopathy
(i.e., altered consciousness, personality change, and cognitive/memory dysfunction) lasting
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≥24 hours, accompanied by inflammation as evidenced by
fever, cerebrospinal fluid (CSF) pleocytosis, and/or corre-
sponding changes on magnetic resonance imaging (MRI)
(tables 1 and 2).

The first step in evaluating a patient with possible encephalitis
is to distinguish the syndrome of encephalitis from enceph-
alopathy (e.g., altered consciousness related to infarct, sys-
temic infection, toxin exposure, metabolic derangement, not
associated with brain inflammation). The differential di-
agnosis for encephalitis (table 2) includes primarily infectious
(common causes include herpes simplex virus-1, varicella
zoster zirus, and enterovirus) and immune-mediated etiolo-
gies (NMDA receptor [NMDAR] encephalitis, leucine-rich
glioma inactivated-1 encephalitis, among others).2,3

With a negative infectious workup, and no clinical symptoms of
infection, 1 g of IV methylprednisolone (IVMP) was admin-
istered daily for 5 days for presumed immune-mediated en-
cephalitis. He improved for a few days but then developed new
neurologic deficits for which the neuroimmunology service was
consulted.

On examination, he was somnolent and inattentive. There was
a left gaze palsy that could not be overcome by the oculoce-
phalic maneuvers, a left internuclear ophthalmoparesis (INO),
and a left lower motor neuron facial palsy. In the primary
position, the right eye was exotropic (paralytic pontine exo-
tropia) and when asked to look left, the eyes did not move;
when asked to look right, the right eye abducted, while the left
adducting eye did not move. He had right leg weakness, ataxia
in the left arm, and an ataxic gait. Romberg sign was present.

Neuroanatomic localization
The brainstem findings localize to a lesion in the left dorso-
lateral pontine tegmentum that disrupts the left abducens
nucleus producing the left gaze palsy, the ascending fibers of
the left medial longitudinal fasciculus resulting in a left INO,
and the fascicles of the left facial nerve, whose dorsal trajectory
wraps circumferentially around the homolateral abducens
nucleus at the floor of the fourth ventricle, thereby producing
the ipsilateral facial palsy (figure 2). The combination of an
ipsilesional gaze palsy and ipsilesional INO is termed the 1½
syndrome.4 A 1½ syndrome in conjunction with a lowermotor
neuron facial palsy constitutes the “8½ syndrome.”5

Figure 1 Axial FLAIR brain MRI obtained on admission to the ICU demonstrated (A1) old hyperintense subcortical lesions
(arrowhead), new superimposed on old T2/FLAIR hyperintense juxtacortical lesions (A.a arrow), and new
lesions (A.b arrow), none of which demonstrated gadolinium enhancement or diffusion restriction.

Parts B-E are follow-up images, please refer to the text for clinical context. Follow-up brain MRI obtained after the patient deteriorated demonstrated a T2
hyperintensity in the ventral-rostral medulla, on axial (arrow, B), and coronal cuts (arrow, C), that was hypointense on T1 sagittal imaging, with a very faint rim
enhancement on post-gadolinium sequences (arrowhead E; enhancement, and not well visualized on this image). Therewere also T2 hyperintense lesions on
axial sequences in the caudal medulla (arrows, D), one of which enhanced with gadolinium on the T1 sagittal view (arrow, E).
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Final diagnosis
NMDAR immunoglobulin-G (IgG) from the CSF was
positive, whereas serum aquaporin-4 (AQP4) and anti–
myelin oligodendrocyte glycoprotein (MOG) IgG were
undetectable. The working diagnosis was NMDAR en-
cephalitis with a presumed demyelinating overlap syndrome.
The patient was evaluated for underlying malignancy, and
none was identified. After treatment with an additional 5
daily doses of 1 g IVMP and intravenous immunoglobulins
(IVIg) he improved sufficiently for transfer to a re-
habilitation facility. However, a few weeks into neuro-
rehabilitation, his ataxia and diplopia worsened, and MRI
demonstrated expansion of his known lesions. He was treated
again with IVMP, IVIg, and rituximab. Eventually, hemade a full
recovery and exhibits a durable remission on rituximab treat-
ment every 6 months.

Discussion
Initially described in 2007 in young women with prominent
psychiatric illness and occult ovarian teratomas,6 anti-NMDAR
encephalitis is now considered the most common antibody-
mediated encephalitis syndrome (figure 3A).7 Although oli-
godendrocytes are known to express NMDARs, the role of
NMDAR IgG in myelin dysfunction is yet to be elucidated.8

Women are most frequently affected, with a median age of 21
years, but the illness can occur at any age and even in the
absence of a concomitant paraneoplastic process. In 1 study,
27% of patients with HSV encephalitis developed AE after the
infection (figure 3B); therefore, a high index of suspicion and
close monitoring are prudent in this population.9

The first step in establishing the diagnosis is to recognize the
cardinal clinical manifestations of NMDAR encephalitis,
which typically evolves subacutely, with neuropsychiatric

manifestations (e.g., confusion, memory loss, and hallucina-
tions), that must be carefully differentiated from a primary
psychiatric condition.

After the initial psychiatric manifestations at presentation,
patients commonly exhibit depressed level of consciousness,
alternating with episodes of agitation and catatonia, in con-
junction with a high predilection of seizures and/or
abnormal/dystonic movements. In the later stages of the
disease, autonomic dysfunction, including oscillations of au-
tonomic instability, can evolve and constitute one of the most
formidable treatment challenges in the management of these
complex patients.

Diagnostic confirmation
Antibody testing from CSF is more sensitive and specific
for NMDAR encephalitis than from serum.10 However, and
notwithstanding this key observation, parallel sampling of
CSF and serum is pragmatic and recommended for purposes
of identification of overlapping immune responses, whereas
serum is more sensitivie for detection of MOG and AQP4
antibodies.3

Although brain MRI is normal at initial presentation in 2/3 of
patients, approximately 1/3 may reveal nonspecific T2/FLAIR
hyperintense lesions.11 One study of 61 patients with sus-
pected AE found that although only 40% of patients had
abnormal MRI, 85% exhibited abnormalities on brain PET,
which can reveal a diversity of distinctive characteristics.12 For
instance, a frontotemporal-to-occipital gradient of hyper- to
hypometabolism has been reported in NMDAR encephali-
tis.13 Furthermore, a pathophysiologic signature is observed
in 33% of patients with NMDAR encephalitis and is char-
acterized by EEG changes, such as the so-called extreme
delta brush pattern, codified by a predominance of 1–3 Hz
delta activity, with superimposed bursts of 20–30 Hz beta
activity. Electrographic patterns of focal or generalized

Table 1 Diagnostic criteria for encephalitis

Major criterion (required)

Patients presenting with altered mental status (defined as decreased or altered level of consciousness, lethargy, or personality change) lasting ≥24 hours
with no alternative cause identified.

Minor criteria (2 required for possible encephalitis; ≥3 required for probable or confirmed encephalitis):

Documented fever ≥38°C (100.4°F) within the 72 hours before or after presentationa

Generalized or partial seizures not fully attributable to a preexisting seizure disorder

New onset of focal neurologic findings

CSF WBC count ≥5/mm3

Abnormality of brain parenchyma on neuroimaging suggestive of encephalitis that is either new from previous studies or appears acute in onset

Abnormality on EEG that is consistent with encephalitis and not attributable to another cause

Abbreviations: WBC = white blood cell.
Notably, somepatients with focal encephalitis in an area not affecting consciousnessmaybemissed by these criteria. Reproduced fromVenkatesan A, Tunkel
AR, Bloch KC, et al. Case definitions, diagnostic algorithms, and priorities in encephalitis: consensus statement of the international encephalitis consortium.
Clin Infect Dis 2013;57:1114–1128.1
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Table 2 Differential diagnosis and testing

Differential diagnosis Clinical features Diagnostic evaluation

Infectious

Bacterial

Bacterial (meningoencephalitis) Acutely progressive toxic syndrome with fevers, focal infectious
symptoms (e.g., cough), meningismus

Gram stain/cultures, focused infectious
evaluation (e.g., CXR, urine cultures)

Streptococcus pneumoniae

Neisseria meningitidis

Haemophilus influenzae

Staphylococcus aureus

Listeria monocytogenes

Borrelia burgdorferi Arthralgias/myalgias, rash Lyme serologies from CSF and serum

Treponema pallidum Painless genital ulcers, rash CSF VDRL

Viral

HSV-1/2 Temporal lobe encephalitis CSF HSV-1/2 PCR

VZV Shingles, stroke CSF VZV PCR and IgM, IgG

Enteroviruses Gastrointestinal or upper respiratory tract infection Nasopharyngeal/pharyngeal/rectal
enterovirus PCR, CSF enterovirus PCR

Fungal

Cryptococcus Weight loss, elevated intracranial pressure, hypoglycorrhachia CSF cryptococcal PCR/antigen

Immune mediated

MS Episodes consistent with demyelinating events—optic neuritis,
segmental myelitis ADEM-like presentations

Brain, spine MRI with/without gadolinium,
VEPs/OCT, serumAQP4 IgG, serumMOGIgG

AQP4+ NMO Severe optic neuritis, area postrema vomiting syndrome,
longitudinally extensive myelitis (although the spectrum
includes milder findings as well)

MOG Relapsing optic neuritis, less often longitudinally extensive
transverse myelitis, ADEM-like presentations (especially in children)

Autoimmune encephalitis (cell
surface/synapse, intracellular
antibodies)

Various—limbic encephalitis, movement disorders, cerebellar
syndromes, opsoclonus-myoclonus

Serum/CSF neuronal antibody panel,
tumor evaluation

Behçet disease Recurrent oral/genital ulcers, uveitis, rash, inflammatory
arthritis

ESR/CRP, pathergy, HLA genotyping

Neurosarcoidosis Varied, pulmonary symptoms Chest/body CT or PET, biopsy

Sjögren syndrome Xerostomia/xerophthalmia SSA/B, lip gland biopsy

Susac syndrome Encephalopathy, hearing loss, branch retinal artery occlusions
and intravascular gass plaques

Fluorescein angiography, OCT

Other

Infiltrative malignancy Varied CSF cytology, body imaging with CT or PET

Intravascular lymphoma Varied

Immunocompromised patients Varied CMV PCR, HHV6/7 PCR, Toxoplasma gondii;
MTB, fungal infections, WNV, PML

Abbreviations: AQP4 = Aquaporin 4-IgG; NMO = neuromyelitis optica; OCT = optical coherence tomography; VEP = visual evoked potential; WNV = West Nile
virus.
This table summarizes the primary diagnostic considerations, key clinical features, and suggested diagnostic evaluation for patients with encephalitis. All
patients should have CBC, CMP, serum HIV, and treponemal testing; CSF analysis with cell count/differential, protein, glucose, IgG index, oligoclonal bands,
and Gram stain/bacterial cultures, HSV-1/2 PCR, and MRI brain with or without gadolinium and EEG. This is not a comprehensive list, and further focused
diagnostic testing should be based on clinical/historical features and the results of initial investigations.1
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slowing; punctuated by epileptiform discharges, or with ictal
activity in isolation has also been entified in NMDAR
encephalitis.14

Treatment intervention
In the appropriate clinical context, and following exclusion
of infectious and neoplastic etiologies, treatment with im-
munotherapy should be initiated while awaiting confirma-
tory diagnostic testing.15 Although there are no clinical trials
to guide therapy in AE, pulse IVMP (i.e., 1 g daily for 3–5
days) is a reasonable initial treatment and can be combined
with plasma exchange (PLEX; 1 full volume every other day
for a total of 3–7 treatments) or IVIg as first-line therapy.3

IVIg can be used in place of PLEX, such as in patients with
extreme agitation, who may be at risk of removing their
central line. Alternately, many clinicians are using rituximab
as a first-line therapy.

If improvement is not observed within 10–14 days, rituximab
and cyclophosphamide are second-line agents to consider.
Occasionally, the combination of rituximab and cyclophos-
phamide may be necessary in the monotherapy refractory
patient.16

Further investigations
The presence of an underlying tumor in patients diagnosed
with NMDAR encephalitis is age and sex dependent, with
approximately 40%–50% of young women and teenagers har-
boring teratomas, whereas tumors are rare in children andmen.
Nevertheless, all such patients should be evaluated for un-
derlying malignancy, while the specific strategic targeting
investigations should be contingent on individual risk factors.17

With immunotherapy and/or tumor removal, most patients
eventually recover.7 For patients with negative tumor
screening, and no apparent trigger for their development of
NMDAR encephalitis, serial imaging (MRI or ultrasound of
the abdomen and pelvis every 6–12 months) is a prudent
strategy in young women for a period of;2–3 years; whereas
the corresponding low frequency of tumors in children and
men suggest that serial and systematic surveillance inves-
tigations may not be as compelling.18

Overlapping concomitant syndromes
Titulaer et al.19 published a series of patients with NMDAR
encephalitis and presumed demyelinating overlap

Figure 2 Mid-sagittal FLAIR (A) and axial T2 (B and C) brain MRI demonstrated a new T2 hyperintense intraparenchymal
lesion in the left dorsolateral pontine tegmentum, just ventral to the fourth ventricle (yellow arrow in A, white
arrow in B, and the lesion outlined in red in C)

The white arrow in A is the caudal medullary lesion seen in
figure 1, above. There were also T2 hyperintense lesions in
the upper and lower thoracic spinal cord (not shown). In C,
we characterize the localization of the left dorsolateral
pontine tegmentum lesion and the neuroanatomic details
responsible for the patient’s complex constellation of clinical
findings. The anatomic distribution of the lesion included the
left CN 6 nucleus, responsible for the left gaze palsy, the left
MLF producing the left INO (taken together constituting the
1½ syndrome), and the left fascicle of CN 7 as it loops around
the CN 6 nucleus resulted in the left facial palsy (which when
combined with the 1½ syndrome, we arrive at the so-called
8½ syndrome; in essence; 1½ + 7 = 8½).
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Figure 3 Potential mechanisms leading to development of anti-NMDAR encephalitis

Paraneoplastic and postinfectious triggers associated with generation of pathogenic NMDAR autoantibodies are illustrated. (A) Paraneoplastic NMDAR en-
cephalitis in young women is most often associated with ovarian teratoma.6 Paraneoplastic (ectopic) expression of NMDARs by neuronal tissue within the
teratoma serves as an immunogenic stimulus within local tumor-draining lymph nodes.21 Via binding of NMDAR products to MHC II molecules, antigen-
presenting cells (APCs) activateNMDAR-specific CD4+ T (e.g., T follicular helper [Tfh]) cells and B cells, leading to the generation of anti–NMDAR-specificmemoryB
cells. On entering the CNS, memory B cells are thought to undergo further differentiation into plasmablasts and plasma cells that secrete anti–NMDAR-specific
IgG1, which can injure NMDAR-expressing neurons. (B) HSV-1, a neurotropic virus, is a cause of postinfectious autoimmune encephalitis. Here, generation of
NMDAR-specific antibodies is thought to occur secondary to tissue damage. HSV-1–infected neurons elicit antiviral cytotoxic CD8+ T cells that cause neuronal
injury and release of cellular debris, which includes NMDARs and other neuronal proteins. APCs that bind NMDARs stimulate NMDAR-specific CD4+ Tfh cells,
which in turn may direct differentiation of NMDAR-specific B cells into plasma cells that secrete NMDAR-specific IgG1 antibodies.
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syndrome in 2014. In their study of 691 patients with
NMDAR encephalitis, 3.3% had an overlap syndrome,
which included patients with coexisting NMDAR and
AQP4 or MOG antibodies, suggesting that a complex di-
versity of distinctive humoral autoimmune mechanisms can
operate concomitantly. Of interest, those patients with an
overlap syndrome were less likely to have an ovarian tera-
toma, suggesting that a paraneoplastic process did not serve
as the trigger.

Patients with NMDAR encephalitis may develop a demy-
elinating syndrome preceding, concurrent with, or fol-
lowing the encephalitis episode. The evaluation of patients
with NMDAR encephalitis who develop focal deficits
suggesting a demyelinating syndrome should include MRI,
and laboratory testing for AQP4 and MOG antibodies
given long-term treatment implications. Glial fibrillary
acidic protein antibodies have been detected in the CSF of
some patients with anti-NMDAR encephalitis (Figure
3),20 although it remains unclear whether such patients
have overlapping syndromes (e.g., anti-NMDAR enceph-
alitis and meningoencephalomyelitis). Ultimately, advan-
ces in our recognition of the pathobiological underpinnings of
NMDAR encephalitis, and its relationship to other
immune-mediated conditions of the CNS, continue to in-
form us on the diversity and complexity that can manifest
across patients, with important practical implications with
respect to optimizing treatment interventions aimed at the
rapid achievement of disease remission and accelerated
recovery.
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CORRECTION

Plasmapheresis for acute attacks in neuromyelitis optica spectrum
disorders
Neurol Neuroimmunol Neuroinflamm 2019;6:e518. doi:10.1212/NXI.0000000000000518

In the Editorial “Plasmapheresis for acute attacks in neuromyelitis optica spectrum disorders,”
the fourth reference incorrectly cites the article’s authors as “Hartung HP, Ringelstein M, Geis
C, et al.,” but should read “Kleiter I, Gahlen A, Borisow N, et al.” The author regrets the error.

Reference
1. Levy M. Plasmapheresis for acute attacks in neuromyelitis optica spectrum disorders. Neurol Neuroimmunol Neuroinflamm 2018;5:

e510. doi: 10.1212/NXI.0000000000000510.

Copyright © 2018 American Academy of Neurology 1
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CORRECTION

Autoimmune Septin-5 Cerebellar Ataxia
Neurol Neuroimmunol Neuroinflamm 2019;6:e534. doi:10.1212/NXI.0000000000000534

In the article, “Autoimmune Septin-5 Cerebellar Ataxia” byHonorat, et al.1, first published online
on July 9, 2018, the scale bar measurement for Figure 1 should read as Scale bar, A, H and I,
100 μm; B, C, and D, 200 μm; E and F, 150 μm; the scale bar measurement for Figure 2 should
read as Scale bar, B, 200 μm (top), 150 μm (bottom); C, 100 μm (left), 200 μm (right); and the
scale bar measurement for the e-figure legend should read as 75 μm. The authors regret the error.

Reference
1. Honorat JA, Lopez-Chiriboga AS, Kryzer TJ, et al. Autoimmune Septin-5 Cerebellar Ataxia. Neurol Neuroimmunol Neuroinflamm

2018;5:e474.

Copyright © 2018 American Academy of Neurology 1
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