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Abstract

Background: Currently, no unequivocal predictors of disease evolution exist in patients with multiple
sclerosis (MS). Cortical atrophy measurements are, however, closely associated with cumulative disabil-

ity.

Objective: Here, we aim to forecast longitudinal magnetic resonance imaging (MRI)-driven cortical
atrophy and clinical disability from cerebrospinal fluid (CSF) markers.
Methods: We analyzed CSF fractions of albumin and immunoglobulins (Ig) A, G, and M and their CSF

to serum quotients.

Results: Widespread atrophy was highly associated with increased baseline CSF concentrations and quo-
tients of albumin and IgA. Patients with increased CSF,,, and CSFy,, showed higher functional disability

at follow-up.

Conclusion: CSF markers of blood—brain barrier integrity and specific immune response forecast emerg-
ing gray matter pathology and disease progression in MS.
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Introduction

Multiple sclerosis (MS) is a chronic neuroinflamma-
tory disease of the central nervous system (CNS) that
leads to progressive disability. Recent neuroimaging,
immunological, and histopathological studies have
provided valuable insights into the mechanisms of the
disease.!? Development of novel biomarkers is, how-
ever, essential since they should serve as optimized
predictors for the disease course. Cortical atrophy
represents an important magnetic resonance imaging
(MRI)-based biomarker that is closely associated with
emerging clinical disability.?> However, there are cur-
rently no unequivocal non-invasive predictors of

ongoing neuroinflammation and damage in the
cortex.

The blood-brain barrier (BBB) plays an important
role in MS pathogenesis, being the selective gate-
keeper for immunoinflammatory responses in the
CNS and the target of present and future drug devel-
opments.* Cellular and molecular immune system
components can cross the pathologically permeable
BBB and trigger distinct inflammatory activity in dif-
ferent CNS compartments. BBB disruption has been
attested not only in acute lesions, but also in normal-
appearing gray and white matter.>¢
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Under physiological conditions, only low amounts of
albumin and certain immunoglobulin (Ig) types cross
the BBB. Albumin quotient (i.e. cerebrospinal fluid
(CSF) albumin/serum albumin ratio) can therefore be
considered amarker of BBB permeability.”8 Addressing
BBB integrity and longitudinal gray matter processes
could translate inflammatory activity to focal and
global brain atrophy, the latter being an accepted bio-
logical hallmark of the clinical long-term outcome.

Here, we investigate the connection between cortical
atrophy and the presence of CSF markers of BBB per-
meability/integrity. We observed a significant correla-
tion between CSF albumin and IgA and the rate of
cortical atrophy over 12 months. We propose that
elevated baseline levels of CSF albumin and IgA can
serve as markers of early cortical atrophy and rapid
disease progression in MS.

Methods

Patients

Seventy-one relapsing-remitting multiple sclerosis
(RRMS) patients (mean age + standard deviation
(SD) 31.2 £ 9.4 years, 25 males) were included in this
longitudinal study. RRMS diagnosis was established
accordingly to the 2010 revised McDonald diagnostic
criteria.? All patients underwent comprehensive clini-
cal, laboratory, and neuroimaging evaluation through
a standardized protocol.'® All patients were rescanned
with the same protocol after 12 = 1 months. The sus-
tained Expanded Disability Status Scale (EDSS)
score (confirmed after 3 months) at the second time
point has been used as a clinical outcome measure to
quantify clinical disability. We opted to use an EDSS
score of 2 as a cut-off, since an EDSS score of <2.0
with at least 10 years of disease duration seems to be
the most appropriate criterion in identifying patients
with benign MS (Glad et al., 2010). Clinical disease
activity was defined as a clinical relapse, while radio-
logical activity was defined as the appearance of new/
enlarging hyperintense lesions or gadolinium-enhanc-
ing lesions. Of 71 patients, 63 patients (89%) were
receiving different disease-modifying treatment
(DMT) and 8 patients were not on DMT. Informed
consent was obtained from all patients and the study
was approved by the local ethics committee.

CSF variables examination

CSF and serum samples were obtained from each
patient at the time of first clinical event and CSF con-
centrations of albumin (CSFyy,), IgA (CSF,,), 1gG
(CSFyyg), and IgM (CSFyy,,) were determined with

immunonephelometry. Quotients of albumin (Q,,),
IgA (Quga)s 128G (Qyyp), and 1gM (Qy,y) were defined
as the ratios of CSF concentrations to the correspond-
ing serum concentrations of these fractions; reference
values were considered according to Berlit.!! Since
Q. 18 age-sensitive, increased Q,; was considered
in relation to reference ranges depending on the age of
the patients: 6.5-8 for patients aged <40 years (55
patients) and >8.0 for patients aged >40 years (16
patients).!2 To detect patients with intrathecal synthe-
sis of IgA, IgG, and IgM, hyperbolic functions for
each Ig type were applied as follows

Ig,. =0(Ig)- a/b\/(QA,b)iﬂb2 +e

where Ig,,. is local Ig synthesis, O(/g) is Ig quotient,
0O, 1s albumin quotient, and a, b, and ¢ are empirical
values.!?

MRI acquisition

Structural MRI images were acquired using a 3T
Magnetom Tim Trio scanner (Siemens Medical
Solutions, Erlangen, Germany) with a 32-channel
head coil, according to a standardized protocol'? at the
Neuroimaging Centre (NIC) Mainz, Germany. This
imaging protocol comprises sagittal three-dimensional
T1- and T2-weighted fluid-attenuated inversion recov-
ery (FLAIR) sequences. T1-weighted magnetization-
prepared rapid gradient echo (MP-RAGE) sequence
included the following acquisition parameters: repeti-
tion time (TR) = 1900 ms, echo time (TE) = 2.52 ms,
inversion time (TT) = 900 ms, echo train length (ETL)
=1, flip angle = 9°, matrix size = 256 x 256, field of
view (FOV) =256 x 256 mm, slice thickness = 1 mm,
voxel size = 1 x 1 x I mm; FLAIR sequence: TR =
5000 ms, TE = 388 ms, TI = 1800 ms, ETL = 848,
matrix size = 256 x 256, FOV = 256 x 256 mm, slice
thickness = 1 mm, voxel size = 1 x 1 x 1 mm.
T1-weighted, T2-FLAIR, and contrast-enhanced T1
images were analyzed by an experienced neuroradiol-
ogist for the detection of new and contrast-enhancing
lesions.

Initially, lesion maps were drawn on T2-weighted 3D
FLAIR images using the MRIcron software (http://
www.mccauslandcenter.sc.edu/mricro/mricron/).
Using the lesion segmentation toolbox (LST) which is
part of the statistical parameter mapping (SPMS8) soft-
ware, 3D FLAIR images were co-registered to 3D T1
images and bias corrected. After partial volume esti-
mation (PVE), lesion segmentation was performed
with 20 different initial threshold values for the lesion
growth algorithm.'* By comparing automatically and
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Table 1. Baseline demographic, clinical, and CSF data of RRMS patients.

Parameter Mean + SD Reference range

Age (years) 31.2+94

Male/female: number (%) 25 (35%)/46 (65%)

Age at diagnosis (years) 30.7+9.6

Disease duration (years) 1.5+34

EDSS 15+14

CSF albumin (CSF ;) 234.1 +123.7 mg/L 110-350 mg/L

CSF IgA (CSF,) 32+32mg/L 1.5-6 mg/L

CSF IgG (CSF,) 58.0 £36.8 mg/L <40 mg/L

CSF IgM (CSF ) 1.1 £ 1.8 mg/L <1 mg/L

Albumin quotient (Q,,) 53+27 <6.5 (<40 years)
<8 (>40 years)

IgA quotient (Qy,4) 1.6+14 1.3

IgG quotient (Qy,5) 5.1£29 2.3

I[gM quotient (Qyy) 1.1+1.8 0.3

SD: standard deviation; EDSS: Expanded Disability Status Scale; CSF: cerebrospinal fluid; Ig: immunoglobulin; Q: quotient;

Ig: immunoglobulin.

manually estimated lesion maps, the optimal thresh-
old (x value, dependent on image contrast) was deter-
mined for each patient and an average value for all
patients was calculated. Afterward, for automatic
lesion volume estimation and filling of 3D T1 images,
a uniform K value of 0.1 was applied for all patients.
Subsequently, the filled 3D T1 images as well as the
native 3D T1 images were segmented into gray mat-
ter, white matter, and CSF and normalized to Montreal
Neurological Institute (MNI) space. Finally, the qual-
ity of the segmentations was visually inspected.

MRI data processing: cortical thickness
reconstruction

T1-weighted images were analyzed using FreeSurfer
software (v5.3.0, http://surfer.nmr.mgh.harvard.edu/)
for longitudinal cortical thickness (CT) and thalamic
volume estimation in a fully automated fashion. In
brief, after individual surface reconstruction, an unbi-
ased within-subject template was created.!>1¢ The
unbiased template served for initialization of skull
stripping, normalization, atlas registration, and par-
cellation of individual time points.!” Surface maps of
regional atrophy rates were computed as (thickness2
— thickness1)/(time2 — timel) and smoothed with a 10
mm full width at half maximum (FWHM) Gaussian
kernel for further correlation with CSF variables and
their quotients. Statistical maps of significant correla-
tions were corrected for multiple comparisons using
false discovery rate (FDR, p < 0.05) with a minimum
cluster size of 100 mm?.

Statistical analysis

SPSS 23.0 software (IBM, Armonk, NY, USA) was
used to perform statistical analyses. The data were
checked for normal distribution using the Shapiro—
Wilk test. Summary statistics are presented as mean
+ SD, median, and percentage, where applicable.
Standard and stepwise linear regression analyses
were performed to assess the relative contributions of
baseline quotients (Qjp, Qpga> Qlyg> and Qygy) in pre-
dicting the rate of cortical atrophy at 1-year follow-
up. Adjusted R? values are reported. One-sided paired
student’s t-test was used to evaluate the differences in
variables. P-values less than 0.05 were considered
statistically significant. To account for a possible
influence on cortical atrophy rates, age and gender of
the patients were included as covariates.

Results

Patients

Baseline characteristics of the patients are reported in
Table 1. In 68 patients, the CSF was positive for oligo-
clonal bands (OCB); two patients were OCB negative.
During the 1-year follow-up, 18 patients (25.4%) pre-
sented a clinical relapse, 22 (31.0%) had MRI activity,
and 11 (15.5%) presented both; the remaining patients
(28.1%) were clinically and radiologically stable. Two
patients exhibited new cortical lesions (precuneus and
frontal). At follow-up, mean CT (2.52 £ 0.1 mm) and
thalamus volume (8954.9 & 1255.7 mm?) were signifi-
cantly smaller in comparison to baseline values (2.53
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Figure 1. Clusters of significant associations between cortical atrophy rates and (A, B) albumin quotient (Q,;,) and (C, D)
IgA quotient (Qy,y). Lateral and medial views of right (RH) and left (LH) hemispheres are shown. All labeled clusters were
significant after FDR correction (p < 0.05). The color bar represents the statistical significance of the association.

+ 0.1 mm, p = 0.04 and 9030.9 £ 1211.1 mm3, p =
0.006; respectively).

O Qjgur and cortical atrophy rate

The rate of cortical atrophy over 1 year was highly
associated with Q,y, and Qy,4. Significant correlations
between atrophy rates and both baseline Q,; and
baseline Q4 were found in the precuneus (PrC),
rostral middle frontal (rMF), precentral (PC), and
inferior parietal (IP) gyri of both hemispheres
(Figure 1). Specific anatomic locations of these clus-
ters are reported in Supplementary Table 1. The
regions with the highest association between baseline
Q,, and cortical atrophy rate were the right PrC (R? =
0.364, p <0.001) and left fusiform gyrus (R? = 0.290,
p <0.001). Bilateral PrC had the highest associations
with Qs (R? = 0.415 for left and R* = 0.503 for right
hemispheres, p < 0.0001).

Oy Qjsr and thalamic atrophy rate

No significant associations between the addressed
quotients and the annual rate of thalamus atrophy
were detected.

Oiomv Oueo and cortical atrophy rate

Cortical atrophy rates were also associated with Qy,q
(R?=0.259, p = 0.02, pars opercularis) and Qg (R* =
0.358, p = 0.04, precentral cortex), although with a
weaker effect size. Additional associations with Q,q
were found in the right parietal and occipital lobes,

while Qyy, correlated with the atrophy rate in the left
parietal region.

CSF fractions and cortical atrophy

Higher values of CSF, and CSF,,, were mirrored by
increased regional gray matter loss. The annual rate of
cortical atrophy correlated with CSF,, (R2=0.17,p <
0.001, precuneus bilateral), CSFy,, (R? = 0.12, p =
0.001), and to a lesser extent with CSFy (R? = 0.12,
p = 0.02) and CSF,, (R* = 021, p = 0.04)
(Supplementary Figure 1).

CSF variables and EDSS

CSF,, and CSFy,y, significantly differed between
patients with mild disability (EDSS 0—1.5) and those
with an EDSS score between 2 and 6 at the second
time point (IgA: 1.67 £ 0.69 mg/L vs 2.03 + 0.71
mg/L, [gM: 9.87 + 2.38 mg/L vs 11.5 + 2.03 mg/L, p
= 0.04 and p = 0.003, respectively). CSFy,, CSFyyq,
and the quotients showed no further correlations with
the EDSS scores at the first or second time points.

Discussion

Identification of reliable early diagnostic immuno-
logical candidates that mirror ongoing disease activity
and the long-term outcome in patients with MS is
essential for therapeutic decisions in the era of rapidly
increasing options for immune modulation. Here, we
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identified increased CSF,, and CSFy,, in patients
with RRMS as early markers of cortical atrophy and
emerging clinical disability. As these variables
strongly reflect BBB integrity, we clearly demonstrate
the link of ongoing inflammatory disease activity and
cortical degeneration.

Histopathological analyses have confirmed the
occurrence of BBB damage, inflammatory activity,
and demyelination within the cortex in early MS
patients, even preceding white matter lesions.!®
Increased CSF,, and Q,,, have been previously pos-
tulated to be indicators of BBB permeability.'® Our
results show an association between CSF,;, Qap,
and cortical atrophy, and an even stronger effect for
CSFy,, and Qy,. Based on the topological similarity
of cortical atrophy patterns for CSF,,, CSF,,, and
their quotients, common mechanisms reflecting BBB
disruption can be assumed. A disrupted BBB that
permits albumin transition into the CNS could fur-
ther impact the course of MS given its ability to
induce astrocyte and microglia activation, leading to
an increased synthesis of glutamate or affecting
potassium homeostasis, all potentially leading to
functional and structural alterations of cortical cir-
cuits.?? Hence, higher CSF,,, might not only indicate
BBB permeability alterations, but may also induce a
further deleterious cascade for the long-term out-
come of MS patients. Another IgA-dependent mech-
anism might be driven through meningeal mast cells
that enhance via interleukin-6 the proliferation of B
lymphocytes and induce their differentiation toward
IgA-secreting plasma cells.?!

In contrast to our results, a study by Uher et al.® did not
find any association between Q,, after the first clinical
MS episode and the reduction of global normalized
cortical volume (from 1.5T MRI) 48 months after dis-
ease onset. This discrepancy can be attributed to sev-
eral factors. First, the assessment of global cortical
volume is less sensitive to regional cortical reorganiza-
tion processes. Moreover, the estimation of brain vol-
umes depends on the MRI technical parameters (1.5T
vs 3T) and the type of postprocessing algorithm used,
since the segmentation-based algorithm FSL-SIENAX
applied by Uher et al. shows more heterogeneous
results in brain volume changes than the FreeSurfer-
based analysis of CT?2 adapted in our study.

Like Q,p, and Qy,a, Qpy Was also associated with corti-
cal atrophy rates, but showing fewer significant clus-
ters. The pathogenic role of IgG in MS remains unclear,
IgG OCB-positive MS patients having higher global
and regional brain atrophy than IgG OCB-negative
patients.z3 Rojas et al.2* reported that the presence of

IgG OCB in CSF at MS onset is associated with the
presence of brain volume reduction, mainly in neocor-
tical GM regions, independent of lesion load and other
clinical parameters. Due to the inclusion of a dispro-
portionately large number of OCB-positive patients,
analysis of the regional cortical differences depending
on IgG OCB status was not possible.

Cortical remodeling is an important characteristic of
evolving MS pathology mirroring the long-term pro-
gress of the disease.?> We have recently shown gray mat-
ter network reorganization with a strengthening of local
and modular cortical connectivity.! Divergent reorgani-
zation patterns of gray and white matter were associated
with clinical impairment. Here, we detected cortical
thinning in a regional pattern with maxima in the precu-
neus and parieto-occipital cortex. The precuneus is a
central region for a large spectrum of neurocognitive
functions, presenting a wide range of connections to
middle frontal gyrus, amygdala, hippocampus, and thal-
amus.26 The depicted structural alterations in these
regions could be linked to emerging functional cognitive
deficits in MS patients with conscious information pro-
cessing or episodic memory alterations.

We did not find any correlation between CSF variables
and the rate of thalamus atrophy. Since thalamic atro-
phy is detectable early in RRMS patients, a different
and possibly BBB-albumin- and IgA-independent alter-
ation of microstructural integrity can be postulated.?”

Conclusion

We determined that increased CSF concentrations of
albumin, IgA, and IgM are associated with regional
cortical atrophy and increased disability in patients
with early MS and demonstrated a link between spe-
cific markers of immune response in the CSF, BBB
function, and disease course.
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