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Background: Efcient personalized therapy paradigms are needed to mody the
disease course and halt gray (GM) and white matter (WM) damage patients with
multiple sclerosis (MS). Presently, promising disease-ndifying drugs show impressive
ef ciency, however, tailored markers of therapy responsesre required. Here, we aimed
to detect in a real-world setting patients with a more favorhle brain network response
and immune cell dynamics upon dimethyl fumarate (DMF) trement.

Methods: In a cohort of 78 MS patients we identi ed two thoroughly matted groups,

based on age, disease duration, disability status and lesio volume, receiving DMF
(n D 42) and NAT ( D 36) and followed them over 16 months. The rate of cortical
atrophy and deep GM volumes were quanti ed. GM and WM network esponses were

characterized by brain modularization as a marker of regi@h and global structural
alterations. In the DMF group, lymphocyte subsets were angted by ow cytometry

and related to clinical and MRI parameters.

Results: Sixty percent (25 patients) of the DMF and 36% (13 patients)¢he NAT group
had disease activity during the study period. The rate of cdical atrophy was higher
in the DMF group ( 2.4%) compared to NAT ( 2.1%, p < 0.05) group. GM and WM
network dynamics presented increased modularization in b groups. When dividing
the DMF-treated cohort into patients free of disease actity (hn D 17, DMFR) and patients
with disease activity § D 25, DMRyR) these groups differed signi cantly in CD& cell
depletion counts (DMk: 197.7 97.1/ml; DMRyR: 298.4 190.6/ml, p D 0.03) and also
in cortical atrophy (DMR: 1.7%; DMRyRr: 3.2%, p D 0.01). DMy presented reduced
longitudinal GM and WM modularization and less atrophy as mkers of preserved
structural global network integrity in comparison to DMgr and even NAT patients.
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Conclusions: NAT treatment contributes to a reduced rate of cortical atrphy compared
to DMF therapy. However, patients under DMF treatment with atronger CD8C T cell
depletion present a more favorable response in terms of caidal integrity and GM and WM
network responses. Our ndings may serve as basis for the deslopment of personalized
treatment paradigms.

Keywords: multiple sclerosis, structural integrity, gray ma tter networks, white matter networks, immunocellular
response, personalized therapy

INTRODUCTION structural GM (from cortical thickness) and WM [from
probabilistic tractography (PT)] networks and correlated the

Loss of structural integrity driven by inammation, atrophy rates with longitudinal changes in lymphocyte subset

demyelination, and degeneration in multiple sclerosis

(MS) involves white matter (WM) and gray matter (GM)

compartments, the latter playing a key role in disability and

disease progressiori-{4). Existing data suggest that CD4 MATERIALS AND METHODS

and CD& T cells contribute to the damage of the cortical GM Sy pjects

(5, 6). Evaluation of magnetic resonance imaging (MRI)-derived, this longitudinal study, 78 patients (mean age standard
parameters of GM structural alterations was incorporatedjeviation (SD) 32.7 8.7 years; 28 males; mean disease duration
into studies to track the responses to disease-modifyingslru of 51.1 37.8 months) were selected out of 1,156 patients
(DMDs) (7) which have been proven to slow, to various extentsyecruited at the Department of Neurology at the University
the rate of GM tissue loss. We have recently shown that adanc Medical Center of the Johannes Gutenberg University Mainz
measures of brain network architecture closely mirror tieedse in Germany according to the following inclusion criteriat)(
course and clinical impairmen8(9). Only an exact longitudinal patients aged 18-60 years, (2) patients diagnosed with RRMS, (3)
quanti cation of local and global GM and WM tissue properties starting DMF or NAT treatment, (4) scanned with a standardize
enables the development of precise disease course mod@R| protocol (14), (5) serially acquired MRI scans at several time
thereby creating the basis for personalized therapeutis®ew. points, (6) no corticosteroid use within 30 days prior to MRI,
Presently, for relapsing-remitting MS (RRMS) severa{7) peripheral blood samples available at baseline and follow-
promising DMDs are available but the long-term benets ofyp time points for DMF-treated patients. Exclusion criteria:
the therapeutic algorithms are still unclear. No unambigsiou (1) necessity in treatment escalation; (2) participation iy a
personalized solutions to halt or ideally reverse the diseasrse interventional trial during the study period; (3) serious\aise
exist; however, rstavenues for very e cientimmunomodttely  events requiring premature study termination; (4) patienighw
remedies arise. At the same time, markers predicting th@rimary or secondary MS progression. Forty-two patients (34.5
favorable response to a specic DMD are under meticulous 9.0 years; 14 males) were identi ed on DMF treatment (DMF
development but are not yet validated for clinical pathwaysgroup) and 36 patients (30.6 8.1 years; 14 males) on NAT
Mainly, MRI parameters are regarded as surrogate measurest@éatment (NAT group). All patients ful lled the revised 2010
treatment response to DMDs, although cerebrospinal uid (CSFMcDonald diagnostic criteria for RRMSLE). Prior to DMF
or peripheral blood immune response may also be a valuablgr NAT therapy patients were exposed to interferdrl b,
biomarker (L0). In this respect, treatment response to dimethylinterferonb-1 or glatiramer acetate. Patients' characteristics are
fumarate (DMF) was re ected by reduced counts of GD4 jncluded inTable 1
and CD& T cells in patients without disease activity{13). Expanded Disability Status Scale (EDSS) score assessrsent wa
Clinically and radiologically stable patients under DMF thigy  obtained at treatment initiation and later at 3-month intels.
showed a more pronounced CB8than CDAC T cell reduction MRI data were acquired at the time (1.9 1.7 months) of
compared to active patients {, 13). treatment (DMF/NAT) onset, 6 months after the treatment and
Here, we have postulated that the clinical and brain struatur then on an annual basis. To track more robust structural and
response is tightly linked to the immune cell dynamicsclinical changes, the longest follow-up MRI and EDSS performed
under DMF treatment that could be reliably monitored by after 16 months (15.8 7.2 in the DMF group, 16.1 4.3 in
analyzing peripheral blood lymphocyte subsets. Thus, we aimefe NAT group) were considered for the analysis. Diseaseifyctiv
to recognize patients with no disease activity and strudturayas evaluated during the entire course of the study and was
deterioration as mirrored by both cortical and subcorticalbased on MRI activity—appearance of new/enlarging T2 lesions
integrity and brain network changes and relate these t®r gadolinium-enhancing lesions, and/or on clinical adijvi-
immune cell dynamics. A second cohort of patients treategyresence of relapse (new neurological symptom not associated
with natalizumab (NAT) served as a reference group tawith fever/infection, lasting at least 24 h) and sustaineshility
compare clinical, structural and network responses. To thi € progression [increase in EDSS by1.5 points if the baseline
we computed regional rates of cortical atrophy, constructegcDSS score was 0, by 1.0 point if the baseline EDSS score
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TABLE 1 | Demographic, clinical, and brain volumetric characterigts of patient groups.

DMF group (n D 42) NAT group (n D 36)

Baseline Follow-up Baseline Follow-up
Age (years) 345 9.0 30.6 8.1
Gender (male/female) 14/28 14/22
Disease duration (months) 54.2 67.8 474 439
Follow-up duration (months) 158 7.2 16.1 4.3
EDSS 1.8 (0-6) 1.7 (0-6) 2.1 (0-6) 2.0 (0-6)
GM volume (mL) 620.0 75.4 617.6 76.1 632.7 73.8 6224 71.1
WM volume (mL) 572.2 64.7 566.4 46.8 565.9 68.6 561.7 655
TB volume (mL) 14349 1214 1427.2 1119 1448.1 121.2 1433.3 112.3
T2 lesion volume (mL) 111 75 11.6 8.0 12.8 3.0 120 25

Variables are presented as means SD or median (range).
DMF, dimethyl fumarate; NAT, natalizumab; EDSS, expanded disability statacale; GM, gray matter; WM, white matter; TB, total brain.
No signi cant t-tests (p < 0.05) for between or within group comparisons.

was 1.5, and by 0.5 points if the baseline EDSS score was FOV D 256 256 mm, 62 slices, in-plane resolutiin2 2
5.0; (L6)]. mm?, STD 2.5 mm.
The study protocol was approved by institutional ethics
committee and patients gave written informed consent inMRI Processing
accordance with the Declaration of Helsinki. Sequential study pipeline is shownigure 1

Cortical Thickness: Longitudinal Analysis

Flow Cytometry : : . .
In the DMF group, absolute lymphocyte counts and Iymphocytesag'ttal T1-weighted images were processed using FreeSurfer

subsets (CD3, CDAC, CD8C, CD56C, CDIL) were (version 5.3.0, http://surfer.nmr.mgh.harvard.edu/)L7) for
quanti ed with ’ow cyto;netry B'Iood sam,ples were coIIectedcortical surface reconstruction and volumetric segmentatThe

at baseline (at treatment onset) and later repeatedly with Igngltudmal pipeline is based on creation of an unbiased iih

6-month interval. Samples collected after almost one andlfa haSUbJem template space and image, using robust inverse consistent

years follow-up (15.8 7.2 months) were used for the analysis.regis_tration' Initializat_ion of process_ing ;teps—skull P“‘“g'
Fresh blood samples were drawn into EDTA-containing tubeg’alalrach transformations, atlas registration, and partela—

and exposed to corresponding monoclonal antibodies (Blﬁtunslotn trée_zgonémct)_n :rlfr?rr;atlon .from the W'thm'f.UbéeC,:
Biosciences) at room temperature. After erythrocyte lysid a emplate ( ). Cortical thickness (in mm) was quanti ed a

double washing, absolute values of lymphocyte subsets Wegg(t:h vertgxtof the t;sstzlalat?/c\i”\s;lurfagetr? S gfﬂa\éesr;a:g_efb?mh Al
counted with TruCount beads (BD Biosciences). Istance between the i and the » intertace.

cortical surfaces and subcortical segmentations were @alnu
checked for errors prior to the group analysis. To avoid Iesio
MRI Acquisition induced tissue misclassi cation errors, gray matter segjaigon
Baseline and follow-up MRI scans were acquired in thavas performed after lling of T1 hypointense lesions.

study setting with a 32-channel head coil 3T MRI scanner Longitudinal changes in cortical thickness between baseli
(Magnetom Tim Trio, Siemens Healthcare) according to aand follow-up were assessed by computing the percent change:
standardized protocoll{) comprising sagittal three-dimensional thickness at baseline MRI scan was subtracted from the thaskne
(3D) T1l-weighted magnetization prepared rapid gradientat follow-up MRIscan and divided by the scan interval (in years)
echo (MP-RAGE), 3D T2-weighted uid attenuated inversionand by the average thickness. The resulting surface maps were
recovery (FLAIR) and di usion tensor imaging (DTI) sequences smoothed with a full width at half maximum (FWHM) Gaussian
Acquisition parameters of applied sequences were: T1 Mpkernel of 10 mm.

RAGE—repetition time (TR)D 1,900ms, echo time (THD

2.52ms, inversion time (TIP 900 ms, echo train length (ETL) DTI Analysis

D 1, ip angle (FA)D 9 , matrix sizeD 256 256, eld of view Diusion tensor computation and tractography analysis was
(FOV) D 256 256 mnt, slice thickness (ST 1mm; T2- performed using inbuilt functionality in FSL (ver. 5.0.8t/
FLAIR — TRD 5000ms, TED 388 ms, TID 1800ms, ETID  www.fmrib.ox.ac.uk/fsl); details of this analysis can bentl

848, matrix sizeD 256 256, FOVD 256 256 mnf, STD elsewhere {1, 22). In brief, the acquired di usion data were

1 mm; DTI - single-shot echo-planar readout, BROO00 ms, TE corrected for subjects' head motion artifacts and eddy eutr

D 102 ms, 30 gradients directions withD 900 s/mnf and one distortions, and subjected to skull and other non-brairsties

no di usion image withb D 0 s/mn?, matrix sizeD 128 128, removal. Thus, the pre-processed data were then used for

Frontiers in Immunology | www.frontiersin.org 3 July 2019 | Volume 10 | Article 1779


http://surfer.nmr.mgh.harvard.edu/
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ciolac et al. Brain Network Response to Immunomodulation

FIGURE 1 | Data analysis pipeline(A) The processed diffusion tensor images (DTI) were used for ttderivation of probabilistic tractography. The number of
streamlines from each region of interest (ROI, according thé Automated Anatomical Labeling (AAL) atlas) to other ROlsaw calculated and a connectivity matrix for
(Continued)
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FIGURE 1 | each subject was constructed. Subsequently, these white mter derived connectivity matrices were subjected to graphiheoretical analysis and the
network measures were used in statistical analysigB) Using ow cytometry, absolute counts of lymphocyte subsets i patient blood samples were estimated and
their longitudinal changes correlated with the rates of caical atrophy; differences in lymphocyte counts between ta patient subgroups were analyzed(C) From
T1-weighted magnetic resonance images (MRI), cortical thimess for each ROI according to the Desikan—Killiany atlasas calculated and used to estimate the rates
of cortical atrophy and construct the connectivity matrice. Subsequently, these gray matter derived connectivity ntaces were subjected to graph theoretical analysis
and the network measures were used in statistical analysis.

computation of the tensor. The distribution of crossing lseat WM Network Construction
each voxel of the brain for the computation of PT was estimatedhe obtained streamlines information from PT (as described
using BEDPOSTX (implemented in FSL) and the probability oBbove) connecting each pair of ROIs (116—as de ned in the
major and secondary ber directions was calculatetB)( All  Automated Anatomical Labeling (AAL) atlas) was used to
images were aligned and a ne-transformed into the Montreal construct the connectivity matrix for each subje28). A more
Neurological Institute (MNI)-152 space. At each voxel a multi detailed description of the network construction is presenited
ber model was t to the di usion data, enabling to trace the our previous studyg). The obtained connectivity matrices were
bers through regions of crossing or complexity. To obtainincluded in the graph network analysis for the computation of
an estimate of the probability distribution of connectiomsrh  network properties using Brain Connectivity Toolbox (https://
each seed voxel 5,000 streamline samples were drawn. T$ites.google.com/site/bctnetd9).
generated tracts are volumes wherein the values at each voxe
represent the number of samples (or streamlines) that passédetwork Measures
through that particular voxel. Each tract from every seed knmasTopological organization of GM and WM networks was assessed
in the atlas was repeatedly sampled (5,000 times) and onlky computing the modularity. Modules are groups of nodes
those tracts, which passed through at least one other seekl m&srming a distinct subnetwork, where the within module
were retained. For the elimination of spurious connectionsconnection (correlation) is higher than the between module
tractography in individual subjects was thresholded toude correlation @0). Modularity (Q) represents the strength of
only voxels through which at least 10 percent of all streaenlindivision of the network into modules and was calculated using
samples had passed. the Newman's spectral algorithn8%). Since modularity is the
measure of networks' segregation, higher modularity iatés
more isolated subnetworks within a given network. Hence,
Brain Volumes and Lesion Segmentation with increasing modularity, the long-distance paths between
Quanti cation of GM and WM volumes at two time points the modules decrease and the local interconnections withén t
was done by using voxel-based morphometry (VBM) analysisodule increase.
in Statistical Parametric Mapping (SPM8) software (http://www
lion.ucl.ac.uk/spm). Anatomical 3D T1 and T2-FLAIR image Statistical Analysis
were subjected for spatial normalization, tissue segmiemtat Statistical analyses were performed using SPSS softwareifversi
and spatial smoothing to obtain GM, WM and total brain 23.0; IBM, Armonk, NY, USA.). Normal distribution of the
(TB) volumes p4). Lesion segmentation tool (LST) (versionexamined data was checked via Shapiro-Wilk test. For a
1.2.3; http://www.applied-statistics.de/Ist.htnp( was used to  balanced matching of subjects, a multivariate model wasdes
compute the lesion volume (LV), details of which are mentidne on our cohort of 1,156 patients with RRMS to select two
elsewhereq). Brie y, 3D T2-FLAIR images were co-registered togroups of patients matched upon demographical, clinical and
3D T1images and lesion segmentation was run with 20 di erenheuroimaging parameters at study entrance.
thresholds for the lesion growth algorithra%). The HO hypothesis: we assumed no association between
clinical and brain structural responses and immune cell dyitam
under DMF treatment. The between-group di erences in disease
Graph Theoretical Analysis activity (MRI activity, clinical relapse) over the study perigdre
GM Network Construction assessed by Pearsdrstest.
The entire cerebral cortex was parcellated into 68 bilateral The comparison of lymphocyte counts at baseline and follow-
anatomical regions of interest (ROIs) (34 ROIs for eactup, and between baseline and follow-up time points in DMF-
hemisphere) based on the Desikan-Killiany atlag)(Cortical treated patients, Mann-Whitney and Wilcoxon signed-rank
thickness from each cortical ROl was extracted and served foests were used respectively.
the construction of GM connectivity matrices. These cortivily To test if there are any di erences in rates of cortical atrophy
matrices (size 68 68) for each group were obtained by between patient groups we performed general linear model
computing the Pearson correlation coe cient between the(GLM) analysis on vertex-by-vertex basis, accounting for the
anatomical regions across the gro@). (Graph Analysis Toolbox e ects of age and gender. Generated statistical parametric maps
(GAT) was used to threshold the matrices into multiple delesit of signi cant group dierences were corrected for multiple
(ranged from 0.10 to 0.50) and compute the graph theoreticatomparisons with Monte Carlo Z permutation cluster analysis
network measures()). (20.000 iterations) at a threshold of @ 1.3 equivalent to a
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p-value of 0.05. In the DMF group, to assess if there is an$1% (4) presented both] and 64% (23 patients) were without

relationship between the rate of cortical atrophy and lympftec disease activity.

subsets we applied separate GLM models, followed by Monte During the entire study period, patients with disease activity

Carlo Z correction for multiple comparisons as described &ov either from the DMF group or patients from the NAT group
To examine whether the subcortical volumes vary in timedidn't have their DMD treatment escalated.

longitudinally as a function of group, a mixed-design repédate

measures ANOVA was performed withemisphereleft and  Peripheral Blood Cell Response Under

right) andtime (baseline and follow-up) as within-subject factorspME Treatment

andgroupas a between-subject factor with two levels (DMF anGrpe tojlow-up period between the baseline and last blood sasnple
NAT), followed by Bonferroni correction. , for DMFr was 14.1 5.8 months and 16.1 4.9 months
The GM and WM network measures between baseline ang,: pyFys. Examining the immunological pro le of the DMF
follow-up were compared by pairdetest. subgroups, lymphocyte counts did not di er between the DMF
and DMRyr at baseline. At follow-up, DMF-treated patients

RESULTS showed lower counts of CI3 CD4C, CD8C, CD56C and ALC,
and a higher CD4/CD8 ratio (ap < 0.05) compared to baseline,
Subjects except CD1@, which did not reach signi cance in DMgg (p >

The multivariate analysis revealed no signicant diereace 0.05) Supplementary Table L However, the DMk subgroup
between the DMF and NAT groups at baseline for abg {g) displayed a stronger reduction in C@8cells in comparison to

D 2.75,p D 0.10], disease durationF{;7sy D 0.26,p D  the DMRR (197.7 97.1 frlvs. 298.4 190.6 M p D 0.03)
0.60], EDSSH;1,76) D 1.31,p D 0.25], lesion volumeF; 76y  (Figure 2) and a greater changé { in CD8C cells ( 206 fri vs.-

D 0.24,p D 0.62], GM volume 376y D 0.56,p D 0.45), 158 mM; pD 0.01). Similarly, a stronger drop in C[@8cells was
WM volume [F3,7¢y D 0.17,p D 0.67], MRI activity F1,7¢) detected separately in patients without MRI activity compared to
D 2.55,p D 0.11] and relapsesF{1,76y D 1.37,p D 0.24]. those with (DMR: 202.3 107.4 M vs. DMRr: 312.7 125.0
EDSS, GM, WM, TB and T2 lesion volumes at follow-up/m, p D 0.02) and in patients without clinical activity compared
did not dier signicantly from baseline values within the to patients with (DMR: 211.1  98.7 m vs. DMRr: 327.0
groups > 0.05), indicating a stable disease period of 16.44.5 M, pD 0.03;Figure 3).

months on average in these patients despite a 4-year mean

disease duration. However, the subgroup analysis within th€ortical Atrophy Rates

patients with disease activity showed that the lesion volum&he between-group comparison revealed greater rates of mean
was signi cantly higher at follow-up (12.3 8.2mL) than at cortical atrophy in the DMF group (2.4%) than in the NAT
baseline (11.2 8.0mL,p D 0.04) only in the DMF group. group ( 2.1%jp< 0.05), mostly within the frontal and temporal
During the 16-month follow-up both groups were homogenouslobes Figure 4).

in terms of MRI activity 2 D 2.534,p > 0.05) and clinical Within the DMF group, clusters of cortical atrophy were
relapse $2 D 1.381,p > 0.05). In the DMF group, 60% (25 identi ed mainly in the frontal, temporal and parietal lobe$ o
patients) had disease activity [of them 60% (15)—MRI activityhoth hemispheresHigure 5A). The NAT group showed clusters
68% (17)—clinical relapse, 28% (7)—both] and were de ned asf regional cortical atrophy only in the right inferior parigtand
DMF non-responders (DMRR), while 40% (17 patients) showed rostral middle frontal areasHigure 5B).

no signs of disease activity (DMF responders, {YIANn the DMFR patients had lower mean rates of cortical atrophy in
NAT group, 36% (13 patients) had disease activity [among thernomparison to DMikg ( 1.7% and 3.2%, respectively <
19% (7) presented MRI activity, 28% (10) had clinical relaps®.05). The areas showing a subgroup di erence in atrophy rates

FIGURE 2 | Differences in CD&, CDAC T cell counts and CD4/CD8 ratio at follow-up between the DMF rgponders and DMF non-responders subgroups. DMF
responders (DMFR) had lower counts of CD& T cells at follow-up (after 14.1 5.8 months) in comparison to DMF non-responders (DMgR); *p < 0.05, ns, not
signi cant.
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were identi ed mainly in frontal, temporal and parietal lobes and operculum (peak-verteR®2 D 0.557,p < 0.0001) Figure 8

(Figure 6). andSupplementary Table R The decrease in C%and CD&
Finally, we compared the DM subgroup with the NAT cells was associated with the lower cortical atrophy rate.
group in order to evaluate the di erences in extent of struetu By correlating the rates of cortical atrophy and absolute

GM loss. Lower regional rates of cortical atrophy were idedti counts of CDL and CD& cells similar signi cant clusters could
in the DMFR subgroup in the following clusters: left lingual, be obtained.
precuneus and right superior, and inferior parietal areas

(Figure 7). Subcortical Structures
Clusters of regional cortical atrophy rates are presented iSubcortical structures showed no volumetric di erencesissn
Supplementary Table 2 the DMF and NAT groups (e ect ofgroup p > 0.05). There
were no di erences as well in subcortical volumes accounting
Relation Between Lymphocyte Subsets for time and hemisphere in both groupsirie  hemisphere

groupinteraction,p> 0.05). The same was also true for the DMF
subgroups; subcortical volumes did not di er between DMF
and DMRyR.

and Cortical Atrophy

In the DMF group, regression analysis disclosed the assocati
between the cortical atrophy rates, ahdCD4AC and 1 CD8C
cells between baseline and follow-up. The change inCbdlls
correlated with the atrophy rate in the right superior frontakea
(peak-verte>xr? D 0.383p D 0.012). The change in Cl8cells
correlated with the atrophy rate in the left superior pariefzék-
vertexR2 D 0.490p< 0.0001), cuneus (peak-vertekD 0.583p
< 0.0001), and rostral middle frontal (peak-verte&D 0.489p
< 0.0001) and right anterior cingulate (peak-ver®D 0.518p
< 0.0001), lateral occipital (peak-vertekD 0.531p < 0.0001)

Gray Matter Network Measures

Longitudinal analysis of GM network measures in the DMF
group uncovered increased modularityl§ 11.10p< 0.0001) at
follow-up (Figure 5A). The number of modules increased from
2 (at baseline) to 5 modules (at follow-up). In the NAT group,
modularity (¢ D 5.73,p< 0.0001) at follow-up as well was higher
than at baselineRigure 5B) but with less modules at follow-up
(2) than at baseline (3).

DMFg subgroup at follow-up displayed lower modularity
5.20,p < 0.0001) in comparison to baselinEigure 6). Within
the DMRyr subgroup modularity { D 32.11,p < 0.0001) at
follow-up was higher than at baseline.

White Matter Network Measures

In both the DMF and NAT groups, WM modularity at follow-
up did not dier (t D 0.77,p D 0.44 andt D 1.44,p D 0.15,
respectively) from the modularity at baselinBigures 5A,B.
Within the DMF group, DMR at follow-up exhibited lower
modularity ¢ D 1.76,p D 0.046) than at baselin€igure 6).

FIGURE 3 | Differences in follow-up CD& T cell counts between patients

with and without MRI activity, and between patients with andvithout clinical DlSCUSSlON
relapses under DMF treatment. Patients without MRI and clical activity (DMF
responders, DMRR) had lower counts of CD& T cells at follow-up (after 14.1 Emerging immunomodulatorytherapies considerably modif@' th

5.8 months) in comparison to patients with MRI and clinical etivity (DMF

non-responders, DMRg): *p < 0.05. individual course of MS, possessing the potential to bendyial

in uence neuroin ammation and di use damage to the GM and

FIGURE 4 | Comparison of cortical atrophy rates between the DMF and NAGroups. Cortical areas displaying the difference in corta atrophy rates between the
DMF and NAT groups, mapped on lateral and medial pial surfaseof the left (LH) and right (RH) hemispheres. Negative vakélue spectrum) denote cortical areas
showing greater rates of cortical atrophy in the DMF group isomparison to the NAT group. Color bar indicates the signi cace levels in the clusters obtained from
Monte Carlo simulation atp < 0.05 (Z D 1.3).
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FIGURE 5 | Longitudinal changes in cortical thickness and associatedietwork measures within the DMF and NAT groups. Left: cortal areas displaying the rates of
cortical atrophy (negative values, blue spectrum) and cadal thickening (positive values, red spectrum) in theA) DMF and (B) NAT groups, mapped on lateral and
medial pial surfaces of the left (LH) and right (RH) hemispies. Color bar indicates the signi cance levels in the clustes obtained from Monte Carlo simulation ap <
0.05 (Z D 1.3). Right: modularity Q) of gray matter (GM) and white matter (WM) networks at baseé (t0) and follow-up (t1) in th§A) DMF and (B) NAT groups; *p <
0.0001, ns, not signi cant.

WM. However, this therapeutic e ectiveness comes at a price dinking cellular responses to clinical, structural MRI and brain
rare, but life-threatening side e ects such as the develogrmén network dynamics.

secondary immunologic disorders, hematopoietic diseases While overall the group of patients treated with NAT
or progressive multifocal leukoencephalopathy (PML)displayed less cortical atrophy than patients receiving DMF, the
Thus, individual patients' strati cation to therapy response DMF-treated patients free of disease activity with a stronger
or failure is warranted. Importantly, easy to obtain anddepletion of CD& T cells showed even less GM loss in
measure immunological markers of therapy response areomparison to the NAT-treated patients. Therefore, we hidtilig
extremely necessary to minimize tissue damage and longhe feasible potential of COB T cell subset monitoring as
term functional impairment {0, 32). Therefore, here the goal a marker of individual treatment response. Previous own
was to stratify patients as responders to DMF therapy byvork (11) and recent emerging data3%-35 showed that
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FIGURE 6 | Comparison of cortical atrophy rates between the DMk and DMRyr subgroups and associated network measures. Left: corticahreas displaying the
difference in cortical atrophy rates between the DMg and DMRyr subgroups, mapped on lateral and medial pial surfaces of théeft (LH) and right (RH) hemispheres
Positive values (red spectrum) denote cortical areas shong lower rates of cortical atrophy in the DMR subgroup in comparison to the DMiyr subgroup. Color bar
indicates the signi cance levels in the clusters obtained &m Monte Carlo simulation atp < 0.05 (ZD 1.3). Right: modularity Q) of gray matter (GM) and white matter
(WM) networks at baseline (t0) and follow-up (t1) in the DiFand DMRyR subgroups; *p < 0.05, **p < 0.0001, ns, not signi cant.

FIGURE 7 | Comparison of cortical atrophy rates between the DMk and NAT groups. Cortical areas displaying the difference icortical atrophy rates between the
DMFR and NAT groups, mapped on lateral and medial pial surfaces dhe left (LH) and right (RH) hemispheres. Positive valuesdrspectrum) denote cortical areas
showing lower rates of cortical atrophy in the DMk subgroup in comparison to NAT group. Color bar indicates thesigni cance levels in the clusters obtained from
Monte Carlo simulation atp < 0.05 (Z D 1.3).

lymphocyte subsets present varying susceptibility to DMF. It iproportion of patients with disease activity. This is likely to be
worth mentioning that the DMF-induced shifts in lymphocyte due to selection bias, since our statistical method to matath b
subsets cannot be de nitely considered as measures ohterdt  patient groups was based not on propensity score methods but on
response and currently the reduced counts of CD& and a multivariate model that could possibly over- t the model and
other cells merely explain the DMF mechanism of action. Swdieselect patients with higher disease activity. Despite a velgti
with larger sample size and longer follow-up are required tdhigh number of patients with disease activity in the DMF-trehte
ascertain if depletion of CD8 (and other lymphocyte subsedg) ¢ (60%) and in the NAT-treated group (36%), the lesion volume
serve as guiding markers of DMF therapy response and suppaaihd EDSS didn't signi cantly change over time. Apparentlysth
treatment decisions. mismatch partly rises from the whole-group analysis because
Lymphocyte CD& counts correlating with cortical atrophy in  DMF non-responders still showed a signi cant increase indasi
patients upon DMF treatment points to the role of CD8T cells volume at follow-up. In contrast, available studies evahgti
in ongoing in ammatory processes in GM. As it takes a longerthe e cacy of DMF on clinical/MRI activity and brain atrophy
time for DMF in order to achieve a complete e ect, a greatermeasures report a 27% proportion of patients with new relapses,
loss of cortical GM and disease activity could emerge at rsarelative reduction by 21% of disability progression andegdn
months after DMF treatment onset. Higher cortical atrophyest volume and a reduction by 21% of brain atropt86(37). On the
in the DMF group could also be caused by inclusion of a higheother hand, we are aware that the short follow-up period of our
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FIGURE 8 | Association between cortical atrophy rates and T cell subds within the DMF group. Left: cortical areas displaying theorrelation between cortical
atrophy rates and change () in(A) CD4C and (B) CD8C cells between baseline and follow-up, mapped on lateral andhedial pial surfaces of the left (LH) and right
(RH) hemispheres. Color bar indicates the signi cance levgbf the correlation in clusters obtained from Monte Carlo siulation atp < 0.05 (Z D 1.3). Right: scatter
plots showing the association between the cortical atrophyate in the (A) right superior frontal cluster (at peak-vertex) and CD4C cells and (B) left superior parietal
cluster (at peak-vertex) andlL CD8C cells (dotted line represents the 95% con dence interval fothe mean). The decrease in CD& and CD8C T cell counts is
associated with the lower rates of cortical atrophy.

study precludes us to draw de nite conclusions on delaying thénverse pattern of network topology with decreasing moduari
brain atrophy under both therapies, this being one of the studyver time in DMF responders, and no di erences between the
limitations. As e cacy of DMDs is greater during the seconddan DMF non-responders and NAT patients. Here, we postulate
following years after DMD treatment onsed&40), our study that DMF responders comprise a potentially DMF-induced
period of almost one and half years could be relatively enougblowing of neuronal damage and reversal of local and global
to obtain approximate impressions on di erences of cortical GMreorganization processes in the given period.
and network responses to the DMF and NAT therapy. In both NAT- and DMF-treated groups, WM network

In order to quantify discrete structural alterations andpitet ~ topological characteristics did not change over time. On one
local and global GM dynamics, we performed longitudinal hrai hand, the stability of WM network topology might be explained
network analysis. This is an emerging tool to explore diseaséy immunomodulatory treatment success. The bene cial intpac
related reorganization processes that mirror the diseaseseo of NAT on the WM compartment can be assigned to positive
(8, 9, 4143). Modularity, a parameter re ecting long-range e ects on myelination, stabilization of the blood-brain Iber
disconnection and integration of functionally interacgrbrain  and less WM damagel{). On the other hand, the short study
regions, is a very sensitive marker of structural integiity period and the methodology applied could have been insu cient
patients with MS §, 44-46). As the disease progresses in patientso precisely track the WM pathology. The absence of structural
with RRMS, the brain circuits reorganize toward a topologyalterations in the WM and deep GM compartments possibly
of higher modularity with long-range disconnections anaddd suggests di erent e ects of the studied therapies on GM and WM
structural homogeneityq, 44). compartments 48). The fact that only DMF responders showed

With the aid of modularity analysis we found that the GM the characteristic decrease in modularity over time higfmis a
network dynamics is characterized by increased modularitdistinct network response of WM networks to DMF exposure
and long-range disconnections in both DMF- and NAT- as well. We must acknowledge that the conclusions drawn
treated groups. Longitudinal brain network developmentfrom the WM network analysis need to be interpreted with
toward increased modularity presumably driven by corticalcaution, since mapping of white matter connections by di usion
reorganization processes could be an important structuraVRI tractography has inherent sources of errors, artifacts and
ngerprint mirroring functional impairments or even transibtn ~ biases that limit its anatomical accuracy and the validify o
into progressive forms of MS3). In contrast, we observed an obtained estimates4@). WM lesions may lead to inaccurate
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tracking of termination sites of bers or even cause dewas consent in accordance with the Declaration
of ber bundles nearby the lesion$(). The DTI protocol and  of Helsinki.

computational algorithms used in this study can partly overeom
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