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Abstract

Purpose As conventional quantitative magnetic resonance imaging (MRI) parameters are weakly associated with cognitive
impairment (CI) in early multiple sclerosis (MS), we explored microstructural white matter alterations in early MS or
clinically isolated syndrome (CIS) comparing patients with or without CI.

Methods Based on a preceding tract-based spatial statistics analysis (3 Tesla MRI) which contrasted 106 patients with
early MS or CIS and 49 healthy controls, diffusion metrics (fractional anisotropy, FA, mean diffusivity, MD) were extracted
from significant clusters using an atlas-based approach. The FA and MD were compared between patients with (Ci_P n=14)
and without (Cp_P n=281) cognitive impairment in a subset of patients who underwent CI screening.

Results The FA was reduced in Ci_P compared to Cp_P in the splenium of corpus callosum (p=0.001), right parahip-
pocampal cingulum (p=0.002) and fornix cres./stria terminalis (0.042), left posterior corona radiata (p=0.012), bilateral
cerebral peduncles, medial lemniscus and in cerebellar tracts. Increased MD was detected in the splenium of corpus
callosum (p=0.01). The Cl-related localizations overlapped only partially with MS lesions.

Conclusion Microstructural white matter alterations at disease onset were detectable in Ci_P compared to Cp_P in known
cognitively relevant fiber tracts, indicating the relevance of early treatment initiation in MS and CIS.

Keywords Clinically isolated syndrome - Cognitive impairment - Fractional anisotropy - Mean diffusivity - Tract based
spatial statistic

Introduction

Availability of Data and Material (data transparency) The datasets
for this manuscript are not publicly available for reasons of
patient confidentiality. Requests to access the datasets should be
directed to the corresponding author RS (ruth.schneider @rub.de).

Cognitive impairment (CI) is a frequent symptom with
prevalence of 40-65% in multiple sclerosis (MS). It has
been attributed to damage of brain white matter (WM) as
well as to brain grey matter (GM), both of which can be
caused by demyelination, inflammation and axonal loss [1].
CI has already been reported in early disease stages of MS
and clinically isolated syndrome (CIS) with a prevalence
ranging from 13% to 20% [2—4]. Due to the fact that CI is
highly relevant for occupational disability and restrictions
in daily life, the early onset of CI is indicative of future
quality of life for MS patients [5]. As a result, efforts have
been made to identify risk factors to determine and predict
CI based on clinical markers (Expanded disability status
sclae (EDSS), disease duration) and conventional magnetic
resonance imaging (MRI) parameters (brain lesion load and
location in T1 and T2-weighted MRI, brain atrophy) [6, 7];
however, associations between conventional MRI parame-
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ters, such as brain atrophy or lesion load, and CI were weak,
especially in young MS patients with short disease dura-
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tion [8]. The lack of association between conventional MRI
characteristics and baseline CI was recently confirmed in
a large multicenter cohort study on patients first diagnosed
with MS or CIS [9].

Thus, there is a need for more sensitive MRI parameters
to identify structural brain differences between patients with
and without CI, particularly in the early stages of MS. In
this context, microstructural tissue damage detectable by
diffusion tensor imaging (DTI) seems to be a promising
complementary marker in addition to grey matter atrophy
[7, 10]. DTI facilitates microstructural WM quantification
in normal-appearing WM as well as in MS-related lesions
by diffusion metrics, such as fractional anisotropy (FA),
mean, axial and radial diffusivity (MD, AD, RD). Both
FA and MD are regarded as measures of disrupted fiber
integrity and increased mobility of water molecules, while
RD and AD have been suggested as markers of myelin and
axonal damage, respectively [11, 12].

In order to spatially localize changes of these diffu-
sion-related metrics, tract-based spatial statistics (TBSS)
has been developed, which provides voxel-wise statistics
on a whole brain skeletonized representation of the ma-
jor WM fiber tracts [13]. A TBSS study involving long-
standing MS demonstrated that patients with CI had more
severely altered DTI metrics than cognitively preserved pa-
tients. These changes were partly found in regions that are
considered specific for CI (i.e., the corpus callosum, CC,
cingulum, posterior thalamic tract, superior and inferior lon-
gitudinal fasciculus, forceps major, cingulum, fornices) but
also in the corticospinal tracts [13]. In patients with CIS or
early MS WM tract alterations including corticospinal, in-
terhemispheric and association fiber pathways investigated
by TBSS have been reported [14]. In a recent TBSS study
of our own group (including 106 patients at first diagno-
sis of MS or CIS) we detected widespread microstructural
alterations compared to healthy controls (HC) in all major
white matter pathways including callosal, association, lim-
bic, corona radiata, corticospinal and cerebellar pathways.
Herein, similar structures were involved in patients with
CIS compared to patients with early MS [15].

On the basis of these previous findings the present study
aimed at further characterizing the microstructural differ-
ences within these altered regions with respect to their re-
lationship to CI. We therefore classified our patients into
cognitively impaired (Ci_P) and cognitively preserved pa-
tients (Cp_P) and considered DTI metrics in those regions
in which significant WM alterations have been found in
our preceding study between patients and HC. We studied
differences between patients who were assigned to Ci_P or
Cp_P after first diagnosis of MS or CIS to identify relevant
clusters in WM which might be related to CI. We hypoth-
esized that even during early disease course of MS or CIS
differences in WM integrity between Ci_P and Cp_P will
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be detected and that in turn microstructural WM damage
on fibers related to cognitive processing will be associated
to CL

Methods
Patient and Healthy Controls

A total of 106 patients (CIS, n=51) and early relapsing
remitting MS (RRMS, n=355) after a first clinical episode
of MS were enrolled in a single center taking part in an
ongoing prospective longitudinal multicenter cohort study
(NationMS) of the German Competence Network Multiple
Sclerosis (KKNMS). According to the study design, the
enrolled patients were treatment-naive to disease-modify-
ing drugs at study entry and had either a diagnosis of CIS
with a high risk of conversion to MS within 6 months, or
early definite MS less than 24 months after onset of symp-
toms [16]. The patients were compared to an age and sex
matched healthy control group (HC, n=49). The study was
approved by the university local ethics committee (approval
No. 3714-10) and all patients provided written informed
consent prior to study participation.

A subset of 95 patients who received screening for CI
were included in the following analyses of the present study.
There were no significant differences regarding age, EDSS
or brain lesion load between the groups of patients who
did or did not receive cognitive screening. The results are
shown in the Online_Resource 1.

Cognitive Screening and Disability

Screening for CI was performed using the Multiple Scle-
rosis Inventory for Cognition (MUSIC) [17]. MUSIC
is a rapid (about 10-12min) multiple domain cognitive
screening test reflecting the most frequently impaired cog-
nitive domains in MS (verbal fluency, verbal working
memory and memory retrieval, visual-spatial processing
speed and executive functions), which is widely used in
German-speaking countries. A timed verbal fluency task
with change of categories reflects verbal fluency and exec-
utive functions. Working memory functions and attention
are assessed using immediate wordlist recall tasks and
memory retrieval using a delayed word list recall tasks.
A modified Stroop test (naming of animal silhouettes ei-
ther in a congruent or incongruent condition) assesses
information processing speed and executive functions. For
each participant the raw scores are converted into a total
sum score (maximum=30) reflecting general cognitive
functioning on the basis of normative data of 158 healthy
controls controlling for age, sex and education. The con-
tributions of the subscores to the sum score are weighted
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Fig. 1 Study design: built on atlas-based region of interest (ROI) extraction the present study investigated (red framed elements) quantitative
diffusion tensor imaging (DTI) metrics of cognitively impaired patients (Ci_P, n=14) in comparison to cognitively preserved patients (Cp_P,
n=2381). It was based on the results of a preceding tract-based spatial statistics (TBSS) analysis (blue framed elements) which yielded individual
fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) values in clusters on the white matter (WM)
skeleton in which significant differences between patients and healthy controls (HC) have been detected [15]. MNI Montreal Neurological Institute,

cogn. cognitive, Pat. patients, sign. significant, vs. versus (compared against)

on the basis of their respective diagnostic value (superior
sensitivity and specificity receiving a higher weight), such
that the sum score equally reflects impairment of working
memory functions (word recall tasks) and higher execu-
tive functions (verbal fluency task and modified Stroop
test) [18, 19]. The MUSIC cognition score ranges from
0 to 30, with values <10 representing marked cognitive
dysfunction, 11-15 representing medium grade cognitive
dysfunction, 16-20at least mild cognitive impairment, and
>20 cognitive performance in the normal range. According
to the MUSIC rating scale, patients with values higher or
equal than 20 were defined as cognitively preserved (Cp_P)
while patients with values below 20 were defined as at least
mildly cognitive impaired (Ci_P) [20]. Additionally, all pa-
tients underwent neurological examinations including the
expanded disability status scale (EDSS) [21].

MR Imaging

Imaging was performed using a single 3T scanner (Achieva
Philips, Best, The Netherlands) with a standardized imaging
protocol including a single-shot 2D echo planar imaging
(EPI) sequence for diffusion-weighted imaging (50 axial
slices, 2.5 mm slice thickness, field of view of 320 x 240, in-

plane resolution of 2.5x2.5mm?, TR/TE 7000/90, flip an-
gle of 90°, 32 gradient directions with b-value =900 s/mm?
and one volume, two averages, without diffusion weight-
ing, acquisition time of Smin 11s) and an isotropic 3D fluid
attenuated inversion recovery (FLAIR) sequence for le-
sion quantification (170 sagittal slices, field of view of
240 mm, resolution of 1x 1x 1 mm? TR/TE/inversion time
in ms of 4800/286/1650, turbo factor of 182, acquisition
time of 6min 30s). A structural isotropic T1-weighted
3D sequence (T1 fast field echo; 180 sagittal slices; FOV:
240mmx 240mm; voxel size: 1mmx1mmx 1 mm; TR,
TE, Tl/ms: 10/4.6/1000; flip angle: 8°, turbo factor: 164;
acquisition time: 6’00”min) was also included.

Quantitative Analyses

For this study we used quantitative DTI metrics which were
assessed based on a recent preceding study of our group
[15]. In that study we conducted TBSS analyses including
the participants described above to investigate differences
in WM tract integrity between patients and HC. Therein,
the detected FA and MD alterations in patients with CIS
or RRMS compared to HC were widespread all over the
brain and involved most supratentorial and infratentorial
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WM tracts. FA reductions also involved the cerebellum.
AD was increased in patients compared to HC in the right
superior corona radiata, while there were no significant RD
differences between patients and HC.

We extracted individual quantitative results of the DTI
metrics for each participant in all clusters in which signif-
icant alterations between patients and HC had been found.
A summarizing figure showing the significant clusters of
FA and MD alterations on the WM tract skeleton is pro-
vided as an online resource (Online_Resource_1). In the
present study we analyzed these quantitative DTI results to
compare Ci_P and Cp_P. Fig. 1 illustrates the entire study
design incorporating the preceding analyses and the present
study. In the following Sect. 2.4.1 and 2.4.2 we summarize
the methodology which was used in the already published
preceding study [15]. For further details of the TBSS anal-
ysis and atlas-based extraction of DTI metrics in significant
clusters on the WM tract skeleton we refer to [15].

TBSS Analysis of Patients and Healthy Controls (Summary of
[15])

In brief, we used tract-based spatial statistics (TBSS, ver-
sion 1.2) as a part of the FSL software package [22, 23] with
default settings as described in the TBSS manual to per-
form voxel-wise statistics of DTI data (https://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/TBSS/UserGuide; Fig. 1). First, FA, MD,
RD and AD images were generated from the raw diffu-
sion-weighted data. Second, FA images were warped to
a 1 x 1x 1 mm3 standard space target image (FMRIBS58_FA)
using nonlinear registration and a mean FA skeleton, which
represented the centers of all tracts common to the group
was generated. The aligned FA, MD, RD and AD data were
projected onto this skeleton and the resulting skeletonized
data were used to perform voxel-wise statistics between
patients and HC.

Between-group analyses were conducted using permuta-
tion methods for non-parametric voxel-wise statistical anal-
ysis (FSL randomize tool) [24] (two-sample unpaired t-tests
with age and sex as nuisance variables). We identified re-
gions of the WM tracts showing significant group differ-
ences in the TBSS analyses (clusters) with significantly al-
tered DTI parameters using threshold-free cluster enhance-
ment at a significance threshold of p<0.01.

Region of Interest (ROI) Based Extraction of Quantitative
DTl Metrics (Summary of [15])

For each participant we extracted mean values and standard
deviations of the DTI metrics from the relevant clusters
using the image statistics utilities in FSL (FSLUTILS:
fslmaths, fslmeants, fslstats) by attributing them to regions
of the DTI-based brain white matter label atlas (JHU-
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ICBM-labels-1 mm) [25] and the probabilistic cerebellar
atlas (Cerebellum-MNI_fnirt_1 mm, at a 25% threshold)
[26]. As detailed in the online resource, the relevant clus-
ters affected all regions of the JHU-label atlas and the main
ROIs of the cerebellar atlas which were included in the
further analyses.

Cognition-related Group Analysis

The resulting quantitative DTI results were further analyzed
for the subset of patients who received cognitive testing to
assess differences between Ci_P and Cp_P.

Lesion Quantification

We generated lesion probability maps for Ci_P and Cp_P
subgroups to assess whether there was an overlap between
lesions and relevant ROIs extracted from the TBSS anal-
ysis. Individual lesion probability maps and total FLAIR
lesion volume were obtained for each patient using the
lesion prediction algorithm in LST toolbox version 3.0.0
(www.statistical-modelling.de/Ist.html) for SPM [27]. Dur-
ing the lesion segmentation procedure, FLAIR images and
resulting lesion maps were coregistered to the correspond-
ing 3D-T1-weighted series. The individual TI1-weighted
series were registered and normalized to the DARTEL
template in MNI space using the preprocessing procedures
of the CAT12 segmentation tools (CAT12, version R1165,
http://www.neuro.uni-jena.de/hbm2016/GaserHBM2016.
pdf). Deformation fields of the Tl1-transformations were
applied to the individual lesion probability maps to trans-
form them to the common MNI-space using the SPM12
Normalize (write) function. We generated single, aver-
aged lesion probability maps for both subgroups (Ci_P
and Cp_P) using the SPM12 image calculator tool. For
visual representation in the FSL image viewer FSLeyes,
the lesion probability maps were thresholded at a level of
0.15, showing regions where at least 15% of the patients
had FLAIR lesions.

Statistics

The IBM SPSS software (version SPSS 24) was used for
further statistical analyses of quantitative results. For all
statistical analyses in SPSS, linear parametric or non-para-
metric methods were used, and testing was two-tailed with
an o-level of p<0.05. Comparisons of demographic data
were assessed by one-way ANOVA (controlled for age and
disease duration), Mann-Whitney U-tests (for EDSS and le-
sion load) or y2-tests (for numbers of participants). The as-
sociation between quantitative DTI parameters in the ROIs
and performance in cognition was investigated using a gen-
eral linear multivariate model including CI status and sex
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Table 1 Summary of demographic and clinical data; classification into cognitively impaired (Ci_P) or cognitively preserved (Cp_P) according
to screening test (MUSIC cognition) for CI. The columns “All patients” and “healthy controls” refer to the participants of the preceding TBSS

analysis [15]

Ci_P Cp_P All patients HC p-value
n 14 81 106 49 -
Female/male 6/8 55/26 68/38 32/17 n.s.?
Age (years) mean+ SD 40+ 10 3611 37x11 42+14 Ci_Pvs.Cp_P:n.s.

All patients vs. HC: p<0.05®

Disease duration (months) 10.6+8.5 12.6+10.4 11.6+10.5 - n.s.?
mean+ SD
Lesion load (ml) 2.8 (1.4-5.3) 0.9 (0.2-2.6) 2.1 (0.9-5.3) - Ci_Pvs.Cp_P:p<0.05°¢
median (IQR)
EDSS median (IQR) 3.0 (1.5-3.5) 1.5 (1.5-2.5) 1.5 (1.5-2.5) - Ci_Pvs.Cp_P: p<0.05°¢
MUSIC cognition score 13 (12-18) 26 (23-28) - - Ci_Pvs.Cp_P:
median (IQR) p<0.001 ¢

Ci_P cognitively impaired patients, Cp_P cognitively preserved patients, SD standard deviation, /QR interquartile range, n. s. not significant

2 y2-square test
® univariate ANOVA
¢ Mann-Whitney U-test between Ci_P and Cp_P

Table 2 Fractional anisotropy (FA) in patients with cognitive impairment (Ci_P) compared to cognitively preserved patients (Cp_P) patients

FA (mean= SD) Cp_P Ci_P p-value
n=_81 n=14

Splenium of corpus callosum 0.949+0.02 0.918+0.05 0.001*
Tapetum L 0.870+0.08 0.794+0.10 0.019*
Cingulum (hippocampus) R 0.722+0.08 0.657+0.13 0.002*
Fornix (cres)/Stria terminalis R 0.813+0.05 0.776 £ 0.08 0.042%*
Posterior corona radiata L 0.731+0.04 0.694 +0.05 0.012*
Posterior thalamic radiation incl. optic radiation L 0.832+0.04 0.799+ 0.04 0.050
Cerebral peduncle R 0.936+0.02 0.919+0.04 0.012*
Cerebral peduncle L 0.913+0.02 0.888+0.03 <0.001*
Medial lemniscus R 0.878+0.03 0.858 +0.04 0.013*
Medial lemniscus L 0.830+0.04 0.808 +0.04 0.024*
Cerebellum lobules I-1V L 0.349+ 0.03 0.330+0.02 0.095
Cerebellum lobule V R 0.375+0.02 0.349+0.03 <0.001*
Cerebellum lobule V L 0.389+0.02 0.368 +0.03 0.024*
Cerebellum lobule VIL 0.349+0.03 0.327+0.03 0.009*

Group differences between Ci_P and Cp_P analyzed using a general linear multivariate model controlling for age, sex and EDSS. *: significant
after correction for multiple comparisons (Benjamini-Hochberg correction for false discovery rates; FDR at level q=0.05). Italics regions which

did not survive FDR correction.

SD standard deviation, FA fractional anisotropy, R right hemisphere, L left hemisphere

as fixed factors, and age and EDSS as covariates. We cor-
rected the resulting p-values with p<0.05 for multiple com-
parisons by applying a Benjamini-Hochberg correction for
false discovery rates (FDR at level q=0.05).

Results
Demographic and Clinical Data

Of the patients 14.7% (14/95) were classified as cogni-
tively impaired. The demographic results and characteris-

tics are summarized in Table 1. In accordance with the
inclusion criteria, patients had short disease duration, low
grades of brain lesion loads and clinical disability (EDSS).
In Ci_P the EDSS and brain lesion load were higher than
in Cp_P (both: p<0.05). Furthermore, the Ci_P group con-
tained a higher proportion of male patients and patients at
higher age than the Cp_P group. The majority of patients in
the Ci_P group showed signs of moderate cognitive impair-
ment, as indicated by the median of the MUSIC cognition
score of 13 in this group.
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Fig. 2 Differences between cognitively impaired patients (Ci_P) and cognitively preserved patients (Cp_P): the figure demonstrates a voxel-wise
group comparison, whereby regions of interest with significant fractional anisotropy (FA) reduction (green overlay) or mean diffusivity (MD)
increase (yellow overlay, dilated by 1.5 pixels to improve visibility) in Ci_P compared to Cp_P are shown in sagittal, coronal and axial views on
an FA template map in MNI coordinates, X, Y, Z: slices positions in MNI coordinates. The presentation is based on the comparison of the patients
and the different groups are not shown here. The green and yellow overlays highlight those clusters of significant differences between patients
and healthy controls (based on the preceding tract based spatial statistics analysis [15]) in which stronger involvement was detected in the Ci_P
subgroup. FA reduction and MD increase is visible in the splenium of CC. Additional FA reduction is shown in the left hippocampal cingulum,
fornix (cres.)/stria terminalis and posterior corona radiata, bihemispheric cerebral peduncle and medial lemnisculus, and in cerebellar lobules V
and VL. L left hemisphere, R right hemisphere, sCC splenium of corpus callosum, post. cor. radiata posterior corona radiata, CP cerebral peduncle,

Cb cerebellum, cingulum (hippoc.) hippocampal cingulum, fornix (cres.)/stria term. fornix (cres.)/stria terminalis, ML medial lemniscus

Diffusion Metrics in Cognitively Impaired Patients
Compared to Non-impaired Patients

Based on TBSS analysis between all patients and HC and
atlas-based extraction of quantitative DTI results, we exam-
ined associations with CI for FA, MD and AD in the signif-
icant clusters. The analysis included age, sex and EDSS as
nuisance variables, since associations between EDSS and
FA in different brain structures are well known in MS [14,
28, 29] and there were between-group differences regarding
age and the male/female proportion in our cohort.

The FA showed multiple differences between Ci_P and
Cp_P. Details are presented in Table 2 which shows FA
for Ci_P and Cp_P in those ROIs where differences be-
tween the two groups were significant. Therein, FA was
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decreased in Ci_P compared to Cp_P in supratentorial, mid-
brain and pontine and cerebellar WM regions. In detail,
we found marked FA reductions (p<0.002) in the sple-
nium of CC, the left cerebral peduncle, the cerebellar lob-
ule (right V) and in the right parahippocampal cingulum
(cingulum/hippocampus). In addition, FA was reduced in
the right fornix (cres)/stria terminalis, left posterior corona
radiata and thalamic radiation (including optic radiation),
left tapetum, bihemispheric medial lemniscus and cerebel-
lar lobules left I-1V, left V and left VI. The associations
with cerebellar lobule left I-IV and left thalamic radiation
(incl. optic radiation) did not survive the FDR correction for
multiple comparisons. The FA differences in the cerebellar
lobule left I-IV and left thalamic radiation (incl. optic radia-
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Fig.3 Lesion probability in cognitively impaired patients (Ci_P) and cognitively preserved patients (Cp_P): lesion probability maps of Ci_P
(orange/yellow overlay) and Cp_P (light blue overlay) subgroups, and FA clusters of significant differences between patients and healthy controls
(red overlay, based on the preceding TBSS analysis [15]) are shown in sagittal, coronal and axial views on an FA template map in MNI coordinates,
X, Y, Z: slices positions in MNI coordinates. The lesion probability maps were thresholded at 0.15, thus voxels in which at least 15% of patients
had FLAIR lesions are displayed. Areas of high lesion probability which were detected bilaterally in the posterior corona radiata and posterior
thalamic radiation were found in both, Ci_P and in Cp_P, with larger involvement in Ci_P. Exclusive lesion load detected in the Ci_P group is
depicted in the splenium of the corpus callosum and the bilateral fornix (cres)/stria terminalis, respectively temporal WM. L left hemisphere,
R right hemisphere, post. cor. rad. posterior corona radiata, ant. cor. rad. anterior corona radiata, sup. cor. rad. superior corona radiata, post. thal.
radiat. (incl. optic radiat.) posterior thalamic radiation (including optic radiation), fornix (cres. )/stria term. fornix (cres)/stria terminalis

tion) were not significant after FDR correction for multiple
comparisons.

MD was significantly increased in the splenium of CC
(»p=0.010) in Ci_P (43.6+4.0 10°mm?/s) compared to
Cp_P (41.4+£2.2 10°mm?s). Fig. 2 further illustrates the
localization of the ROIs in which significantly altered FA
or MD have been detected in Ci_P compared to Cp_P.
Only those clusters of significantly altered DTI metrics in
patients compared to HC (based on the preceding TBSS
analysis) have been highlighted in the figure, in which the
Ci_P subgroup was more strongly involved than the Cp_P
group.

Regarding AD, for which only a single significant clus-
ter had been detected in the TBSS analysis (right superior

corona radiata), there were no significant group differences
between Ci_P and Cp_P. For RD we had not detected sig-
nificant clusters in the TBSS analysis.

Lesion Distribution in Cognitively Impaired Patients
and in Non-impaired Patients

The local distribution of the T2-FLAIR lesions was mainly
restricted to periventricular, callosal and temporal regions.
Fig. 3 shows the lesion distribution probability maps of
Ci_P and Cp_P subgroups and the FA clusters of significant
differences between patients and healthy controls (based on
the preceding TBSS analysis): lesion probability distribu-
tions were similar in both groups with larger involvement
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in Ci_P (orange) compared to Cp_P (light blue) bilaterally
in the posterior corona radiata and posterior thalamic radi-
ation, and exclusive lesion load in Ci_P in the splenium of
the corpus callosum (CC) and the bilateral fornix (cres)/stria
terminalis or temporal WM. There was only partial overlap
between areas of high lesion probability and clusters on the
WM skeleton in which the DTI metrics were significantly
altered in Ci_P, namely in the splenium of CC, bilateral
posterior corona radiata and left hemispheric fornix (cres)/
stria terminalis.

Discussion

In the present monocentric analysis, quantitative DTI re-
sults representing microstructural WM alterations showed
specific differences between patients with CI and cogni-
tively preserved patients at first diagnosis of MS or CIS.
While previous studies using conventional MRI measures
could not show an association with CI in early MS [8, 9],
our study results demonstrate that quantitative DTI seemed
to be more sensitive to detect subtle WM alterations re-
lated to CI. Compared with Cp_P, FA was reduced in Ci_P
in supratentorial and infratentorial WM regions including
cerebellar WM regions. Higher MD in Ci_P compared to
Cp_P could be detected only in the splenium of the cor-
pus callosum, while AD did not differ between the two
groups. Therefore, we focused the discussion on FA differ-
ences. We could identify regional clusters of pronounced
FA changes between Ci_P and Cp_P. Therefore, anatomical
regions mainly related to cognition with significant changes
between the patient groups are discussed separately.
Corpus callosum: our results demonstrated a pronounced
involvement of the splenium but not of the body of CC
in cognitively impaired patients at disease onset in terms
of significantly reduced FA (Table 2) and increased MD
(p=0.010). This was analogous to earlier studies on pa-
tients with long-standing MS, in which associations be-
tween microstructural damage in the CC and CI have been
shown [13, 30]. Other studies have reported associations of
FA reduction with CI in the splenium and additionally in
the body of CC in established MS [14, 28]. Different fiber
types that constitute the CC may contribute to a varying
vulnerability of callosal regions to microstructural damage:
while the splenium is mainly composed of densely packed
small diameter fibers, large myelinated fibers are predom-
inantly found in the CC body. Thus, the splenium might
be more sensitive to microstructural damage than the body
of CC and might be particularly involved in early stages
of MS [31]. Previous DTI tractography studies on healthy
adults have indicated that information processing speed is
probably the main mediator between WM microstructural
properties and cognitive performance. Explicitly, FA values
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of the CC splenium were associated with information pro-
cessing speed [32, 33]. Accordingly, we hypothesized that
in patients with CI at disease onset, WM integrity changes
in the splenium of CC are relevant for cognitive tasks which
reflect information processing speed.

Parahippocampal cingulum and fornix: furthermore, in
Ci_P there was significant FA reduction compared to Cp_P
in the right hemispheric parahippocampal part of the cingu-
lum and the fornix (cres)/stria terminals (Fig. 3). Damage of
the fornix as the major output of the hippocampus can result
in severe memory deficits. Thus, microstructural changes in
the fornix were related to reduced verbal memory perfor-
mance in previous studies. MS patients with better memory
performance had higher FA in the fornix than patients with
memory deficits [34, 35]. The parahippocampal cingulum
contains several hippocampal afferents, and the cingulum
as a whole is known to play a critical role in CI because
it mediates memory content integration from different parts
of the brain [36]. Relations of microstructural changes in
the posterior cingulum and fornix reflected by FA reduc-
tion and cognitive dysfunction have been shown by Dineen
et al. in MS patients with 10-year disease duration [37].
Our results suggest that even in patients at disease onset,
Cl-related microstructural alterations of fornix and cingu-
lum are detectable. Fornix and cingulum are interrelated
structures which are part of the thalamic-hippocampal con-
nections. The interrelation of thalamic atrophy with cog-
nitive performance was shown by Kern et al. who demon-
strated that hippocampal-thalamic-prefrontal disruption af-
fected cognitive performance in early MS [38]. These find-
ings were corroborated by a functional connectivity study,
which demonstrated reduced connectivity between poste-
rior thalamic nuclei and left supramarginal gyrus, as well
as decreased right medial thalamic nuclei connectivity with
thalamus and cerebellar areas [39]. In this light, our findings
of a pronounced microstructural affection in interrelated
thalamic-hippocampal WM regions in cognitively impaired
MS patients seem to be conclusive, although we did not
investigate thalamic atrophy or brain atrophy in general in
the present study.

Cerebellar white matter structures: we additionally de-
tected FA reduction in Ci_P compared to Cp_P in cere-
bellar structures. Associations between cognition and cere-
bellar structures have been described in functional MRI
studies in the context of corticocerebellar information pro-
cessing and have also been discussed and corroborated in
DTI studies [40, 41]. Especially the cerebellar lobule VI, in
which pronounced FA reduction in Ci_P compared to Cp_P
was detected in our study, has been suggested to be part
of a nonformal cognitive map in the posterior cerebellum
contributing to working memory functions and informa-
tion proceeding speed [40]. Cognitive proceeding speed and
working memory capacity, which are equally represented by



Microstructural White Matter Alterations in Cognitively Impaired Patients at Early Stages of Multiple Sclerosis 1001

the MUSIC sum score, are two of the most affected cog-
nitive domains in MS [42]. Our study results confirm the
relevant alteration of cerebellar WM microstructures (lob-
ule VI left and lobule V) in early MS and CIS patients with
CL

Cognitive impairment in MS is complex and certainly
has multifactorial causes, which cannot be fully explained
by altered diffusion metrics. Still, in the present patient
group with CIS and early MS, the microstructural alter-
ations in Ci_P were mainly located in tracts which are
known to be relevant for cognitive performance, reflecting
the neural network character of cognitive functions by in-
volvement of parts of the hippocampal-thalamic-prefrontal
network and the corticocerebellar loop. Demyelinating le-
sions leading to impaired WM tract integrity can be a part
of the pathophysiological background of the microstructural
observations. In this study, we found only partial overlap
between areas of cognitively relevant tract locations and
areas of high lesion probability. This indicated that nor-
mally appearing WM alterations also contributed to cog-
nitive impairment. Still, the subgroup comparison showed
specific areas of high lesion probability in the Ci_P group
in the CC splenium and in temporal WM intersected by the
fornix (cres)/stria terminalis. Thus, the comparison of Ci_P
and Cp_P might be influenced by the differences in the
subgroup lesion loads and differences in lesion probabili-
ties between the two groups, as patients with early cognitive
impairment might have a higher probability for demyelinat-
ing lesions in cognitively relevant structures [43].

We acknowledge limitations of our study. We used
a global cognitive performance measure for CI represent-
ing the most frequently affected cognitive functions in MS.
As a result, we could not assign dysfunctions of more spe-
cific cognitive domains to regional WM damage. We rather
focused on a characterization of microstructural WM dam-
age of Ci_P compared to Cp_P at the earliest stages of MS.
Furthermore, although representing the typical features of
a very early MS cohort, the number of cognitively impaired
patients was relatively small compared to the cognitively
preserved patients. Thus, in future investigations larger
numbers of patients, possibly in multicentric analyses,
should be included. Furthermore, CI cannot exclusively be
attributed to structural impairment of brain WM, due to the
known evidence of the associations of cortical lesions and
cortical atrophy with CI in RRMS [44], and moreover in
progressive MS and patients with longer disease duration
[45]. Although contributions of GM pathology to CI have
also been reported for CIS and early MS [46], these effects
have not been taken into account in this study and must
therefore be mentioned as a limitation. A further limitation
might be introduced by the definition of the ROIs in which
the DTI metrics have been extracted: since the analyses
were based on clusters of significant differences between

patients and healthy controls gained from the preceding
study, and the entire patient group was dominated by Cp_P,
regions with specific involvement in Ci_P might have been
underestimated or missed by the chosen methodology. Still,
the number of those potentially missing regions is probably
small since our analyses included regions of nearly all
tracts of the JHU-ICBM WM label atlas and most large
tracts of the cerebellar atlas. Future studies, including larger
numbers of patients should directly investigate the voxel-
wise comparison between Ci_P and Cp_P. In addition, we
used a 32 gradient direction DTI sequence with limited
spatial resolution of 2.5mm, therefore higher resolution
and number of gradient directions would be desirably in
future studies. Moreover, future studies should investigate
these effects using advanced multi-shell diffusion protocols
(e.g. NODDI [47]), since these models measure comple-
mentary WM properties and might be more closely related
to cognitive performance than DTI [48, 49].

Conclusion

Referring to our hypotheses, we were able to confirm that
microstructural WM alterations were more pronounced in
known cognitively relevant tracts of cognitively impaired
patients, even in the earliest stages of MS disease. Partic-
ularly, the splenium of corpus callosum, fornix, parahip-
pocampal cingulum and cerebellar WM tracts seemed to be
relevant for CI. Considering the impact of cognitive impair-
ment on occupational disability and restrictions in quality
of life for patients with MS these pronounced alterations of
WM integrity in Ci_P at disease onset underline the rele-
vance of early treatment initiation.
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