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Abstract

Background Cognitive deficits are common in early multiple sclerosis (MS), however, spatial navigation changes and their
associations with brain pathology remain poorly understood.

Objective To characterize the profile of spatial navigation changes in two main navigational strategies, egocentric (self-cen-
tred) and allocentric (world-centred), and their associations with demyelinating and neurodegenerative changes in early MS.
Methods Participants with early MS after the first clinical event (n =51) and age-, gender- and education-matched controls
(n=42) underwent spatial navigation testing in a real-space human analogue of the Morris water maze task, comprehensive
neuropsychological assessment, and MRI brain scan with voxel-based morphometry and volumetric analyses.

Results The early MS group had lower performance in the egocentric (p =0.010), allocentric (p =0.004) and allocentric-
delayed (p =0.038) navigation tasks controlling for age, gender and education. Based on the applied criteria, lower spatial
navigation performance was present in 26-29 and 33—41% of the participants with early MS in the egocentric and the
allocentric task, respectively. Larger lesion load volume in cortical, subcortical and cerebellar regions (> 0.29; p <0.032)
unlike brain atrophy was associated with less accurate allocentric navigation performance.

Conclusion Lower spatial navigation performance is present in up to 41% of the participants with early MS. Demyelinating
lesions in early MS may disrupt neural network forming the basis of allocentric navigation.

Keywords Allocentric - Cognition - Egocentric - Lesion load - MRI - Neuropsychology - Volumetry - Voxel-based
morphometry

Introduction driving performance [4, 5]. The profile of cognitive impair-

ment in early MS is characterized by predominant slow-

Multiple sclerosis (MS) is the most common chronic inflam-
matory, demyelinating and neurodegenerative disease of the
central nervous system in young adults. Cognitive deficits
are common in MS and can be detected in 12-57% of indi-
viduals after the first clinical event [1, 2]. Cognitive deficits
reflect disease-related grey and white matter pathology in the
brain [3] and have negative impact on quality of life includ-
ing but not limited to reduced employment status and poor
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ing of information processing speed and deficits in episodic
memory [6]. However, it has not been investigated whether
cognitive impairment involves deficits in spatial navigation,
the cognitive function essential for our everyday functioning,
especially for driving abilities [7].

Spatial navigation is a complex and multi-modal cogni-
tive process that involves maintaining a sense of direction
and location during the movement and enables us to find
our way around an environment. Two basic spatial naviga-
tion strategies have been identified, self-centred (egocen-
tric) using the individual’s own position for navigation and
world-centred (allocentric) using distal orientation cues for
navigation [8]. When navigating our environment a large
network of brain areas is activated including the medial tem-
poral lobe region, thalamus and prefrontal cortex in allo-
centric navigation and posterior parietal lobe and caudate
nucleus in egocentric navigation [9]. Disruption of these
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areas results in spatial navigation impairment in many neu-
rological conditions including Alzheimer’s disease, stroke,
epilepsy, Parkinson’s disease, Huntington’s disease and auto-
immune encephalitis [10-15]. However, it remains unclear
whether disruption of these areas by demyelinating and neu-
rodegenerative changes is associated with spatial navigation
deficits in individuals with MS.

We used a real-space navigation apparatus and brain MRI
with global, regional cortical, subcortical and lesion load
volume quantification to characterize a profile of spatial
navigation changes in egocentric and allocentric naviga-
tional strategies and their associations with demyelinating
and neurodegenerative changes in individuals with early MS
after the first clinical event. Based on the previous stud-
ies showing structural changes in the medial temporal lobe
region, thalamus and frontal cortex together with changes in
the parietal lobe and caudate nucleus in early MS [16-19]
we hypothesized that participants with early MS would have
lower performance in both allocentric and egocentric navi-
gation strategies that would be associated with lesion load
and atrophy of brain areas related to spatial navigation.

Participants and methods
Participants

51 participants with early MS on interferon-beta treatment
were recruited at the Multiple Sclerosis Centre, 2nd Fac-
ulty of Medicine, Charles University and Motol University
Hospital, Prague, Czech Republic. The participants were
18-55 years old, after the first clinical event, had objective
clinical evidence of one lesion, Expanded Disability Status
Scale (EDSS) score less than 3.0, 2 or more hyperintensive
T2 lesions on brain MRI and 2 or more oligoclonal bands
in cerebrospinal fluid. Objective clinical evidence of one
lesion was defined as focal neurological dysfunction dem-
onstrated by clinical examination that was typical for acute
demyelinating event. The first clinical symptoms included
spinal cord (n=18) and brainstem symptoms (n = 14), ret-
robulbar neuritis (n=13) and hemispheric symptoms (n="6).
All participants met the 2017 revised McDonald criteria for
relapsing—remitting MS [20]. 7 participants had mild depres-
sive or anxiety symptoms stabilized on selective serotonin
reuptake inhibitors. Neuropsychological examination,
spatial navigation testing and time-matched experimental
brain MRI (within 4 weeks) were performed between 1 and
15 months from the diagnosis of MS (median 4 months). In
addition, 42 cognitively normal, age-, gender- and educa-
tion-matched healthy control participants reporting normal
navigation skills were recruited from the hospital staff and
their relatives, and underwent the same protocol. Their cog-
nitive performance was within the normal range, they did
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not score more than 1.5 SDs below the mean of age- and
education-adjusted norms in any neuropsychological test.
The participants with psychiatric and neurological disorders
(except MS in the participants with early MS), cardiovascu-
lar diseases, and a history of alcohol or drug abuse were not
included in the study. All participants signed an informed
consent approved by the local ethics committee and have
therefore been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and
its later amendments.

Spatial navigation testing

For spatial navigation testing, we used the real-space human
analogue of the Morris Water Maze task, a well-established
method to evaluate spatial navigation abilities that has been
used in many studies and allows separate testing of two
important spatial navigation strategies, allocentric and ego-
centric [12, 15, 21]. This task was performed in a real-space
navigational setting, a fully enclosed cylindrical arena 2.8 m
in diameter surrounded by a 2.9 m high dark curtain with
8 large digital numerical displays used as distal orientation
cues (Fig. la), that reliably mimics navigation in the real
world [14, 22]. The participants located an invisible goal on
the arena floor in 4 different tasks using a start position (ego-
centric) or 2 distal orientation cues on the wall (allocentric),
respectively (Fig. 1b). To begin the task, participants were
asked to enter the arena. They were given a long-standing
pole with an infrared light-emitting diode on the top and
were briefly shown the position of the goal on the arena
floor. Before each trial, they were asked to stand at the side
of the arena, go directly from their start position to the goal,
and to place the pole directly on the presumed goal posi-
tion. The goal was briefly shown after each trial to facilitate
learning (although the goal was not shown any time during
the delayed subtask). The allocentric-egocentric task was
performed first. It involved locating the goal using its spatial
relationship with both the start position and the 2 distal ori-
entation cues on the arena wall. This was considered a train-
ing task designed to familiarize participants with the testing
procedure. This task was followed by the egocentric task that
involved using only the start position to locate the goal with
no distal orientation cues displayed. The egocentric task was
followed by the allocentric task that involved using only 2
distal orientation cues on the arena wall for navigation to the
goal as the start position was unrelated to the goal position.
Finally, the delayed task, which was identical to the allocen-
tric task, was administered 30 min after the initial allocentric
task was completed. The training (egocentric-allocentric),
egocentric and allocentric tasks had 8 trials and the correct
position of the goal was shown after each trial to provide
the feedback. The delayed task had 2 trials and no feedback
through showing the hidden goal was provided. The relative
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Fig. 1 Human analogue of the a
Morris Water Maze task. a The
real-space navigation setting. b
The scheme of the task show-
ing an aerial view of the arena
(large white circle) with starting
point (red filled circle), orienta-
tion cues (red and green lines),
and goal (purple circle)

positions (distances and directions) of the goal were stable
across all trials relative to (1) the positions of the start loca-
tion and both orientation cues in the training (allocentric-
egocentric) task, (2) positions of the start location in the
egocentric task, and (3) positions of both orientation cues
in the allocentric and delayed tasks. After each trial, the
goal position along with the start position and the positions
of 2 distal orientation cues were rotated in a pseudorandom
sequence and the participants were instructed to go to the
new start position. There was no time limit to find the goal,
mainly to reduce bias by differences in sensory and physical
functioning and psychomotor speed. All participants were
able to complete the spatial navigation task. Spatial naviga-
tion performance was recorded automatically by in-house
developed software as the distance error between a presumed
goal position indicated by the participants and a correct goal
position. The distance error in centimetres in each trial or
averaged across the trials in each task was used as the main
outcome measure.

Lower spatial navigation performance for each task was
established when the participant with early MS had the aver-
age navigational score for a given task more than 1.5 SDs
below the mean of the control group. We used the arbitrary
criterion of > 1.5 SDs as an analogy with studies on indi-
viduals with mild cognitive impairment [23]. In addition,
to provide a more conservative estimate of lower spatial
navigation performance in participants with early MS, we
also calculated values for a more stringent criterion of > 2.0
SDs below the mean of the control group. The score for
general spatial navigation performance was expressed as a
unit-weighted composite z-score from average navigational
scores in the egocentric, allocentric and allocentric delayed
tasks. Lower general spatial navigation performance was
established using the criterion of > 1.5 SDs below the mean
of the control group.

Neuropsychology

The participants underwent a comprehensive neuropsycho-
logical assessment covering seven major cognitive domains:
(1) verbal memory measured with the Rey Auditory Ver-
bal Learning Test-RAVLT (trials 1-5 and 30-min delayed
recall trial), (2) nonverbal memory measured with the Brief
Visuospatial Memory Test Revised-BVMT-R (trials 1-3
and 25-min delayed recall trial), (3) information processing
speed/attention/working memory measured with the Sym-
bol Digit Modalities Test-SDMT, Paced Auditory Serial
Addition Test-PASAT, Digit Span Forward task-DF, Digit
Span Backward task-DB and Trail Making Test A-TMT
A, (4) executive function measured with the Trail Mak-
ing Test B-TMT B and Controlled Oral Word Association
Test-COWAT, (6) visuo-spatial function measured with the
Judgment of Line Orientation Test-JLO and (7) language
function measured with the Category Fluency Test-CFT
(animals and shopping items) [24]. A self-administered
15-item Multiple Sclerosis Neuropsychological Screening
Questionnaire (MSNQ) was used as a self-report screen-
ing measure of cognitive functioning. The National Adult
Reading Test (NART) was used to estimate premorbid intel-
ligence levels. The Beck Depression Inventory (BDI) and
the Beck Anxiety Inventory (BAI) were used to measure
depressive and anxiety symptoms.

Magnetic resonance imaging acquisition
and analysis

Brain scans were performed at 1.5 T scanner (Siemens AG,
Erlangen, Germany) using (1) T1-weighted 3-dimensional
high resolution magnetization-prepared rapid acquisition
with gradient echo (MP-RAGE) sequence with the fol-
lowing parameters: TR/TE =12/4.605 ms, flip angle 15°,
150 continuous partitions and slice thickness 1.0 mm for
volumetric measurement and (2) fluid-attenuated inversion
recovery (FLAIR) sequence with the following parameters:
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TR/TE/TI=11,000/140/2600 ms, flip angle 90°, 100 con-
tinuous partitions, and slice thickness 1.5 mm for lesion
load measurement. The scans were visually inspected by
a neuroradiologist to ensure appropriate data quality. The
experimental protocol was available for all participants with
early MS and 32 control participants. 10 control participants
were not willing to undergo the MRI protocol.

Brain tissue volume normalized for participants’ head
size was estimated with SIENAX, part of FSL (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/SIENA) [25, 26]. Normalized
brain parenchymal (nBP) volume and separate estimates of
normalized grey matter (nGM), white matter (nWM) and
peripheral (cortical) grey matter (npGM) volumes were cal-
culated. Volumes of subcortical grey matter structures were
estimated with FIRST, part of FSL (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/FIRST) [27]. Subcortical structural volumes were
normalized to total intracranial volume to control for varia-
tion in head size using a covariance approach [28].

Voxel-based morphometry (VBM) was used to assess
differences in regional cortical grey matter. VBM was per-
formed with masking of the registration cost function with
lesion masks to reduce the impact of white matter lesions
on brain segmentation and creation of grey matter template.
Lesions masks were obtained by lesion segmentation tool
(LST) toolbox version 2.0.15 (www.statistical-modelling.de/
Ist.html) for SPM (http://www.fil.ion.ucl.ac.uk/spm/). The
algorithm segmented the T1 images into the three main tis-
sue classes (cerebrospinal fluid, grey matter and white mat-
ter). This information was then combined with the coregis-
tered FLAIR intensities to calculate lesion probability maps.
A lesion filling algorithm implemented in LST toolbox was
adopted [29]. The algorithm uses previously generated
lesion masks registered to the image to fill the lesions with
intensities matching the surrounding normal appearing white
matter. An optimized VBM approach was adopted with all
processing steps carried out using openware FSL version
5.0.7 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). Ana-
tomical localization of significant clusters was established
using the Harvard—Oxford Structural Atlas. Lesion load for
each brain lobe and subcortical structure was obtained by
coregistration of lesion masks to standard MNI brain using
FLIRT and establishing anatomical localization of lesions
using the MNI Structural Atlas [30].

Statistics

The Students’ independent two-sample ¢ test evaluated
mean between-group differences in demographic variables.
The 4° test evaluated differences in proportions (gender).
The analysis of covariance (ANCOVA) evaluated mean
between-group differences in cognitive variables, brain tis-
sue volumes derived from SIENAX and subcortical grey
matter volumes derived from FIRST. A general linear
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model (GLM) implemented in FSL was used to compare
voxel-wise between-group differences in regional cortical
grey matter volumes derived from VBM. Repeated meas-
ures (RM) ANCOVA with trials 1-8 as the within-subject
factor (learning) evaluated between-group navigational dif-
ferences in the egocentric and allocentric tasks. ANCOVA
evaluated between-group navigational differences in the
mean scores of the allocentric delayed task. Age, gender
and years of education were controlled in the ANCOVA, RM
ANCOVA and GLM analyses to provide more conservative
estimates of the hypothesized differences. In addition, the
RM ANCOVA and ANCOVA with RAVLT and BVMT-R
delayed recall scores sequentially entered into the model
as covariates were conducted to address the possibility that
between-group navigational differences may be explained
by memory deficits. Navigational data were log transformed
prior to the analyses because of their right-skewed distribu-
tion. This was driven by non-normal distribution of data in
the early MS group, while the data in the control group were
normally distributed.

In participants with early MS, the relationships between
demographic and navigational (mean scores in each task)
variables, total and regional lesion load volumes, brain
tissue volumes and regional subcortical and cortical grey
matter volumes were assessed using Pearson’s correlation,
point-biserial correlation (gender) and GLM correlation
models implemented in FSL (VBM data). VBM results
were corrected for family-wise error using a FSL’s tool for
nonparametric permutation inference [31]. If a correlational
analysis yielded a significant association, a linear regres-
sion model adjusted for age, gender, years of education and
EDSS score was estimated. Holm—Bonferroni correction
for multiple comparisons was used in the statistical analy-
sis. Statistical significance was set at 2-tailed alpha of 0.05.
Effect sizes were reported using Cohen’s d for the Student’s
t tests, Cramér’s V for the y° test and partial eta-squared
(175) for ANCOVA. Partial eta-squared of 0.06 correspond
to Cohen’s d of about 0.5. All analyses were conducted with
IBM SPSS 25.0 software.

Results

The results are presented in Table 1, Figs. 2 and 3 and Sup-
plementary Tables 1 and 2. The groups did not differ in
demographic characteristics, premorbid intelligence level
and subjective cognitive functioning. The early MS group
reported more depressive and anxiety symptoms, had lower
performance in most cognitive tests and lower volumes in
most MRI measures. The correlations between variables are
presented in Tables 2 and 3, Supplementary Table 3 and
Supplementary Figure 1.
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Table 1 Characteristics of the study participants

Controls (n=41) Early MS (n=52) p values Effect sizes
Demographic characteristics
Age (years) 29.02 (7.50) 31.29 (6.98) 0.135 0.32%
Women, n (%) 23 (54.80) 28 (54.90) 0.989 0.00°
Education (years) 16.02 (2.58) 15.06 (2.87) 0.095 0.35%
EDSS (score) NA 1.67 (0.58) NA NA
Neuropsychological characteristics®
BDI (score) 4.74 (4.94) 8.49 (10.17) 0.047 0.05¢
BAI (score) 5.14 (5.07) 9.67 (10.07) 0.013 0.08¢
MSNQ (score) 15.98 (11.36) 13.71 (10.02) 0.747 0.00¢
NART (score) 118.60 (18.88) 116.06 (8.78) 0.490 0.01¢
RAVLT 1-5 (score) 58.74 (7.69) 52.51(9.29) 0.003 0.10¢
RAVLT delayed (score) 12.60 (2.06) 10.67 (2.78) 0.002 0.114
BVMT-R 1-3 (score) 30.31 (4.00) 26.41 (4.80) < 0.001 0.16¢
BVMT-R delayed (score) 11.10 (1.12) 10.24 (1.62) 0.009 0.08¢
SDMT (score) 64.29 (11.17) 56.14 (10.52) 0.004 0.104
PASAT (score) 51.57 (7.23) 44.80 (11.32) 0.003 0.104
Digit span forward (score) 10.24 (2.01) 8.98 (2.00) 0.007 0.09¢
Digit span backward (score) 8.00 (2.93) 6.92 (2.40) 0.099 0.03¢
TMT A (time in s) 27.40 (20.92) 31.92 (9.22) 0.208 0.02¢
TMT B (time in s) 53.07 (13.30) 71.37(25.43) < 0.001 0.161
COWAT (score) 48.67 (13.60) 39.33(11.43) 0.001 0.134
JLO (score) 27.52 (3.39) 25.67 (4.42) 0.028 0.06¢
CFT animals (score) 26.81 (5.63) 24.45 (6.43) 0.056 0.054
CFT shopping (score) 26.79 (8.18) 25.55(7.72) 0.312 0.01¢
Navigational characteristics®
Egocentric navigation (distance, cm) 18.64 (7.39) 31.82 (27.76) 0.010° 0.07¢
Allocentric navigation (distance, cm) 22.60 (8.22) 38.21 (23.69) 0.004¢ 0.09¢
Allocentric delayed navigation (distance, cm) 24.57 (12.21) 34.45 (27.74) 0.038¢ 0.05¢
MRI volumetric characteristics®
nBP (volume, cm®) 1507.75 (49.64)" 1464.89 (71.09) 0.005 0.10¢
nWM (volume, cm?) 703.40 (34.09)f 677.87 (38.06) 0.007 0.10¢
nGM (volume, cm?) 804.34 (35.64)" 787.01 (53.31) 0.064 0.05¢
npGM (volume, cm®) 638.76 (33.02)f 618.16 (42.36) 0.009 0.09¢
Amygdala left (volume, mm?®) 1668.41 (249.56)f 1426.00 (236.57) < 0.001 0.18¢
Amygdala right (volume, mm?®) 1447.44 (213.50)f 1505.38 (270.33) 0.127 0.03¢
Caudate nucleus left (volume, mm®) 3689.21 (401.20)° 3427.88 (519.02) 0.041 0.06¢
Caudate nucleus right (volume, mm?®) 3590.62 (498.15)f 3595.89 (565.43) 0.687 0.00¢
Hippocampus left (volume, mm?) 4146.49 (550.70)" 3851.45 (584.50) 0.025 0.07¢
Hippocampus right (volume, mm?) 4174.19 (488.38)" 3931.15 (562.88) 0.085 0.04¢
Globus pallidus left (volume, mm?) 1937.87 (226.96)" 1816.70 (231.26) 0.037 0.06¢
Globus pallidus right (volume, mm?) 1972.83 (275.16)" 1854.15 (239.10) 0.066 0.05¢
Putamen left (volume, mm?®) 5367.57 (748.49)" 5053.67 (633.66) 0.052 0.05¢
Putamen right (volume, mm?) 5223.60 (810.85)" 5071.32 (673.14) 0.480 0.01¢
Thalamus left (volume, mm?) 8831.50 (1090.09)f 7998.49 (918.22) < 0.001 0.174
Thalamus right (volume, mm°) 8401.30 (1052.73)f 7777.74 (948.27) 0.012 0.08¢
Global and regional MRI lesion load characteristics
Total lesion load (volume, mm?) NA 3363.22 (5328.87) NA NA
Caudate nucleus left (volume, mm?®) NA 150.69 (190.58) NA NA
Caudate nucleus right (volume, mm?) NA 140.51 (183.85) NA NA
Cerebellum left (volume, mm?®) NA 10.96 (35.12) NA NA
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Table 1 (continued)

Controls (n=41) Early MS (n=52) p values Effect sizes
Cerebellum right (volume, mm?) NA 9.49 (28.41) NA NA
Frontal lobe left (volume, mm?) NA 104.90 (265.65) NA NA
Frontal lobe right (volume, mm?®) NA 116.22 (258.26) NA NA
Insula left (volume, mm?®) NA 3.09 (10.51) NA NA
Insula right (volume, mm?) NA 15.49 (77.66) NA NA
Occipital lobe left (volume, mm?®) NA 265.35 (410.59) NA NA
Occipital lobe right (volume, mm?®) NA 156.92 (268.15) NA NA
Parietal lobe left (volume, mm?) NA 230.02 (441.07) NA NA
Parietal lobe right (volume, mm?) NA 277.51 (553.62) NA NA
Putamen left (volume, mm?) NA 2.98 (11.64) NA NA
Putamen right (volume, mm?®) NA 1.43 (3.83) NA NA
Temporal lobe left (volume, mm?®) NA 156.90 (339.75) NA NA
Temporal lobe right (volume, mm?) NA 167.02 (352.29) NA NA
Thalamus left (volume, mm?®) NA 3.84 (13.05) NA NA
Thalamus right (volume, mm?) NA 4.41 (9.85) NA NA
Periventricular left (volume, mm?®) NA 678.12 (1315.60) NA NA
Periventricular right (volume, mm?) NA 865.20 (1466.74) NA NA

Demographic, neuropsychological, navigational and MRI characteristics. The values represent mean (SD) unless indicated otherwise. Values in
bold indicate significant differences after Holm—Bonferroni correction for multiple comparisons

MS multiple sclerosis, EDSS Expanded Disability Status Scale, BDI Beck Depression Inventory, BAI Beck Anxiety Inventory, MSNQ Multiple
Sclerosis Neuropsychological Questionnaire, NART National Adult Reading Test, RAVLT Rey Auditory Verbal Learning Test, RAVLT delayed
RAVLT delayed recall after 30 min, BVMT-R Brief Visuo-spatial Memory Test Revised, BVMT-R delayed BVMT-R delayed recall after 25 min,
SDMT Symbol Digit Modalities Test, PASAT Paced Auditory Serial Addition Test, TMT Trail Making Test, COWAT Controlled Oral Word
Association Test, JLO Judgement of Line Orientation, CFT Category Fluency Test, nBP normalized brain parenchymal volume, nWM normal-

ized white matter volume, nGM normalized grey matter volume, npGM normalized peripheral grey matter volume

#Effect size reported using Cohen’s d

PEffect size reported using Cramér’s V

“Based on the analyses controlled for age, gender and education
dEffect size reported using partial eta-squared

“Based on an analysis of covariance with log transformed data

fBased on a sample restricted to those who underwent an experimental MRI protocol (n=32)

Spatial navigation

The early MS group had less accurate spatial navigation
performance in the egocentric (F[1,88]=6.85, p=0.010,
112 =0.07), allocentric (F[1,88]=8.96, p=0.004,
ng =0.09) and allocentric delayed (F[1,88]=4.45,
p=0.038, ’13 =0.05) tasks. The results remained sig-
nificant after Holm—Bonferroni correction for multi-
ple comparisons. The learning effect in the egocentric
(F[7,616]=1.57, p=0.142, 17% =0.02) and allocentric
(F[7,616]=0.53, p=0.810, ;112) =0.01) tasks was not sig-
nificant. There were no significant group-by-trial inter-
actions in the egocentric (F[7,616]=1.04, p=0.403,
112 =0.01) and allocentric (F[7,616] =0.33, p=0.942,
ng=0.01) tasks, suggesting no differences in naviga-
tional learning between the groups. Controlling for the
RAVLT delayed recall score, less accurate spatial naviga-
tion performance remained significant in the egocentric
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(F[1,87]=4.30, p=0.041, 17}2, =0.05) and allocentric
(F[1,87]1=8.66, p=0.004, ’75 =0.09) tasks in the early MS
group. The latter also remained significant after control-
ling for the BVMT-R delayed recall score (F[1,87]=4.21,
p=0.043, ’I; =0.05). Exclusion of the participants with
mild depressive or anxiety symptoms from the analysis
did not affect the results.

The proportion of participants with lower spatial navi-
gation performance was estimated among the early MS
group. Using the criterion of 1.5 SDs, lower performance
was present in 29.4% of participants in the egocentric task,
41.2% of participants in the allocentric task and 21.6% of
participants in the allocentric delayed task. Using a more
stringent criterion of 2 SDs, lower performance was pre-
sent in 25.5% of participants with early MS in the ego-
centric task, 33.3% of participants in the allocentric task
and 13.7% of participants in the allocentric delayed task.
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Fig.2 Voxels with significant (p <0.05) grey matter volume reduc-
tion in the early MS group compared to controls in rendered brains
projected to show: a left side, b right side, ¢ front, d back, e top and
f bottom

a‘ | '
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Fig.3 Voxels with significant (p <0.05) grey matter volume reduc-
tion in controls compared to the early MS group in rendered brains
projected to show: a left side, b right side, ¢ front, d back, e top and
f bottom.

Table2 Correlation matrix of the participants with early multiple
sclerosis—navigation, demographic and MRI volumetric characteris-
tics

Egocentric  Allocentric Delayed navigation®
navigation® navigation®

Age —0.321* —0.159 —0.144
Gender —0.058 —0.100 0.021
Years of education ~ — 0.199 — 0.458%*%  —(0.350%*
EDSS 0.052 0.084 0.217
nBP —0.044 —0.005 - 0.157
nWM —0.138 -0.272 -0.214
nGM 0.040 0.187 —0.056
npGM 0.077 0.219 0.037
Amygdala left —0.120 —0.102 —0.055
Amygdala right -0.172 —0.066 —0.090
Caudate nucleus left — 0.062 —0.025 - 0.016
Caudate nucleus —0.051 -0.114 —0.034
right
Hippocampus left —0.089 —0.080 —-0.218
Hippocampus right —0.019 —0.070 —0.168
Globus pallidus left —0.133 —0.106 —0.021
Globus pallidus —0.102 —0.088 -0.014
right
Putamen left 0.064 0.104 0.052
Putamen right 0.035 0.005 —0.048
Thalamus left —0.025 —0.175 —0.159
Thalamus right —0.053 —-0.184 —0.198

Values in bold indicate significant correlations after Holm—Bonfer-
roni correction for multiple comparisons

Delayed navigation allocentric delayed navigation, EDSS Expanded
Disability Status Scale, nBP normalized brain parenchymal volume,
nWM normalized white parenchymal volume, nGM normalized grey
parenchymal volume, npGM normalized peripheral grey parenchymal
volume

“Log transformed data
*#0.05 level (2-tailed)
#%0.01 level (2-tailed)
##%(0,001 level (2-tailed)

Spatial navigation and MRI measures

In the early MS group, less accurate spatial navigation per-
formance in the allocentric tasks, especially in the allocen-
tric delayed task, correlated with higher lesion load includ-
ing total lesion volume and lesion volume in the frontal lobe,
insula, left temporal lobe, parietal lobe, right occipital lobe,
right periventricular region, left cerebellum and left putamen
(r>0.29, p<0.038). The correlations with lesion load in the
right frontal lobe, insula, right occipital lobe, left cerebellum
and left putamen remained significant after the correction for
multiple comparisons. The results are presented in Tables 2
and 3. The associations between navigational performance
in the allocentric tasks, especially in the allocentric delayed
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Table 3 Correlation matrix of the participants with early multiple
sclerosis—navigation and lesion load characteristics

Egocentric  Allocentric Delayed navigation®

navigation® navigation®
Total lesion load —0.024 0.225 0.330*
Caudate nucleus left — 0.240 —0.042 0.042
Caudate nucleus —0.023 0.029 0.060

right

Cerebellum left —0.120 0.351%  0.441%*
Cerebellum right —0.097 —0.082 0.057
Frontal lobe left —0.059 0.323*%  0.348*
Frontal lobe right 0.075 0.449%*  0.471%%*
Insula left —0.053 0.255 0.456%**
Insula right —0.027 0.336%  0.418%*
Occipital lobe left —0.086 0.067 0.214
Occipital lobe right 0.016 0.294%  0.452%*
Parietal lobe left —0.103 0.170 0.312%
Parietal lobe right 0.039 0.202 0.330*
Putamen left —0.061 0.254 0.440%*
Putamen right —0.022 —0.042 0.109
Temporal lobe left -0.117 0.257 0.291*
Temporal lobe right — 0.097 0.142 0.204
Thalamus left —-0.183 —0.062 0.113
Thalamus right —-0.103 0.163 0.268
Periventricular left ~ —0.136 0.148 0.224
Periventricular right 0.163 0.226 0.317*

Values in bold indicate significant correlations after Holm—Bonfer-
roni correction for multiple comparisons

Delayed navigation allocentric delayed navigation
*Log transformed data

*#0.05 level (2-tailed)

**%0.01 level (2-tailed)

*#%0.001 level (2-tailed)

task, and higher lesion load including total lesion volume
and lesion volume in the frontal lobe, insula, left temporal
lobe, parietal lobe, right occipital lobe, left cerebellum and
left putamen (3 >0.29; p <0.032) remained unchanged in
the covariate-adjusted regression models.

Characteristics of normal and less accurate
navigators with early MS

We directly compared early MS participants with normal
(n=37) and less accurate (n = 14) spatial navigation, which
was defined as lower general spatial navigation perfor-
mance averaged across three navigational tasks using the
criterion of 1.5 SDs. The groups did not differ in demo-
graphic characteristics, EDSS score, premorbid intelligence
level, subjective cognitive functioning, depressive and anxi-
ety symptoms and most cognitive tests except for SDMT
and TMT B, where the early MS group with less accurate
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spatial navigation had lower performance (F[1,46]=4.83,
p=0.034,72=0.11 and F[1,46]=6.45, p=0.015, > =0.14,
respectively), which did not remain significant after the
correction for multiple comparisons. The early MS group
with less accurate spatial navigation had lower nWM vol-
ume (F[1,46]1=4.29, p=0.044, 17]2) =0.09) and higher lesion
volume in the left and right frontal cortex (F[1,46]=5.82,
p=0.020, 7, =0.11 and F[1,46]=8.43, p=0.006, 7 =0.16,
respectively) and the right parietal cortex (F[1,46]=4.06,
p=0.049, 1712) =0.08). The results did not remain significant
after the correction for multiple comparisons. The results
are presented in Table 4.

Discussion

There is increasing evidence that cognitive deficits emerge
early in MS and can be detected in individuals after the first
clinical event [16, 32, 33]. Cognitive deficits typical for early
MS are characterized by predominant slowing of informa-
tion processing speed and impairment of episodic memory,
however, changes in spatial navigation, the cognitive func-
tion essential for our everyday functioning, remain poorly
understood [5, 6]. This is the first study to characterize a pro-
file of spatial navigation changes in two main navigational
strategies, egocentric (self-centred) and allocentric (world-
centred), and their associations with demyelinating and neu-
rodegenerative changes in individuals with early MS after
the first clinical event. Our results showed that the partici-
pants with early MS had on average lower spatial navigation
performance in the egocentric, allocentric and allocentric
delayed tasks above and beyond demographic characteristics
compared to the control group indicating a disease-related
weakening of the general spatial navigation abilities. Lower
average navigational performance remained significant in
the egocentric and allocentric tasks after controlling for
verbal memory, the latter also after controlling for nonver-
bal (visuospatial) memory indicating that lower average
navigational performance, especially allocentric, cannot be
explained by general memory deficits in individuals with
early MS. Navigational performance did not correlate with
EDSS score indicating that greater clinical disability is not
associated with less accurate spatial navigation in individu-
als with early MS. The participants with early MS did not
demonstrate spatial navigation learning effects analogous
to their worse learning in the memory tests (as indicated by
the lower RAVLT 1-5 and BVMTR 1-3 scores). It should
be noted that the control participants also did not improve
their spatial navigation performance across the trials. This
unusual finding could be explained by their superior perfor-
mance, when they located the hidden place very accurately,
leading to the ceiling effect in our spatial navigation task.
Next, we explored the proportion of individuals with early
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Table 4 Characteristics of the participants with early multiple sclerosis with normal and less accurate spatial navigation

Normal navigators (n=37) Less accurate navigators (n=14) p values Effect sizes
Demographic characteristics
Age (years) 31.81 (6.28) 29.93 (8.68) 0.395 0.27*
Women, n (%) 21 (56.80) 7 (50.00) 0.665 0.06"
Education (years) 15.51 (2.85) 13.86 (2.66) 0.066 0.67*
EDSS (score) 1.61 (0.50) 1.82 (0.75) 0.245 0.37*
Neuropsychological characteristics®
BDI (score) 8.95 (11.33) 7.29 (6.29) 0457 0.01¢
BAI (score) 9.57 (11.11) 9.93 (6.92) 0.986 0.00¢
MSNQ (score) 12.54 (9.44) 16.79 (11.18) 0.122 0.064
NART (score) 117.38 (8.04) 112.57 (9.94) 0.302 0.03¢
RAVLT 1-5 (score) 52.65 (9.44) 52.14 (9.22) 0.377 0.02¢
RAVLT delayed (score) 10.73 (2.96) 10.50 (2.35) 0.453 0.01¢
BVMT-R 1-3 (score) 27.00 (4.49) 25.07 (5.39) 0.385 0.02¢
BVMT-R delayed (score) 10.56 (1.29) 9.50 (2.07) 0.084 0.07¢
SDMT (score) 58.00 (10.64) 51.21 (8.69) 0.034 0.11¢
PASAT (score) 45.78 (10.99) 42.21 (12.19) 0.814 0.00¢
Digit span forward (score) 8.97 (2.15) 9.00 (1.62) 0.837 0.00¢
Digit span backward (score) 6.95 (2.47) 6.86 (2.28) 0.945 0.00¢
TMT A (time in s) 31.49 (9.81) 33.07 (7.65) 0.072 0.08¢
TMT B (time in s) 66.00 (22.03) 85.57 (29.04) 0.015 0.144
COWAT (score) 41.43 (10.73) 33.79 (11.76) 0.212 0.044
JLO (score) 26.11 (3.58) 24.50 (6.12) 0.399 0.02¢
CFT animals (score) 25.6 (6.69) 21.36 (4.53) 0.162 0.05¢
CFT shopping (score) 27.08 (8.15) 21.50 (4.59) 0.067 0.08¢
MRI volumetric characteristics®
nBP (volume, cm®) 1469.09 (60.45) 1453.77 (95.56) 0.263 0.034
nWM (volume, cm®) 682.82 (33.44) 664.78 (47.11) 0.044 0.09¢
nGM (volume, cm?) 786.27 (51.01) 788.99 (61.01) 0.905 0.00¢
npGM (volume, cm®) 616.29 (40.26) 623.10 (48.76) 0.861 0.00¢
Amygdala left (volume, mm?®) 1442.17 (243.16) 1383.28 (220.94) 0.393 0.024
Amygdala right (volume, mm?®) 1516.93 (275.13) 1474.82 (264.69) 0.885 0.004
Caudate nucleus left (volume, mm?) 3410.73 (477.37) 3473.19 (634.03) 0.949 0.004
Caudate nucleus right (volume, mm?®) 3609.67 (563.63) 3559.44 (589.87) 0.437 0.014
Hippocampus left (volume, mm?) 3886.77 (565.02) 3758.08 (645.75) 0.166 0.044
Hippocampus right (volume, mm?) 3951.74 (533.41) 3876.73 (652.92) 0.514 0.014
Globus pallidus left (volume, mm?) 1818.11 (219.10) 1812.95 (269.69) 0.701 0.00¢
Globus pallidus right (volume, mm?) 1862.36 (225.97) 1832.45 (278.90) 0.461 0.014
Putamen left (volume, mm?) 4988.25 (577.08) 5226.59 (760.08) 0.335 0.024
Putamen right (volume, mm?) 5044.01 (607.51) 5143.49 (844.39) 0.873 0.00¢
Thalamus left (volume, mm?) 8070.67 (856.52) 7807.73 (1075.74) 0.204 0.04¢
Thalamus right (volume, mm°) 7864.07 (897.40) 7549.57 (1072.91) 0.198 0.04¢
Global and regional MRI lesion load characteristics®
Total lesion load (volume, mm?>) 2695.92 (4302.49) 5126.79 (7303.38) 0.110 0.06¢
Caudate nucleus left (volume, mm?®) 155.54 (180.42) 137.86 (222.03) 0.855 0.00¢
Caudate nucleus right (volume, mm?) 135.41 (182.62) 154.00 (193.34) 0.380 0.02¢
Cerebellum left (volume, mm?®) 6.73 (24.97) 22.14 (53.20) 0.226 0.03¢
Cerebellum right (volume, mm?) 11.27 (32.72) 4.79 (10.36) 0.634 0.01¢
Frontal lobe left (volume, mm?®) 57.41 (134.99) 230.43 (444.49) 0.020 0.11¢
Frontal lobe right (volume, mm?) 54.68 (78.08) 278.86 (447.65) 0.006 0.164
Insula left (volume, mm?) 2.14 (5.81) 5.64 (17.95) 0.489 0.01¢
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Table 4 (continued)

Normal navigators (n=37) Less accurate navigators (n=14) p values Effect sizes
Insula right (volume, mm?) 5.14 (11.53) 42.86 (147.37) 0.167 0.04¢
Occipital lobe left (volume, mm®) 257.27 (356.33) 286.71 (544.16) 0.576 0.01¢
Occipital lobe right (volume, mm?) 114.95 (149.56) 267.86 (443.10) 0.093 0.064
Parietal lobe left (volume, mm?) 194.51 (373.74) 323.86 (590.24) 0.286 0.03¢
Parietal lobe right (volume, mm?®) 190.51 (353.39) 507.43 (868.63) 0.049 0.08¢
Putamen left (volume, mm?) 1.92 (6.00) 5.79 (20.25) 0.454 0.01¢
Putamen right (volume, mm?®) 1.73 (4.32) 0.64 (1.91) 0.294 0.02¢
Temporal lobe left (volume, mm?®) 116.35 (252.58) 264.07 (500.23) 0.079 0.07¢
Temporal lobe right (volume, mm?) 149.14 (349.44) 214.29 (368.61) 0.422 0.01¢
Thalamus left (volume, mm?) 5.00 (15.13) 0.79 (2.67) 0.209 0.03¢
Thalamus right (volume, mm®) 4.03 (9.64) 5.43 (10.68) 0.678 0.00¢
Periventricular left (volume, mm?®) 614.24 (1268.93) 846.93 (1468.24) 0.488 0.01¢
Periventricular right (volume, mm?®) 615.87 (1170.86) 1524.14 (1957.91) 0.054 0.08¢

Demographic, neuropsychological, and MRI characteristics. The values represent mean (SD) unless indicated otherwise. Values in bold indicate
significant differences after Holm—Bonferroni correction for multiple comparisons

EDSS Expanded Disability Status Scale, BDI Beck Depression Inventory, BAI Beck Anxiety Inventory, MSNQ Multiple Sclerosis Neuropsycho-
logical Questionnaire, NART National Adult Reading Test, RAVLT Rey Auditory Verbal Learning Test, RAVLT delayed RAVLT delayed recall
after 30 min, BVMT-R Brief Visuo-spatial Memory Test Revised, BVMT-R delayed BVMT-R delayed recall after 25 min, SDMT Symbol Digit
Modalities Test, PASAT Paced Auditory Serial Addition Test, TMT Trail Making Test, COWAT Controlled Oral Word Association Test, JLO
Judgement of Line Orientation, CFT Category Fluency Test, nBP normalized brain parenchymal volume, nWM normalized white matter vol-

ume, nGM normalized grey matter volume, npGM normalized peripheral grey matter volume

*Effect size reported using Cohen’s d
PEffect size reported using Cramér’s V
“Based on the analyses controlled for age, gender and education

dEffect size reported using partial eta-squared

MS who had lower spatial navigation performance. For this
purpose, we defined lower spatial navigation performance
using the previously established criterion of > 1.5 SDs and
the more stringent criterion of > 2.0 SDs, respectively, below
the mean of the control group for a given task. Based on
the applied criteria, 2241 and 14-33% of the participants
with early MS had lower spatial navigation performance,
especially in allocentric navigational strategy [16, 23]. The
results were similar to previous findings of cognitive deficits
observed in 14-49% of individuals after the first clinical
event and supported the hypothesis that spatial navigation
along with other cognitive functions is affected very early in
the course of the disease [16, 34]. Further, we investigated
the characteristics of the individuals with early MS with less
accurate spatial navigation defined by the criterion of 1.5
SDs below the mean of the control group. The less accurate
navigators were similar in demographic characteristics, dis-
ease severity (measured by EDSS), premorbid intelligence
level, subjective cognitive functioning, and depressive and
anxiety symptoms indicating that less accurate spatial navi-
gation performance may not be associated with these char-
acteristics. The less accurate navigators were also similar
in most cognitive tests, except for lower performance in the
test of information processing speed and the test of executive
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function, which did not withstand correction for multiple
comparisons, suggesting that spatial navigation may be dis-
tinguishable from other cognitive functions, which, however,
does not contradict occurrence of more complex cognitive
dysfunction in individuals after the first clinical event [1,
34].

Finally, we explored the link between neurodegeneration
and spatial navigation in early MS by comparing differences
in global and regional brain tissue loss between normal and
less accurate navigators and evaluating the relationships
between cortical and subcortical brain volumes and each
navigational strategy. The associations between structural
changes of navigation-related brain regions and spatial navi-
gation performance were not significant in our study. It is
therefore possible that less accurate spatial navigation in
early MS may be caused by regional microstructural altera-
tions, disruption of pathways between these regions and
altered dynamics of neural networks rather than by extensive
brain tissue loss [35, 36]. The assumption of the associa-
tion between neural network and pathway disruption and
navigational performance is in line with our data showing
that the less accurate navigators had more extensive demy-
elinating changes in the frontal and right parietal cortex,
the regions that are strongly involved in allocentric and
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egocentric navigation [9], respectively, and smaller volume
of the nWM, which was previously shown to be associated
with visuospatial dysfunction [16]. However, these results
should be interpreted with caution as they did not withstand
the correction for multiple comparisons. This also corre-
sponds with our findings of the relationships between less
accurate allocentric navigation and higher lesion load in
the frontal lobe and also in the temporal lobe (uncorrected
result), the regions important for allocentric navigation [9],
in the participants with early MS. Less accurate allocentric
navigation was also associated with higher lesion load in the
right occipital and insular cortex, left putamen, left cerebel-
lum and also in the parietal cortex (uncorrected result), the
regions involved in spatial navigation [37]. However, loca-
tion and extent of demyelinating lesions did not explain all
navigational changes as they were not associated with less
accurate egocentric navigation. Previous studies reported
similar observations that specific locations of demyelinat-
ing lesions could explain cognitive functioning to a limited
extent, where the weakest associations were found in the
early stages of MS, in those with a low disease burden [38,
39]. Future studies adopting high-resolution, quantitative
and functional MRI and diffusion tensor imaging techniques
are required to reveal comprehensively all neural substrates
of spatial navigation changes in early MS [40].

One of the strengths of the present study is the fact that
this is the first study to date to assess spatial navigation in
MS. We used a well-established method, the real-space
human analogue of the Morris Water Maze task, that allows
characterizing spatial navigation changes in two main navi-
gational strategies, egocentric and allocentric. In addition,
we explored how changes in each navigational strategy are
associated with structural brain changes including volume
of the cortical and subcortical brain structures and global
and regional lesion load. Finally, we used clinically and cog-
nitively well-defined homogeneous cohorts of participants
with early MS after the first clinical event and demographi-
cally matched healthy controls. This study also has limita-
tions. This was a cross-sectional study, which does not allow
tracking spatial navigation changes over time but longitudi-
nal follow-up is ongoing. Also the results may be influenced
by interferon-beta treatment that may affect cognitive func-
tions [41]. Next, the group of participants with early MS and
lower spatial navigation performance was relatively small
and this may influence our results. Some results including
the associations between spatial navigation performance and
structural brain changes did not surpass the correction for
multiple comparisons and therefore should be interpreted
with caution. Finally, experimental brain MRI was available
only in a subset of the healthy control participants and may
not detect subtle structural grey and white matter alterations
that could be related to less accurate spatial navigation per-
formance in the participants with early MS.

In conclusion, using the real-space human analogue of the
Morris Water Maze task, we demonstrated that the individu-
als with early MS after the first clinical event had on average
lower spatial navigation performance in the egocentric and
allocentric navigational strategies compared to the demo-
graphically matched healthy controls above and beyond
age, gender, education and verbal memory deficits, the lat-
ter strategy also above and beyond nonverbal (visuospatial)
memory deficits. Based on the applied criteria, lower spatial
navigation performance was present in 22—41 and 14-33%
of the participants with early MS. Larger cortical, subcorti-
cal and cerebellar lesion load volumes were associated with
less accurate allocentric navigation performance indicating
a disruption of neural network forming the basis of allocen-
tric navigation. Our findings show that spatial navigation
deficits can be detected in some individuals with early MS
and assessment of navigational strategies along with other
cognitive functions may be beneficial when characterizing
cognitive performance in early MS. Future studies compar-
ing different spatial navigation tasks in real-space and virtual
reality should identify the most appropriate task for spatial
navigation assessment in individuals with early MS.
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