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Chapter 1

General Introduction

General Introduction

MULTIPLE SCLEROSIS

Chapter

(based on: Hulst & Geurts. Gray matter imaging in multiple sclerosis: what have we learned? BMC Neurol. 2011)

Epidemiology
Multiple sclerosis (MS) is an inflammatory, demyelinating, and neurodegenerative
disorder of the central nervous system (CNS), affecting 2.3 million people worldwide.1 In
the Netherlands approximately 1 in 1000 persons are diagnosed with MS. The average
age of disease onset is between 25-32 years; making MS one of the most common
neurological disorders in young adults in the prime of their life. Women are more prone
to develop the disease, with a female-versus-male ratio of approximately 2:1.2 The exact
underlying cause of MS remains unknown, although both environmental factors as well
as involvement of genetic factors have been proposed to play a role.3,4

Pathology
Under the microscope, the most important pathological hallmark of MS was for many
years considered to be the focal inflammatory demyelination (‘plaques’) in the white
matter (WM). An autoimmune response leads to an inflammatory response towards
myelin surrounding the axons.5 However, demyelination in the cerebral cortex was
observed in early pathology studies by Sander (1898), Dinkler (1904), Schob (1907) and
Dawson (1916).6-9 In 2003, new immunohistochemical staining techniques improved
the ex vivo detection of gray matter (GM) damage and the presence and extent of GM
demyelination was described in detail. It became clear that the pathology of GM lesions
differs considerably from that of WM lesions. Lymphocyte infiltration, complement
deposition, and blood-brain-barrier disruption have not been detected in GM lesions,
whereas WM lesions are known to harvest substantial inflammation.10-12 Another pivotal
study by Kutzelnigg and colleagues showed that demyelination of the MS cortex can
be severe, in extreme cases more than 70% of cortical demyelination was found.13
Besides demyelination in the cerebral cortex, demyelination was later also found in the
cerebellum,14 in deep GM structures,15,16 and in the GM of the spinal cord.17 The damage
to the GM might be highly relevant with respect to cognitive impairment in MS, the
specific focus of this thesis.

Clinical features and diagnosis
In the clinical setting, a wide range of neurological symptoms is associated with MS.
The most common and often first symptom of MS is the (unilateral) loss of vision mostly
due to an optic neuritis. Additionally, symptoms such as muscle spasms, numbness
and tingling sensations, slurred speech, imbalance, cognitive impairment, fatigue and
depression are all specific of MS.1
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The clinical course of MS is highly variable and hard to predict. At the time of diagnosis,
85% of the patients have a relapsing-remitting (RRMS) disease course. Periods of clinical
decline are followed by partial or complete recovery and periods between the relapses
are characterized by a lack of disease progression. Of all patients with a RRMS disease
course, 80% will develop secondary progressive MS at a later moment in time.18 In the
SPMS phase of the disease, progression continues with or without occasional relapses
and only minor remissions. The inflammatory component of the disease becomes less
important, while a sudden and rapid increase in neurodegeneration can be detected.19
This neurodegeneration coincides with a rapid accumulation of disability and cognitive
decline.20 Ten percent of the patients will be diagnosed with a primary progressive MS
(PPMS) disease course. PPMS patients experience increasing physical disability without
the presence of relapses. Rarest is the progressive relapsing form of the disease, seen in
only 5% of the patients.2
The diagnosis of MS is primarily based on clinical symptoms as measured during
a neurological examination and on the clinical history of the patient. However,
internationally renowned diagnostic criteria will help to obtain a reliable diagnosis of
MS by including information from magnetic resonance imaging (MRI, i.e. new lesions,
contrast-enhancing lesions, spinal cord lesions) and cerebrospinal fluid analysis
(oligoclonal bands). Dissemination in time (i.e. more than one disease event) as well as
dissemination in space (i.e. involvement of more than one region in the CNS) are the
most important aspects of the diagnosis.21
Although a curative treatment does not exist yet, an increasing array of treatment
options became available in the last years. First line treatment (interferons, glatiramer
acetate) is directed against the inflammatory component of the disease, reducing
the inflammatory response and the number of relapses.4,22 Unfortunately, most RRMS
patients progress (even under treatment) into the SPMS phase, suggesting that the
underlying disease process is not or not significantly delayed by the currently available
first line treatment options. Second line treatment options (natalizumab, fingolimod)
are more effective in reducing the number of relapses and the inflammatory response
compared to the first line treatments. However, side effects can be more severe and the
long-term effect on the neurodegenerative component of the disease is still unknown
and unaffected by even the newer drugs.23,24
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Besides the well-known physical symptoms of the disease, cognitive impairment is
frequently present in patients with MS, affecting 43-70% of all patients at some time
during their disease course.25-27 These cognitive symptoms can influence the patients’
lives significantly, varying from minor impairments in daily living to social isolation
and unemployment.28 According to patients themselves, in terms of quality of life,
the burden of cognitive decline can exceed the burden of physical symptoms. Of all
cognitive domains, problems with attention and concentration, information processing
speed and especially memory are most frequent in MS. Overt demential syndromes
are, however, very rare.29 Cognitive deficits already appear in the earliest stages of the
disease or sometimes even as first symptoms30 and they grow more pronounced in
progressive MS.20
Cognitive symptoms can be detected using neuropsychological tests. The briefrepeatable battery for neuropsychological tests (BRB-N) is widely used and
internationally well recognized.31 This battery can be administered in 30-40 minutes
and consists of tests for verbal memory and learning, spatial memory, information
processing speed and verbal fluency. The minimal assessment for cognitive impairment
in MS (MACFIMS)26 can be administered in 90 minutes and includes tests on visuospatial
judgment and executive functioning, in addition to the tests of the BRB-N. Based on the
cognitive test scores, patients will be defined as cognitively preserved or cognitively
impaired. At present, there is no consensus about exact cut-off points for cognitive
decline in MS. In the literature, a cut-off of 0.5 – 1.5 standard deviations (SD) below the
scores of the healthy controls on x-number of tests, is frequently used as a definition
for cognitive impairment.32-35 Based on a normal distribution, one could argue that a
substantial number of the healthy population will have similar scores. Use of a more
stringent demarcation of ‘cognitively preserved’ versus ‘cognitively impaired’ in MS
patients might help to obtain insight into the underlying pathological mechanisms of
cognitive decline, as well as into any associated plastic responses of the brain, see Box 1.
The neurobiological changes that cause cognitive impairment in MS are still
largely unknown. Conventional MRI (i.e. WM lesion volume, overall brain volume)
is too unspecific to understand the presence of cognitive impairment.36,37 Stronger
correlations were detected between cognitive impairment and GM pathology (i.e. the
number of cortical lesions38 and (deep) GM atrophy39). Additionally, the use of more
advanced imaging techniques, such as functional MRI (fMRI, see Box 2), has helped to
better understand cognitive decline in MS40,41 and suggests that structural damage to
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the MS brain may induce a variable extent of functional reorganization as a token of
brain plasticity, which may ‘mask’ clinical symptoms.42 Therefore, it might be that the
cognitive symptoms caused by MS are preceded by (microstructural) damage and/or
functional reorganization in highly specific anatomical regions, rather than being a result
of the relatively non-specific MS pathology elsewhere in the brain. We chose to focus
on this (subtle) damage in a region-specific manner for this thesis. With an emphasis
on cognitive decline in MS, these regions consisted of the thalamus, hippocampus and
dorsolateral prefrontal cortex (DLPFC).
BOX 1. Definition for cognitive impairment in MS
In this thesis, cognitively preserved and cognitively impaired MS patients were compared on
several imaging measures to find clinically significant changes. For that purpose, stringent
criteria were used to identify cognitively impaired patients to be certain that sufficient
contrast was created between patient groups (chapter 3.2; 4.1, 5.1).
Cognitively impaired ≥ 2 SD below the scores of the healthy controls (~ 2.5% of the healthy
controls will have similar scores) on at least two out of five tests (impaired on 40% of the
neuropsychological examination)
Cognitively preserved all scores that are less than 2 SD below the scores of the healthy controls
(~ 97.5% of the healthy controls will have similar scores)
In chapter 2.3 an extra cognition group was added:
Mildly cognitively impaired 1.5 – 2.0 SD below the scores of the healthy controls
In that case cognitively preserved will be defined differently namely:
all scores that are less than 1.5 SD below the scores of the healthy controls (~93% of the
healthy controls will have similar scores)

The thalamus
Due to its pivotal position within the brain’s network, the thalamus can be regarded as
one of the most crucial ‘relay stations’ involved in a wide range of cognitive functions, such
as attention, memory, executive functioning and emotion.43 Of all the GM structures, the
thalamus has been studied most extensively in MS.15,16,44-46 One of the reasons that the
thalamus has received wide attention is because of the extensive reciprocal connections
with the cortex and subcortical structures, which makes this brain structure particularly
sensitive to pathological changes in other areas of the brain. Several studies focused
on the volume of non-neocortical GM structures and showed thalamic atrophy in all
different MS disease types.47-54 In terms of clinical relevance, thalamic atrophy has been
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associated with disability, cognitive impairment and fatigue.49,55,56 Using quantitative MRI
techniques, changes in the chemical composition of thalamic tissue could be detected.
A reduction of N-acetylaspartate in the thalamus was found with magnetic resonance
spectroscopy (MRS) and is thought to reflect neuro-axonal loss.44,45,48 Magnetization
transfer imaging showed a reduced magnetization transfer ratio in the thalamus, an
abnormality which was already found within the first five years of the disease.57,58 And
also changes in thalamic DTI measures were partly associated with disability, brain
volume, and lesion load.59
In this thesis, the thalamus will be studied in more depth to answer the following
research questions:
§ Which thalamic imaging measure is most instrumental in explaining cognitive
impairment in MS?
§ Is it possible to distinguish cognitively preserved from cognitively impaired patients
based on thalamic pathology as measured on MRI?

The hippocampus
The hippocampus is crucial to memory processing and consolidation in healthy
controls60,61 and is therefore of high interest to study cognitive decline, especially
memory function, in MS. Histopathological studies showed extensive hippocampal
demyelination which was correlated with cognitive impairment (see Figure 1).62 In vivo,
areas of signal abnormality in the hippocampus were also identified by using double
inversion recovery (DIR) MRI (see Figure 1),63 and increased levels of myo-inositol
were found using MRS.64 In addition, hippocampal atrophy was found in RRMS, SPMS,
and PPMS patients.65,66 At 3T, atrophy was reported to start in the cornu ammonis 1
(CA1) region of the hippocampus in RRMS, only to expand to other CA regions in
more advanced stages of the disease (SPMS, see Figure 1). Furthermore, this selective
hippocampal atrophy in MS patients was associated with poorer performances on a test
of verbal memory.66
The following questions with regard to hippocampus-dependent memory function in
MS are still unanswered, and will be focus of this thesis:
§ How ‘well’ does the MS hippocampus perform during a memory task in the presence
of structural hippocampal damage, and is this performance different for cognitively
preserved patients compared to cognitively impaired patients?
§ Which hippocampal imaging measure (lesions, atrophy, functional performance) is
the best predictor for memory performance in MS?
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FIGURE 1. Structural hippocampal abnormalities in MS
Left: All hippocampal subfields were affected in this sample (black arrow), and only a few normally myelinated
areas were left in the subiculum / parahippocampal gyrus and perihippocampal WM (white arrows).
Within these areas, activated microglia were present.62; Middle: 3D-DIR image, with on the bottom right a
hippocampal lesion.67 An average of 2.5 hippocampal lesions per patient were found both in the in vivo and
post mortem study. Right: hippocampus volumetry; atrophy was reported to start in the cornu ammonis 1
(CA1) region of the hippocampus in RRMS, only to expand to other CA regions in more advanced stages of
the disease (SPMS).66

The dorsolateral prefrontal cortex
In contrast to the thalamus and the hippocampus, both anatomical structures that are
clearly delineated in the brain, the dorsolateral prefrontal cortex (DLPFC) does not have
an undebated anatomical border and it can therefore best be regarded as a ‘functional
division’ of the brain. The DLPFC is an area that is also involved in several cognitive
functions (i.e. working memory, cognitive flexibility and executive functioning (i.e.
planning, abstract reasoning).68
Information on structural damage in this particular brain area in MS patients is currently
not available. Interestingly, functional MRI studies (for information on method, see Box 2)
on working memory performance do detect differences in brain activation in MS patients
in the DLPFC. MS patients showed stronger activation in this area during a working
memory task compared to healthy controls, although reaction time and accuracy on
the task were similar.69-71 This increased activation of the DLPFC is hypothesized to be
part of a functional reorganization process, disguising the clinical symptoms.
From here forward, the following questions need to be addressed:
§ Comparing cognitively preserved and cognitively impaired MS patients during a
working memory task: what happens to the DLPFC?
§ Will activation and functional connectivity of the DLPFC of MS patients be altered
after repetitive transcranial magnetic stimulation? If so, how?
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The general objective of this thesis was to better understand cognitive impairment in
MS and to find underlying neurobiological correlates. We aimed to achieve this by:
§ Using a stringent definition of cognitive impairment; differentiate between
cognitively impaired and cognitively preserved MS patients (see Box 1)
§ Zooming-in on three specific GM structures and their specific role in cognition
- thalamus (attention, memory)
- hippocampus (episodic memory)
- dorsolateral prefrontal cortex (working memory)
§ Using advanced neuroimaging measures to increase disease-specificity (see Box 2)
- Volumetric and GM lesional MRI (DIR, 3D T1-weighted imaging)
- Diffusion tensor imaging (DTI) for subtle WM integrity changes
- Task-based functional MRI (fMRI) for functional activation of brain structures
- Resting-state fMRI for measurement of functional connectivity changes

THESIS OUTLINE
In Chapter 2, the thalamus and its anatomical pathways will be investigated in relation
to MS cognitive decline. Chapter 2.1 focuses on the value of thalamic diffusivity measures
above and beyond more conventional imaging methods (thalamic lesions, thalamic
atrophy) in explaining cognitive functioning in MS. Chapter 2.2 will take this one step
further: the different thalamic nuclear groups will be investigated, as well as their
associated tracts in relation to cognition and neuropsychiatric functioning. In chapter
2.3 we distinguished different stages of cognitive impairment (mild-moderate-severe)
in MS using structural and functional thalamic measures.
The hippocampus is extensively studied in Chapter 3. In chapter 3.1 hippocampal
atrophy and hippocampal connectivity is studied in patients without memory
impairment. Chapter 3.2 concentrates on differences in hippocampal function between
cognitively preserved versus cognitively impaired patients. In chapter 3.3, a further
exploration of the hippocampus was performed, trying to find the most important
hippocampal predictor(s) of memory functioning.
Chapter 4 deals with working memory function and the dorsolateral prefrontal cortex in
MS. In chapter 4.1 the results of an international, multicenter study examining functional
correlates of impaired working memory in MS are presented. Chapter 4.2 shows the
results of a first attempt to rehabilitate working memory performance in MS through
transcranial magnetic stimulation.
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The focus of Chapter 5 is on understanding cognitive impairment in relation to a variety
of explanatory variables. Chapter 5.1 describes the most clearly discriminating factor for
cognitive decline looking at WM integrity changes, WM lesion location and GM volume
in cognitively preserved versus impaired patients. In Chapter 5.2, the relationship
between cognitive functioning (both objective and subjective) and socio-demographic
factors, disease characteristics, psychological measures and (advanced) neuroimaging
was investigated.
The results of these chapters will be summarized and discussed in Chapter 6 and
recommendations for starting cognitive rehabilitation studies will be given.
BOX 2. Magnetic Resonance Imaging (MRI) techniques
One way to understand the underlying neurobiology of cognitive impairment in MS patients
in the abovementioned three specific subsystems in vivo, is making use of conventional
and advanced neuroimaging techniques. The main techniques used in this thesis, will be
described below:
T1- and T2-weighted imaging

In MS, T1- and T2-weighted images are the most important sequences for diagnosis. Normal
anatomy can best be visualized on the T1-weighted image. Additionally, on the T1-weighted
images it is possible to detect acutely inflammatory lesions (contrast enhancing) and/or
areas of edema or axonal loss ((persistent) blackholes, see Figure).
The T2-weighted/proton density images are most sensitive to detect any pathological
disturbance unrelated to the underlying neuropathology (acute inflammation and
chronic demyelination both appear identical on the T2-weighted scan). All MS lesions
that are present will be visualized on this sequence, and additionally accumulation of
lesions over time can be monitored. Total lesion volume (measured on T2/PD images)
is a generalized measure of the overall brain damage that is present in the MS patient.
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Brain volumetrics (WM, GM and total brain volume) as well as subcortical GM volumes can be

1

calculated on the T1-weighted images (anatomical scan).
Double inversion recovery imaging
Since the underlying pathology of GM lesions in MS is
substantially different from that of WM lesions, it was for a
long time difficult to visualize these type of lesions. The
introduction of the double inversion recovery (DIR)
sequence changed this by providing an excellent
distinction between the cerebral cortex and the WM in
healthy subjects. The signal from the WM and the
cerebrospinal fluid is suppressed, leaving only the signal
from the GM. MR imaging with a 3D-DIR, sequence
demonstrated increased intracortical lesion detection in
the MS brain, as well as improved distinction between
juxtacortical and mixed WM-GM lesions (see Figure).72
Also lesions in the subcortical GM structures, such as the
hippocampus and thalamus could be detected using the
DIR sequence. Recently, international scoring guidelines
were published to facilitate consistent scoring between raters.73
Diffusion tensor imaging

Diffusion tensor imaging (DTI) is a measure of water movement in the brain. If a tissue is
homogenous (GM areas of the brain), the movement of water molecules and diffusion is
equal in all directions, or isotropic. In contrast, diffusion in WM tends to occur faster along
the direction of the fibers, and is restricted in other directions due to cell membranes and
axon walls. The preferential movement of water molecules in a specific direction within a
voxel of tissue is known as anisotropic diffusion.74,75 When fiber tracts are dense and wellorganized (i.e. healthy) diffusion is relatively anisotropic. Where the WM tracts are less dense
or disorganized (i.e. due to demyelination, axonal loss), the shape of water diffusion is less
anisotropic (i.e. relatively isotropic).
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Based on abovementioned principles, DTI allows for quantitative measurements of the
microstructural integrity of WM tracts both in the normal-appearing WM and in areas with
MS lesions (see Figure middle). Additionally, DTI can be used to determine the location of
WM fiber tracts and the connections they make within the brain (i.e. tractography, see Figure
on the right).
Functional MRI
In contrast to all the above-mentioned
techniques, functional MRI (fMRI) allows
us to 1) study the function of particular
brain regions or to 2) study the
connectivity between several brain
regions. A distinction can be made
between task-based fMRI and restingstate fMRI.
Task-based fMRI – brain activation is measured during the performance of a task inside the
scanner. The fMRI sequence is based on the so-called Blood Oxygenation Level Dependent
(BOLD) response. When a brain region becomes more active in response to the task at hand,
locally neurons will begin to fire and change the metabolic activity (i.e. increased utilization
of oxygen and glucose). The cerebral blood flow in turn will increase, which will change the
ratio between oxyhemoglobin-deoxyhemoglobin continuously. This concentration change
can be visualized.76
Resting-state fMRI – contrary to task-based fMRI, during resting-state fMRI subjects are
instructed to lay in the scanner with their eyes closed, not to think of anything in particular
and not to fall asleep. Since no task is used, during resting-state fMRI the amount of
synchronous activity that occurs between different brain regions is measured (i.e. functional
connectivity). Several consistent networks can be reliably detected in healthy subjects
during rest and allows for comparison to a diseased population. Connectivity measures can
be performed on a whole-brain level, but also in a specific anatomical subsystem of the brain
in relation to other regions.77,78
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ABSTRACT
Background: Gray matter (GM) atrophy is strongly predictive of cognitive impairment in
multiple sclerosis (MS) patients. The thalamus is the region where the atrophy/cognition
correlation is most robust. However, few studies have assessed diffusion tensor imaging
(DTI) metrics within the thalamus.
Objective: This study was designed to determine if thalamus white matter DTI predicts
cognitive impairment after accounting for the effects of volume loss.
Methods: We enrolled 75 MS patients and 18 healthy controls undergoing 3T brain
magnetic resonance imaging (MRI). Thalamus volumes were calculated on 3D T1 images.
Voxelwise analyses of DTI metrics were performed within the thalamic white matter
tracts. Neuropsychological (NP) testing, acquired using consensus standard methods,
contributed measures of memory, cognitive processing speed and executive function.
Results: All cognitive tests were significantly predicted (R2=0.31, p<0.001) by thalamus
volume after accounting for influence of demographics. Mean diffusivity was retained
in regression models predicting all cognitive tests, adding from 7–13% of additional
explained variance (p<0.02) after accounting for thalamus volume.
Conclusions: We confirm the significant role of thalamus atrophy in MS-associated
cognitive disorder, and further report that subtle thalamus pathology as detected by
DTI adds incremental explained variance in predicting cognitive impairment.
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INTRODUCTION
Degeneration of cerebral gray matter (GM) plays a prominent role in the deterioration
of neurological status in multiple sclerosis (MS) patients.1 Of the clinical manifestations
of MS, cognitive capacity is unique in its relevance for activities of daily living and
employability.2 While many brain magnetic resonance imaging (MRI) measures predict
cognitive dysfunction, studies comparing the impact of multiple MRI measures typically
find that reduced GM volume accounts for most variance in MS-associated cognitive
decline.3,4 MS studies focusing on deep GM and neuropsychological (NP) testing reveal
especially robust correlations between thalamus volume and a range of cognitive
domains.5–7
Brain diffusion tensor imaging (DTI) abnormalities are also associated with cognitive
impairment in MS,8,9 as well as longer disease duration and neurologic disability.10 An
interesting observation is the statistical independence of progressive changes in DTI
within the cerebral GM and whole brain volume loss.11 Such data suggest that GM
atrophy proceeds independently of axonopathy and independently predicts clinical
progression as indicated by, for example, cognitive impairment. In the present study,
we endeavored to measure both DTI parameters and atrophy in the thalamus to
elucidate how subtle changes in white matter integrity relates to atrophy and explains
MS cognitive impairment. The thalamus was chosen as a target for this question due to
its high susceptibility to atrophy12 and its relevance to cognitive function.7

MATERIALS AND METHODS
Participants
We enrolled 75 consecutive patients with clinically definite MS13 and 18 healthy controls.
Demographic characteristics, presented in Table 1, reveal close matching on gender and
race, but subtle differences in age and education. All participants gave written informed
consent to participate in the study, which was approved by the local Institutional Review
Board. Exclusion criteria were as follows: (a) current or past major medical, neurologic,
or psychiatric disorder (other than MS), (b) previous substance dependence or current
substance abuse, (c) for patients, relapse or steroid pulse treatment within eight weeks
preceding evaluation. Among patients depressive disorders emerging after the onset
of MS were permitted, but those meeting criteria for current major depressive episode
were excluded. Controls had no history of clinical depression at all, and were free of
developmental delay and medical history, which could impact on cognitive ability.
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For MS, the disease course was relapsing remitting (RR) in 50 patients and secondary
progressive (SP) in 25 patients. The mean disease duration was 11.7±7.6 years and the
median Expanded Disability Status Scale (EDSS)14 score was 3.5 (range 0–6.5). Of the 75
patients, 55 were receiving a disease modifying therapy at the time of assessment. No
patient was being treated with routine, monthly steroid medication.
TABLE 1. Demographic characteristics of patients
MS (n=75)

Normal (n=18)

P-value

Mean

SD

Range

Mean

SD

Range

Age

46.4

9.0

28–65

42.1

11.5

24–60

0.086

Education

14.3

2.2

12–20

15.8

2.5

12–20

0.011

Male/female

22/53

8/10

0.227

Caucasian/other

64/11

15/03

0.427

Median EDSS

3.5

0.0–6.5

N/A

—

Disease duration

11.7

0 – 29

N/A

—

7.5

EDSS: Expanded Disability Status Scale; MS: multiple sclerosis; SD: standard deviation.

MRI acquisition and analysis
Using a 3T General Electric Signa Excite HD 12.0 Twin Speed 8-channel scanner we acquired
2D multi-planar dual fast) PD/T2-weighted images (WI) (TE1/TE2/TR=9/98/5300 ms, flip
angle=90°, echo train length (ETL)=14; field-of- view (FOV) of 25.6×19.2cm (256×256
matrix with Phase FOV=0.75), for an in-plane resolution of 1×1mm2; 48 slices of 3 mm
thickness and no gap between the slices), 2D SE T1-WI (TE/TR=16/600 ms, flip angle=90°,
FOV 25.6×19.2cm (256×256 matrix with Phase FOV=0.75), 1×1 mm2, 48 slices of 3 mm,
no gap). High resolution 3DT1-WI (fast spoiled gradient-echo with magnetizationprepared inversion recovery (IR-FSPGR), TE/TI/TR=2.8/900/5.9 ms, flip angle=10, FOV
25.6×19.2cm (256×256 matrix with Phase FOV=0.75), 1×1 mm2, 128 slices of 1.5 mm), 3D
Fluid attenuated inversion-recovery (FLAIR) (TE/TI/ TR=120/2100/8500 ms (TI inversion
time), flip angle=90°, ETL=24, FOV 25.6×19.2cm (256×256 matrix with Phase FOV=0.75),
1×1mm2, 48 slices of 3 mm, no gap), DTI, 2D echo-planar imaging (EPI), TE/TR=90.9/8600
ms, flip angle=90°, ETL=1, FOV 32×24cm (96×96 matrix), 3.33×3.33 mm2, slice thickness
3 mm no gap, 1 repetition, b=800 s/mm2, using 1 volume without directional weighting
(B0) and 15 volumes with non-collinear diffusion gradients). The T2 lesion volume (T2LV)
was measured on FLAIR scans using a semi-automated edge detection contouring/
thresholding technique previously described.15 Prior to using the IR-FSPGR 3D T1-WI for
subsequent analysis, it was modified using an in-house developed inpainting technique
to avoid the impact of white matter (WM) lesions on all GM volume measurements.
Lesions in the thalamus were counted on the FLAIR images by an experienced rater
(HEH). The PD/T2-WIs provided extra information on anatomical boundaries of the
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thalamus and were used to confirm lesion presence and lesion location. Only purely
thalamic lesions were regarded as GM-thalamic lesions.
Global and tissue-specific atrophy measures were acquired via brain extraction and
tissue segmentation techniques separating GM and WM by using SIENAX.16 We used
FIRST17 software to segment the thalamus. Normalized thalamus volumes were obtained
by multiplying the estimated volumes from FIRST by the volumetric scaling factor from
SIENAX. DTI image analyses were performed with FSL 4.1 Toolbox (www.fmrib.ox.ac.uk/fsl).
All DTI images (Figure 1) were corrected for movement and for eddy current distortions
using FMRIB Diffusion Toolbox (FDT). After these corrections, the diffusion tensor was
fitted from which the fractional anisotropy (FA) and mean diffusivity (MD) were derived.
Tract Based Spatial Statistics (TBSS)18 was used to further analyze the data. The first step in
the TBSS analysis was to non-linearly register the individual FA images to standard space.
These registration parameters were then used to co-register the MD images to standard
space as well. The data was then skeletonized and compared between groups on a voxel
level, focusing on the thalamus. To do this, a thalamic ROI was used in standard space from
the Harvard Oxford atlas, as part of FSL. Outcome measures for cognitive analyses were
the mean FA and MD in the thalamic skeleton.

FIGURE 1. Mean diffusivity results (in blue, p<0.05, corrected, X=81, Y=112, Z=81), showing mean diffusivity
(MD) increases in patients, overlaid onto the mean fractional anisotropy (FA) skeleton (green). The standardspace thalamus region of interest used in regional analyses is shown in red.

NP testing
Tests were chosen according to consensus recommendations19 emphasizing cognitive
domains most sensitive to MS cerebral pathology:20
§ California Verbal Learning Test, 2ndedition (CVLT2)21 measures verbal learning and
memory by testing the ability to remember 16 words. The subject is read the list five
times. The total learning score is the number of items recalled over all trials.
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§ Brief Visual Memory Test Revised (BVMTR)22 measures visual learning by presenting six
figures simultaneously for 10s and asking subject to record figures from memory.
The stimuli are presented three times and the total learning score reflects total recall.
§ Symbol Digit Modalities Test (SDMT)23 measures cognitive processing speed in the
visual modality. Subjects view an array of symbol/number pairings and sequentially
voice numbers for unpaired symbols as rapidly as possible for 90s. The total number
correct is recorded.
§ Paced Auditory Serial Addition Test (PASAT)24 measures cognitive processing speed in
the auditory modality. Subjects listen to successive numbers at a 3s interval. The task
is to add consecutive digits and voice the sum while listening for new stimuli. The
total number correct from 60 digits is recorded.
§ Delis-Kaplan Executive Function System Sorting Test (DKEFS)25 was administered to
assess higher executive function. Subjects were asked to sort cards into two groups
and to describe each sorting principle. Two sets of cards were administered and the
number of correct sorts was recorded.

Statistical analysis
Analyses were conducted using SPSS for Windows version 17.0 (SPSS Inc, Chicago,
Illinois, USA). We compared the MS and control groups across MRI metrics and NP testing
results using one-way analysis of variance (ANOVA) with significance set at p<0.05. As
there were subtle differences between patients in age and education, we corrected for
these factors in all analyses. Correlations between the left and right regional volume and
DTI measures were very strongly associated in MS patients, with r values ranging from
0.95–0.96. Therefore, the left and right thalamus variables were averaged and treated
as single measures in order to limit the number of variables in the regression analysis.
Predicting NP tests employed linear regression analyses. In each analysis, the NP test
was the dependent variable. Age and education were first entered in block 1, followed
by the thalamus volume in block 2. The DTI metrics were then entered in block 3 and
retained on the basis of a forward selection stepwise technique in block 3. Step 3 was
then repeated including T2LV.
The limited sample size prevented repeating the entire analysis in both RR and SP subgroups.
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RESULTS
In MS patients, T2LV ranged from 0.45–69.86 ml, the mean being 17.05±17.41 ml. No
thalamus lesions were found in the majority of patients and the maximum was three
lesions in four MS patients (39 with no lesions, 23 patients with one lesion, seven patients
with two lesions and six patients with three lesions). The quantitative volumetric and
DTI MRI data from the thalamus are presented in Table 2. MS patients had significantly
lower thalamic volume as well as decreased FA and increased MD within the skeleton,
with effect sizes all robust ranging from Cohen’s d of 1.2–1.4.
MS patients performed worse than controls on all NP tests although the difference in
means reached only a trend toward significance for PASAT (Table 2). The effect sizes
ranged from d=0.6 for PASAT to d=1.5 for CVLT2.
TABLE 2. Mean values for magnetic resonance imaging (MRI) and neuropsychological (NP)
metrics
MS
Mean

SD

NC
Mean

d

P-value

SD

Brain MRI in Thalamus
Thalamus volume in mm3

13400.9

1747.4

15627.9

1536.5

1.4

FA Thalamus

0.326

0.043

0.365

0.021

1.2

0.002

MD Thalamus

1.306

0.498

0.922

0.091

1.3

<0.001

CVLT2 Total Learning

51.8

12.8

66.7

6.10

1.5

<0.001

BVMTR Total Learning

19.5

7.60

26.8

5.00

1.2

<0.001

SDMT

49.0

15.7

64.4

10.0

1.2

<0.001

PASAT

41.1

14.6

48.1

9.10

0.6

0.055

DKEFS Sorting

9.30

2.90

11.3

2.30

0.8

0.008

<0.001

Neuropsychological testing

BVMTR: Brief Visuospatial Memory Test Revised; CVLT2: California Verbal Learning Test second
edition; DKEFS: Delis Kaplan Executive Function System; FA: fractional anisotropy; MD: mean
diffusivity; PASAT: Paced Auditory Serial Addition Test; SD: standard deviation; SDMT: Symbol Digit
Modalities Test. Thalamus volume normalized by cranial volume.

As shown in the correlation matrix in Table 3, thalamus volume was significantly
correlated with T2LV (−0.55, p<0.001) and DTI metrics within the skeleton (FA 0.69, MD
−0.72, p<0.001). Likewise, T2LV was significantly correlated with DTI only within the
skeleton (FA −0.67, MD 0.68, p<0.001).
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TABLE 3. Correlation matrix
FA Skeleton

MD Skeleton

Thalamus Volume

FA Skeleton
MD Skeleton

-0.77a

Thalamus Volume
T2LV

0.69a

-0.72a

-0.67a

0.68a

-0.55a

FA: fractional anisotropy; MD: mean diffusivity; T2LV: T2 lesion volume. Thalamus volume normalized by
cranial volume. aCorrelations exceeding 0.40 significant at p<0.01.

The linear regression models are summarized in Table 4. Similar results were obtained
for each cognitive test. Total R2 for thalamus volume after accounting for demographics
ranged from 0.16 for CVLT2 to 0.31 for SDMT. The central hypothesis, that DTI metrics
account for incremental variance after thalamus volume, was tested via forward selection
models after accounting for thalamus volume. As shown in Table 4, MD entered into
each model, with incremental R2 change ranging from 0.07 (p=0.016) for DKEFS to 0.13
(p<0.001) for SDMT.
TABLE 4. Linear regression results.
Significant IVs
CVLT2
BVMTR
SDMT
PASAT
DKEFS

Block 1: Age, Education
Block 2: Thalamus Vol
Block 3: MD Skeleton
Block 1: Age, Education
Block 2: Thalamus Vol
Block 3: MD Skeleton
Block 1: Age, Education
Block 2: Thalamus Vol
Block 3: MD Skeleton
Block 1: Age, Education
Block 2: Thalamus Vol
Block 3: MD Skeleton
Block 1: Age, Education
Block 2: Thalamus Vol
Block 3: MD Skeleton

R2
0.08
0.16
0.29
0.04
0.23
0.31
0.05
0.31
0.44
0.04
0.21
0.29
0.03
0.22
0.29

P-value
0.011
0.001
<0.001
0.006
<0.001
<0.001
<0.001
0.008
<0.001
0.016

BVMTR: Brief Visuospatial Memory Test Revised; CVLT2: California Verbal Learning Test second edition; DKEFS:
Delis Kaplan Executive Function System; PASAT: Paced Auditory Serial Addition Test; SDMT: Symbol Digit
Modalities Test; vol: volume.
Block 1 includes demographics age and education.
Block 2 adds thalamus volume to the model while retaining demographics.
Block 3 retains demographics and thalamus volume followed by DTI metrics forward selection.

The models were repeated controlling for both T2LV and thalamus volume. For all
cognitive variables except SDMT, T2LV accounted for more variance than FA and MD,
and no DTI metric was entered into the model. The SDMT model, however, retained
both T2LV and skeleton MD resulting in a total R2 of 0.52 (p<0.001).
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DISCUSSION
Our data confirm prior demonstration of thalamus atrophy in MS and association with
cognitive impairment.6,7,12 Recognizing that prior work investigating the deep GM
correlates of NP impairment neglected measures of more subtle (and potentially earlier)
changes in white matter tissue integrity, we gathered DTI measures within the thalamus
and tested the hypothesis that FA and MD add incremental variance to predicting NP
status in MS. In all cognitive domains, assessed using validated, gold standard tests,
MD added incremental variance to thalamus volume. In previous work on thalamus
volume,7 a manual tracing technique with coronal images revealed an MS/control
effect of d=1.3, almost identical to the present study. Here we employed an automated
volumetric calculation and found similar results, although the degree of correlation
with NP testing was slightly smaller, r=0.71 in the prior work and 0.54 in this study. This
replication adds to the confidence of the earlier conclusions about the clinical relevance
of thalamic atrophy, and validates the FIRST analysis technique. It is also interesting that
MS vs. control differences in DTI within the TBSS skeleton were not only significant but
as large as the differences in thalamus volume. Altogether, these data highlight the
degree of thalamus WM pathology in MS, and its clinical relevance.
DTI is related to the integrity of myelin and axons,26 and understanding DTI metrics within
the thalamus could help explain the robust correlation between thalamus atrophy and
MS-associated cognitive disorder, as well as GM atrophy in general.10 GM diffusivity
changes can be found in early MS and while there is progression over three years, such
progression is not correlated with changes in brain volume.27 In this study, MD added
incremental variance to the prediction of cognitive impairment after accounting for
the effects of thalamus volume loss. This would suggest that the clinical impact of GM
atrophy is to some extent independent of subtle white matter tissue integrity in the
thalamus, i.e. both independently impact NP status. The added impact of WM tract
damage has been conceptualized as a disconnection syndrome9 as not only DTI but
lesions within strategic tracts influence cognitive capacity in MS. Our data support this
concept as adding T2LV to the models erased the significant effect of MD on four of five
cognitive outcomes, suggesting that both T2LV and MD influence cognitive function
via the same mechanism. Perhaps, subtle damage to afferent projections involving
the thalamus may be more responsible for cognitive loss in MS than was previously
thought. One of our models, the SDMT model, retained both T2LV and MD, which may
further imply that demyelination within the thalamus adds unique predictive variance
over and above that of T2LV, at least for this particular NP test.
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The same regression model was optimal for all of the cognitive outcomes in this study.
The NP outcomes have high reliability and validity, and are frequently utilized as
primary or secondary outcomes in MS clinical trials28,29 focusing on treating cognitive
impairment. Similar associations were shown earlier in research correlating thalamus
volume and cognition.7 Most likely, a sub-region of the thalamus most important for
cognition in general, such as the anterior nucleus, is playing a critical role in what could
be described as a subcortical dementia syndrome. We are investigating this hypothesis
currently.
As for limitations, we did not account for some brain MRI metrics that could potentially
be of importance in explaining cognitive impairment, such as magnetic transfer imaging,
regional cortical volume and magnetic spectroscopy. We also did not conduct a regional
analysis of T2LV, which is an important consideration for future studies.9 In addition, our
data are cross-sectional and as such we are unable to assess time-dependent nature
of the thalamus contribution to the evolution of cognitive impairment. Post hoc, we
did examine zero-order correlations between T2LV, skeleton MD and thalamus volume
by disease course (Table 5) and the coefficients did not differ significantly by Fisher z
test. Henry et al.30 used DTI fiber tracking and found a much higher density of lesions
in thalamocortical pathways compared to other WM regions. Furthermore this study
showed that thalamocortical tract lesion volume and MD were strongly correlated
with thalamus volume, supporting a link between WM lesions and thalamic atrophy in
Clinically Isolated Syndrome (CIS) patients.
Table 5. Partial correlation accounting for the effects of age and education.
Relapsing–remitting course

Secondary progressive course

Correlation w
thalamus vol

Correlation w
thalamus vol &
T2LV

Correlation w
thalamus vol

Correlation w
thalamus vol &
T2LV
−0.39

CVLT2

−0.33

−0.19

−0.54

BVMTR

−0.44

−0.32

−0.21

−0.04

SDMT

−0.37

−0.23

−0.61

−0.42

PASAT

−0.22

−0.11

−0.45

−0.22

DKEFS

−0.35

−0.24

−0.25

−0.09

BVMTR: Brief Visuospatial Memory Test Revised; CVLT2: California Verbal Learning Test second edition; DKEFS:
Delis Kaplan Executive Function System; PASAT: Paced Auditory
Serial Addition Test; SDMT: Symbol Digit Modalities Test; T2LV: T2 lesion volume; w: with.

In conclusion, we confirm the significant role of thalamus atrophy in MS-associated
cognitive disorder, and further report that pathology within the thalamus as detected
by mean diffusivity adds incremental variance to predicting cognitive impairment.
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ABSTRACT
Objective: To investigate groups of thalamic nuclei (anterior, posterior, medial, lateral)
and the integrity of their associated tracts with regard to cognitive impairment and
neuropsychiatric symptoms in multiple sclerosis (MS) patients.
Methods: Conventional MRI and diffusion tensor imaging (DTI) was acquired in 73 MS
patients and 18 healthy controls (HC). The Minimal Assessment of Cognitive Function
in MS (MACFIMS) was used to investigate cognitive functioning; neuropsychiatric
symptoms were assessed using the Neuropsychiatric inventory. Based on a histological
atlas, the thalamus was parcellated into an anterior, lateral, medial and posterior part.
The associated tracts were derived using an atlas obtained by probabilistic tractography
in the HCs and integrity of the tracts was expressed by fractional anisotropy (FA) and
mean diffusivity (MD).
Results: In MS patients, cognitive impairment, disinhibition and agitation were
related to MD and lesion volume in tracts emanating from all four thalamic nuclei. No
correlations were detected between FA and cognitive and neuropsychiatric measures in
the posterior, medial and lateral thalamic tracts. However, FA was positively correlated
with cognitive test scores and negatively with disinhibition, exclusively in the tract of the
anterior part of the thalamus.
Conclusions: FA changes in the anterior thalamic tract were the most specific marker for
cognitive impairment and disinhibition. This finding provides a highly specific biological
explanation for cognitive deterioration and neuropsychiatric changes common to MS.
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INTRODUCTION
Thalamic pathology is frequently found in multiple sclerosis (MS). Neuronal loss and
demyelination were reported in thalamic tissue of MS patients1,2 and thalamic atrophy,3,4
changes in N‑acetylaspartate5 (a marker for neuronal integrity) and changes in diffusion
tensor imaging were reported using magnetic resonance imaging (MRI).6 These thalamic
abnormalities are highly correlated with conversion to clinically definite MS, physical
disability and cognitive impairment.4,7,8
Anatomically, the thalamus can be subdivided into a number of different thalamic
nuclei, each with their own specific (sub) cortical output and input areas.9,10 This implies
that damage to specific thalamic nuclei and/or their associated tracts should result in
disparate symptoms. Due to its pivotal position within the brain, the thalamus is thought
to be prone to damage caused by MS throughout the brain.
With regard to cognitive impairment and neuropsychiatric changes related to (and
characteristic of ) MS, the anterior nucleus of the thalamus is expected to be particularly
abnormal. This nucleus receives input from the hippocampus via the fornix and
mammillary bodies and projects to the anterior cingulate gyrus and medial prefrontal
cortices as output structures. This pathway is involved in cognitive, emotional and
executive functions.11
The aim of the current study was to examine the different thalamic nuclei (anterior,
posterior, medial, and lateral) and the integrity of their associated tracts, using diffusion
tensor imaging (DTI) parameters and tractography, in order to unravel their explanatory
power with regards to the occurrence of cognitive impairment and neuropsychiatric
symptoms in patients with MS.

METHODS
Part of the data from this study has been previously published to show the extent of
thalamic damage in MS, as well as its clinical significance.6

Participants
All patients were diagnosed with clinically definite MS according to the revised
McDonald Criteria12 and were relapse-free, had sufficient visual acuity and were off
steroid treatment for at least 30 days prior to examination. Disease type (relapsingremitting MS or secondary progressive MS) and disease duration (in years since time
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of initial symptom) were determined by clinical assessment. Disease severity was
determined based on the Expanded Disability Status Scale (EDSS).
Healthy controls (HC) were also included. Patients and HCs were free from any history
of (additional) neurological disease, psychiatric disturbances, alcohol or drug abuse and
all met the safety criteria to undergo an MRI scan. The Institutional Ethics Review Board
approved the study protocol and all subjects gave written informed consent prior to
participation.

Neuropsychological evaluation
An internationally renowned cognitive test battery, the MACFIMS13, was administered.
In short, the following cognitive domains were tested:
§ Verbal learning and memory – the California Verbal Learning Test, 2nd edition (CVLT-2)14
tests the ability to remember a list of 16 words.
§ Visuospatial memory - the Brief Visual Memory Test - Revised (BVMT-R)15 measures
visual learning.
§ Information processing speed was measured using the Symbol Digit Modalities Test
(SDMT).16
§ The Paced Auditory Serial Addition Test (PASAT)17 measures cognitive processing
speed in the auditory modality.
§ Executive functioning was tested using the Delis-Kaplan Executive Function System
Sorting Test (D-KEFS)18, which was administered to assess higher executive function.
§ The Controlled Oral Word Association Test (COWAT)19 was used to test verbal fluency
and memory retrieval.
§ Visuospatial ability was tested using the Judgment of Line Orientation Test. (JLO).20
All subjects filled out the Fatigue Severity Scale questionnaire21 to obtain information
on fatigue and the Beck Depression Inventory-fast screen22 to assess symptoms of
depression.

Neuropsychiatric symptoms
The neuropsychiatric inventory (NPI) is a structured interview, which explores the
following 10 symptom domains: delusions, hallucinations, agitation, depression,
anxiety, euphoria, apathy, disinhibition, irritability, and aberrant motor behavior. Scores
were calculated based on the severity of the symptoms (0 [mild] to 3 [severe]) and the
frequency (0 [none] to 4 [daily]).23
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Neuroimaging measures
All subjects underwent MR imaging on a 3T General Electric Signa Excite HD 12.0 Twin
Speed 8-channel scanner.

Brain volumes and thalamic volume

Chapter

Gray matter (GM) and white matter (WM) volumes were determined using the
3DT1‑weighted fast spoiled gradient-echo with magnetization-prepared inversion
recovery (IR-FSPGR, repetition time (TR) 5.9 ms, echo time (TE) 2.8 ms, inversion time (TI)
900 ms, flip angle=10º, Field-Of-View (FOV) 25.6x19.2cm (256x256 matrix with phase
FOV=0.75), 1x1mm2, 128 slices of 1.5mm.) images using SIENAX 2.6, which is part of
the FSL toolbox (http://www.fmrib.ox.ac.uk/fsl). Prior to using the T1-weighted images
for subsequent analysis, they were modified using an in-house developed in-painting
technique to mitigate the impact of WM lesions on the GM volume measurements.
Thalamus volumes were calculated using FIRST and corrected for head size using the
V-scaling factor obtained from SIENAX.

WM and thalamus lesions
WM lesions were outlined on the 2D fluid-attenuated inversion recovery (FLAIR) images
(TR 8500 ms, TE 120 ms, TI 2100 ms, flip angle=90º, echo train length (ETL)=24, FOV
25.6x19.2cm (256x256 matrix with Phase FOV=0.75) 1x1mm2, 48 slices of 3mm, no gap)
using a semi-automated edge detection contouring/thresholding technique previously
described.24
Lesions in the thalamus were counted on the FLAIR images by an experienced rater
(HEH). The PD/T2-weighted images (TR 5300 ms, TE1 9 ms, TE2 98 ms, flip angle=90º,
ETL=14, FOV 25.6x19.2 cm (256x256 matrix with Phase FOV=0.75) for an in-plane
resolution of 1x1mm2; 48 slices of 3 mm thickness and no gap between the slices)
provided extra information on anatomical boundaries of the thalamus and were used
to confirm lesion presence and lesion location.

Thalamic parcellation
The anatomical information to subdivide the thalamus into different parts was obtained
from a high-resolution 3D-atlas of the thalamic nuclei.25 This atlas was constructed by
combining several stacks of histologically processed (and delineated) brain sections.
The average delineations were mapped onto a 1x1x1mm MNI152 standard space,
constituting 38 labels per thalamus each representing different thalamic nuclei or
structures. This atlas was used to get subject-specific segmentations of the thalamic
nuclei.
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Since the contrast and spatial resolution of MRI are limited compared to histopathology,
the structures in the atlas were first merged into four coarse thalamic sections25,26 (see
also Figure 1a).
1) Medial part: consisting of the mediodorsal, medioventral, paraventricular, habenular
and the subparafascicular nuclei;
2) Posterior part: consisting of the pulvinar, lateral posterior, suprageniculate, limitans,
and posterior nuclei;
3) Lateral part: consisting of the ventral nuclei;
4) Anterior part: consisting of the lateral dorsal and anterior nuclei.
Subsequently, FNIRT (part of FSL) was used to non-linearly map the T1-weighted image
of each subject to MNI-space. The cost-function of the non-linear registration was
multiplied by the inverse lesion mask to minimize the influence of lesions. To obtain
the subject-specific parcellation, the inverse warp field was used to map the labels of
the thalamic sections into subject-space. Note that the medial geniculate and lateral
geniculate were part of the atlas, but not included in any of the four sections, as they are
not considered to be part of the thalamus in ‘common’ imaging analysis software such
as FSL FIRST or FreeSurfer.
The volume of all four thalamic sections was calculated and corrected for head size.

FIGURE 1. Thalamic atlas and associated tracts.
Upper row: original atlas (see Krauth 2010 for details) and coarse thalamic sections. Lower: maximum
probability projection of tracts associated to thalamic sections.

46

Thalamic tracts, cognition and disinhibition

DTI tractography, thalamic tract integrity and thalamic tract lesions
DTI images (2D echo-planar imaging (EPI), TR 8.6 sec, TE 90.9, flip angle=90º, ETL=1,
FOV 32x24cm (96x96 matrix), 3.33x3.33 mm2, slice thickness 3 mm no gap, 1 repetition,
b=800 s/mm2, using 1 volume without directional weighting (B0) and 15 volumes with
non-collinear diffusion gradients) were corrected for movement and eddy current
distortion using the Diffusion Toolbox (FDT; also part of FSL). The diffusion tensor was
fitted, from which the fractional anisotropy (FA) and mean diffusivity (MD) measures
were calculated.
DTI maps were then used to segment the tracts associated with the individual thalamic
regions. As tractography in the presence of MS pathology might lead to unreliable
results, this was done by means of a probabilistic atlas based on the HCs. The pipeline
was as follows (see Figure 1b):
1) For each HC, the construction of the atlas involved running bedpostx (part of
FSL) to estimate the voxelwise diffusion parameter distributions and probabilistic
tractography (FSL’s probtrackx, 5000 streamlines per voxel) using the predefined
thalamic sections as seed regions.
2) The probabilistic maps of the tracts were then normalized for the number of seed
voxels, non-linearly registered to MNI152 space, and averaged to construct a single
probabilistic map for each tract in standard space. The eight probabilistic maps (left/
right, 4 thalamic seed-regions) formed the atlas of the tracts associated with the
thalamic sections.
3) To obtain a subject-specific segmentation, the probabilistic atlas was finally
propagated to the individual space of both the patients and HCs, using non-linear
registration and linear interpolation.
4) For each subject and tract separately, the weighted average FA/MD values inside the
normal appearing white matter (NAWM) of each tract, as well as the lesion volume
of the tract, was computed using the atlas probability values as a weighting factor.
Weighting was performed to emphasize the integrity values in the center of the
tract. In order to only include NAWM, the weighting factors of voxels belonging
to GM, CSF or lesions were set to zero using the earlier derived SIENAX and lesion
segmentations.
5) The weighted lesion volume inside each tract was computed as described above.
Note that the weighted lesion volume is a relative, instead of an absolute value, and
cannot be compared with normalized (unweighted) whole brain lesion volumes (see
Figure 2).
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FIGURE 2. Example of thalamic parcellation and tract measures in a 29-year-old female patient
with relapsing-remitting multiple sclerosis.
A) Medial, posterior, lateral and anterior sections of the thalamus overlaid on the T1-weighted image. B) Lesion
weighting profile (blue-light blue) of the tract associated with the left anterior thalamic section overlaid on
lesion segmentation (red) and FLAIR image. C) Diffusion measures weighting profile (red-yellow) of the tract
associated with the left anterior thalamic section overlaid on FA-map.

Statistical analysis
Statistical analyses were performed in SPSS 20.0 (Chicago, IL, USA). When variables were
normally distributed, an independent t-test was performed to describe differences in
demographic, neuropsychological and neuroimaging variables between MS patients
and HCs. When variables were not normally distributed, a Mann-Whitney test was used.
Spearman correlations were calculated and corrected for multiple comparisons using a
Bonferroni correction, and p-values of ≤0.05 were considered significant.
Correlations between the left and right thalamic subdivisions and DTI measures were
very strongly associated in MS patients, with r values ranging from 0.79–0.91. Therefore,
the left and right thalamus variables were averaged and treated as single measures in
order to limit the number of variables in the analyses.

RESULTS
Seventy-three patients (51 females) and 18 HCs (11 females) participated in the study.
In Table 1, the demographic data of MS patients and HCs are provided. Forty-eight
patients had a relapsing-remitting disease course, the other 25 patients had secondary
progressive MS. Patients and controls did not differ with regard to sex, age, and
race. Educational level was higher in the HC group (p=0.022) and the patient group
experienced more symptoms of depression and fatigue compared to the HCs (p=0.028
and p<0.001, respectively).
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TABLE 1. Demographic, conventional MRI, neuropsychological and personality characteristics
MS (n=73)

Healthy controls (n=18)

P-value

Mean

SD

Range

Mean

SD

Range

Age

46.51

9.00

28.00 – 65.00

42.11

11.54

24.00 – 60.00

0.083

Educational level*

14.00

2.15

12.50 – 16.00

16.00

2.48

13.50 – 18.00

0.022

Male/Female

22/51

-

-

8/10

-

-

0.475

Caucasian/ other

62/11

-

-

15/3

-

-

0.567

EDSS*

3.50

1.81

2.00 – 5.50

-

-

-

-

Disease Duration

11.55

7.53

0.00 – 29.00

-

-

-

Depression (BDI)*

2.00

3.32

0.00 – 4.50

0.50

1.63

0.00 - 2.00

0.023

Fatigue (FSS)*

5.33

1.53

4.22 – 6.22

3.00

1.08

2.41 – 3.44

<0.001

NGMV (mL)

738.24

56.35

586.09 – 870.96

757.42

42.36

696.57 – 855.47

0.180

NWMV (mL)

714.63

45.96

616.27 – 819.07

753.69

35.26

699.19 – 835.26

0.001

NTV (mL)

13.34

1.82

7.85 – 16.79

15.66

1.55

13.45 – 18.99

<0.001

CVLT-2 (total learning)*
BVMT-R (total learning)*
SDMT*
PASAT 2s*
D-KEFS Sorting*
JLO*
COWAT*
NPI delusion

53.00
19.00
50.00
46.00
10.00
24.00
33.00
0.00

12.79
7.62
15.66
14.69
2.97
6.09
11.66
0.00

43.50 – 61.00
15.00 – 24.00
38.00 – 59.50
28.00 – 53.50
7.50 – 11.00
19.00 – 27.00
25.00 – 42.50
0.00 – 0.00

69.00
27.00
63.50
49.00
12.00
24.00
40.00
0.00

6.11
5.03
10.00
9.07
2.27
2.78
8.78
0.00

61.75 – 70.25
22.75 – 31.25
56.00 – 74.25
31.25 – 55.00
9.75 – 13.00
22.00 – 26.00
32.75 – 45.25
-

<0.001
<0.001
<0.001
0.086
0.004
0.635
0.022
1.000

NPI hallucination

0.03

0.23

0.00 – 2.00

0.00

0.00

-

0.619

NPI agitation

1.29

2.28

0.00 – 8.00

0.00

0.00

-

0.004

NPI depression

1.55

2.88

0.00 – 12.00

0.00

0.00

-

0.002

NPI anxiety

0.70

1.67

0.00 – 8.00

0.00

0.00

-

0.045

NPI euphoria

0.71

2.19

0.00 – 12.00

0.00

0.00

-

0.099

NPI apathy

1.29

2.76

0.00 – 12.00

0.00

0.00

-

0.016

NPI disinhibition

0.81

2.01

0.00 – 12.00

0.00

0.00

-

0.016

NPI irritability

1.56

2.75

0.00 – 12.00

0.00

0.00

-

0.002

NPI aberrant motor
behavior

0.25

1.25

0.00 – 8.00

0.00

0.00

-

0.384

-

SD = Standard deviation. *Due to non-normality median and interquartile range are provided. Abbreviations:
EDSS = expanded disability status scale; BDI = Beck Depression Inventory; FSS = fatigue severity scale; NGMV
= normalized gray matter volume; NWMV = normalized white matter volume; NTV = normalized thalamic
volume CVLT = California Verbal Learning Test - 2nd edition; BVMT-R = Brief visual memory test - revised; SDMT
= symbol digit modalities test; PASAT = paced auditory serial attention test; D-KEFS sorting = Delis-Kaplan
executive function system sorting test; JLO = judgment of line orientation test; COWAT = controlled oral word
association test; NPI = Neuropsychiatric personality inventory

On the neuropsychological test scores, patients with MS performed worse on all
cognitive tests except for the judgment of line orientation test (JLO; see also Table 1).
On the NPI, patients scored higher on agitation, depression, anxiety, apathy, irritability
and disinhibition compared to HCs.
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Brain volumes, thalamus volume and thalamic lesions
Normalized GM volume was not different between patients and HCs (p=0.180), but
patients had less WM volume compared to HCs (p=0.001, see Table 1). Thalamus volume
was lower in MS patients (p<0.001), which correlated with all cognitive tests except for
the JLO and COWAT. In MS, white matter (WM) lesion volume ranged from 0.45–69.86
mL, with a median of 9.74 mL. Lesions in the thalamus were rare (38 patients with no
lesions, 22 patients with one lesion, seven patients with two lesions and six patients
with three lesions).

Volumes of the thalamic nuclear groups and integrity measures of the
associated tracts
In Table 2, the measures of the thalamic nuclear groups are presented. The normalized
volumes (mL) of the anterior, medial, and lateral thalamic portions were similar for MS
patients compared to HCs. The volume of the posterior thalamic part was lower in MS
patients compared to HCs (p=0.008).
The mean FA in the NAWM of the tract emanating from the anterior part was decreased
in patients with MS compared to controls (p=0.002), while no differences could be
observed in the mean FA in the medial, lateral, and posterior tracts of the thalamus.
Patients had a higher MD compared to HCs in the anterior (p=0.004) and posterior
(p=0.008) tracts from the thalamus. No differences were seen in the MD of the lateral
and medial tracts.

Thalamic tract lesion volume, integrity and cognitive performance
Weighted lesion volume within all tracts was negatively correlated with all cognitive
tests (except for JLO) in MS, see also Table 3.
FA within the lateral, medial, and posterior tracts was not associated with any of the
cognitive measures. However, FA within the anterior tract was positively correlated with
tests of visuospatial memory (BVMT-R, r=0.50), information processing speed (SDMT,
r=0.48, PASAT, r=0.36), executive functioning (D-KEFS. r=0.42), and verbal fluency
(COWAT, r=0.35). No association was found between FA in the anterior tract and verbal
learning and memory (CVLT-2), nor between FA and visuospatial judgment (JLO).
Lateral, medial, anterior, and posterior tract MD was negatively correlated with
visuospatial memory (BVMT-R), information processing speed (PASAT, SDMT), verbal
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learning and memory (CVLT-2), and executive functioning (D-KEFS). The MD in the
medial and lateral tracts was also negatively correlated with the COWAT (executive
functioning). No association with visuospatial judgment (JLO) was found.
No correlations were found between volumes of the four different thalamic nuclear
groups and any of the cognitive measures.
TABLE 2. Thalamic measures in patients with MS compared to healthy controls
MS (n=71)
Median

SD

HC (n=18)
IQR

Median

SD

P-value

IQR

Normalized thalamic nuclei volume mL
Medial

4.61

0.98

4.34 – 5.03

4.74

0.39

4.42 – 4.99

0.451

Posterior

5.09

0.84

4.58 – 5.50

5.34

0.42

5.14 – 5.77

0.008

Lateral

5.57

1.02

5.14 – 6.03

5.83

0.67

5.18 – 6.43

0.090

Anterior

0.84

0.38

0.74 – 0.97

0.80

0.20

0.65 – 0.89

0.271

DTI metrics within the tracts
FA – Medial

0.40

0.02

0.39 – 0.41

0.39

0.02

0.38 – 0.41

0.403

FA – Posterior

0.42

0.03

0.40 – 0.44

0.43

0.02

0.41 – 0.45

0.220

FA – Lateral

0.43

0.02

0.42 – 0.44

0.43

0.02

0.42 – 0.44

0.381

FA - Anterior

0.40

0.03

0.39 – 0.42

0.42

0.02

0.41 – 0.44

0.002

MD – Medial

0.823-3

0.040-3

0.80-3 – 0.86-3

0.816-3

0.026-3

0.80-3 – 0.83-3

0.314

MD – Posterior

0.842

0.055

0.81 – 0.88

0.815

0.027

-3

0.80 – 0.84

0.008

MD – Lateral

0.812-3

0.035-3

0.78-3 – 0.84-3

0.801-3

0.022-3

0.79-3 – 0.82-3

0.295

MD – Anterior

0.876-3

0.067-3

0.86-3 – 0.94-3

0.853-3

0.025-3

0.84-3 – 0.89-3

0.004

-3

-3

-3

-3

-3

-3

-3

Weighted lesion volume within the tracts
Medial

2.89

9.98

0.47 – 9.26

-

Posterior

5.61

21.02

0.51 – 25.44

-

Lateral

7.27

29.28

0.82 – 28.56

-

Anterior

1.85

4.61

0.36 – 5.22

-

Thalamic tract lesion volume, integrity and neuropsychiatry (see Table 3)
Weighted lesion volume within all four tracts correlated positively with disinhibition
and agitation. Additionally, disinhibition positively correlated with MD in all the tracts
emanating from the thalamus, while it was negatively correlated to FA in the anterior
thalamic tract solely (r=-0.40). Euphoria positively correlated with MD in the lateral tract
(r=0.33).
No correlations were found between thalamic tract measures and depression, nor with
fatigue.
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TABLE 3. Thalamic tract FA and MD measures and the correlations with cognition and personality
in MS patients
CVLT-2 BVMT-R SDMT
FA ANT
MD ANT
MD LAT
MD MED
MD POST
WLV –
ANT
WLV –
LAT
WLV –
MED
WLV POST

DisEuphoria
inhibition
-0.402**
NS

Agitation
NS

PASAT

D-KEFS JLO COWAT

0.358*

0.423**

NS

0.347*

-0.435** -0.430** -0.584** -0.356* -0.435**

NS

NS

0.353*

NS

NS

-0.492** -0.440** -0.568** -0.446** -0.339*

NS

-0.344*

0.370**

0.326*

NS

-0.463** -0.417** -0.544** -0.419** -0.373**

NS

-0.346*

0.343*

NS

NS

-0.579** -0.517** -0.614** -0.432** -0.416**

NS

NS

0.359*

NS

NS

-0.431** -0.525** -0.517** -0.330* -0.393**

NS

-0.350*

0.384**

NS

0.328*

-0.534** -0.606** -0.660** -0.421** -0.463**

NS

-0.392**

0.381**

NS

0.337*

-0.470** -0.515** -0.564** -0.377** -0.432**

NS

-0.382**

0.410*

NS

0.361*

-0.521** -0.635** -0.679** -0.484** -0.486**

NS

-0.380**

0.422**

NS

0.348*

NS

0.500** 0.447**

Spearman correlations, Bonferroni corrected; * P≤0.05, ** P≤0.01
Abbreviations: ANT = Anterior part of the thalamus; LAT = Lateral part of the thalamus; MED = Medial part
of the thalamus; POST = Posterior part of the thalamus; FA = Fractional Anisotropy; MD = Mean diffusivity;
WLV = weighted lesion volume within tract; CVLT-2 = California Verbal Learning Test - 2nd Edition; BVMT =
Brief Visuospatial Memory Test - Revised; SDMT = Symbol Digit Modalities Test; PAST = Paced Auditory Serial
Addition Test; D-KEFS = Delis-Kaplan Executive Function System; JLO = Judgment of Line Orientation; COWAT
= Controlled Oral Word Association Test

DISCUSSION
We studied cognitive impairment and neuropsychiatric symptoms in MS patients by
focusing on the main four (anterior, posterior, lateral and medial) thalamic nuclear
groups and their associated WM tracts. We expected to find changes in the anterior tract
of the thalamus mostly. This hypothesis-driven approach brought us to the study of
not only pathology of the thalamus itself (thalamus atrophy, thalamic lesions), but also
damage to its connections (integrity of the thalamus tracts and lesion volume within
the tracts).
Worse cognitive performance in MS patients was related to increased lesion volume and
increased MD within all four tracts originating from the thalamic subdivisions. Due to
a lack of spatial specificity of the MD changes, the explanatory value of these changes
in thalamic tracts for cognitive problems in MS is unclear. On the contrary, FA changes
were more specific, as these were only detected in the tract of the anterior part of the

52

Thalamic tracts, cognition and disinhibition

thalamus, while no such correlations were detected in the lateral, medial and posterior
tracts. The frontal tract FA changes were clearly related to worse cognition.
A similar finding was reported for the relationship between WM integrity changes and
neuropsychiatric symptoms, with rather diffuse relations with MD and more specific
relations with FA. Increased lesion volume (weighted) and increased MD in all thalamic
pathways were associated with more disinhibition and agitation. Comparable to the
cognitive results, FA changes only related to neuropsychiatry in the anterior tract, where
more disinhibition was correlated with lower FA values.
The anterior tract of the thalamus showed the most specific changes with regard to
cognition and (frontal) neuropsychiatric changes. The interactions of the anterior
nucleus of the thalamus with the subiculum, retrosplenial cortex, mammillary nucleus
and the frontal lobe are important for memory, executive and emotional functioning.11,27
No correlations were found for visuospatial judgment and verbal learning. Visuospatial
judgment is mainly mediated via the occipito-parietal areas of the brain28 and verbal
learning is not primarily dependent on the thalamus either29, which might explain
the absent correlations with FA in the anterior thalamic pathway. In a previous study,
both FA and MD changes were found in the anterior tract of the thalamus related to
cognitive functioning in benign MS patients, which is similar to our finding. However, in
that study information regarding the other thalamic tracts is lacking.30 Changes in the
WM connections between the orbitofrontal cortex and the anterior part of the thalamus
are most likely explaining the relationship between the anterior thalamic tract FA and
disinhibition that we found.31
Some limitations apply to this work. The resolution of our DTI measures forced us to reduce
the number of thalamic nuclei to four subdivisions, which is of course less regionally
specific than the anatomical subdivisions we are familiar with from histopathological
studies. Visual inspection assured an anatomically correct segmentation. Although
this might have been expected, no differences were found in the four volumes of the
independent thalamic nuclei (except in the posterior part). This might be best explained
by a relatively large variance of the measured volumes of the individual nuclei as a result
of inherent heterogeneity (disease duration, disease severity) and a sample size that
may be too small to account for it. The volume of all thalamic nuclei combined, resulted
in smaller thalamic volumes in the patient group (p=0.05).
Our study suggests that cognitive dysfunction and neuropsychiatric symptoms in MS are
not only related to whole-thalamic atrophy, but also to a loss of thalamic connectivity
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in the tracts emanating from the thalamic sub nuclei, strongly influencing its normal
functioning. Regionally, especially FA changes in the anterior thalamic tract are clinically
informative in explaining cognitive functioning and (frontal) personality changes in
MS. Previously, functional connectivity studies showed changes in the connectivity of
the thalamus that were associated with cognitive decline in MS patients.32,33 In future
studies, anatomically specific network disruptions due to MS-related (micro)structural
damage in the brain, need to be investigated in more detail, ideally combining structural
and functional measures.

54

Thalamic tracts, cognition and disinhibition

REFERENCES
1.

2.

3.

4.

5.

6.

7.

8.

9.
10.

11.

12.

13.

14.

Vercellino M, Plano F, Votta B, Mutani R, Giordana
MT, Cavalla P. Grey matter pathology in multiple
sclerosis. J Neuropathol Exp Neurol 2005;64:11011107.
Vercellino M, Masera S, Lorenzatti M, et
al.
Demyelination,
inflammation,
and
neurodegeneration in multiple sclerosis
deep gray matter. J Neuropathol Exp Neurol
2009;68:489-502.
Houtchens MK, Benedict RH, Killiany R, et al.
Thalamic atrophy and cognition in multiple
sclerosis. Neurology 2007;69:1213-1223.
Zivadinov R, Havrdova E, Bergsland N, et
al. Thalamic atrophy is associated with
development of clinically definite multiple
sclerosis. Radiology 2013;268:831-841.
Cifelli A, Arridge M, Jezzard P, Esiri MM, Palace J,
Matthews PM. Thalamic neurodegeneration in
multiple sclerosis. Ann Neurol 2002;52:650-653.
Benedict RH, Hulst HE, Bergsland N, et al. Clinical
significance of atrophy and white matter mean
diffusivity within the thalamus of multiple
sclerosis patients. Mult Scler 2013;19:1478-1484.
Schoonheim MM, Popescu V, Rueda Lopes FC, et
al. Subcortical atrophy and cognition: Sex effects
in multiple sclerosis. Neurology 2012;79:17541761.
Mesaros S, Rocca MA, Pagani E, et al. Thalamic
damage predicts the evolution of primaryprogressive multiple sclerosis at 5 years. AJNR
Am J Neuroradiol 2011;32:1016-1020.
Jones EG. The anatomy of sensory relay functions
in the thalamus. Prog Brain Res 1991;87:29-52.
Jones EG. Functional subdivision and synaptic
organization of the mammalian thalamus. Int
Rev Physiol 1981;25:173-245.
Child ND, Benarroch EE. Anterior nucleus of the
thalamus: Functional organization and clinical
implications. Neurology 2013;81:1869-1876.
Polman CH, Reingold SC, Banwell B, et al.
Diagnostic criteria for multiple sclerosis: 2010
revisions to the McDonald criteria. Ann Neurol
2011;69:292-302.
Benedict RH, Cookfair D, Gavett R, et al. Validity of
the minimal assessment of cognitive function in
multiple sclerosis (MACFIMS). J Int Neuropsychol
Soc 2006;12:549-558.
Delis DC, Kramer JH, Kaplan E, Ober BA.
California Verbal Learning Test manual, 2nd ed.
San Antonio: TX: Psychological Corporation,
2000.

15. Benedict RH. Brief visuospatial memory test
revised: professional manual. Odessa Florida:
Psychological Assessment Resources inc., 1997.
16. Smith A. Symbol digit modalities test: manual.
Los Angeles: Western Psychological Services,
1982.
17. Gronwall DM. Paced auditory serial-addition
task: a measure of recovery from concussion.
Percept Mot Skills 1977;44:367-373.
18. Delis DC, Kaplan E, Kramer JH. Delis-Kaplan
executive function system. San Antonio: TX:
Psychological Corporation, 2001.
19. Benton AL, Hamsher K, Sivan AB. Multilingual
aphasia examination, 3rd ed. Iowa City IA: AJA
associated, 1994.
20. Benton AL, Sivan AB, Hamsher K, Varney NR,
Spreen O. Contributions to neuropsychological
assessment, 2nd ed. New York: Oxford University
Press, 1994.
21. Krupp LB, LaRocca NG, Muir-Nash J, Steinberg
AD. The fatigue severity scale. Application to
patients with multiple sclerosis and systemic
lupus erythematosus. Arch Neurol 1989;46:11211123.
22. Benedict RH, Fishman I, McClellan MM, Bakshi
R, Weinstock-Guttman B. Validity of the Beck
Depression Inventory-Fast Screen in multiple
sclerosis. Mult Scler 2003;9:393-396.
23. Cummings JL, Mega M, Gray K, RosenbergThompson S, Carusi DA, Gornbein J. The
Neuropsychiatric Inventory: comprehensive
assessment of psychopathology in dementia.
Neurology 1994;44:2308-2314.
24. Zivadinov R, Heininen-Brown M, Schirda CV,
et al. Abnormal subcortical deep-gray matter
susceptibility-weighted
imaging
filtered
phase measurements in patients with multiple
sclerosis: a case-control study. Neuroimage
2012;59:331-339.
25. Krauth A, Blanc R, Poveda A, Jeanmonod D, Morel
A, Szekely G. A mean three-dimensional atlas of
the human thalamus: generation from multiple
histological data. Neuroimage 2010;49:20532062.
26. Hirai T, Jones EG. A new parcellation of the
human thalamus on the basis of histochemical
staining. Brain Res Brain Res Rev 1989;14:1-34.
27. Dupire A, Kant P, Mons N, et al. A role for anterior
thalamic nuclei in affective cognition: interaction
with environmental conditions. Hippocampus
2013;23:392-404.

55

Chapter

2

Chapter 2.2

28. Tranel D, Vianna E, Manzel K, Damasio H,
Grabowski T. Neuroanatomical correlates of the
Benton Facial Recognition Test and Judgment
of Line Orientation Test. J Clin Exp Neuropsychol
2009;31:219-233.
29. Lopez-Barroso D, Catani M, Ripolles P,
Dell’Acqua F, Rodriguez-Fornells A, de DiegoBalaguer R. Word learning is mediated by the
left arcuate fasciculus. Proc Natl Acad Sci U S A
2013;110:13168-13173.
30. Bester M, Lazar M, Petracca M, et al. Tract-specific
white matter correlates of fatigue and cognitive
impairment in benign multiple sclerosis. J Neurol
Sci 2013;330:61-66.

56

31. Bonelli RM, Cummings JL. Frontal-subcortical
circuitry and behavior. Dialogues Clin Neurosci
2007;9:141-151.
32. Tewarie P, Schoonheim MM, Stam CJ, et al.
Cognitive and clinical dysfunction, altered MEG
resting-state networks and thalamic atrophy in
multiple sclerosis. PLoS One 2013;8:e69318.
33. Bozzali M, Spano B, Parker GJ, et al. Anatomical
brain connectivity can assess cognitive
dysfunction in multiple sclerosis. Mult Scler
2013;19:1161-1168.

2.3
Thalamic structure and function
determine severity of cognitive
impairment in multiple sclerosis

Menno M. Schoonheim, PhD1, Hanneke E. Hulst, MSc1, Roemer B. Brandt2,
Myrthe Strik2, Alle Meije Wink, PhD2, Bernard M.J. Uitdehaag, MD3,
Frederik Barkhof, MD2, Jeroen J.G. Geurts, PhD1

Dept. of Anatomy & Neurosciences1, Radiology and Nuclear Medicine2, and Neurology3,
Neuroscience Campus Amsterdam, VU University Medical Center, Amsterdam,
The Netherlands

Accepted for publication in Neurology

Chapter 2.3

ABSTRACT
Objective: This study investigates whether changes in functional connectivity, diffusivity
and volume of the thalamus can explain different severities of cognitive impairment in
multiple sclerosis (MS).
Method: An inception cohort of 157 MS patients (104 women, mean age 41), six years
post-diagnosis, was divided into three groups: cognitively preserved (CP, n=108), mildly
cognitively impaired (MCI, n=22), and more severely cognitively impaired (SCI, n=27).
These groups were matched to 47 healthy controls (HC, 28 women, mean age 41).
Thalamic volume, thalamic skeleton diffusivity (fractional anisotropy, FA, and mean
diffusivity, MD) and thalamic resting-state functional connectivity (FC) were compared
between groups.
Results: Thalamic volume was significantly lower in all patient groups compared to
controls, with lowest volumes in patients with SCI, and no difference between CP and
MCI. Thalamic skeleton FA was decreased in SCI compared to HC only; MD was increased
in SCI compared to all other groups. Thalamic FC was increased in SCI with a total of
15 regions; mainly sensorimotor, frontal and occipital parts of the brain. Thalamic
volume and FC remained independent predictors in a linear regression model (R2=0.46),
together with male sex and a lower level of education. Lesion and whole-brain volumes
were not significant predictors.
Conclusions: These findings indicate that thalamic changes in structure and function
are highly informative regarding overall cognitive performance in multiple sclerosis.
Increased thalamic FC only became apparent in SCI, possibly as a sign of maladaption.
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INTRODUCTION
Multiple sclerosis (MS) patients suffer from cognitive decline to various extent.1 This
decline may have serious consequences for patients’ psychosocial functioning.2 As
traditional imaging measures like lesion volumes only moderately relate to cognition,3
a move towards more sensitive, comprehensive measures is required, such as regional
atrophy, diffusion tensor imaging (DTI) and functional MRI. This new approach has
previously shown that the thalamus is crucially linked to cognitive impairment in MS,
linking thalamic atrophy4 and thalamic intrinsic damage (diffusivity)5 to cognitive
impairment.
Previous functional imaging studies have shown that hyperactivation of specific
task-related brain areas is often present in MS patients with normal (cognitive) task
performance,6,7 and decreased activation in patients with poorer functioning.7
Observations of whole-brain increases in functional connectivity in clinically isolated
syndrome8 and decreased connectivity in progressive MS9 resulted in the hypothesis
that any increased connectivity would be related to better patient functioning.10 This
hypothesis was recently challenged by several studies,11-13 that showed increased
connectivity in relation with poorer patient functioning. Thalamic changes in functional
activation and functional connectivity in MS are still understudied, however, and how
they relate to thalamic structure and cognition remains unclear.
We investigated the impact of thalamic involvement on different severities of cognitive
impairment, through a multi-modal combination of thalamic atrophy, diffusivity and
functional connectivity in a large and homogeneous inception cohort of multiple
sclerosis patients, six years post-diagnosis. This was done by comparing cognitively
preserved (CP), mildly cognitively impaired (MCI) and more severely cognitively
impaired (SCI) MS patients to healthy controls.

MATERIALS AND METHODS
Participants
An inception cohort of 157 MS patients (104 women), now all around six years since
diagnosis and 47 healthy controls (28 women) were part of the current study (see
Table 1). All patients were diagnosed with clinically definite MS following the revised
McDonald criteria.14 Treatment types included β-interferons (58 patients), natalizumab
(16), copaxone (14), fingolimod (3), and immunosuppressive therapy (3). Treatment use
(58.6%) or duration (mean 52 months) was similar between groups. Physical disability
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was measured using the Expanded Disability Status Scale (EDSS).15 MS subtypes included
relapsing-remitting (RRMS, 133 patients), primary progressive (PPMS, 15 patients) and
secondary progressive MS (SPMS, 9 patients). Patients were relapse-free and without
steroid treatment for at least two months.
TABLE 1. Demographics of subject groups.
HC
(n=47)

CP
(n=108)

MCI
(n=22)

SCI
(n=27)

Mean
40.49

SD

Mean
29.59

SD

Mean
27.25

SD

Mean
55.56

SD

% male

P-value
0.060

Age

40.99

11.10

40.13

8.06

41.96

8.91

45.70

9.27

0.040

Education

6.00

2-7

6.00

1-7

4.00

2-7

4.00

2-7

0.002

7.49

2.21

7.57

2.43

7.42

2.09

0.980

2
98/3/7

0-8

2.5
20/2/0

1-8

4
15/4/8

2-7.5

0.001
<0.001

Disease duration
EDSSa
Phenotype*

HC: Healthy controls; CP: Cognitively preserved MS patients; MCI: Mildly cognitively impaired MS patients; SCI:
More severely cognitively impaired MS patients; SD: Standard Deviation; EDSS: Expanded Disease Severity
Scale; a indicates median and range instead of mean and SD;
* Relapsing remitting / secondary progressive / primary progressive.

Standard Protocol Approvals, Registrations, and Patient Consents
The study was approved by the institutional ethics review board and all subjects gave
written informed consent prior to participation.

Neuropsychological evaluation
Subjects underwent a comprehensive set of neuropsychological tests on the day of MRI,
comprised of the Brief Repeatable Battery of Neuropsychological tests (BRB-N),16 as well
as the concept shifting test (CST), the Stroop color-word test and the memory comparison
test (MCT). Z-scores were calculated, based on the mean and standard deviations of
the healthy controls, for the executive functioning (CST, WLG), verbal memory (SRT),
information processing speed (SDMT), visuospatial memory (SPART), working memory
(MCT), attention (Stroop), and psychomotor speed (CST, SDMT) domains. The formation
of these domains was based on previous literature, as explained previously.17

Study design
The cohort was subdivided into three groups, representing three frequently used classes
of cognitive impairment, using cognitive domain Z-scores. As we specifically focus on
the thalamus, all groups were investigated with three modalities of thalamic structure
and function (see below): thalamic atrophy, diffusivity and functional connectivity.
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We also applied a linear regression model across all groups, to investigate the most
important predictor of cognition.

Cognitive groups
All patients who scored at least two standard deviations (SD) below controls on at least
two domains were designated as more severely cognitively impaired (SCI), conform
a recent study.18 As some previous studies have also used a criterion of 1.5 standard
deviations below controls (e.g.19), patients who did not fulfill the criteria for more severe
cognitive impairment, but who scored at least 1.5 standard deviations below controls
on at least two domains were designated as mildly cognitively impaired (MCI). The
remaining patients (scoring better than 1.5 standard deviations below controls) were
designated as cognitively preserved (CP). The Z-scores from all cognitive domains were
also averaged to form one summary statistic of average cognition, which was used to
explore relations between magnetic resonance imaging metrics and cognition, but was
not used to form patient groups.

Magnetic resonance imaging
Subjects received 3T-MR scans (GE Signa-HDXT), using 3D-T1 gradient-echo, 2D dualecho T2 and 2D spin-echo T1 sequences, as well as a diffusion tensor imaging (DTI)
sequence and resting state functional MRI (fMRI) scan. All sequences covered the entire
brain, see e-Methods for more details.

Image processing: Thalamic and brain volumes
T2-hyperintense and T1-hypointense lesion volumes were measured using a local
thresholding technique using Alice (Perceptive Informatics Inc) as described before.17
Brain volume was analyzed using SIENAX (part of FSL 5, www.fmrib.ox.ac.uk/fsl),
providing normalized total brain volume (NBV). Total normalized deep gray matter
volume (NDGMV)17 and thalamic volume was estimated using FIRST (part of FSL),
normalized using the V-scaling factor from SIENAX. The sum of the normalized left and
right thalami was used as one “thalamic volume” measure.

Image processing: Thalamic functional connectivity
We applied an individualized atlas in subject space, featuring 92 regions of interest
covering all the gray matter (see Figure e-1 and e-Methods for more details). Average
time series were created for each region and functional connectivity was calculated
between each thalamus and every other region of the brain using synchronization
likelihood (SL)20 in BrainWave (http://home.kpn.nl/stam7883/brainwave.html), using an
embedding dimension of five data points, a time lag of one data point and a p-ref of 0.05.
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Previous studies have used synchronization likelihood to assess functional connectivity
in MS21 and Alzheimer’s disease22 using functional magnetic resonance imaging data and
ranges from zero (no connectivity) to one (full connectivity). Homologous connections
were averaged between left and right to reduce the amount of variables, leaving 46
functional connectivity variables. The entire matrix was also averaged to form one
“thalamic connectivity” variable, comparable to a weighted “thalamic degree”, which
was entered into the GLM model. Individual significant connections were subsequently
averaged and entered into the regression model (see below), to remove residual noise
of the thalamic degree.

Image processing: Thalamic skeleton diffusion
The DTI data was (pre)processed according to the standard TBSS pipeline (see e-Methods
for more details), after which only the thalamic regions of the resulting skeleton of major
white matter bundles was used. The thalamic skeleton was found using a two-step
approach. Firstly, a standard space thalamus mask, derived from FSL, was used to mask
out non-thalamic areas. Secondly, this masking was improved by back-projection of
this thalamic skeleton onto the original data, and masking with a FIRST-based thalamus
mask. These regions of interest were co‑registered to subject‑space with an inverted
boundary-based registration (BBR) matrix. Mean values of thalamic skeleton fractional
anisotropy (FA), axial- (AD), radial- (RD) and mean diffusivity (MD) were then calculated.

Statistical analysis: General linear model
GLM and regression models were performed in SPSS version 20. Variables were checked
for normality using Kolmogorov-Smirnov testing and histogram inspection. To achieve
normality, T1 and T2 lesion volumes were log-transformed and synchronization
likelihood values were inverted (1/x). All analyses were corrected for age, sex and level
of education, using a scale (1-7) to reflect the highest level of education. Multivariate
general linear model (GLM) analyses were used to assess group differences (see Table
2 and Table e-1), using post-hoc Bonferroni corrected comparisons to assess specific
group differences (see Table e-2). GLM models were run to compare cognitive, brain
volumetric and thalamic variables between groups, using one factor with four levels:
Healthy controls, cognitively preserved patients, mildly cognitively impaired patients
and more severely cognitively impaired patients.

Regression of cognition across patient groups
To find the most important predictor of cognitive performance a bootstrapped linear
regression model was fitted on the patient data, using three blocks. The first block
entered covariates age, sex and education. The second block added thalamic skeleton
FA and MD, thalamic volume and thalamic functional connectivity. The third block
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added EDSS, MS phenotype, T1- and T2-lesion volumes and normalized whole-brain
volume. EDSS was dichotomized using a median split, as it is not a continuous scale,
whereas MS phenotype was dichotomized into relapsing remitting or progressive MS.
Level of education was assessed using two dummy variables, together encompassing
low, medium and high education. Model residuals were checked for normality.

E-METHODS
Magnetic resonance imaging
Subjects received 3.0 Tesla magnetic resonance scans (GE Signa HDxt), using a 3DT1 weighted fast spoiled gradient-echo (repetition time 7.8 ms, echo time 3.0 ms,
inversion time 450 ms, flip angle 12, 0.9x0.9x1 mm voxel size), 2D T2-weighted fast spinecho (repetition time 9680 ms, echo time 22/112 ms, flip angle 90, 3 mm contiguous
axial slices, in-plane resolution 0.6x0.6 mm), and 2D spin-echo T1-weighted imaging
(repetition time 475 ms, echo time 9.0 ms, flip angle 90, 3 mm contiguous axial slices,
in-plane resolution 0.7x1 mm). Diffusion tensor imaging based on echo planar imaging
also covered the entire brain, using five volumes without directional weighting (i.e. b0)
and 30 volumes with non-collinear diffusion gradients (i.e. 30 directions, b=1000s/mm2,
repetition time 13000ms, echo time 91ms, flip angle 90, 53 contiguous axial slices of
2.4mm, in-plane resolution 2x2mm). Resting state (i.e. eyes closed, no task) functional
magnetic resonance scans also covered the entire brain, using 202 volumes, of which
the first two were discarded (echo planar imaging, repetition time 2200 ms, echo time
35 ms, flip angle 80, 3 mm contiguous axial slices, in-plane resolution 3.3x3.3 mm).

Image processing: Thalamic functional connectivity
Functional image preprocessing used the standard FSL pipeline, including motion
correction, smoothing and high-pass filtering (100s cut-off ); resting state data were
kept in subject space. Functional connectivity between the thalamus and the rest of the
brain was assessed using an atlas outlined in Supplementary Figure 1.
Cortical regions of the atlas were derived from the standard space AAL (automated
anatomical labeling) atlas,1 which was registered to each subject’s 3DT1 scan. This
was done by calculating the nonlinear registration parameters from subject space to
standard space, using FNIRT (part of FSL), and afterwards inverting this registration,
resulting in an individualized atlas in subject space. The cortical atlas was then masked
with individual gray matter masks derived from SIENAX, before adding deep gray
matter regions derived from FIRST. The complete atlas was then co-registered to the
subject’s functional scan, using an inverted boundary-based registration matrix (BBR,
part of FSL5).
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FIGURE E-1. The atlas used to assess thalamic functional connectivity in a healthy control (left) and multiple
sclerosis patient (right). Cortical regions were derived from the AAL atlas, which was nonlinearly registered
to each subject’s 3DT1 and multiplied with a gray matter mask. The cortical AAL was then registered to each
subject’s fMRI scan using BBR, together with the deep gray matter regions were derived from FIRST. Note that
the residual CSF outside the brain in the patient did not influence the placement of the ROIs.

Image processing: Tract-based spatial statistics (TBSS)
Diffusion tensor image preprocessing was also performed using FSL5, including
motion- and eddy-current correction on images and gradient-vectors, and was followed
by diffusion tensor fitting. Fractional anisotropy (FA) and mean diffusivity (MD) were
derived for each voxel, as well as axial (AD) and radial diffusivity (RD). Each subject’s FA
image was used to calculate non-linear registration parameters to the FMRIB58_FA brain,
which were then applied to the diffusivity images as well. The registered FA images were
averaged into a mean FA image, which was skeletonized using the tract-based spatial
statistics (TBSS) pipeline,2 as part of FSL, using a thresholding of 0.2 to include only
white matter. As part of this pipeline, for each subject every skeleton voxel was filled
with the maximum FA found in a voxel perpendicular to the local skeleton direction.
The projection parameters for each voxel were then also applied to the diffusivity data
to create skeletonized FA and diffusivity data in standard space for each subject.

RESULTS
Cognition, disability and brain volumes
Groups are detailed in Table 1 and 2, general linear model results in Table 2 and Table e-2.
Of all the patients, 108 were labeled as CP, 22 as MCI and 27 as SCI. As groups were defined
based on their cognitive performance, significant differences were seen between all
groups for average cognition and almost all other domains (see Table e-1 and Table e-2).
Within the CP group, 16 patients (15%) had cognitive deficits in one domain (Z<‑2). SCI
patients were slightly older, but only compared to CP patients (p=0.029), and showed
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higher disability scores, again only compared to CP patients (p=0.001). Education levels
were lower in patients with MCI (p=0.011) and SCI groups (p=0.030), only compared to
controls. T2 lesion volumes were higher in SCI patients, only compared to CP patients
(p=0.002). Whole brain volumes were significantly different between all groups, except
between CP and MCI groups.
TABLE 2. Volumetric and thalamic measures.
HC
(n=47)
Mean

CP
(n=108)
SD Mean

MCI
(n=22)
SD Mean

SCI
(n=27)
SD Mean

General linear
model
SD

F

P-value

Brain volumes
NBV (l)

1.53

0.07

1.49

0.05

1.48

0.06

1.40

0.08

21.70

<0.001

64.79

3.91

60.44

4.67

60.07

5.31

53.06

8.52

27.16

<0.001

T1 lesion (ml)

1.74

2.64

1.95

2.25

3.23

2.94

2.09

0.130

T2 lesion (ml)

3.26

3.56

4.22

4.15

7.80

7.66

9.00

<0.001
<0.001

NDGMV (ml)

Thalamus
Volume* (ml)

20.96

1.39

19.44

1.63

19.54

1.87

16.83

2.94

27.29

Fractional anisotropy

0.38

0.03

0.37

0.02

0.36

0.02

0.36

0.03

3.81

0.010

Mean diffusivity**

0.81

0.04

0.83

0.05

0.83

0.05

0.91

0.10

19.15

<0.001

Axial diffusivity**

1.14

0.05

1.15

0.05

1.15

0.05

1.25

0.11

17.02

<0.001

Radial diffusivity**

0.65

0.05

0.67

0.05

0.68

0.04

0.75

0.10

19.14

<0.001

Degree (SL)

0.13

0.03

0.12

0.02

0.13

0.03

0.14

0.04

3.25

0.020

HC: Healthy controls; CP: Cognitively preserved MS patients; MCI: Mildly cognitively impaired MS patients;
SCI: More severely cognitively impaired MS patients; SD: Standard deviation; NBV: Normalized brain volume;
NDGMV: Normalized deep gray matter volume; SL: Synchronization likelihood; * Thalamic volume indicates
the summed volumes of both thalami; ** All diffusivities are in 10-3 mm2/s.

TABLE E-1. Cognitive performance in the different groups.
HC
(n=47)
Mean

CP
(n=108)
SD Mean

MCI
(n=22)
SD Mean

SCI
(n=27)
SD Mean

SD

F

P-value

-2.48

1.35

51.16

<0.001

1.06

-1.41

1.00

12.00

<0.001

-1.27

0.95

-2.17

1.00

28.10

<0.001

1.00

-0.82

1.32

-1.19

1.12

7.44

<0.001

-0.47

1.06

-1.05

1.11

-2.16

1.35

22.02

<0.001

0.61

-0.27

0.98

-0.67

0.78

-1.67

1.12

13.74

<0.001

0.79

-0.31

0.74

-1.05

0.83

-2.50

1.04

53.95

<0.001

0.57

-0.28

0.53

-0.90

0.37

-1.93

0.60

71.06

<0.001

Executive
functioning

0.00

0.64

-0.21

0.67

-0.78

0.67

Verbal memory

0.01

0.91

-0.13

0.85

-0.72

0.00

1.00

-0.38

0.94

0.00

1.00

-0.20

Working memory

0.00

0.88

Attention

0.00

Psychmotor speed

0.00

Average cognition

0.00

Information
processing speed
Visuospatial
memory

General linear
model
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TABLE E-2. Post-hoc Bonferroni-corrected general linear model p-values, red indicates
significance.
HC vs CP HC vs MCI

HC vs SCI

CP vs MCI

CP vs SCI MCI vs SCI

Cognition
Executive functioning

0.442

0.002

<0.001

0.039

<0.001

Verbal memory

1.000

0.197

<0.001

0.516

<0.001

<0.001
0.061

Information processing speed

0.049

<0.001

<0.001

0.006

<0.001

0.041

Visuospatial memory

1.000

0.034

0.001

0.039

0.001

1.000

Working memory

0.110

0.006

<0.001

0.256

<0.001

0.006

Attention

0.404

0.012

<0.001

0.185

<0.001

0.220

Psychomotor speed

0.046

<0.001

<0.001

0.002

<0.001

<0.001

Average cognition

0.009

<0.001

<0.001

<0.001

<0.001

<0.001

NBV

<0.001

0.008

<0.001

1.000

<0.001

0.001

NDGMV

<0.001

0.001

<0.001

1.000

<0.001

<0.001

<0.001

0.011

<0.001

1.000

<0.001

<0.001

Fractional anisotropy

0.141

0.083

0.021

1.000

0.862

1.000

Mean diffusivity

0.516

0.984

<0.001

1.000

<0.001

<0.001

Axial diffusivity

1.000

1.000

<0.001

1.000

<0.001

<0.001

Radial diffusivity

0.163

0.333

<0.001

1.000

<0.001

<0.001

Connectivity

1.000

1.000

0.345

1.000

0.015

0.212

Occipital_Sup

0.639

1.000

0.082

1.000

0.001

0.010

Frontal_Inf_Tri

1.000

1.000

0.004

1.000

0.003

0.007

Frontal_Inf_Operculum

1.000

1.000

0.023

1.000

0.003

0.018

Postcentral

1.000

1.000

0.143

0.709

0.003

0.919

Cingulum_Mid

1.000

1.000

0.045

1.000

0.007

0.024

Parietal_Inf

1.000

1.000

0.056

1.000

0.022

0.015

Frontal_Mid

1.000

0.632

0.469

1.000

0.023

0.022

Occipital_Mid

1.000

1.000

0.174

1.000

0.010

0.081

Caudate

0.568

0.284

1.000

1.000

0.089

0.049

Paracentral_Lobule

1.000

1.000

0.236

1.000

0.012

0.392

Fusiform

1.000

1.000

0.192

1.000

0.013

0.380

Frontal_Sup_Medial

1.000

1.000

0.262

1.000

0.018

0.427

Temporal_Inf

1.000

1.000

0.049

1.000

0.029

0.370

Precentral

1.000

1.000

0.312

1.000

0.023

0.228

Angular

1.000

0.213

1.000

0.917

0.291

0.048

Supramarginal

0.757

1.000

1.000

1.000

0.078

0.201

Rolandic_Operculum

1.000

1.000

0.089

1.000

0.052

0.162

Brain volumes

Thalamus
Volume

Regional connectivity

HC: Healthy controls; CP: Cognitively preserved MS patients; MCI: Mildly cognitively impaired MS patients;
SCI: More severely cognitively impaired MS patients; vs: Versus; NBV: Normalized brain volume; NDGMV:
Normalized deep gray matter volume.
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Thalamic structural measures
Thalamic volume was significantly different between cognitive severity groups, except
between CP and MCI groups, showing the most thalamic atrophy in patients with
SCI (see Table e-2). Thalamic skeleton FA was only significantly lower in patients with
SCI, compared to controls. This change in FA is explained by the increased (15%) RD,
which is only significant in this patient group. AD, although also significantly increased
(10%), showed a smaller effect size, inducing a change in FA. Thalamic skeleton MD was
significantly higher in patients with SCI only, compared to all other groups.

Thalamic functional connectivity
Thalamic weighted degree (i.e. the average connectivity of the thalamus with the rest
of the brain) was significantly higher (i.e. more strongly connected) in patients with
SCI compared to CP patients. Post‑hoc GLM analysis showed which regions of the atlas
showed increased connectivity with the thalamus, summarized in Table e-2. In total,
15 regions were significant, including mainly sensorimotor, occipital and frontal areas
(see Figure 1). Only increases in functional connectivity were found, and only in the SCI
group, compared to all other groups.

Right

FIGURE 1. Regions showing increased functional connectivity with the thalamus in patients with
more severe cognitive impairment. Colors are only for illustration, showing the different regions
of the atlas (X=46, Y=126, Z=81; note that left-right differences were not investigated). An example
of a backprojected thalamic skeleton of a control is shown within the thalamus in green.

Relations between thalamic measures
Figure 2 represents all thalamic measures in the different groups, see Table e-3 for
relations with EDSS and cognition. Thalamic volume was negatively related to thalamic
skeleton MD and whole-brain lesion volumes within patients. Thalamic skeleton MD
was also related to thalamic skeleton FA, functional connectivity and lesion volumes.
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12.0

Thalamic MD (10-4 mm2/s)

Thalamic volume (ml)

203

22.5

23

11.0

20.0

35

10.0

17.5
15.0

35
134

12.5

134

9.0

8.0

7.0

10.0

CI

CP
MCI
Group
Thalamic functional connectivity (SL)

HC

CP
MCI
Group

HC

CI

0.35
26

0.30

19
199

0.25
0.20

170

49
102
116

0.15
0.10
0.05

HC

CP
MCI
Group

CI

FIGURE 2. Boxplots showing thalamic volume, thalamic MD and thalamic functional connectivity
for the three groups. Functional connectivity of the thalamus with the inferior frontal gyrus
showed the strongest correlation with cognition and was therefore represented here.
TABLE E-3. Correlations between thalamic measures and lesion volumes.
FA

MD

Volume

1/SL

log(T1)

log(T2)

EDSS

FA

1

-0.382**

0.017

-0.044

<0.001

0.033

-0.078

Cognition
0.084

MD

-0.382**

1

-0.637**

-0.189*

0.305**

0.391**

0.219**

-0.485**

Volume

0.017

-0.637**

1

0.152

-0.409**

-0.469**

-0.297**

0.507**

1/SL

-0.044

-0.189*

0.152

1

0.051

0.053

-0.013

0.304**

log(T1)

<0.001

0.305**

-0.409**

0.051

1

0.794**

0.084

-0.149

log(T2)

0.033

0.391**

-0.469**

0.053

0.794**

1

0.048

-0.207**

EDSS

-0.078

0.219**

-0.297**

-0.013

0.084

0.048

1

-0.452**

Cognition

0.084

-0.485**

0.507**

0.304**

-0.149

-0.207**

-0.452**

1

EDSS: Expanded disability status scale. All correlations are within patients only, using Pearson correlations,
apart from those with EDSS, where Spearman’s rho was used. Correlations were similar in the RRMS subgroup.
Looking at progressive patients separately, cognition only correlated with thalamic volume (rho=0.62, p=0.01)
and thalamic skeleton MD (rho=-0.78, p=0.01) in SPMS, while in PPMS only thalamic volume was significant
(rho=0.64, p=0.01), although it should be noted that these progressive subgroups were small.
*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).
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Relations with cognition

Average cognition

2.00
1.00
0.00
-1.00
-2.00
-3.00
-4.00
7.00E-4

8.00E-4

9.00E-4

1.00E-3

1.10E-3

1.20E-3

Thalamic mean diffusivity

10.00

12.50

15.00

17.50

20.00

22.50

Thalamic volume

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Healthy controls
Cognitively preserved patients
Patients with mild cognitive impairment
Patients with more severe cognitive impairment

Figure 3 depicts the relationship of the three thalamic measures with cognition. See
Table e-3 for individual correlations.

Functional connectivity
(inferior frontal gyrus, pars triangularis)

FIGURE 3. Scatterplots showing the relationship between cognition and thalamic volume, mean
diffusivity and functional connectivity across the subject groups. Functional connectivity of the
thalamus with the inferior frontal gyrus showed the strongest correlation with cognition, healthy
controls were not included in the regression model.

Bootstrapped linear regression of average cognition was performed, see Table e‑4. The
final model (adjusted R2=0.46) predicted cognition using level of education (p=0.001),
thalamic connectivity (p=0.004), thalamic volume (p=0.007) and sex (p=0.03). Regionally,
the strongest correlation between thalamic connectivity and cognition was seen in the
triangular part of the inferior frontal gyrus (Frontal_Inf_Tri, r=‑0.33, p=0.004). Zooming
in on individual cognitive domains, the synchronization likelihood of this frontal area
with the thalamus was correlated significantly (at p<0.01 to reduce multiple comparison
issues) with executive functioning (r=-0.31, p<0.001), information processing speed
(r=-0.26, p=0.001), visuospatial memory (r=-0.26, p=0.001), working memory (r=-0.22,
p=0.006) and psychomotor speed (r=-0.32, p<0.001).
When directly comparing CP and SCI patients, the measure that distinguished the
groups the most, was thalamic skeleton MD (Z=1.86, p<0.001), followed by thalamic
volume (Z=-1.60, p<0.001) and connectivity (especially between the thalamus and the
triangular part of the inferior frontal gyrus, Z=-0.80, p=0.003).
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TABLE E-4. Bootstrapped linear regression results
β
Block 1

Adjusted R2 0.203
Education 2
Sex
Age

Block 2

Upper

0.001

0.340

0.868

-0.243

0.031

-0.467

-0.027

0.239

0.110

-0.061

0.519

-0.009

0.187

-0.023

0.004

0.073

0.004

0.021

0.121

1.179

0.007

0.335

1.963

-1.636
1.372

0.211
0.542

-4.046
-2.948

1.263
6.260

Adjusted R2 0.447
Thalamic SL (1/x)
Thalamic volume (*10 )
Thalamic MD (*103)
-4

Thalamic FA
Block 3

95% CI
Lower

0.620

Education 1

P-value

Adjusted R2 0.462
EDSS

-0.180

0.117

-0.402

0.050

MS Phenotype

-0.225

0.138

-0.547

0.071

T2 lesion volume

-0.205

0.265

-0.591

0.218

T1 lesion volume

0.130

0.333

-0.163

0.411

-0.272

0.822

-2.597

2.190

NBV (*10-6)

Adjusted R2 after adding each block. Education 1 and 2: Dummy variables, together representing low, middle
and high education levels; SL: Thalamic synchronization likelihood; Thalamic MD: Thalamic skeleton mean
diffusivity; Thalamic FA: Thalamic skeleton fractional anisotropy; EDSS: Expanded disability status scale; NBV:
Normalized brain volume.

DISCUSSION
The present paper describes thalamic changes related to cognition in an inception
cohort of 157 MS patients, all around six years post-diagnosis. We investigated thalamic
structure (atrophy and diffusivity) and function (functional connectivity) in different
severities of cognitive impairment, showing modality-specific changes in the different
groups. Forty-nine out of 158 patients (31%) showed some degree of cognitive
dysfunction, with 27 patients showing SCI. These SCI patients, compared to CP patients,
were older and not as highly educated, indicating that patients with high education
levels could be spared due to a phenomenon frequently named “cognitive reserve”,23
although additional longitudinal studies are still needed in this field. SCI patients also
displayed higher disability levels, thalamic abnormalities in both structure and function,
as well as the highest lesion volumes of all patient groups, indicating a more severe
disease phenotype. The 22 patients with MCI, however, showed functional and structural
thalamic differences with patients with SCI, but no differences at all as compared to CP
patients, warranting future studies to investigate this group further.
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Thalamic atrophy was previously shown to be more severe in a progressive phenotype,24
related with increased disease duration25 and more severe disability,26 although already
present very early in the disease,27 even before a clinically definite diagnosis.28 Cognition
studies have shown thalamic atrophy to be one of the most important predictors of
cognitive performance in MS.5,29,30 In our data, all three patient groups showed a
significant loss in thalamic volume. CP and MCI groups showed similar effect sizes, with
a loss of 7% in thalamic volume compared to controls, making it difficult to identify
MCI patients using thalamic volume alone. SCI patients are more easily distinguished,
however, with a loss of 20% in thalamic volume.
Previous studies investigating diffusivity in MS have shown that changes in FA and
MD are abundant,31,32 and are strongly related with cognition, especially within the
thalamus.5,18,33 Here, backprojected thalamic skeleton MD was more sensitive in
distinguishing cognitive groups than thalamic FA, which was also shown in another
recent study,33 also noting that mean diffusivity provided additional explanatory value
beyond thalamic volume. Thalamic skeleton FA was lower in SCI patients compared to
HC, as RD showed a larger effect size as compared to AD (see Table 2). We hypothesize
that as thalamic neurodegeneration reaches a critical point, changes in diffusion
and functional connectivity could appear, which then mark the occurrence of strong
cognitive dysfunction. In our study, diffusion metrics did not remain significant in
the overall regression model, however, perhaps due to the lack of thalamic diffusion
abnormalities in CP. Additional studies are required to assess aforementioned hypothesis
and the sequence of abnormalities as measured with either imaging modality.
Our data showed increased thalamic functional connectivity, but only in SCI patients.
Recent studies also correlated increased thalamic13 and whole-brain connectivity11,12 to
poorer cognition. Our previous hypothesis on the role of functional reorganization,10
however, resulted in our expectation that we would find increased connectivity in CP
patients, and decreased connectivity in SCI patients. This was initially supported by
the finding of increased connectivity in patients with clinically isolated syndrome8 and
increased functional activation in CP patients,7 combined with a cognitively relevant
decrease in functional connectivity in relapsing remitting as well as progressive
MS.9,21,34,35 Our results therefore indicate that any change in connectivity could be
related to cognitive dysfunction in MS. Indeed, studies have provided little convincing
evidence for ‘beneficial’ network changes in MS. Although our findings seem to indicate
that increased connectivity is not beneficial, we could not definitively ascertain the
role of the increased SL within the SCI group. Future studies investigating effective
connectivity are needed to model the cause and direction of the hyperconnectivity.
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Regionally, thalamic functional connectivity was increased in patients with SCI with 15
areas, as outlined in Table 2 and Figure 1. These areas mainly covered fronto-parietal
and occipital regions of the brain, with involvement of the inferior temporal lobe as
well. The strongest relationship between functional connectivity and cognition was
seen between the thalamus and the triangular part of the inferior frontal gyrus, which
was related to almost all cognitive domains, although future research is required to
specifically focus on individual cognitive domains. In previous studies, the inferior
frontal gyrus has shown increased activation36 and effective connectivity37 in benign
MS, although not specifically related to the thalamus. A recent post-mortem MS study
related the cell density within specific thalamic nuclei to the integrity of the related
thalamo-cortical tract and to the thickness of the frontal and occipital cortices towards
which these tracts projected.38 The relationship between thalamo-cortical tract integrity
and thalamic volume was also suggested in-vivo in clinically isolated syndrome.39
Another recent study indicated that decreased structural connectivity of the thalamus
was related with Paced Auditory Serial Addition Test scores,40 although this cognitive
test was excluded in this paper due to its learning effects.
The current study has some limitations. The choice of the thalamus as a region of
interest was based on previous literature, showing the clinical relevance of thalamic
neurodegeneration. This also means that we did not investigate other deep gray
matter structures clearly related to cognition. As the cohort we investigated was a
homogeneous inception cohort, now six years post-diagnosis, mainly comprised of
relapsing remitting MS patients, we cannot predict whether our results are also valid for
patients with longer disease durations and patients with progressive MS phenotypes.
Our data shows the additional value of cognitive demarcation in MS, which was possible
due to our large sample size. The exact thresholds defining such demarcations, however,
will have to be investigated further in future studies, as our thresholds were chosen
based on literature. These studies might also be able to investigate the underlying
process leading to a “mild cognitive impairment” in MS in more detail. And finally, future
studies will have to investigate the link between structural and functional connectivity
of the thalamus in relation to cognitive impairment, to elaborate on the (longitudinal)
interplay between structure and function in MS.
These results show that patients with more severe cognitive impairment show specific
thalamic changes that are not (yet) present in patients with no or only mild cognitive
impairments. Thalamic functional connectivity changes characterized patients with
more severe cognitive impairment only, which might suggest that these changes are
negative prognosticators of incipient cognitive decline. This intriguing finding will have
to be addressed in future (longitudinal) studies.
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ABSTRACT
Purpose: To investigate changes in hippocampal functional connectivity and structural
measures of hippocampal damage in multiple sclerosis (MS) patients with intact spatial
memory, a cognitive domain frequently affected in progressive MS.
Materials and Methods: The study protocol was approved by the institutional ethics
review board; all subjects gave written informed consent prior to participation. Twentyfive MS patients with intact spatial memory function were compared with 30 age and
sex-matched controls. Hippocampal volume differences, based on manually drawn
masks, were evaluated by using the Student t test. Additionally, focal hippocampal
lesions and mean diffusivity were obtained as descriptive measures of structural
hippocampal damage. Multiple regression analyses of the resting-state functional
magnetic resonance (MR) imaging data were performed for each subject by using
hippocampal time series. Between-group analyses were conducted with a mixedeffects model, corrected for multiple comparisons by a cluster defining threshold level
of z=2 and a corrected cluster size significance level of p<0.05.
Results: Right hippocampal volume was significantly lower in MS patients as compared
with controls (p<0.01). Left hippocampal volume was also lower in MS patients compared
with controls, but not significantly so (p=0.09). Resting-state functional connectivity
between the hippocampus and its anatomic input or target areas, including the anterior
cingulate gyrus, thalamus, and prefrontal cortex, were significantly decreased in MS
patients. Decreased hippocampal functional connectivity was more pronounced in
a subgroup of MS patients with hippocampal atrophy, although subtle decreases of
functional connectivity were also found in patients with normal hippocampal volume.
Conclusion: In MS patients, substantial abnormalities of hippocampal functional
connectivity are already present before spatial memory function is impaired, especially
in those patients with more pronounced hippocampal atrophy. Longitudinal studies
should now assess whether these functional connectivity and structural changes may
precede memory impairment in MS.
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INTRODUCTION
Multiple sclerosis (MS) is an inflammatory, demyelinating disease of the central nervous
system, which is commonly diagnosed in the prime of life and in most cases leads
to chronic disability. In addition to classic inflammatory white matter lesions, gray
matter demyelination is common and extensive, as shown in previous, histopathologic
studies.1–3 Abnormalities in the gray matter are also consistently found with in vivo
magnetic resonance (MR) imaging4–6 and are correlated with clinical deficits.7,8
Chapter

In addition to motor and sensory deficits, cognitive decline is reported in up to 65%
of patients with MS.9,10 Besides impaired information processing speed and working
memory performance, deficits in spatial memory are commonly found.9,11 The
hippocampus is of critical importance to spatial memory function12 and part of the
observed memory impairment in MS is likely to be caused by damage to this structure.
Evidence for hippocampal demyelination in MS has been reported in recent
histopathologic studies.13,14 In vivo MR studies showed the existence of focal
hippocampal hyperintensities15 and hippocampal atrophy.16 However, the manner in
which hippocampal damage affects hippocampal function and memory performance
is not well established.
A promising modality used to investigate functional connectivity of the brain is
resting-state functional MR imaging. In studies investigating resting-state functional
MR imaging, subjects are instructed to keep their eyes closed or fixated on a cross-hair
during an acquisition that commonly takes 10 minutes, and to avoid falling asleep.
Spontaneous low-frequency fluctuations of the cerebral blood oxygenation level–
dependent signal can then be measured17 and are considered to represent the baseline
activity of the brain, providing consistent information about functional connectivity
between brain regions.18,19 The resting-state functional MR data can be analyzed by
using a seed region of interest when a hypothesis is available, resulting in functional
connectivity maps; conversely, resting-state functional MR data can be analyzed
without an a priori hypothesis in a data-driven manner, for example, with independent
component analysis.
At present, it is not clear at what time and to what extent spatial memory is affected
by hippocampal damage in MS. Traditional imaging approaches may not be sufficient
in understanding the complex dynamic system in which the hippocampus is involved.
Studying functional connectivity of the hippocampus with resting-state functional MR
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imaging and relating it to structural integrity measures may be of value. In general,
the dissociation between structural damage and memory function may be more
pronounced in earlier stages of the disease. We hypothesize that MR imaging measures
of hippocampal functional connectivity may already be affected when patients still have
intact memory. The aims of the current study were therefore to investigate changes in
hippocampal functional connectivity and structural measures of hippocampal damage
in MS patients with intact spatial memory, a cognitive domain frequently affected in
progressive MS.

MATERIALS AND METHODS
Subjects
The study protocol was approved by the institutional ethics review board and all
subjects gave written informed consent prior to participation. For patients, inclusion
criteria included either a confirmed diagnosis of MS or a high suspicion of MS after a
first clinical event. The exclusion criteria for all subjects in this study were presence or
history of psychiatric or neurologic disease (for patients: other than MS), claustrophobia,
inability to minimize movement during imaging session, presence of contraindications
for MR imaging, or treatment with corticosteroids in the month before participation.
Thirty patients were prospectively recruited from a clinical MS database, all of whom
fulfilled the abovementioned criteria. From these patients, 25 had an intact spatial
memory, and data from these patients were analyzed for our study. Patient mean age
was 38.9 years +/- 8.3 (standard deviation); there were 17 women (mean age, 39.3 years
+/- 8.7) and eight men (38.1 years +/- 8.0).
Five patients had a clinically isolated syndrome, 18 had a relapsing-remitting disease
type and two patients were in the secondary progressive phase of the disease.20 The
median Expanded Disability Status Scale score21 was 3.0 (interquartile range: 2.0, 4.0),
mean disease duration was 4.5 years +/- 3.8. Thirty age- and sex-matched (20 women, 10
men) healthy subjects (mean age, 40.5 years +/- 10.1; for women: 41.5 years +/- 10.5; for
men: 38.3 years +/- 9.4) were included; all of them fulfilled the inclusion and exclusion
criteria. Our first subject was investigated on November 28, 2006 and the last subject
was investigated on July 31, 2007.

Neuropsychologic assessment
All subjects underwent neuropsychologic examination (S.D.R., with 2 years experience)
on the day of scanning. Spatial memory was assessed by using the Location Learning
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Test (LLT),22 because we were specifically interested in hippocampal function. The
learning phase consists of five consecutive trials and generates a total displacement
score called the LLT total score; a score of zero indicates perfect performance and scores
increase with more errors. Thirty minutes after the learning phase, a sudden delayed
recall trial was performed, which generated a measure for rapid forgetting, the LLT delay
score. Intact spatial memory in patients was defined as an LLT total score of up to one
standard deviation above the mean score of controls and a (nearly) perfect LLT delay
score of less than five, indicating absence of rapid forgetting.
Chapter

Symptoms indicative of depression and anxiety, which could influence memory
function, were assessed by using the Hospital Anxiety and Depression Scale (HADS-A
and HADS-D).23 Fatigue was assessed by using the Checklist of Individual Strength
questionnaire.24 Premorbid intelligence was measured by using the Dutch version of
the New Adult Reading Test.25,26 Last, handedness was evaluated in all subjects by using
the Edinburgh Handedness Scale.27

MR imaging
MR imaging was performed with a 1.5-T whole-body system (Sonata; Siemens Medical
Solutions, Erlangen, Germany) by using an eight-channel phased-array head coil (In
Vivo, Orlando, Fla). For resting-state functional MR imaging, 200 volumes of echo-planar
images were acquired (repetition time ms/ echo time ms, 2850/60; number of axial
sections acquired, 36; isotropic resolution, 3.3 x 3.3 x 3.3 mm; and acquisition time, 9.5
minutes). Subjects were instructed to rest with their eyes closed, not fall asleep, and
think of nothing in particular while undergoing imaging. Single-slab T1-weighted
magnetization-prepared rapid acquisition gradient-echo (MPRAGE) images (2700/5;
inversion time ms, 950; and isotropic resolution, 1.3 x 1.3 x 1.3 mm) were obtained.
Furthermore, diffusion-weighted echo-planar images (8500/86 and isotropic resolution,
2 x 2 x 2 mm) were acquired, with 60 volumes with noncollinear diffusion gradients (b
value of 700 s/mm2) and 10 volumes without directional weighting. Single-slab threedimensional (3D) double inversion recovery (DIR) images (6500/355; inversion time
ms, 350, 2350; section thickness, 1.3 mm; and in-plane resolution, 1.2 x 1.2 mm) were
acquired to assess cortical and hippocampal lesions. Lastly, interleaved turbo spin-echo
proton density and T2-weighted images (3130/24 [proton density], 85 [T2]; number of
axial sections, 46; section thickness, 3 mm; and in-plane resolution, 1.0 x 1.0 mm) were
obtained to assess white matter lesions.
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Brain volumes, hippocampal volume and diffusivity measures, and lesion
measurements
All image manipulation tools used in this study, except the analysis of functional
neuroimages tool (http://afni.nimh.nih. gov/afni) used for temporal filtering of
functional MR imaging data, are part of the Functional Magnetic Resonance Imaging
of the Brain Software Library, Oxford, England (http://www.fmrib. ox.ac.uk/fsl); all tools
were operated by an author (S.D.R, with 3 years experience in digital image analysis).
Brain volume normalized (NBV) for head size was measured on the MPRAGE images
by using the automated cross-sectional estimation of brain volume tool. Furthermore,
hippocampal masks were drawn (H.E.M.F., with 1 year experience), according to a
standard operating procedure based on previous reports.28 All hippocampal volumes
provided in this paper were corrected for subject head size.
In addition to the primary marker of atrophy as an indicator of structural hippocampal
damage, hippocampal mean diffusivity (MD) was also investigated. Motion and eddy
current distortion of the diffusion-weighted images were corrected with the diffusion
toolbox, which was also used to fit the diffusion tensor and derive MD for each voxel. The
hippocampal masks were co-registered to the diffusion images with the linear image
registration tool by using mutual information as the cost function. The co-registered
hippocampal masks were kept conservative by attaining an intensity threshold level
of 0.25. Subsequently, mean left and right hippocampal MDs were extracted for each
subject.
White matter, hippocampal, and cortical lesions were marked and used as descriptive
measures of focal damage. Hyperintense white matter lesions were marked and
manually outlined (H.E.H., 2 years experience with MR analysis in MS) on the proton
density images by using software developed in-house with a local threshold level
technique; subsequently, the white matter lesion volume was calculated for each
patient. Hippocampal and cortical lesions were scored (S.D.R., 3 years of experience with
3D DIR analysis in MS) in a similar fashion to previous studies.15,29

Functional MR imaging
For each subject, the full MR imaging protocol could be performed; therefore, there
were no differences between individuals in the number of functional MR volumes (i.e.,
200 data points). The functional MR images were motion-corrected and non-brain tissue
was removed by means of automated brain extraction. Subsequently, the functional MR
images were band-pass filtered by using analysis of functional neuroimages30 between
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0.01 and 0.08 Hz, to exclude higher frequency physiologic and lower-frequency scanner
drift-related confounds.31 The hippocampal masks were co-registered to the functional
MR images by using the linear image registration tool. The co-registered hippocampal
masks were kept conservative by attaining a signal intensity threshold level of 0.5
(which is higher than the threshold level used for diffusion-weighted echo-planar
images because of a larger voxel size of the functional MR images). After this, the mean
and linear trend of the band-pass filtered images were removed, and left and right
hippocampal time series of each subject were extracted.
Chapter

The band-pass filtered images were spatially smoothed, by using the functional MR
imaging expert analysis tool, (FWHM, 5 mm),32 and grand mean scaling was applied
(mean based signal intensity normalization of all volumes by the same factor) to allow
comparisons between data sets at a group level.

Statistical analyses
Multiple regression analyses of the functional MR imaging data were performed for
each subject by using the functional MR imaging expert analysis tool.32 A general
linear model was created for each hippocampal time series, which produced individual
statistical connectivity maps for the left and right hippocampi. All statistical maps
were linearly co-registered to the MNI152 (Montreal Neurological Institute; Montreal,
Quebec, Canada) standard space. Group-level analyses, controlling for age and sex, were
conducted by using a mixed-effects model.33 Within-group maps of voxels substantially
connected with each hippocampus were corrected for multiple comparisons by using
a cluster defining threshold level of z=4 and a corrected cluster size significance level of
p<0.05. Similarly, between-group contrast maps were corrected by applying a threshold
level of z=2 and a corrected cluster size significance level of p<0.05.
Synchronization of hippocampal activity was calculated by using the correlation
coefficient between left and right hippocampal time series. The correlation coefficient
has previously been used in MS in magnetoencephalographic34 and functional MR35
imaging studies as a simple measurement of synchronization between homologous
areas of both hemispheres.
All other statistical analyses in this study were performed by using software (SPSS,
version 16.0; SPSS, Chicago, Ill). The Student t test was used when data were normally
distributed; otherwise, the Mann-Whitney U test was used. Values are reported as the
mean ± standard deviation, unless indicated otherwise. P values of less than 0.05 were
considered to indicate a significant difference.
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RESULTS
Subject descriptives
The median T2 lesion load of our MS patients was relatively low (1.8; interquartile range:
0.8–8.1 mL). The mean IQ of controls (106 ± 10), calculated by using the Dutch New
Adult Reading Test,25,26 was comparable to that of patients (107 ± 13). On the basis of
the Edinburgh Handedness Scale, 26 controls and 23 patients were right-handed, two
controls and one patient were left-handed, and two controls and one patient were
ambidextrous. Respective median HADS-A and HADS-D scores23 of controls (1 and 4)
were comparable to those of patients (4 and 5). HADS scores for depression and anxiety23
range from 0 to 21; all patient scores were less than 11, below which the existence of
depression or anxiety disorder is unlikely.36 The Checklist of Individual Strength–20
fatigue score can range from 20 to 140; in patients, the median fatigue score was 54
(interquartile range: 39–83) and in controls was 37 (interquartile range: 22–50).

Hippocampal volumes, diffusivity measures, and brain volumes
In controls, right-sided normalized hippocampal volume (NHV) was higher than leftsided NHV (Table 1). The MS patients were found to have a significantly lower right
NHV than controls (p<0.01). Left NHV was also lower in patients than controls, but not
significantly so (p=0.09). No significant difference between right and left NHV was found
in patients. NBV did not differ significantly between MS patients and controls. MD was
significantly higher in patients than in controls in both the left and right hippocampi.
Mean NHV (average of left and right) was correlated with hippocampal MD neither in
controls (r=0.10; p=0.60), nor in patients (r=0.04; p=0.90).
TABLE 1. Control subjects and MS patients without memory impairment
Controls (n=30)
mean

Patients (n=25)

SD

mean

SD

P-value

NHV, left (mL)

4.48

0.48

4.24

0.54

0.09

NHV, right (mL)

4.72

0.39

4.35

0.52

<0.01

MD, left (x 10-3 mm2 s-1)

1.00

0.05

1.04

0.06

0.01

MD, right (x 10-3 mm2 s-1)

1.01

0.05

1.04

0.06

0.03

NBV (L)

1.62

0.06

1.60

0.08

0.20

Synchronization of hippocampal activation

0.50

0.15

0.43

0.18

0.16

12

7 - 24

10

4 - 19

0.26

LLT total score*

Note – Data are the mean ± standard deviation, unless otherwise indicated.
* Data are the median; the interquartile range is in parentheses.
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Functional connectivity of the hippocampi with other brain areas
In healthy subjects, areas functionally connected to the left hippocampus were the
right hippocampus, cerebellum, bilateral anterolateral temporal lobe, bilateral anterior
and posterior cingulate cortex, left and right thalamus, left and right caudate nucleus,
and bilateral medial prefrontal and medial parietal cortex (Figure 1a).
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FIGURE 1. Resting-state functional MR imaging group connectivity maps of left hippocampus
with other brain areas for control subjects and patients. Background image is group mean
MPRAGE image in standard space. (a) In control subjects, left hippocampus is connected with
right hippocampus, cerebellum, left and right insular cortex, cingulate gyrus, mammilary bodies,
and medial prefrontal and parietal cortex. (b) Patients show same pattern of left hippocampal
connectivity as controls, albeit less strong and smaller. (c) Statistical difference map shows that in
patient group, left hippocampus is significantly less functionally connected with left cerebellum,
left and right anterior insular cortex, left and right thalamus, left and right caudate nucleus, and
anterior cingulate cortex. No areas were found where connectivity was significantly stronger in
patients.
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Functional connectivity of the left hippocampus in the total MS patient group showed a
similar pattern to that of controls (Figure 1b), but was significantly decreased in patients
with the left cerebellum, bilateral anterior insular cortex, left and right thalamus, left
and right caudate nucleus, and the anterior cingulate cortex (Figure 1c).

FIGURE 2. Resting-state functional MR imaging group connectivity maps of right hippocampus
with other brain areas for control subjects and patients. Background image is group mean
MPRAGE image in standard space. (a) Right hippocampus is connected in control subjects with
left hippocampus and, similarly to left hippocampus, to cerebellum, left and right insular cortex,
cingulate gyrus, mammilary bodies, and medial prefrontal and parietal cortex. (b) In patients,
right hippocampus is connected to same areas as in control subjects. (c) Statistical difference map
shows that in patient group, right hippocampus is significantly less functionally connected with
left hippocampus and left anterior insular cortex. No areas were found where connectivity was
significantly stronger in patients.
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Functional connectivity of the right hippocampus in healthy controls (Figure 2a)
exhibited functional patters similar to those of the left hippocampus. Functional
connectivity of the right hippocampus in our patients (Figure 2b) was found to be
significantly decreased with the left amygdala and hippocampus, as well as with the left
insular cortex, compared with controls (Figure 2c).
To investigate whether functional connectivity changes were associated with structural
hippocampal damage, analyses of functional connectivity and synchronization of
hippocampal activity were also performed for two patient subgroups separately,
defined by the presence of hippocampal atrophy. For this purpose, patients with a
mean NHV that was lower than one standard deviation below that of the control group
were considered to have hippocampal atrophy. Fourteen (56%) of all 25 patients were
found to have normal mean hippocampal size, whereas the remaining 11 (44%) had
hippocampal atrophy.
Patients with normal hippocampal size did show areas of decreased functional
connectivity of the left and right hippocampi when compared with controls as well
as higher functional connectivity when compared with patients with decreased
hippocampal size; however, these differences were only visible at subthreshold level
values, and not at our threshold level of significance of z=2.
In patients with hippocampal atrophy, when compared with controls, functional
connectivity of the left hippocampus was diminished with the right hippocampus, left
amygdala, bilateral medial prefrontal cortex, left thalamus, bilateral medial prefrontal
cortex, bilateral insular cortex, bilateral posteroventral cingulate gyrus and bilateral
anterior cingulate cortex (Figure 3a). Also in patients with hippocampal atrophy
as compared with controls, functional connectivity of the right hippocampus was
diminished with the left cerebellum, the tail of the left hippocampus, and the left insular
cortex (Figure 3b).
Our analyses did not yield any areas of significantly increased functional connectivity of
the left or right hippocampus in the total MS patient group, or the subgroups, compared
with controls. No significant difference was found between patients with hippocampal
atrophy and patients with normal hippocampal size in hippocampal lesion number
(Table 2), a measure of focal hippocampal damage.
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FIGURE 3. Statistical difference maps show areas of lower connectivity with (a) left and (b)
right hippocampi in patient group with hippocampal atrophy compared with control group. (a)
In patient group with hippocampal atrophy, left hippocampus has significantly less functional
connectivity with left cerebellum, left and right anterior insular cortex, medial prefrontal cortex,
and anterior cingulate cortex. (b) In patient group with hippocampal atrophy, right hippocampus
is significantly less functionally connected with left cerebellum, left hippocampus, and left insular
cortex.
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TABLE 2. Patient subgroups with and without hippocampal atrophy
Normal hippocampal
size (n=14)

Hippocampal atrophy
(n=11)

mean

SD

mean

SD

NHV, left (mL)

4.63

0.30

3.75

0.33

<0.01

NHV, right (mL)

4.67

0.37

3.94

0.37

<0.01

MD, left (x 10 mm s )

1.05

0.07

1.04

0.05

0.73

MD, right (x 10-3 mm2 s-1)

1.04

0.06

1.04

0.05

0.77

NBV (L)

1.61

0.07

1.59

0.08

0.49

Synchronization of hippocampal activation

0.50

0.14

0.35

0.18

0.03

Age (yrs)

38.1

8.6

39.9

8.3

0.59

Disease duration (yrs)

4.1

3.9

5.0

3.8

0.56

2.5 - 4.0

0.61
0.09

-3

2 -1

P-value

Disease type*
Clinically isolated syndrome

4

1

Relapsing-remitting

9

9

Secondary progressive

1

EDSS

2.8

1
2.0 – 3.6

3.0

T2 lesion volume (mL)

1.3

0.6 – 5.8

4.7

1.7 - 10.6

No. of hippocampal lesions

0

0 - 1.3

0

0 - 1.0

0.94

No. of cortical lesion numbers

3.0

0.8 - 7.3

8.0

3.0 - 11.0

0.11

Note – All data are the mean ± standard deviation, unless otherwise indicated.
* Data are the number of patients.
†Data are the median; interquartile range is in parentheses.

Figure 4 shows examples of 3D DIR images of a normal control hippocampus and of a
hippocampal lesion in a patient. Also, cortical lesion number did not differ significantly
between the two patient subgroups. In Figure 5, an example of a cortical lesion is shown
on a 3D DIR image. No hippocampal or cortical lesions were found in healthy controls.

FIGURE 4. Coronal 3D DIR images show normal hippocampus in 31-year-old man (control, left)
and hippocampal lesion (arrow) in 45-year-old woman with MS (patient, right). Juxtacortical and
white matter lesions can also be seen in this patient.
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FIGURE 5. Axial 3D DIR images show normal cortical gray matter in 31-year-old man (control, left)
and cortical gray matter lesion (arrowhead) in 26-year-old woman with MS (patient, right).

Synchronization of hippocampal activity
Synchronization of hippocampal activity of our total MS group, measured as the
cross-correlation of left and right hippocampal time series, did not differ significantly
from that of controls. However, when our otherwise homogeneous MS group (Table
2) was divided according to normal or decreased hippocampal size, synchronization
of hippocampal activity of patients with normal hippocampal size was comparable
to that of controls, whereas synchronization of hippocampal activity of patients with
hippocampal atrophy was significantly decreased compared with that of patients with
normal hippocampal size and with that of controls.

DISCUSSION
Our study has shown that functional connectivity between the hippocampus and
several cortical areas is significantly decreased in MS patients who otherwise have
minor brain atrophy, a low T2 lesion load and, most notably, intact spatial memory. This
decreased functional connectivity of the hippocampus was driven by a subgroup of
patients with hippocampal atrophy and synchronization of hippocampal activity in this
group was found to be significantly reduced when compared with that of patients with
normal hippocampal size. More subtle decreases of functional connectivity compared
with controls were found in patients with normal hippocampal size.
Impaired memory has a high impact on quality of life and, since it is frequently found
in MS patients,9,37 it is likely that part of our patient group will develop impairment
of memory in the future. Learning and consolidation of spatial memory in particular
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depend heavily on the hippocampus.12,38 The LLT is one of the few standardized objectlocation memory tasks that has been validated in patient groups and was shown to
be sensitive enough for detecting subtle spatial memory deficits.39 False-positive test
results are unlikely because the LLT does not require precise motor function, verbal
responses, or complex instructions. Thus, by using the LLT, we have applied one of the
most robust tests available to exclude prevalence of memory dysfunction, specifically
relying on the hippocampus in our patients. Measurements of other types of memory
impairment were not available in our study and it can thus not be ruled out that these
may have been present in some of our patients.
Direct evidence for hippocampal involvement in MS comes from numerous publications.
Hippocampal demyelination in MS has been histopathologically shown.13,14 In vivo focal
hippocampal lesion numbers were similar to those reported in the histopathologic
studies.15 Hippocampal abnormalities in MS patients have not been limited to
demyelination and atrophy, since hippocampal gliosis was suggested by in vivo MR
spectroscopic findings40 and reduced hippocampal glucose metabolism was found by
using positron emission tomography.41 Additionally, the fornix was found to be damaged
in a recent whole-brain diffusion-weighted echo-planar imaging study.42 The current
study adds to these results by showing decreased connectivity of the hippocampi,
which may exist even before hippocampal atrophy becomes apparent.
The hippocampi of our patients showed signs of lateralized damage: right hippocampal
volume was affected more than was left hippocampal volume, and functional
connectivity was conversely decreased with more target or input areas for the left
hippocampus as compared with the right hippocampus. In our controls, as well as in
controls from several other studies,43,44 right hippocampal volumes were consistently
found to be higher than left hippocampal volumes. Results from studies in rats45 and
in humans46 report right-sided dominance for spatial memory. The lateralization of
hippocampal damage in our patients most likely indicates that in MS left and right
hippocampal damage occur in different time frames but more research is needed to
provide definitive answers. Although hippocampal MD was significantly increased
in patients, it was not related to hippocampal volume, possibly reflecting different
pathologic processes.
Hippocampal volumes, obtained in our study by means of manual outlining, which
was shown to be more accurate than automatic hippocampal segmentation,47 were
corrected for head size. Because control and patient subgroups were age- and sexmatched, and no evidence for depression and anxiety disorder was found, influence of
other variables known to affect hippocampal volume was minimal.
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Exchange of information between the hippocampus and cortical areas for the purpose
of cortical long-term memory formation is known to occur during rest and sleep.38 The
specific use of resting-state functional MR imaging allowed us to investigate this process
by measuring spontaneous low-frequency fluctuations that are thought to reflect
intrinsic activity of the brain.48 Interestingly, neocortical areas known to project to and
from the hippocampus49 were indeed found to be functionally connected with both left
and right hippocampi in our controls. Decreased functional hippocampal connectivity in
our patients during periods of rest can be interpreted according to the same framework:
the communication process between the hippocampi and the cortex that provides
information input to the hippocampus and enhances long-term memory is disturbed.
Decreased connectivity was associated with hippocampal damage, as the largest
connectivity decreases were found in the group of patients with hippocampal atrophy
(compared with controls). Although not reaching significance, more subtle decreases
of functional connectivity were also found in patients with normal hippocampal sizes,
compared with controls, possibly indicating that functional connectivity changes may
predate hippocampal atrophy. Future (longitudinal) studies are necessary to further
clarify how functional connectivity changes and atrophy of the hippocampal memory
system are temporally related.
Interhemispheric synchronization, calculated with the correlation coefficient, was
found to be decreased in MS patients during periods of rest and during a finger-tapping
functional MR imaging task.35 Interestingly, synchronization between homolog brain
areas was predominantly decreased between the temporal regions in MS patients
in a magnetoencephalographic study.50 There is recent evidence that spontaneous
correlation patterns may be similar to functional networks in task-functional MR
imaging,51 and that they relate to task performance.52 The ability of synchronization of
hippocampal activity to distinguish between patient groups should still prove its value
in other MS settings.
Task-functional MR imaging studies in MS have thus far not evaluated specific
hippocampal memory function but mainly working memory, during which increased
hippocampal activation was found in clinically definite MS patients compared with
clinically isolated syndrome patients53 and increased temporal (and prefrontal)
activation in MS patients with good recall compared with those with impaired recall.54
Our study had several limitations. We could not exclude the fact that hippocampal time
series signals were, to some extent, biased by partial-volume effects of cerebrospinal
fluid signal. This bias was made less likely by the fact that the co-registered hippocampal
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masks were shrunken after registration with a strict threshold level of 0.5. With respect
to resting-state functional MR imaging, another possible limitation was the contribution
of respiratory and cardiac pulsations to between-subject differences.55,56 However, by
applying temporal filtering, respiratory and cardiac induced signal variations can be
largely removed from signal fluctuations of interest. Any remaining noise may decrease
the sensitivity for detection of between-group differences, but false positive results will
only occur when there is a difference in physiologic noise between groups, which is not
expected in our study. Resting-state studies have received the criticism that restingstate correlation patterns may merely reflect uncontrolled mental tasks.57 However,
spontaneous blood oxygenation level–dependent correlation patterns are similar
across different behavioral states, such as different resting states, sleep, and anesthesia.48
Rather, the blood oxygenation level–dependent correlation patterns seem to represent
an intrinsic property of the brain. As a last possible limitation of our study, exogenous
corticosteroids are known to alter resting-state functional MR imaging fluctuations.58
Six patients in our study, evenly distributed over the two patient subgroups, received
intravenous methylprednisolone treatment during their disease course, but none of
them received it in the month preceding participation in our study.
In conclusion, our study showed that in MS patients with intact spatial memory,
widespread and interhemispheric decreased hippocampal functional connectivity
can be found. Results of our study suggest that functional connectivity changes may
even predate hippocampal atrophy. Future longitudinal studies should further clarify
the temporal paths of functional connectivity decreases and hippocampal atrophy, and
should investigate whether these changes are predictive for impaired memory in MS
patients.
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ABSTRACT
Memory deficits are highly prevalent in multiple sclerosis (MS). As the hippocampus
is crucial to memory processing, a functional magnetic resonance imaging (fMRI) task
was used to investigate changes in hippocampal function in MS patients with and
without cognitive decline. Fifty patients with MS, (34 cognitively preserved (CP) and 16
cognitively impaired (CI)) and 30 healthy controls completed an episodic memory fMRI
task (encoding and retrieval) that was used to specifically activate the hippocampus.
During encoding of correctly remembered items, increased brain activation was seen in
the parahippocampal areas bilaterally and in the left anterior cingulate gyrus in the CP
patients compared to the controls (unclustered, Z ≥ 3.1, p≤0.001). No brain areas showed
less activation. In CI patients the right (para)hippocampal areas and the prefrontal
cortex showed less brain activation compared to controls (cluster-corrected, p<0.05).
The posterior cingulate gyrus and the left precuneus showed increased activation in
CI patients when compared to controls (unclustered Z ≥ 3.1, p≤0.001). No significant
differences were found on structural MRI measures between the CP and CI patients.
These results suggest the presence of functional adaptation in the memory network
before cognitive decline becomes evident in MS, as displayed by the increased brain
activation in the hippocampal-cingulate memory system in CP patients. Interestingly, CI
patients showed less activation in the hippocampal network during correct encoding.
These findings are important for future cognitive therapeutic studies, since cognitive
intervention might be most effective before cognitive impairment is present and when
adaptive changes of the brain are most prominent.
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INTRODUCTION
Multiple sclerosis (MS) is a chronic, demyelinating, and neurodegenerative disease
of the central nervous system affecting mostly young adults. Besides the well known
neurological symptoms, such as deficits in motor and sensory function, cognitive
deficits are frequently reported as well. Thirty to sixty-five percent of all patients with
MS suffer from cognitive impairment,1,2 which is independent of physical disability and
can occur at all stages of the disease.3,4 The presence of cognitive impairment has a great
functional influence on daily and social life and leads to a significant decrease in quality
of life.5,6 Not all cognitive domains are commonly impaired in MS, the most frequent
deficits are found in processing speed, visual memory, and verbal memory (for reviews
see 7,8).
So far, the pathobiological underpinnings of cognitive impairment in MS are unknown.
However, the hippocampus plays a crucial role in both visual and verbal memory and is
therefore an important target to study memory impairment in MS. Postmortem studies
showed that the hippocampus is vulnerable to MS pathology resulting in extensive
demyelination and atrophy.9,10 Furthermore, in vivo magnetic resonance imaging (MRI)
studies demonstrated the presence of focal hippocampal lesions on double inversion
recovery (DIR) images11 as well as hippocampal atrophy.12,13 Atrophy of the hippocampus
was associated with a poorer verbal memory performance.13 In a recent functional
MRI (fMRI) study, it was found that patients with MS with intact spatial memory
already showed decreased functional connectivity within the hippocampal network
(connections between the hippocampus, anterior cingulate cortex, and prefrontal
cortex) as measured with resting state fMRI. This decreased functional connectivity
was more pronounced in patients with MS who had hippocampal atrophy. However,
functional connectivity changes were also found in patients with MS who did not have
hippocampal atrophy.14
Task-specific fMRI studies on working memory and attention showed that patients with
MS undergo functional adaptation which can consist of either functional enhancement
(i.e., increased activation in a brain area which is also activated in healthy controls)15,16
or the recruitment of alternative brain areas.17,18 In one study, recruitment as well as
enhancement was reported.19
Although visuospatial and verbal memory are among the most frequently affected
cognitive domains in MS,8 visuospatial memory has never been investigated with fMRI
before in MS and only two fMRI studies were performed investigating verbal memory.
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These verbal memory fMRI studies showed either no differences in brain activation
patterns for healthy controls and patients with MS during the encoding phase20 or both
increased and decreased brain activation in patients with MS.21 In the latter study, the
right middle frontal gyrus and the left lingual gyrus showed increased activation while
decreased activation was seen in the right anterior cingulate gyrus. All these activations
correlated with increased lesion volume. Importantly, none of the studies focused on the
hippocampus specifically. The hippocampus is one of the main brain areas involved in
episodic memory function and is known to be structurally influenced by MS pathology.
Thus, it is important to know how this structure functions in MS. In the current study, the
function of the hippocampus was tested with an episodic memory fMRI paradigm that
has been proven to specifically activate the hippocampus.22
The purpose of our study was to find out whether there is altered activation within
the hippocampal memory system in response to MS pathology, and whether different
brain regions take over its function. To address possible effects of functional brain
adaptation, we examined two groups of patients with MS; cognitively preserved (CP)
and cognitively impaired (CI). We hypothesized that hippocampal function would be
decreased in both MS groups compared to healthy controls. The CP patients will show
subtle reductions in hippocampal functioning without clinical effects. We expected to
find more pronounced functional hippocampal changes in the CI patients, which might
be related to the presence of overt cognitive deficits.

METHODS
Participants
The study protocol was approved by the institutional ethics review board and all
subjects gave written informed consent prior to participation. Patients were recruited
from several channels; a clinical MS database from our MS center, an advertisement in
a magazine from the Dutch MS research foundation, and via the treating neurologists.
All patients were diagnosed with clinically definite MS.23 Disease severity of all patients
was measured on the day of scanning with a questionnaire based on the Expanded
Disability Status Scale (EDSS).24 All patients had sufficient visual acuity to perform the
fMRI task. Age- and sex-matched healthy controls were included in this study.
Exclusion criteria for all subjects were the presence or history of psychiatric or
neurological disease (for patients: other than MS), claustrophobia, and contraindications for undergoing MRI investigation. Patients were not allowed to enroll if they
received treatment with corticosteroids in the 6 weeks prior to the investigation.
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Neuropsychological examination
All subjects underwent an extensive neuropsychological test battery specifically
designed to assess memory function. Verbal memory and learning was assessed with the
verbal learning and memory task (Verbale Leer- en Geheugen Taak, VLGT),25 The VLGT
is the Dutch equivalent of the California Verbal Learning Test.26 In the learning phase,
16 items were verbally presented to the subjects in five consecutive trials followed by
immediate recall. The learning phase was followed by an interference trial during which
16 new items were verbally presented once, after which the subjects had to repeat the
first list, both during free recall and cued recall (four categories: “clothes,” “machinery,”
“fruits,” and “herbs and spices”). After approximately 15 min long-term delayed recall
was assessed, again both free and cued recall, as well as recognition.
The Letter Digit Substitution Test (LDST)27 was included to assess processing speed of
visual information and was verbally administered for 90 s.
In the test battery, spatial memory was assessed with the Location Learning Test (LLT).28
The learning phase consists of five consecutive trials and generates a total displacement
score (LLT total score). A score of zero indicates a perfect performance; the more errors
one made the higher the score. Approximately 15 min after the learning phase, a
delayed recall trial was assessed which generated a measure for “rapid forgetting” (LLT
delay score).
Digit span (both forward and backward) is a subtest of the Wechsler Adult Intelligence
Scale29 and was used to test working memory ability (and to a lesser extent concentration,
attention, and mental control).
A semantic word fluency test was used to investigate word knowledge, access to
semantic memory, and long-term verbal memory.30 Subjects had 60 s to generate
as many words as possible that belong to the category “Animals,” “Professions,” and
“M-words” (four letter words beginning with the letter M).31
Scores on all test parameters were converted to Z scores by comparison with the mean
and standard deviation of the healthy control group. Patients were defined as being CI
when their score was at least 2 SD below that of the healthy controls on a minimum of
2 out of 5 tests, corresponding to a probability of 2.5% to fall in the normal population
for each test. Otherwise, patients were considered to be CP. It should be noted that
this classification is made based on the abovementioned neuropsychological test
battery which predominantly focused on memory function and relatively lacks in-depth
information on cognitive domains like psychomotor speed and executive functioning.
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Symptoms of depression, anxiety, and fatigue are known nuisance factors when
assessing cognition. The Hospital Anxiety and Depression Scale (HADS-A and HADS-D)
was used to investigate the presence of these symptoms.32 Fatigue was assessed by the
Checklist of Individual Strength (CIS-20) questionnaire.33 Pre-morbid intelligence was
measured using the Dutch version of the New Adult Reading Test (DART).34,35 Educational
level was assessed with a scoring system that comprised a 7-point scale, ranging from
having not finished primary education (level 1) to university educated (level 7).36 The
Edinburgh Handedness Scale was used to evaluate right or left handedness.37

Structural and functional MRI acquisitions
MR imaging was performed on a 1.5T whole-body scanner (Siemens Sonata, Erlangen,
Germany) using an eight-channel phased-array head coil. 3DT1-weighted magnetization
prepared rapid acquisition gradient-echo (MPRAGE) images (TR 2700 ms, TE 5 ms, TI 950
ms; 176 sagittal slices with 1.3 mm thickness; 248 × 330 mm2 field-of-view [FOV] and 1.3
× 1.3 mm2 in plane resolution; acquisition time 4.9 min) were obtained using parallel
imaging with an acceleration factor of 2.
For white matter (WM) lesion detection a turbo spin-echo proton density (PD) and T2weighted images (TR 3130 ms, TE 24/85 ms, 46 axial slices with 3 mm thickness; 192 ×
256 mm2 FOV and 1.0 × 1.0 mm2 in plane resolution) were obtained, as well as spinecho T1‑weighted images (TR 485 ms, TE 12 ms, 46 axial slices with 3 mm thickness; 192
× 256 mm2 FOV and 1.0 × 1.0 mm2 in plane resolution).
3D-DIR images were acquired to detect gray matter pathology (TR 2350 ms, TE 355 ms,
TI 350 ms, 120 sagittal slices, 192 × 256 mm2 FOV and 1.2 × 1.2 mm2 in plane resolution;
acquisition time 10 min).
A localizer of 7 slices was made to accurately identify the hippocampus for the fMRI
sequence. During the fMRI task 208 volumes of echo planar images (EPI) were acquired
(TR 2220 ms, TE 60 ms; 28 axial slices with 3 mm thickness, 3.3 × 3.3 mm2 in plane
resolution and 211 × 211 mm2 FOV; acquisition time 7.7 min).

fMRI paradigm
An episodic memory encoding paradigm22 was used for fMRI measurements. This
particular fMRI paradigm was chosen because of the reliable and robust activation of
the hippocampus in healthy controls.22 During the encoding phase, 50 different novel
landscape images were presented to the subjects. Each picture was presented for 5 s in
which the participants were asked to decide whether the images were “tropical” or “nontropical” by pressing a button with either their left or their right index finger (Photon
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Control, Burnaby, BC, Canada). This ensures the encoding by requiring the subjects
to attend to details in the images, which has been shown to enhance hippocampal
activation and subsequent recall.38 The novel landscape images appeared in a prerandomized order and were intermixed with 20 control images (a previously familiarized
landscape image with a centrally positioned arrow pointing left or right, indicating which
button to press). Thirty minutes following encoding, the retrieval phase was initiated.
Here, a total of 100 landscape images were shown, 50 of which were novel and another
50 of which were old (i.e., already presented during the encoding phase), presented
in a random order, intermixed with the same (arrow) control images. Participants had
to indicate whether they had seen the pictures before, again by pressing the left or
the right button. E-prime 1.1 software with service pack 3 (Psychology Software Tools,
Pittsburgh) was used to present the images and to record all responses.

Functional MR image analysis
All imaging processing steps and statistical fMRI analyses were performed using FSL
4.0 (FMRIB’s Software Library, http://www.fmrib.ox.ac.uk/fsl). For each subject, all nonbrain tissue was removed from the images (BET) and a motion correction (MCFLIRT)
was applied. A highpass filter cutoff of 50 s was used, as well as spatial smoothing with
full-width-at-half-maximum set at 6 mm. Thereafter, the functional images were aligned
to the subject’s high resolution T1-weighted image using an affine registration (FLIRT)
using six degrees of freedom and subsequently to the MNI152 standard brain using nonlinear registration (FNIRT, warp resolution: 10 mm). The functional data were modeled
using FEAT with a double-gamma hemodynamic response function, contrasting
correctly remembered items with the control images for every single subject in an eventrelated design using a univariate general linear model. For all the subjects, the correctly
remembered items (as measured during the retrieval) were selected from the encoding
phase (5 s per item) and modeled in the analyses. This was based on the assumption
that when someone remembered a landscape picture correctly, the encoding had been
successful. The brain activation that is found therefore reflects correct performance.
Group-analysis was carried out, contrasting the three different subject groups to each
other with age and sex added to the general linear model as covariates. Firstly, the
results that survived cluster correction were inspected. Cluster correction allows for a
correction for multiple comparisons by taking into account the activation of associated
voxels into clusters of voxels. Differences between groups within clusters were
considered significant at p<0.05. Secondly, subtle changes between groups (i.e., CP
patients vs. healthy controls) might stay undetected this way, especially when looking
for small differences in activation patterns. Small numbers of activated voxels might
not survive cluster correction and possibly informative and robust results might as such
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disappear. To explore these subtle differences, results were also explored without cluster
correction using a conservative p-value (Z ≥ 3.1, p≤0.001) as an alternative method,
which still assures significant activation. Brain areas that showed enhanced activation
during the task compared to the healthy controls, as well as recruitment of new brain
areas were considered to be functional adaptation.
To specifically investigate activation differences within the hippocampus, a region-ofinterest analysis was performed. For each subject, hippocampal masks (see structural
MRI) were co-registered to the individual’s functional MR images. The co-registered
hippocampal masks were kept conservative by applying an intensity threshold of
>0.6 to ensure that only hippocampal tissue was included in the mask. The individual
masks were overlaid onto the subject specific Z-statistic map of activation during the
encoding of correctly remembered items as obtained from the single-subject analysis.
The averaged Z-values in the left and right hippocampus during fMRI were extracted for
all subjects separately.

Structural MR image analysis
For each subject, the whole brain volume (as well as gray and white matter volume
separately) was measured using the MPRAGE images and SIENAX.39 Hippocampal
masks were drawn manually according to a standardized operating procedure based
on previous reports using an in-house developed software program.40 All volumetric
measures were corrected for head size.
WM lesions were marked and manually outlined on the PD- and T1-weighted images
using a local-threshold technique. Cortical lesions and hippocampal lesions were
scored and counted on the 3D-DIR images according to recently developed consensus
guidelines.41 Cortical lesions were scored on axial slices, the hippocampal lesions on
coronal slices with the images reformatted perpendicular to the rostral-caudal axis of
the hippocampus.

Statistical analysis
Statistical analyses on the demographical, clinical, and volumetric variables were
performed using Statistical Package for the Social Sciences version 15.0 (SPSS, Chicago,
IL). Comparisons were made between the three different groups: CP patients, CI patients,
and healthy controls. When the variables were normally distributed, a multivariate
general linear model was used with age and sex included as covariates. If a variable
displayed a significant effect of group, a post-hoc analysis using Bonferroni confidence
interval adjustment was performed. When variables were not normally distributed the
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Mann–Whitney (two groups) or the Kruskal–Wallis test (three groups) was used. P-values
of <0.05 were considered statistically significant.

RESULTS
Subject descriptives
A total of 50 patients were included in the study with ages between 24 and 61 years (mean
age 47.4 ± 8.4), of whom 35 were females. Thirty-six patients had a relapsing remitting
disease type with a mean disease duration of 10.8 years (±7.1). Fourteen patients had a
secondary progressive disease type with a mean disease duration of 13.9 years (±5.7).
Thirty age- and sex-matched healthy controls (mean age 44.5 ± 8.8; 19 females) were
included in the study. According to the definition for cognitive impairment (2SD below
the mean score of the healthy controls on at least 2 out of 5 tests), 34 patients with MS
were defined as CP and 16 patients with MS as CI. Table 1 summarizes the demographical
and clinical data of the subjects included in this study. Patients and controls did not
differ significantly with regard to age, sex, handedness, premorbid IQ, and educational
level. The MS specific characteristics; mean disease duration, disease type, and mean
EDSS score were not significantly different between CP and CI patients. As expected,
both patient groups differed significantly from the healthy controls regarding fatigue,
anxiety, and depression measures (see Table 1). CP patients did, however, not differ from
the CI patients on any of these measures.
TABLE 1. Demographic and clinical measures of healthy controls (HC), cognitively preserved (CP),
and cognitively impaired (CI) MS patients
HC (n=30)

CP (n=34)

CI (n=16)

Age (years)

44.5

46.0

50.3

Sex (F/M)

19/11

(8.8)

(9.2)

27/7

(5.6)

8/8

32/2/0

P-value
0.086
0.051

Handedness (R/L/M)

26/3/1

Premorbid IQ

103.8

(10.8)

105.1

(12.3)

96.7

13/3/0
(12.4)

0.449

Education

5.7

(0.9)

5.8

(0.7)

5.2

(1.0)

Phenotype (RR/SP)

—

27/7

Dis.duration (years)

—

11.32

(6.6)

12.50

(7.3)

EDSS

—

4.1

(1.3)

4.3

(1.5)

HADS-A

3.0

(2.0–6.0)

5.0

(4.0–8.0)

6.5

(4.0–9.5)

<0.001a

HADS-D

1.0

(0–2.3)

4.0

(2.5–6.3)

4.0

(3.0–5.8)

<0.01a

CIS-20

25.0

(16.8-46.0)

72.5

(49.8–90.3)

80.5

(48.0–88.8)

9/7

0.066
0.401
0.138
0.573
0.404

<0.001a

HADS: Hospital Anxiety and Depression Scale; A: anxiety; D: depression; CIS-20: Checklist individual strength,
fatigue questionnaire. Data are means and (standard deviation) for normally distributed variables, variables
EDSS, HADS-A, HADS-D, and CIS-20 were not normally distributed and therefore median (interquartile range)
are provided. aSignificant differences were found between both patient groups and the healthy controls, the
CP and CI patients did not differ significantly from each other.
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Cognitive impairment
The neuropsychological test scores for each cognitive task are presented in Table 2
for the healthy controls, the CP patients, and the CI patients. Of the 34 CP patients,
22 patients displayed no impairment at all. Twelve patients were impaired on one
test. On the location learning task (spatial memory) most impaired scores were found
(four patients), followed by digit span backwards (three patients), and the letter digit
substitution task (processing speed; three patients). Two patients showed impairment
on semantic word fluency. Of the 16 CI patients, seven patients were impaired on two
tests, five patients on three tests, and four patients on four tests of the total test battery.
The location learning task was most often impaired (12 patients), followed by the
letter digit substitution task (11 patients) and the verbal learning and memory task (10
patients). Nine patients were impaired on the digit span backwards, while almost none
of the patients were impaired on digit span forwards (one patient) and semantic word
fluency (two patients).
TABLE 2. Neuropsychological test data of healthy controls (HC), cognitively preserved (CP) and
cognitively impaired (CI) MS patients
Measure

HC (n=30)

CP (n=34)

CI (n=16)

62.00

(52.00–69.00)

59.00

(53.25–63.25)

38.50

(32.55–45.00)

63.50

(9.57)

54.09

(9.21)

43.19

(10.86)

7.50

(2.00–15.00)

11.00

(7.75–19.50)

41.50

(26.25–56.25)

Forward

10.00

(8.00–12.00)

9.00

(8.00–11.00)

7.00

(7.00–8.00)

Backward

7.50

(7.00–8.25)

7.00

(5.75–8.25)

4.00

(3.25–5.00)

VLGT
Total correct items
LDST
No. of substitutions
LLT
Total displacements
Digit span

WLG
WLG-Animals

24.00

(20.75–29.00)

24.00

(19.75–27.25)

19.50

(15.25–22.50)

WLG-Professionsa

18.30

(5.41)

18.03

(5.10)

13.88

(4.80)

WLG-M-words

10.00

(7.00–13.25)

9.00

(7.75–14.00)

6.50

(3.50–10.00)

VLGT = verbal learning and memory task, LDST = Letter Digit Substitution Task, LLT = Location Learning Task,
WLG = Word List Generation. Median and interquartile range are displayed for not normally distributed data,
except for a where because of normal distribution mean and standard deviation are provided.

Early functional changes during memory encoding
The number of correctly remembered items during the retrieval phase was marginally
lower in the CP patients (median 38, inter quartile range (IQR) 30–40) and substantially
lower in the CI patients (median 32, IQR 19–35) compared to the healthy controls
(median 40, IQR 35–42, p=0.05 and p<0.01, respectively). Furthermore, the number of
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correctly remembered items was significantly lower in the CI patients compared to the
CP patients (p=0.01). During the encoding of correctly remembered items (as measured
during the retrieval) CP patients showed significantly increased activation within the left
anterior cingulate gyrus, the left hippocampus, and the left and right parahippocampal
gyrus compared to healthy controls. Activation was also seen in the right cerebellum
and occipital cortex bilaterally (unclustered, Z ≥ 3.1, p≤0.001; see Figure 1 and Table
3). There were no brain areas in the CP patients with less activation compared to the
healthy controls.
Chapter
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FIGURE 1. CP patients versus healthy controls. Differences in brain activation between CP
patients and healthy controls during encoding of successfully recalled items. The areas in red
were increased active in the CP patients. Upper panel: left anterior cingulate gyrus (arrow); Middle
panel: Left hippocampus (arrow) and parahippocampal area as well as cerebellar activation.
Lower panel: Right parahippocampal area (arrow) (Unclustered, Z ≥ 3.1, p≤0.001).

The CI patients showed significant differences in brain activation patterns compared
to the healthy controls (see Figure 2 and Table 3). Increased brain activation was seen
in the right precuneus as well as the posterior part of the cingulate gyrus (unclustered,
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Z ≥ 3.1, p≤0.001). In the right hippocampus and parahippocampal areas and in the
ventral visual stream, significantly less activation was seen. Also, in the left anterior
paracingulate gyrus extending into frontal brain areas significantly less brain activation
was seen in the CI patients compared to healthy controls (cluster-corrected, p<0.05).

FIGURE 2. CI patients versus healthy controls. Differences in brain activation between CI patients
and healthy controls during encoding of successfully recalled items. The areas in red display
increased activation while the areas in blue display less activation in the CI patients. Upper
row: activation in the precuneus (arrow) and the posterior cingulate gyrus (unclustered, Z ≥ 3.1,
p≤0.001). Bottom row: extensive brain areas with less activation, the right hippocampus (arrow)
and parahippocampal areas, right ventral visual stream and the left paracingulate gyrus extending
into left frontal brain areas (cluster-corrected, Z ≥ 2.3, p≤0.05).

Patient groups were also compared to each other. Areas with significantly increased
activation in CI patients compared to the CP patients were not found. Increased brain
activation, however, could be seen in the precuneus and posterior cingulate gyrus (also
seen in CI patients compared to healthy controls) at Z ≥ 2.3, p>0.05, which indicates a
trend. The CI patients did show significantly less brain activation throughout the brain
(see Figure 3 and Table 3). Less brain activation was seen in the right and left thalamus,
the right nucleus accumbens, the hippocampus and parahippocampal gyri bilaterally,
the posterior part of the cingulate gyrus, left frontal brain areas, left brain stem, and the
cerebellum. Less activation was found in the ventral and dorsal stream of visual memory
processing and in the temporal gyrus at the right side (cluster-corrected, p<0.05; see
Figure 3 and Table 3).
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FIGURE 3. CI patients versus CP patients. Differences in brain activation between CI and CP
patients during encoding of successfully recalled items. The areas in blue display less activation in
the CI patients. Upper panel: brain regions with reduced activation were the left thalamus and right
thalamus (arrow) as well as the ventral visual system, right superior and middle temporal gyrus,
frontal areas, cerebellum, and the right parahippocampal gyrus. Lower panel: less activation was
found as well in the left hippocampus (arrow), right parahippocampal gyrus, the right nucleus
accumbens, and areas within the brain stem (cluster-corrected, Z ≥ 2.3, p≤0.05).

2.00

Hippocampus Right

Hippocampus Left

2.00
1.50
1.00
0.50
0.00
-0.50

1.50
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0.50
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CP
Cognitive Status

HC

CI

CP
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Cognitive Status

FIGURE 4. Region-of-interest analysis of the average activation in the hippocampus. Left Panel:
the average activation of the left hippocampus during encoding of successfully recalled items.
No significant differences were found between the subject groups. Right panel: the average
activation of the right hippocampus during encoding of successfully recalled items. Significant
differences were seen between the CP and CI patients, as well as between the healthy controls
and the CI patients (corrected for hippocampal volume, p=0.003 and p=0.03, respectively).
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TABLE 3. Clusters of significant activation during memory encoding, differences between the
subject groups
Clustera

Zmax

x

y

z

Areas

20

Anterior (para)cingulate (left)
Occipital cortex (right)

CP > HC
1

4.38

-12

40

2

4.22

18

-84

10

3

4.19

32

-48

-24

4

4.11

28

-74

40

5

3.89

-28

-72

40

Occipital/parietal cortex (left)

6

3.67

20

-12

-36

Parahippocampal gyrus (right)

7

3.66

-24

-26

-24

Parahippocampal gyrus and hippocampus (left)

1

4.22

8

-54

36

Precuneus (right)

2

3.44

8

-40

26

Posterior cingulate gyrus (right)

Cerebellum (right)
Occipital/parietal cortex (right)

CI > HC

CI < HC
1

6.07

12

-84

-16

2

5.47

-10

-100

20

3

4.65

34

-36

-20

4

4.15

-18

-68

12

5

4.03

2

34

-24

1

6.89

-14

-102

16

2

4.59

-24

30

-24

3

4.03

-50

48

2

4

3.81

12

-14

10

Occipital cortex / ventral stream (right)
Occipital cortex / ventral stream (left)
Hippocampal formation (right)
Parietal occipital cortex (left)
Cingulate cortex and medial frontal cortex (left)

CI < CP
Occipital pole (bilaterally)
Frontal medial cortex (left)
Frontal pole (left)
Thalamus (right), Nucleus accumbens (right)

Zmax: maximal z-value of the cluster/activated area; x, y, z: MNI-space coordinates of the Zmax.
For the contrasts CP>HC and CI>HC the results from the unclustered analyses are shown (Z ≥ 3.1, p<0.001)
and cluster numbers resemble brain areas with significantly increased activation, in the other contrasts (CI<HC
and CI<CP) the results from the cluster corrected analyses are shown.

a

The region-of-interest analysis showed the average activation in the left and right
hippocampus for each subject and was corrected for hippocampal volume. There was a
significant effect of group for the activation of the right hippocampus (F = 5.9, p=0.004;
see Figure 4). Post-hoc Bonferroni-corrected analyses revealed significantly lower
activation in the CI patients compared to the CP patients (p=0.003) as well as compared
to the healthy controls (p=0.03). No significant differences were found between the
CP patients and the healthy controls. There was no significant effect of group for the
activation of the left hippocampus (F = 2.9, p=0.06; see Figure 4). Important to note
is that there is a reduced activation measured in the hippocampus in the CI patients
compared to the healthy controls, although on average all subjects had positive
activation values.
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TABLE 4. Structural MRI measures of healthy controls (HC), cognitively preserved (CP) and
cognitively impaired (CI) MS patients
HC (n=30)

CP (n=34)

CI (n=16)

NBV (L)a

1.47

(0.06)

1.40

(0.07)

1.38

(0.09)

NGMV (L)b

0.77

(0.04)

0.75

(0.04)

0.73

(0.05)

NWMV (L)

0.69

(0.04)

0.66

(0.04)

0.65

(0.05)

NHV left (mL)

4.31

(0.46)

4.07

(0.49)

4.11

(0.41)

NHV right (mL)

4.33

(0.44)

4.10

(0.49)

4.15

(0.61)

a

T2 lesion volume (mL)y

—

4.30

(2.52–6.70)

6.83

(2.85–9.86)

T1 lesion volume (mL)y

—

1.71

(0.74–3.34)

2.84

(0.63–5.62)

Number cortical lesionsy

—

5

(3.0–8.5)

7

(2.0–13.0)

Number hippocampal lesionsy

—

1

(0–2)

1

(0–1)
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Data are means (standard deviation), except for y where because of non-normal distribution median and
interquartile range are provided. NBV: normalized brain volume; NGMV: normalized gray matter volume;
NWMV: normalized white matter volume; NHV: normalized hippocampal volume, L: liters, mL: milliliters.
Significant differences between groups: a CP & CI vs. controls (p<0.01); b CP & CI vs. controls (p<0.05).

No significant differences between CP and CI patients with regard to brain
structure
In Table 4, the results from the structural MRI analyses are provided. There was a
significant effect of group for normalized brain volume (NBV; F = 8.7, p<0.001),
normalized gray matter volume (NGMV; F = 4.7, p=0.01), and normalized white matter
volume (NWMV; F = 8.3, p=0.001). Post-hoc Bonferroni-corrected analyses revealed
significant reductions in NBV for both CP and CI patients compared to healthy controls
(p=0.003 and p=0.002, respectively). NBV was not significantly different between CP
and CI patients. The same pattern was seen for NGMV (CP patients vs HC: p=0.04; CI
vs HC: p=0.03) and for NWMV (CP vs HC: p=0.004; CI vs HC: p=0.002). Both CP and CI
patients did not differ significantly from each other for NGMV and NWMV. There was no
significant effect of group for hippocampus volume (left hippocampus volume F = 2.6,
p=0.08; right hippocampus volume F = 2.2, p=0.11). However, when patients with MS
as a whole group were compared to healthy controls, the analysis showed a significant
reduction in the volume of the left hippocampus (F = 4.7, p=0.033) and a trend towards
a reduction in the volume of the right hippocampus (F = 3.8, p=0.056). The Mann–
Whitney test displayed no significant differences between the patient groups on T2
hyperintense and T1 hypointense lesion volume (p=0.23 and p=0.34, respectively)
neither on the number of cortical and hippocampal lesions as seen on the DIR (p=0.81
and p=0.86, respectively).
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DISCUSSION
The current study focused on the hippocampal memory system of MS patients with
and without cognitive impairment (predominantly memory impairment) using a
specific fMRI episodic memory paradigm to study hippocampal function as well as a
comprehensive set of structural MRI measures and a detailed neuropsychological
assessment. Our results showed that the activity of the hippocampal memory system
of CP MS patients is increased compared to healthy controls during the encoding of
correctly remembered items. In the CI MS patients relatively few extra-limbic brain
areas showed increased activation, whereas most limbic areas displayed less activation,
possibly underlying the cognitive deficits that were clearly measurable at this stage.

Changes in the hippocampal memory system
In CP MS patients, increased brain activation was found in the left anterior cingulate gyrus,
left hippocampus, and in the parahippocampal gyri bilaterally compared to healthy
controls. In the literature, lateralization of some hippocampus-dependent memory
functions has been described. The right hippocampus is thought to be preferentially
involved in visuospatial memory and the right parahippocampal gyrus in the processing
of spatial scenes while the left hippocampus is involved in context-dependent episodic
memory or verbal memory.42 In addition to the hippocampus, the cingulate gyrus is
more active in CP MS patients. The anterior cingulate gyrus is indirectly connected to
the hippocampus via the thalamus, subiculum, and parahippocampal gyrus and has
been implicated in both verbal43 as well as visuospatial episodic memory.44 We assume
that the additional recruitment of the cingulate gyrus (besides the increased activity
within the (para)hippocampal areas), in CP patients might be necessary to maintain
normal memory encoding capacity. Outside the hippocampal memory network,
increased activation was also seen in the cerebellum of CP MS patients. Several studies
have shown that the cerebellum is involved in the modulation of cognitive tasks.45,46
The MS patients with cognitive impairment showed an almost opposite pattern of brain
activation. In the CI MS patients, less activation was found in the hippocampal memory
system as well as in the medial prefrontal area which is thought to be involved in selfreferential or introspectively oriented mental activity.47 The right precuneus and the
posterior cingulate gyrus showed increased activity in the CI patients and are known to
be involved in visuospatial and episodic memory.48
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The CI patients displayed significantly less activation compared to the CP patients in
many brain areas. The areas with less activation were mostly comparable to what was
found in comparison to the healthy controls (i.e., right hippocampus, parahippocampal
gyrus, medial frontal cortex, and ventral visual system). It is important to note that the left
and right thalamus and the left hippocampus also showed less activity in the CI patients
compared to the CP patients. The thalamus plays an important role in attention49 and in
patients with MS thalamic atrophy has been related to cognitive impairment.50
Chapter

A functional adaptive process
Our hypothesis was that the CP MS patients would already show less hippocampal
activation preceding overt cognitive impairment. However, CP MS patients only showed
increased brain activation compared to healthy controls, which might be associated
with the presence of a functionally adaptive mechanism within the hippocampal
memory network of patients with MS.
It has been reported that during a simple motor task, the location of brain activation in
patients with benign MS resembles that of healthy controls; however, increased activation
in these areas was observed. Interestingly, in patients with secondary progressive MS,
additional brain areas are being recruited.51 During resting state fMRI it was found
that clinically isolated syndrome (CIS) patients showed increased synchronization
in several resting state networks, while this was not seen in patients with relapsing
remitting MS with more overt structural damage.52 This increased synchronization in CIS
patients was suggested to be early functional reorganization of resting state networks.
Another resting state study showed decreased synchronization in the default mode
network (DMN; the DMN is frequently deactivated during cognitive tasks) in patients
with progressive MS which was associated with a lower cognitive performance.53
Decreased synchronization was especially found in the anterior cingulate, prefrontal,
and precentral cortices. Recently, the hypothesis was put forward54 that in the early
stages of MS, relatively little structural damage in the brain may trigger a functional
adaptive mechanism. To preserve cognitive function, hyperactivation of task-related
and additional brain structures, might be induced. Over time, structural damage will
increase together with the level of cognitive impairment. Still in this phase, functional
adaptive mechanisms are expected to mask cognitive deterioration to a certain
extent. When structural damage has become too extensive, functional adaptation will
be naturally limited, as underlined by the observed differences between benign and
secondary progressive MS patients.51 Finally, the functional adaptive mechanism is no
longer effective, resulting in hypoactivation on fMRI and overt, measurable cognitive
deficits.53 The ability of the brain to functionally adapt in response to structural damage

115

3

Chapter 3.2

may differ between people. Future (longitudinal) research is needed to investigate the
complex interplay between brain adaptive properties and ongoing structural damage
in more detail, as well as to investigate the time frame in which adaptive processes take
place.
In our task fMRI study such patterns were indeed observed for the hippocampal memory
system. The increased brain activation seen in the CP MS patients may reflect a functional
adaptive process to prevent cognitive deficits, supporting the hypothesis mentioned
above.54 When this adaptive mechanism becomes exhausted, the functionality of the
hippocampal memory system will deteriorate, which might be related to decreased
brain activation as measured by fMRI as well as the appearance of cognitive deficits.
In the current study, we cannot verify the order of events due to the cross-sectional
design. Therefore, future studies will have to investigate the exact timeframe in which
hyper- and hypo-activation of brain structures related to cognition occur in MS. In a
recent study55 a longitudinal associative memory study in elderly subjects without
dementia was performed. They showed that over time, clinical decline in elderly subjects
is accompanied by significant loss of hippocampus activation. The subjects with the
highest hippocampal activation at baseline (hyperactive hippocampus) demonstrated
the greatest clinical decline over time, as well as the greatest loss of hippocampal
function over 2 years. This possibly illustrates the occurrence of hyperactivation of the
hippocampus in preclinical stages of cognitive impairment. Unfortunately, we were not
able to provide longitudinal information in the current study.
A potential confounder of cognitive performance is the influence of depression, anxiety,
and fatigue, that are frequently reported in patients with MS.56 Previous studies have
shown that cognitive deficits in MS are present independently of depression.57 In the
current study, both patients with and patients without cognitive impairment suffered
equally from these factors, indicating that cognitive impairment may indeed present
independently from problems in one (or more) of these domains. Additionally, it is very
unlikely that the differences found were due to other clinical characteristics inherent to
MS (disease duration, or EDSS score) since the two groups did not significantly differ on
these variables.
The male/female ratio as well as age differed slightly between the groups (not statistically
significant). To prevent an unwanted influence of these parameters on the main study
outcome, all these variables were added as covariates in the fMRI analyses. Disease type
was not significantly different between the CP and CI MS patients (Table 1; p=0.138).
Relatively, however, the CI group contained more secondary progressive patients. This,
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although disease duration and disability did not differ (Table 1; p=0.573 and p=0.404,
respectively) between the CI and CP groups, might theoretically have influenced the
main outcome measure. In other words, despite a stringent matching procedure, we
cannot completely exclude that factors other than cognitive impairment alone, might
have partly played a role.
Regarding structural MRI measures, the two patient groups were not significantly
different. We expected that the hippocampal volume of CI patients would be reduced
compared to CP patients and healthy controls; however this was not confirmed in the
current study. Hippocampal volume was reduced in patients with MS as a whole group
compared to healthy controls, which is consistent with the literature.13,14 The relatively
small number of CI patients (n=16) and the greater variance in hippocampal volume
in this particular patient group (compared to the CP patients and healthy controls)
might be the reason why no significant differences were found between the CP and
CI MS patients concerning hippocampal volume. Since we corrected the signal in the
hippocampus for hippocampal volume, it is very unlikely that the results of our study
will be influenced by hippocampal atrophy.
Additionally, other more sensitive MRI measures, such as diffusion tensor imaging, could
have picked up more subtle structural differences that precede the functional changes.
More work needs to be done to investigate the role of this subtle structural damage on
hippocampal function.
In the current study, less activity of the hippocampal memory system in CI patients
was found during the encoding of subsequently correctly recalled items. The CI patient
group recalled fewer items on average than the healthy controls, but was still able
to correctly recall items although extensive brain areas related to memory function
showed less activation. The increased activation in the posterior cingulate gyrus and
the precuneus found in the CI patients might explain why patients could still remember
some of the items and might be a late phenomenon of functional adaptation.

Conclusion
This is the first fMRI study that specifically investigated hippocampal function in MS
patients with and MS patients without cognitive deficits. Changes in the hippocampal
memory system were detected for both patient groups compared to the healthy controls.
Activity in the hippocampal memory system was increased when memory function
was not impaired (CP patients). We proposed that this reflects a functional adaptive
process to prevent cognitive deficits from developing. In a later phase, where cognitive
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impairment has already set in, functional adaptation may no longer be possible. This
coincides with our findings of reduced brain activation in the hippocampal memory
system of CI patients. In the current study, patients were investigated on one time point
only; therefore, these results should now be further investigated in a longitudinal setting
to better understand the temporal dynamics of structural brain damage, functional
adaptive processes, and cognitive decline. This information may then be used as an
input for studies working towards cognitive therapeutic strategies.
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ABSTRACT
Background: Memory impairment is frequent in multiple sclerosis (MS), but it is unclear
what functional brain changes underlie this cognitive deterioration.
Objective: To investigate functional hippocampal activation and connectivity in
relation to memory performance in MS.
Methods: Structural and functional MRI data were acquired in 57 MS patients and 28
healthy controls (HCs), yielding hippocampal measures of volume, lesions, functional
activation during a memory task and functional connectivity at rest. Memory function
was based on two subtests of a larger neuropsychological test battery and related to
hippocampal neuroimaging measures using linear regression.
Results: Hippocampal volume was significantly lower in MS patients compared to
HCs. In MS, hippocampal activation during a memory task was increased in cognitively
preserved, but decreased in cognitively impaired patients. Increased hippocampal
connectivity was detected between the left hippocampus and the right posterior
cingulate. Memory impairment in MS was explained (adjusted R2=0.27) by male sex,
decreased hippocampal activation and increased hippocampal connectivity (p=0.001).
Conclusion: Decreased task-related activation of the hippocampus, increased
connectivity and male sex were associated with worse memory performance in MS.
These results indicate that increased activation and increased connectivity do not
always coincide, and relate differently to cognitive dysfunction in MS.
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INTRODUCTION
Memory deficits develop in 40-65% of the patients with multiple sclerosis (MS) and
can lead to problems in daily life activities and to unemployment.1-3 The hippocampus
plays an essential role in memory function and is therefore a crucial structure to study
to understand the underlying neurobiological substrates of memory impairment in MS.
Previous studies showed widespread structural damage of the hippocampus in MS,
such as extensive demyelination4-6 and volume loss7,8 which were all related to cognitive
decline. Our earlier work also showed changes in hippocampal activation in MS
patients using functional MRI (fMRI) during a memory task. Increased brain activation
was detected in the (para)hippocampal areas in cognitively preserved MS patients, while
decreased activation was observed in the same regions in cognitively impaired patients.9
It is unclear whether these changes in hippocampal activation also involve changes
in functional connectivity of the hippocampus. Previously, decreased hippocampal
connectivity with the anterior cingulate and prefrontal cortices, measured with resting
state fMRI, was found in MS patients with an intact memory function.10 Another study,
however, linked increased connectivity of the default mode network, which usually
includes the hippocampus, to cognitive impairment in MS.11
Based on these previous pathological and imaging results, we now aimed to investigate
this structure in even more depth, by studying the interplay between hippocampal
activation and hippocampal connectivity in MS patients. We used a combination of
specific hippocampal measures: task-induced activation, resting-state connectivity,
volume and lesions. Our ultimate goal was to examine the relative importance of
these hippocampal measures in a comprehensive model to define the most important
predictor(s) for memory function in MS.

METHODS
Participants
See Table 1 for a summary of all demographics. A total of 85 subjects were enrolled as
part of a previous study,9 including 57 patients with MS (mean age 47.6, 39 women)
and 28 healthy controls (HCs, mean age 44.6, 19 women), matched for age, sex, and
educational level. Patients were diagnosed with clinically definite MS following the
revised McDonald criteria,12 with a mean disease duration of 11.3 years. Patients either
had a relapsing-remitting (n=40) or secondary progressive (n=17) disease course.
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Physical disability was measured using a telephone version of the Expanded Disability
Status Scale13. Patients were relapse-free and without steroid treatment for at least six
weeks. The institutional ethics review board approved the study and all subjects gave
written informed consent prior to participation.
TABLE 1. Demographical, clinical and radiological data of patients with multiple sclerosis and
healthy controls
Multiple Sclerosis (n=57) Healthy Controls (n=28)

P-value

Age (in years)

47.58 (7.62; 26.93 – 60.57)

44.63 (8.66; 28.25 – 60.48)

0.113

Sex (female/male)

39/18

19/9

0.958

Disease subtype
Disease duration (in years)

Relapsing remitting: 40
–
Secondary progressive: 17
11.34 (6.74; 1.00 – 31.00)
–

–

Educational levela

6.00 (5.00 – 6.00)

6.00 (5.00 – 6.00)

Expanded Disability Status Scalea

4.00 (3.50 – 5.00)

–

Hospital Anxiety and Depression Scale:
Anxietya
Depressiona

5.00 (4.00 – 8.00)
4.00 (2.50 – 7.50)

3.00 (2.00 – 6.75)
1.00 (0.00 – 3.75)

0.010
< 0.001

–
0.818
–

Checklist of individual strengtha

75.00 (53.00 – 90.00)

26.50 (16.25 – 51.25)

< 0.001

Normalized brain volume (liters)

1.40 (0.08; 1.24 – 1.57)

1.47 (0.07; 1.35 – 1.63)

< 0.001

Normalized grey matter volume (liters)

0.74 (0.05; 0.64 – 0.83)

0.78 (0.05; 0.87 – 0.78)

0.007

Normalized white matter volume (liters) 0.66 (0.04; 0.57 – 0.76)

0.70 (0.04; 0.63 – 0.77)

< 0.001

T1 lesion volume (milliliter)a,

2.04 (0.81 – 4.86)

–

–

T2 lesion volume (milliliter)a

5.62 (2.98 – 10.36)

–

–

For normally distributed data, means and (standard deviation; minimum – maximum) are provided.
a
Non-normally distributed variables for which median and interquartile range are presented.

Neuropsychological examination
All subjects underwent an extensive neuropsychological test battery specifically
designed to assess memory function. For a detailed description of the tests, see Hulst et
al. 2012.9 In short, the following tests were included:
§ Verbal learning and memory task (VLGT, the Dutch equivalent of the California
Verbal Learning Test)14
§ Location Learning Test (LLT, visuospatial memory)15
§ Digit span (working memory, both forward and backward, subtests of the Wechsler
Adult Intelligence Scale)16
§ Semantic word fluency test (word list generation, WLG; knowledge, access to
semantic memory, and long term verbal memory)17,18
§ Information processing speed (Letter Digit Substitution Test, LDST)19
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Composite memory score – To specifically investigate hippocampus-related cognitive
function, test scores on the VLGT and LLT were combined into a composite memory
score. For all tests separately, a Z-score was calculated ((individual test score – mean
score controls)/ standard deviation controls). The Z-scores of the two subtests were then
added for each subject.

Confounders of cognitive functioning
Symptoms of depression, anxiety, and fatigue were assessed using the Hospital Anxiety
and Depression Scale (HADS)20 and the Checklist of Individual Strength (CIS-20).21

Magnetic resonance imaging
Imaging was performed using a 1.5T Siemens Sonata scanner. Lesion-based sequences
included 2D proton-density/T2-weighted fast spin-echo (repetition time (TR) 3130
ms, echo time (TE) 24/85 ms, 46 contiguous axial slices of 3 mm, in-plane resolution
1x1 mm), and 2D spin-echo T1-weighted imaging (TR 485 ms, TE 12.0 ms, 46 contiguous
axial slices of 3 mm, in-plane resolution 1x1 mm) and 3D double-inversion recovery
images (TR 2350 ms, TE 355 ms, inversion time (TI) 350 ms, 1.2x1.2x1.2 mm voxel size,
120 sagittal slices).
Brain volumes and hippocampal volumes were determined using a 3D-T1 magnetizationprepared rapid acquisition gradient-echo (TR 2700 ms, TE 5.0 ms, TI 950 ms, 1.3 mm
isotropic voxel size, 176 sagittal slices).
Hippocampal function was measured during task-based functional magnetic resonance
imaging, using an episodic memory-encoding paradigm (echo planar imaging (EPI),
208 volumes, TR 2220 ms, TE 60 ms, 28 axial slices of 3 mm including the hippocampal
area, 3.3x3.3 mm voxel size) as well as during resting state (i.e. eyes closed, no task; EPI,
covering the entire brain, using 200 volumes, TR 2850 ms, TE 60 ms, 36 contiguous axial
slices, 3.3x3.3x3.3 mm voxel size). Resting-state fMRI was always performed prior to
task-based fMRI.

Lesion volume and brain volumes
T2-hyperintense and T1-hypointense lesion volumes were measured using a local
thresholding technique. Whole-brain volumes were analyzed using SIENAX (part of
FSL5, http://www.fmrib.ox.ac.uk/fsl), providing normalized whole-brain (NBV), gray
matter (NGMV) and white matter volumes (NWMV).
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Structural hippocampal measures
Hippocampal volume was estimated using FIRST22 (part of FSL), normalized using the
V-scaling factor from SIENAX. Hippocampal lesions were counted on the DIR images by
an experienced rater (HEH).

Functional hippocampal measures: Activation
The episodic memory paradigm consisted of an encoding and retrieval phase. During
encoding, 50 different novel landscape images were presented to the subjects. Thirty
minutes following encoding, the retrieval phase was initiated. Here, a total of 100
landscape images were shown, 50 of which were novel and another 50 that were
already presented during the encoding phase. Subjects had to indicate whether they
had seen the picture before or not. Task-based activation was calculated for the correctly
remembered items (as measured during the retrieval) from the encoding phase using
FSL’s FEAT. This was based on the assumption that when someone remembered a
landscape picture correctly, the encoding had been successful. To specifically investigate
activation differences within the hippocampus, we calculated the average Z-values in
the left and right hippocampus during the successful encoding of landscape images for
every subject separately (for more details on the paradigm, see Hulst et al., 20129; the
resting state fMRI data was not previously published).

Functional hippocampal measures: Connectivity
Resting-state fMRI preprocessing used standard FSL protocols, including motion
correction, smoothing and high-pass filtering (100 seconds cut-off ); resting-state data
were kept in subject space. Functional connectivity was assessed between both the
hippocampi and the rest of the brain, using an atlas derived from a combination of the
cortical regions of the AAL atlas (part of MRIcro, http://www.cabiatl.com/mricro/mricro/
template.html) and the subcortical regions of FIRST (part of FSL, performed on the 3DT1
sequence). The AAL atlas was registered to each subject’s 3DT1 scan by inverting the
nonlinear standard space registration parameters derived from FNIRT (also part of FSL)
and masked with individual gray matter masks derived from SIENAX. The complete
atlas was co-registered to the subject’s resting-state scan, using an inverted boundarybased registration matrix (BBR, part of FSL5). This resulted in an individualized atlas
in subject space featuring 92 regions of interest covering all the gray matter. Average
time series were created for each region of interest and functional connectivity was
calculated between each hippocampus and every other region of interest of the brain
using synchronization likelihood (SL) in BrainWave (http://home.kpn.nl/stam7883/
brainwave.html). SL has previously been used to assess functional connectivity in MS23
and Alzheimer’s disease24 using fMRI data and ranges from zero to one.
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Statistical analysis: Group differences
All variables were checked for normality using Kolmogorov-Smirnov testing and
histogram inspection. To achieve normality, SL values were inverted. All analyses were
corrected for age, sex and educational level. Multivariate general linear model analyses
were used to assess group differences; effect sizes are mentioned in partial η2. Only
those connectivity variables reaching p<0.01 were included in the linear regression
model (see below).
Chapter

Relations with memory performance
To find the most important hippocampal predictor(s) of memory performance a
backward linear regression model was fitted, which used hippocampal volume,
hippocampal lesion count, hippocampal task-induced functional activation, and
hippocampal functional connectivity as predictors. Age, sex, and education level were
included as covariates. P-values of 0.05 were considered significant.

RESULTS
Demographic and clinical data are presented in Table 1. Between-group comparisons
revealed no differences in age, sex, and educational level. As expected, patients scored
higher on anxiety (p=0.010) and depression (p<0.001, both measured on the HADS)
and fatigue (CIS-20, p<0.001) than HCs. In Table 1, lesion load and brain volumes are
presented. NBV was lower in patients with MS compared to HCs (partial η2 =0.17,
p<0.001), as well as NGMV (partial η2 =0.09, p<0.007) and NWMV (partial η2 =0.16,
p<0.001).

Neuropsychology
Neuropsychological test scores are provided in Table 2. Patients with MS had lower
test scores on all tests, except for the digit span forward (p=0.145) and WLG category
Professions (p=0.066) compared to controls. The composite memory score was worse
in patients than in HCs (mean patient Z=-2.64, p<0.001). Twenty patients were impaired
(i.e. Z-score of -2 or lower) on one memory test and 8 on both tests. Impairment was
most frequently seen on the LLT (23 patients), followed by the VLGT (13 patients).
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TABLE 2. Neuropsychological test scores of patients with multiple sclerosis and healthy controls
Measure
Verbal learning and memory taska
Total number of correct items
Letter digit substitution task
Total number of substitutions
Location learning test
Total number of displacements

Multiple sclerosis
(n=57)

Healthy Controls
(n=28)

55.00
(42.00 – 61.50)

65.50
(53.50 – 69.00)

15.02

< 0.001

49.25
(11.96; -12.00 – 73.00)

64.14
(9.54; 40.00 – 84.00)

29.69

< 0.001

21.00
(10.00 – 33.00)

7.50
(3.00 – 13.00)

11.26

0.001

8.00
(7.00 – 10.00)
6.00
(4.00 – 8.00)
21.70
(5.75; 9.00 – 35.00)
16.35
(5.31; 6.00 – 33.00)
9.00
(5.50 – 11.00)
-2.06
(-3.77 – -.12)

10.00
(8.00 – 11.75)
7.00
(6.25 – 8.00)
25.29
(7.25; 9.00 – 42.00)
18.29
(5.38; 7.00 – 28.00)
10.00
(7.0– 14.00)
0.32
(-.91 – 1.39)

2.17
9.22

0.145
0.003

5.89

0.018

3.48

0.066

5.62

0.020

*

< 0.001

F-value b P-value b

a

Digit span
Forwarda
Backwarda

Word list generation - Animals
Word list generation - Professions
Word list generation - M-wordsa
Memory performance Z-scorea

Data are means (Standard deviation; minimum – maximum).
Non-normally distributed variables for which median and interquartile range are presented. b All test scores
were converted into Z-scores (relative to healthy controls) and subsequently tested for group differences.*
indicates Mann-Whitney U testing
a

Neuroimaging of the hippocampus
Hippocampal volume and hippocampal lesions: Compared to HCs, patients with MS had
a lower normalized hippocampal volume (left hippocampus: partial η2 =0.136, p=0.007,
right hippocampus: partial η2=0.122, p=0.002; see Table 3). The median number of
hippocampal lesions was 1 (0-2.75) in the patient group.
Task-related hippocampal activation: In the entire patient group, the average amount of
hippocampal activation during the encoding of successfully recalled items was similar
to HCs (left hippocampus: p=0.739, right hippocampus: p=0.195) for both hippocampi
(see Table 3). However, in our previous analysis on the same patient group, we subdivided
the MS patients into cognitively preserved and cognitively impaired patients based on
the whole neuropsychological test battery (Z-scores of at least -2, on two out of the
five tests). The results showed that hippocampal activation was increased in cognitively
preserved and reduced in cognitively impaired patients.9
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Resting-state functional connectivity of the hippocampus
Patients showed increased functional connectivity of both hippocampi with several
brain regions compared to HCs (see Table 3). The left hippocampus showed increased
connectivity with the right posterior cingulate (p=0.002), left thalamus (p=0.028)
and left inferior temporal lobe (p=0.031). The right hippocampus showed increased
connectivity with the right caudate nucleus (p=0.023), left Heschl’s gyrus (p=0.029),
left anterior cingulate (p=0.034), left amygdala (p=0.040) and left nucleus accumbens
(p=0.048).
TABLE 3. Hippocampus-specific imaging measures in patients with multiple sclerosis and healthy
controls
Measure

MS (n=57)

HC (n=28)

F-value P-value

4.848
(0.778; 1.756 – 6.509)
4.754
(1.061; 1.583 – 6.966)
1.000
(0.000 – 2.750)

5.462
(0.548; 4.438 – 6.346)
5.456
(0.495; 4.415 – 6.460)
–

12.317

0.001

10.803

0.002

0.431
(0.771; -1.291 – 2.091)
0.326
(0.730; -1.106 – 2.059)

0.510
0.112
(0.640; -0.473 – 1.927)
0.567
1.714
(0.799; 0.798 – 2.149)

0.739

0.094
(0.084 – 0.124)
0.093
(0.080 – 0.116)
0.092
(0.076 – 0.114)

0.083
(0.067 – 0.108)
0.080
(0.065 – 0.108)
0.076
(0.067 – 0.096)

10.712

0.002

4.984

0.028

4.802

0.031

0.081
(0.068 – 0.103)
0.087
(0.071 – 0.101)
0.087
(0.072 – 0.104)
0.112
(0.087 – 0.152)
0.080
(0.069 – 0.100)

0.067
(0.061 – 0.087)
0.072
(0.063 – 0.094)
0.076
(0.062 – 0.093)
0.089
(0.080 – 0.106)
0.075
(0.065 – 0.086)

5.415

0.023

4.981

0.029

4.685

0.034

4.363

0.040

4.040

0.048

Structural measures
Left hippocampal volume (milliliter)
Right hippocampal volume (milliliter)
Number of hippocampal lesionsa

–

Task-related activation
Left hippocampal activation
Right hippocampal activation

0.195

Functional connectivity
Left hippocampus with:
Right posterior cingulatea
Left thalamusa
Left inferior temporal lobea
Right hippocampus with:
Right caudate nucleusa
Left Heschl’s gyrusa
Left anterior cingulatea
Left amygdalaa
Left nucleus accumbensa

Data are means (standard deviation; minimum – maximum).
a
Non-normally distributed variables for which median and interquartile range are presented
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Only the functional connection between the left hippocampus and the right posterior
cingulate was significant at p<0.01 and was therefore included as a predictor in the
regression analysis (here after referred to as the functional connectivity of the left
hippocampus).

Predicting memory performance in MS
Regression analyses were conducted to predict the memory performance in MS patients
and HCs separately. Candidate predictors included in the model were: functional
connectivity of the left hippocampus, task-related signal changes of the left and right
hippocampus separately, volume of the left and right hippocampus separately, total
number of hippocampal lesions, age, sex and educational level.
In patients, memory performance could be explained (adjusted R2=0.27, F=6.33,
p=0.001) by male sex standardized β=‑0.363, p=0.009), decreased task-related activation
of the right hippocampus (standardized β=0.366, p=0.009) and increased functional
connectivity of the left hippocampus (standardized β=0.277, p=0.043). In controls, the
same model (adjusted R2=0.22, F=7.21, p=0.013), indicating sex as the only predictor
(standardized β =-0.473).
Although increased left hippocampal connectivity and decreased right hippocampal
activation were both related to memory performance, these two variables were not
significantly correlated to each other (r=-0.24, p=0.11).

DISCUSSION
Earlier studies showed that both structural7,8,25 and functional hippocampal
abnormalities9,26,27 were related to memory impairment in MS. It is not clear, however,
how functional activation and connectivity changes of the hippocampus relate to each
other in the context of memory impairment. In the current study, a comprehensive
combination of hippocampal functional activation and connectivity was used to
investigate presumed underlying mechanism(s) related to memory impairment in
patients with MS.
Hippocampal activation in response to a specific task (i.e. memory encoding) is a local
measure of hippocampal function, whereas functional connectivity is a more global
measure that provides information on how well the hippocampus ‘communicates’
with other regions of the brain, at rest. Decreased activation of the right hippocampus
and increased functional connectivity of the left hippocampus with the right posterior

130

The best predictor(s) of hippocampal memory function

cingulate were associated with impaired memory function in MS. Hippocampal
activation and connectivity were significant in the regression model, indicating that both
measures have relatively independent relevance for memory performance. Since no
significant correlation was detected between hippocampal activation and hippocampal
connectivity, changes in these measures could appear separately. Additionally, as both
measures related to cognition in opposite directions, they perhaps do not reflect the
same process in MS.
It does not come as a surprise that local decreases in hippocampal activation coincide
with worse memory performance. From studies in healthy ageing, it is known that
cognitive decline in elderly is accompanied by a significant loss of hippocampal
activation.28 Additionally, several studies showed increased hippocampal activation in
preclinical stages of cognitive impairment, which is suggested to be a compensatory
mechanism to preserve cognitive function as long as possible.9,29
Besides local changes in hippocampal activation, increased functional connectivity
between the left hippocampus and right posterior cingulate reveals global disturbances
within a wider memory network. The hippocampus and cingulate play an important
role in cognition and are both part of the default mode network.30 Pathological changes
in these two structures, and in the default mode network as a whole, are frequently
described in Alzheimer’s disease.31 Increased connectivity between the hippocampus
and the posterior cingulate within the default mode network was even shown to be a
marker of Alzheimer’s disease.32
We hypothesize that the increased functional connectivity seen in patients with MS in
this study, is a maladaptive response of the memory network to pathology, possibly
driven by disinhibition of the entire default mode network. This is also suggested by
other studies hinting towards the unfavorable consequences of increased functional
connectivity with regard to cognitive functioning in MS.11 Our findings provide new
insights into the concept of functional reorganization and plasticity in MS.33 So far, any
increase in function was thought to be beneficial. However, our data suggest that there
is a distinction between local beneficial increases in activation versus more diffuse
increases in connectivity. In order to elucidate these changes in the brain in more detail,
longitudinal studies are now essential to investigate how and when local changes in
activation lead to global network changes, or whether these changes occur in parallel.
In contrast to previous studies, structural hippocampal measures were not retained as
independent predictors of memory function in MS, although a significant difference
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was detected between patients and controls in hippocampal volume and presence
of hippocampal lesions. Interestingly, both functional hippocampal measures
(activation and connectivity) were designated as more significant predictors of memory
performance. Our results do not suggest, however, that structural abnormalities are
not related to memory performance in MS, but rather that functional measures of the
hippocampus explain more of the variance in memory performance.
A few limitations apply to this work. The current patient group is heterogeneous in terms
of disease characteristics (disability scores, disease course, disease duration), which
makes it difficult to investigate the activation-connectivity hypothesis for different MS
phenotypes. For future studies, inclusion of a more homogenous group of MS patients
or inclusion of a larger number of patients is recommended. Secondly, hippocampal
lesion number (but not volume) was included in the regression analysis. Unfortunately,
the double inversion recovery sequence currently does not (yet) allow for reliable
volumetric measurements due to indistinctness of lesion borders compared to normal
appearing gray matter. Future studies should also investigate functional connectivity
during specific tasks and compare these to the resting state. Finally, a next study could
include tractography to provide additional information on more subtle changes in
structural hippocampal connectivity and expand the arsenal of structural measures.
In summary, we found that decreased functional hippocampal activation and increased
functional hippocampal connectivity together explain a large percentage of memory
impairment in MS. These two functional modalities predicted memory performance
in different ways and explained more of the memory impairment than structural
hippocampal measures.
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ABSTRACT
In this multi-center study, we applied functional magnetic resonance imaging (fMRI)
to define the functional correlates of cognitive dysfunction in patients with multiple
sclerosis (MS). FMRI scans during the performance of the N-back task were acquired
from 42 right-handed relapsing remitting (RR) MS patients and 52 sex-matched
right-handed healthy controls, studied at six European sites using 3.0 Tesla scanners.
Patients with at least two abnormal (<2 standard deviations from the normative values)
neuropsychological tests at a standardized evaluation were considered cognitively
impaired (CI). FMRI data were analyzed using the SPM8 software, modeling regions
showing load-dependent activations/deactivations with increasing task difficulty.
Twenty (47%) MS patients were CI. During the N-back load condition, compared to
controls and CI patients, cognitively preserved (CP) patients had increased recruitment
of the right dorsolateral prefrontal cortex. As a function of increasing task difficulty,
CI MS patients had reduced activations of several areas located in the fronto-parietotemporal lobes as well as reduced deactivations of regions which are part of the default
mode network compared to the other two groups. Significant correlations were found
between abnormal fMRI patterns of activations and deactivations and behavioral
measures, cognitive performance, and brain T2 and T1 lesion volumes.
This multicenter study supports the theory that a preserved fMRI activity of the frontal
lobe is associated with a better cognitive profile in MS patients. It also indicates the
feasibility of fMRI to monitor disease evolution and treatment effects in future studies.
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INTRODUCTION
A large proportion of patients with multiple sclerosis (MS) have cognitive deficits, with a
prominent involvement of attention, information processing speed, executive functions,
memory, and visuo-spatial abilities.1 Considering the dramatic impact cognitive
impairment has on patients’ activities, the definition of the underlying substrates is of
paramount importance, since this is likely to contribute to the development of valid
therapeutic strategies or to monitor the functional state of patients.
The application of modern magnetic resonance imaging (MRI) techniques has markedly
improved our understanding of the mechanisms associated with MS-related cognitive
impairment. Damage to the brain normal-appearing white matter (NAWM) and gray
matter (GM), in terms of lesions,2,3 diffuse microstructural abnormalities,4,5 and tissue
loss3,6 has been variously related to the severity of cognitive impairment in patients
with different MS clinical phenotypes. Functional MRI (fMRI) studies have suggested
that redistribution of function within cognitive-related networks might counteract such
structural damage, at least at some stages of the disease process.7-11
Experimental evidence suggests that fMRI might represent a valid tool to monitor the
effect of specific therapeutic interventions on cognition. A few single-center studies
have applied fMRI to assess the functional correlates of acute and chronic administration
of acetylcholinesterase inhibitors in MS patients.8,12 More recently, the beneficial effects
of cognitive rehabilitation on attention, executive functions and memory performances
have been associated with the optimization of compensatory strategies in cognitiverelated networks during training.13-15
Several steps are required to confirm the utility of fMRI in the context of MS trials
assessing treatment efficacy for cognitive disturbances. The first is the validation of
the approach obtained in a multicenter setting. Should this be achieved, the next step
would be its application in a longitudinal frame, to define how these measures relate to
disease clinical manifestations and how they are modulated by treatment. Against this
background, we applied fMRI to define the functional correlates of cognitive dysfunction
in patients with MS in a multicenter setting.
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METHODS
Subjects
Subjects were recruited at six European centers (www.magnims.eu), which included: (a)
the Department of Radiology, VU University Medical Centre, Amsterdam (Netherlands);
(b) the CEM-Cat, Hospital Vall d’Hebron, Barcelona (Spain); (c) the Research Unit for
Neuronal Repair and Plasticity, Medical University Graz, Graz (Austria); (d) the Queen
Square Imaging Centre, Institute of Neurology, University College London, London (UK);
(e) the Neuroimaging Research Unit, San Raffaele Scientific Institute, Milan (Italy); and (f )
the MRI Center “SUN-FISM”, Second University of Naples, Naples (Italy).
TABLE 1. Main demographic, clinical and conventional MRI characteristics of patients with
multiple sclerosis and healthy controls enrolled in this study at six European centers
Amsterdam

Barcelona

Group

HC

MS

HC

MS

HC

Graz
MS

HC

London
MS

HC

Milan
MS

HC

Naples
MS

P-value*

M/W

3/6

4/2

2/4

1/5

9/3

5/1

4/5

3/4

4/6

3/7

2/4

3/4

n.s.

Mean age
(SD) [years]

45.2
(6.7)

50.0
(5.1)

28.0
(7.3)

33.8
(7.3)

34.6
(6.3)

36.6
(6.8)

32.2
(5.0)

39.4
(9.7)

33.8
(8.2)

37.4
(8.3)

32.8
(10.4)

38.4
(6.2)

0.002

Education
(SD) [years]

15.3
(3.1)

17.2
(0.4)

18.2
(2.3)

13.7
(2.9)

17.8
(2.9)

12.1
(0.8)

18.2
(1.4)

17.0
(0.8)

16.0
(2.8)

11.1
(3.2)

14.5
(3.0)

14.0
(4.2)

n.s.

Median
EDSS
(range)

-

3.5
(2.5-4.0)

-

1.5
(1.5-4.0)

-

2.5
(1.5-3.5)

-

2.0
(1.0-4.0)

-

1.5
(1.0-4.0)

-

1.5
(1.0-2.0)

0.01

Mean
disease
duration
(SD) [years]

-

8.3
(4.7)

-

5.1
(2.0)

-

11.0
(7.4)

-

4.4
(2.4)

-

7.3
(9.1)

-

10.6
(3.1)

0.03

CP/CI
patients

-

2/4

-

5/1

-

4/2

-

3/4

-

4/6

-

4/3

n.s.

Mean T2 LV
(SD) [ml]

-

12.9
(13.0)

-

4.4
(4.3)

-

30.7
(23.4)

-

16.8
(22.9)

-

8.9
(8.6)

-

6.9
(6.8)

n.s.

Mean T1 LV
(SD) [ml]

-

7.3
(8.3)

-

3.5
(3.6)

-

11.9
(9.3)

-

6.5
(7.0)

-

4.6
(4.5)

-

6.2
(5.9)

n.s.

Mean NBV
(SD) [ml]

1529
(49)

1384
(119)

1590
(53)

1480
(40)

1552
(75)

1428
(148)

1601
(76)

1521
(118)

1493
(67)

1444
(85)

1548
(65)

1399
(107)

0.02

SD, standard deviation; M, men; W, women; HC, healthy controls; MS, multiple sclerosis; EDSS, Expanded
Disability Status scale; CP, cognitively preserved; CI, cognitively impaired; LV, lesion volume; NBV, normalized
brain volume. *Kruskal-Wallis test for site heterogeneity.

The inclusion criteria for this study required all subjects to be right-handed16 and aged
between 20 and 55 years. In addition, patients had to have a diagnosis of relapsing
remitting (RR) MS;17, 18 a disease duration < 15 years (to exclude patients with benign
MS); an Expanded Disability Status Scale (EDSS)19 < 4.0; no relapse or corticosteroids
treatment within the month prior to scanning; and no clinically apparent motor
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impairment of the right upper limb. Ten patients and three healthy controls (HC) had
to be excluded from the final analysis: four patients and one HC were excluded because
they were left handed; six patients and two HCs because they did not complete the
scanning protocol appropriately.
The final dataset used for this analysis included 42 RRMS patients (19/23 men/women;
mean age=39.6 years, standard deviation [SD]=8.5 years, range=24-55 years; mean
disease duration=7.7 years, range=2-15 years; median EDSS score=2.0, range=1.0-4.0)
and 52 HC (24/28 men/women, mean age=34.9 years, SD=8.6 years, range=22-52 years).
Table 1 shows the main demographic and clinical characteristics of the study subjects per
site. Gender did not differ significantly between HC and MS patients (p=0.90), whereas
HC were significantly younger than MS patients (p=0.01). As a consequence, age was
included as nuisance covariate in all statistical models used. Local ethics approval was
obtained at all sites and all subjects gave informed consent.

Functional and Neuropsychological Assessment
Within 48 hours from the MRI acquisition, MS patients underwent a neuropsychological
evaluation, performed at each participating site by an experienced neuropsychologist,
unaware of the MRI results, using validated translations of the neuropsychological
tests. Cognitive performance was assessed using the Brief Repeatable Battery of
Neuropsychological Tests (BRB-N),20 which includes the Selective Reminding Test (SRT) to
assess verbal memory; the 10/36 Spatial Recall Test (10/36 SRT) to assess visual memory;
the Symbol Digit Modalities Test (SDMT) and the Paced Auditory Serial Addition Test
(PASAT) 2” and 3” 21 to assess attention and information processing speed; and the Word
List Generation (WLG) test to assess verbal fluency. As previously described,22 Z-scores
for each of the previous domains and a global Z-score of cognitive function (obtained
by averaging Z-scores of all tests) were calculated.
In addition, the Wisconsin Card Sorting Test (WCST) was administered to evaluate
executive functions.23 Performance at the WCST was evaluated by computing scores
related to the total errors (WCSTte), the number of perseverative errors (WCSTpe), and
the number of perseverative responses (WCSTpr).23 Patients with a score ≤ 2 SD in at
least one of these measures were considered impaired at the WCST.13,24,25
Patients with at least two abnormal tests (defined as a score more than 2 SDs below
the normative value provided by Boringa et al.26 for the BRB-N and by Heaton et al.23 for
the WCST) were considered cognitively impaired (CI).27,28 It has been previously shown
that the BRB-N is only marginally influenced by language or cultural differences, and
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that normative values obtained from healthy controls from different countries are not
significantly different.22

MRI Acquisition
Brain MRI scans were obtained using magnets operating at 3.0 Tesla at all sites (Amsterdam
and Naples: GE Signa; Barcelona, Graz and London: Siemens Trio; Milan: Philips Intera).
Functional MR images were obtained at all sites using a T2*-weighted single-shot echoplanar imaging (EPI) sequence with the following parameters: repetition time (TR)=2,800
ms, echo time (TE)=30 ms, flip angle=85°, matrix size=128x128, field of view (FOV)=240
mm2. During each fMRI run, 264 sets of 30 axial slices, parallel to the AC-PC plane, with a
thickness of 4 mm, covering the whole brain were acquired. During the same scanning
session, the following brain sequences were obtained: (1) dual-echo turbo-spin-echo
(TSE): TR=ranging from 4,000 to 5,380 ms, TE1=ranging from 10 to 23 ms, TE2=ranging
from 90 to 102 ms, echo train length (ETL)=ranging from 5 to 11, 44 contiguous, 3-mmthick axial slices, parallel to the AC-PC plane, with a matrix size=256x192 and a FOV=
240x180 mm2 (recFOV=75%); (2) 3D T1-weighted scan: TR=ranging from 5.5 to 8.3 ms
(for GE/Philips scanners) and from 1,900 to 2,300 ms (for Siemens scanners); TE=ranging
from 1.7 to 3.0 ms; flip angle ranging from 8° to 12°, 176 to 192 sagittal slices with
thickness=1 mm and in-plane resolution=1x1 mm2.

Experimental Design
The N-back working memory task was implemented as a parametric design with
different N-back levels randomly occurring in blocks. Subjects were presented with
letters and had to respond by indicating whether the letter matched the target (an ‘x’ for
n=0, the immediately previous letter for n=1, similarly for two or three letters back, n=2
and n=3, respectively) or not. The letters were selected from the English alphabet except
j, k, w, y due to ambiguity in lower case form. The letter x was excluded in 1-, 2-, 3- back
conditions since it was always used as target in the 0-back task. The difficulty of the task
(cognitive load) increased with “n”. Each block consisted of 20 trials (1-s stimulus, 1.8-s
blank) with a total duration of 56 s, and was preceded by an initial 6-s prompt. The four
blocks of the 0-, 1-, 2-, and 3-back conditions, presented in random order, were repeated
three times, for total stimulus duration of 12 min and 20 s. The stimulation paradigm
was generated at the Neuroimaging Research Unit (Milan, Italy) using Presentation®
software (Neurobehavioral System) and then delivered to the other participating sites.
Stimuli were back-projected onto a screen in the scanner room which the subjects saw
through a mirror standard system located on the scanner’s head coil. A response box
allowed recording letter choice (accuracy) and reaction time (RT).

142

Activation of the working memory system

MRI Analysis
The analysis of structural and fMRI data was done centrally at the Neuroimaging
Research Unit (Milan, Italy) by experienced observers.
T2 hyperintense and T1 hypointense lesion volumes (LV) were measured on dual-echo
TSE and 3D T1-weighted scans, respectively, using a local thresholding segmentation
technique (Jim 5.0, Xinapse System, Leicester, UK). Normalized brain volumes (NBV)
were measured on 3D T1-weighted scans using the SIENAx software.29
FMRI data were analyzed using the statistical parametric mapping (SPM8) software. Prior
to statistical analysis, all images were realigned to the mean image to correct for subject
motion, spatially normalized into the Montreal Neurological Institute (MNI) space, and
smoothed with a 10-mm, three-dimensional (3D) Gaussian filter. Subjects were included
in the subsequent statistical analysis if they had a maximum cumulative translation
lower than 3.0 mm in the x,y,z planes (lower than 1.0 mm for each plane) or a maximum
cumulative rotation of 0.5º (none of the subjects was excluded due to movement).
Mean cumulative translations and rotations did not differ significantly between healthy
controls and MS patients (p=0.12 and 0.27 respectively, ANOVA models adjusted for
site effect). Changes in blood oxygenation level dependent (BOLD) contrast associated
with the performance of the N-back task were assessed on a voxel by voxel basis, using
the general linear model and the theory of Gaussian fields.30 A first-level design matrix,
including motion parameters as regressors, was built and specific effects were tested
by applying appropriate linear contrasts. For each subject, the three task conditions
(1-, 2-, and 3-back) were contrasted with the 0-back condition. Finally, areas showing
increasing activation (or deactivation) with increasing task difficulty were identified by
creating a linear contrast (N-back load) from 0- to 3-back.

Statistical Analysis
Patients’ clinical and MRI characteristics were reported as medians and ranges or as
frequencies and percentages for continuous and categorical variables, respectively.
Between-group and between-center comparisons were performed using the Pearson
chi-squared test and Mann-Whitney U-test or Kruskal-Wallis test for categorical and
continuous variables, respectively. Because of potential presence of between-center
heterogeneity, univariate and age-adjusted between-group comparisons were also
performed using generalized linear mixed effect models with random intercepts
and unstructured covariance matrix. Given the length of the fMRI task, we explored
the possible influence of fatigue during the N-back task by performing an analysis of
variance on the percentage of incorrect responses. The following effects were included
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in the model: time, task (i.e., 0-, 1-, 2-, or 3-back) and interaction term time x task. A
p-value <0.05 was considered as statistically significant (SAS Release 9.1.3 software).
fMRI analysis was performed using SPM8 and second-level statistics. One-sample t
tests (p<0.05, family-wise error [FWE] corrected for multiple comparisons) were used
to assess the average activity during the 1- vs. 0-, 2- vs. 0-, 3- vs. 0-back, and N-back
load conditions in HC and MS patients (as a whole, and according to the presence/
absence of CI). Between-group comparisons of fMRI activity during the load contrast
were performed using full factorial models adjusted for site and age effects. The analysis
was repeated including NBV as an additional covariate. Results were tested both at
p<0.001, uncorrected, and at p<0.05, FWE corrected. Between-center heterogeneity of
fMRI activity as well as between-center heterogeneity of differences between patients
and controls in such an activity was assessed by creating two F contrasts in the SPM8
design matrix, one testing site effect and one testing group x site interaction. Multiple
linear regression models, adjusted for age and site, were used to assess the correlation
between fMRI activity during the N-back load condition and behavioral (accuracy,
RT), clinical (EDSS, disease duration), neuropsychological (global Z score of cognitive
performance and Z scores of single cognitive domains and WCST), and conventional
MRI (T2 LV and T1 LV) variables (p<0.001, uncorrected).

RESULTS
Clinical, Neuropsychological, and Conventional MRI Measures
The mean T2 and T1 LVs of MS patients were 12.9 ml (SD=15.9 ml) and 6.5 ml (SD=6.6
ml), respectively. Compared to HC, MS patients had significantly lower NBV (mean
NBV=1549 [SD=73] ml in HC vs. 1,444 [SD=110] ml in MS patients; p<0.001). A significant
site effect was found for age, EDSS, disease duration, and NBV, whereas no effect was
found for education, gender, T2 LV, and T1 LV (Table 1).
Twenty (48%) MS patients were classified as CI. All patients impaired at WCST (n=10)
were also classified as CI at the BRB-N. The domains most frequently involved were:
attention and information processing speed (38% of the patients), executive functions
(29%), verbal memory (27%), spatial memory (21%), and fluency (21%) (Table 2). The
distribution of CI and cognitively preserved (CP) patients did not differ significantly
among sites (Table 1). Compared to CP patients, CI MS patients were significantly older
(mean age=36.9 years, SD=8.0 years for CP and 42.6 years, SD=8.1 years for CI patients;
p=0.04), had higher T2 LV (mean T2 LV=8.6 ml, SD=11.9 ml for CP and 18.2 ml, SD=18.5
ml for CI patients; p=0.02) and T1 LV (mean T1 LV=4.2 ml, SD=3.9 ml for CP and 9.3 ml,
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SD=7.9 ml for CI patients; p=0.005), as well as lower NBV (mean NBV=1,485 ml, SD=81
ml for CP and 1,398 ml, SD=120 ml for CI patients; p=0.01). No differences were found
for gender (p=0.10), education (p=0.63), EDSS (p=0.58) and disease duration (p=0.15).
TABLE 2. Number and frequency of patients with multiple sclerosis (MS) having abnormal
performances at neuropsychological tests and distribution across centers
Cognitive domains
Attention /information
processing speed (%)
Executive functions (%)

All centers Amsterdam Barcelona
(n=42)
(n=6)
(n=6)
16 (38%)
2 (33%)
2 (33%)

Graz
(n=6)
2 (33%)

London
(n=7)
2 (29%)

Milan Naples
(n=10) (n=7)
6 (60%) 2 (29%)

12 (29%)

2 (33%)

0 (0%)

1 (17%)

5 (71%)

4 (40%)

0 (0%)

Verbal memory (%)

11 (26%)

3 (50%)

0 (0%)

1 (17%)

2 (29%)

2 (20%) 3 (43%)

Spatial memory (%)

7 (17%)

0 (0%)

0 (0%)

1 (17%)

2 (29%)

3(30%)

1(17%)

Verbal fluency (%)

9 (21%)

1 (17%)

2 (33%)

3 (50%)

0 (0%)

1(10%)

2 (29%)

Abnormalities of attention/information processing speed, verbal memory, spatial memory and verbal fluency
domains were derived from the scores obtained at the Brief Repeatable Battery-Neuropsychological (BRB-N)
battery, abnormalities of the executive functions were derived from the scores obtained at the Wisconsin Card
Sorting Test (WCST). See text for further details.

During N-back task performance, MS patients had a higher percentage of incorrect
responses vs. HC (12.7% vs. 6.7%, p<0.001), whereas RT did not differ between the
two groups (RT on correct/incorrect responses=0.62/0.89 sec in HC vs. 0.64/0.89 in MS
patients, p=0.20 and 0.75, respectively). Compared to CP, CI MS patients had a higher
percentage of incorrect responses (15.5% vs. 11.2%, p=0.02) and a trend towards
longer RTs on correct responses (p=0.06, RTs for CP/CI MS patients=0.63/0.71 sec).
Conversely, RTs on incorrect responses were comparable between the two groups of
patients (p=0.88, RTs for CP/CI MS patients=0.89/0.93 sec). The analysis of variance
model testing the effect of fatigue found a significant effect of task (p<0.001) on the
percentage of incorrect responses, indicating that there was an increased number of
incorrect responses with increasing task difficulty. Conversely, there was neither effect
of time (p=0.76) nor time x task interaction (p=0.13), thus indicating that the percentage
of incorrect responses during each task did not change significantly with time.

N-back Task-Related Activation/Deactivations
Figure 1 and Table 3 show brain regions significantly activated/deactivated during the
N-back load condition in HC and MS patients. The patterns of activations during the 1vs. 0-, 2- vs. 0-, and 3- vs. 0-back conditions separately in the two groups are illustrated
in the Supporting Information Figure 1. Both groups showed task-related activations in
bilateral parietal regions, bilateral middle and inferior frontal (IFG) gyri, bilateral medial
frontal and dorsolateral prefrontal cortex (DL-PFC), bilateral anterior cingulate cortex
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(ACC), bilateral insula, and cerebellum. These regions showed also a linear increase of
activity with increasing task difficulty (Figure 1, Table 3). Conversely, a pattern of brain
regions, usually described as part of the default mode network (DMN) (including the
bilateral precuneus/posterior cingulate cortex [PCC], bilateral angular and superior
temporal gyri (STG), and medial superior frontal cortex), was deactivated with increasing
task difficulty (Figure 1, Table 3).

FIGURE 1. Brain regions showing linearly increasing (A, B) and decreasing (C, D) functional
magnetic resonance imaging (fMRI) activations with increasing N-back task difficulty in healthy
controls (A, C) and patients with multiple sclerosis (MS) (B, D) (one-sample t tests, p<0.05
family-wise error corrected for multiple comparisons). Areas with lower increase of activity
with increasing N-back load in MS patients vs. healthy controls are shown in E. Images are in
neurological convention.

Compared to HC, MS patients had significantly lower activation during the N-back load
condition of the bilateral inferior parietal lobule (IPL), left IFG, and left DL-PFC (Table 3,
Figure 1). Similar between-group differences, with smaller cluster extents, were found for
the 2- vs. 0- and 3- vs. 0-conditions (data not shown). Similar results were obtained when
including NBV as an additional covariate in the analysis (data not shown). No significant
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heterogeneity of fMRI activity was detected among site at p<0.05 (FWE corrected). Using
a threshold of p<0.001 (uncorrected), a significant group x site interaction was detected
in a cluster located at the level of the left IFG (MNI space coordinates: -52 28 6, cluster
extent k=75), which did not correspond to clusters showing significant differences of
fMRI activity between controls and MS patients (Table 3), suggesting only minimal
effect of site on our findings.
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SUPPLEMENTARY FIGURE 1. Group mean activations during the N-back working memory task
in healthy subjects (left) and in patients with multiple sclerosis (MS, right) (one-sample t tests,
p<0.05 family-wise error corrected for multiple comparisons). (A, B) 1- vs. 0-back condition; (C, D)
2- vs. 0-back condition; (E, F) 3- vs. 0-back condition. Images are in neurological convention.
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TABLE 3. Brain regions significantly activated/deactivated during the N-back load condition
in healthy controls and patients with multiple sclerosis (MS) (one sample t test, p<0.05 familywise error corrected for multiple comparisons) and between-group comparisons (p<0.001
uncorrected)

40
7

MNI space
coordinates
-36 -52 46
-24 -70 46

Cluster
extent k
3146

R
R

40
7

40 -52 40
30 -66 52

3605

13.7
11.7

Precentral gyrus
DL-PFC
IFG

L
L
L

6
46
48

-44 6 38
-34 50 22
-48 14 26

3649

11.7
7.6
11.0

MFG
DL-PFC
IFG

R
R
R

8
46
44

32 6 58
38 54 22
52 22 32

2601

10.2
7.0
8.3

Insula

L

47

-34 20 2

567

12.6

Insula

R

47

34 24 -4

460

11.2

ACC
SMA

L
L

32
6

-2 18 50
-4 8 58

935

10.6
7.3

Cerebel (crI)

R

-

36 -62 -28

49

7.4

L
L
R

23
23

-36 -66 -26
-6 -52 26
4 -52 24

21
5900

5.5
7.6
7.7

L

48

-50 -26 12

3201

10.9

STG

R

48

58 -18 12

3225

10.2

Mid SFG

L
R

10
10

-6 52 -6
8 60 6

2557

8.3
7.4

Angular gyrus

L

39

-44 -74 30

576

8.6

Angular gyrus
PHG

R
R

39
28

56 -64 18
26 -16 -22

81
131

5.4
6.2

Fusiform gyrus

R

37

22 -46 -12

57

5.7

Group

Contrast

Brain region

Side

BA

Healthy
controls

N-back load
activations

IPL
SPL

L
L

IPL
SPL

Healthy
controls
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Cerebel (crI)
N-back
Precuneus/PCC
load
deactivations
STG

T value
13.1
11.9
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TABLE 3. (Continued)

40
7

MNI space
coordinates
-46 -48 52
-28 -66 38

Cluster
extent k
1998

R
R

40
7

40 -44 40
26 -68 58

1944

7.6
7.2

Precentral gyrus
IFG

L
L

6
44

-46 4 44
-46 12 30

1973

7.7
8.1

DL-PFC

L

46

-34 48 18

24

5.5

Precentral gyrus
IFG

R
R

44
45

42 4 28
46 36 28

790

5.5
7.2

MFG

R

8

30 14 60

612

8.0

DL-PFC

R

46

42 54 10

27

5.8

Insula

L

47

-32 24 -2

160

7.1

Insula

R

47

32 24 -4

82

6.3

SMA
ACC

L
L

6
32

-2 16 56
-4 26 44

846

7.6
5.5

Cerebel (lobule VI)

R

-

34 -64 -26

14

4.4

L
R

23
23

-4 -48 28
6 -48 28

1900

8.9
7.6

STG

L

48

-44 -22 10

1582

8.1

STG

R

48

64 -26 20

480

6.6

Mid SFG

L
R

10
10

-10 52 42
2 54 30

553

7.0
6.2

MTG

L

37

-52 -66 14

118

6.4

MTG
IPL

R
L

37
40

54 -64 10
-38 -46 50

36
268

6.0
4.1

IPL

R

40

38 -40 44

68

3.9

IFG

L

44

-54 8 24

71

3.6

DL-PFC

L

46

-34 46 32

51

4.1

Group

Contrast

Brain region

Side

BA

MS patients

N-back load
activations

IPL
SPL

L
L

IPL
SPL

MS patients

MS patients
< healthy
controls

N-back load
Precuneus/PCC
deactivations

N-back load
activations

T value
8.6
8.5
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L, left, R, right; BA, Brodmann area; IPL, inferior parietal lobule; SPL, superior parietal lobule; DL-PFC,
dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; ACC, anterior cingulate
cortex; SMA, supplementary motor area; Cerebel, cerebellum; Mid SFG, medial superior frontal gyrus; PHG,
parahyppocampal gyrus; PCC, posterior cingulate cortex; STG, superior temporal gyrus; MTG, middle temporal
gyrus.
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Effect of Cognitive Impairment
Brain regions activated/deactivated during the N-back load condition in CP and CI MS
patients are shown in Figure 2 and summarized in Table 4; the results of the betweengroup comparisons are shown in Figures 3 and 4 and Table 5. Compared to HC, CP MS
patients had a reduced recruitment of the left DL-PFC during the N-back load condition,
whereas compared to HC and CI MS patients they showed an increased recruitment of
the right DL-PFC. With increasing task difficulty compared to HC and CP patients, CI MS
patients experienced reduced activations of several areas located in the fronto-parietal
and temporal lobes (Table 5). The conjunction analysis identified the left precentral
gyrus, supplementary motor area (SMA) and right insula as areas with lower activation
in CI MS patients vs. the other two groups during the N-back load condition.

FIGURE 2. Brain regions showing linearly increasing (A, B) and decreasing (C, D) functional
magnetic resonance imaging (fMRI) activations with increasing N-back task difficulty in cognitively
preserved (CP) (A, C) and cognitively impaired (CI) (B, D) patients with multiple sclerosis (MS)
(one-sample t tests, p<0.05 family-wise error corrected for multiple comparisons). Images are in
neurological convention.

Compared to HC and CP patients, CI MS patients also had a diminished deactivation,
during the N-back load condition, of several regions mainly located at the level of the
parietal-temporal-occipital lobes (Table 5, Figure 4). At conjunction analysis, the bilateral
PCC and lingual gyrus were less deactivated in CI MS patients vs. the other two groups
(Table 5, Figure 4).
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TABLE 4. Brain regions significantly activated/deactivated during the N-back load condition in
cognitively preserved (CP) and cognitively impaired (CI) patients with multiple sclerosis (MS)
(one-sample t test, p<0.05 family-wise error corrected for multiple comparisons)

40
7

MNI space
coordinates
-40 -44 46
-28 -70 38

Cluster
T value
extent k
2631
9.6
7.3

R
R

40
7

38 -46 42
20 -62 50

3474

8.6
6.4

Precentral gyrus
IFG
SFG
Precentral gyrus
IFG
MFG
DL-PFC
SMA
ACC
Insula

L
L
L
R
R
R
R
L
R
R

6
45
8
44
45
6/8
9
6
32
47

-44 4 42
-52 28 32
-20 16 60
42 6 34
46 38 30
32 14 60
40 22 50
-2 14 58
8 34 40
32 22 -6

11266

7.3
10.6
6.5
7.0
8.8
7.6
6.8
8.1
6.1
8.7

Insula
Precuneus/PCC

L
L
R

47
23
23

-36 22 -4
-4 -46 32
-2 -58 26

445
6742

7.7
9.1
7.7

STG

L

48

-44 -22 6

3933

8.8

STG

R

48

62 -30 22

3019

6.5

Mid SFG

L
R

10
10

-12 54 44
4 58 14

2890

6.7
6.8

Fusiform gyrus
IPL
SPL

R
L
L

37
40
7

40 -36 -24
-44 -50 54
-20 -72 54

425
1638

6.4
5.7
5.0

IPL
SPL

R
R

40
7

36 -56 58
20 -70 52

287

4.0
4.6

Precentral gyrus L
IFG
L

6
48

-48 6 38
-46 18 26

1350

5.8
5.8

SMA
ACC
Precuneus/PCC

R
L
L
R

8
24
23
23

2 20 48
-6 2 52
-6 -48 26
8 -46 26

292

5.1
4.0
5.1
4.2

STG

L

42

-58 -28 14

343

5.4

STG

R

48

64 -20 16

261

6.3

Group

Contrast

Brain region

Side

BA

CP MS patients

N-back load
activations

IPL
SPL

L
L

IPL
SPL

CP MS patients

CI MS patients

CI MS patients

N-back load
deactivations

N-back load
activations

N-back load
deactivations

483
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L, left, R, right; BA, Brodmann area; IPL, inferior parietal lobule; SPL, superior parietal lobule; DL-PFC,
dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; SMA, supplementary
motor area; ACC, anterior cingulate cortex; (Mid) SFG, (medial) superior frontal gyrus; PCC, posterior cingulate
cortex; STG, superior temporal gyrus.
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TABLE 5. Brain regions showing significant differences of fMRI activations/deactivations during
the N-back load condition between cognitively preserved (CP), cognitively impaired (CI) multiple
sclerosis (MS) patients and healthy controls (HCs, full factorial model adjusted for age and site
effect, p<0.001 uncorrected)
Task

Contrast

Cluster
T value
extent k
10
3.4

R

9

40 16 48

27

3.6

IPL*
SPL*

L
L

40
7

-38 -46 48
-26 -68 48

761

4.9
4.0

IPL*

R

40

40 -42 46

303

4.6

Precentral gyrus*
IFG*

L
L

6
44

-46 2 36
-50 10 16

456

4.0
3.9

Insula

L

47

-36 22 -4

128

4.1

Insula

R

47

36 24 -4

226

4.6

SPL

R

7

28 -62 54

222

4.0

ACC

L

32

-4 10 58

30

3.7

DL-PFC
DL-PFC*

L
R

46
9

-34 46 32
44 8 48

27
574

3.4
4.5

MFG*
ACC*
SMA*
Precentral gyrus

L
L
L
L

6
32
6
6

-36 4 52
-8 10 58
-8 6 60
-44 6 50

331

31

3.8
4.0
3.7
3.5

SMA

L

6

-6 8 58

14

3.5

Insula
DL-PFC

R
R

47
9

36 22 -6
40 16 48

10
27

3.3
3.6

Side BA

DL-PFC

L

CP MS patients
> healthy controls

DL-PFC

Healthy controls
> CI MS patients

N-back load Healthy controls
activation
> CP MS patients

CP > CI MS patients

Healthy controls & CP
> CI MS patients
(conjunction analysis)

CP > CI MS patients &
healthy controls
(conjunction analysis)
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TABLE 5. (Continued)
Task

Contrast

N-back load CI MS patients
> healthy controls
(CI patients less
deactivation)

CI > CP MS patients
(CI patients less
deactivation)

CI MS patients
> healthy controls
& CP MS patients
(conjunction analysis)
(CI patients less
deactivation)

23
23

MNI space
coordinates
-4 -46 30
8 -56 28

Cluster
T value
extent k
555
4.0
3.9

L

4

-6 -34 52

529

4.5

PHG*

L

30

-26 -34 -12

427

4.5

PHG*

R

30

26 -18 -24

369

4.4

MTG

L

20

-50 6 -34

134

4.1

Fusiform gyrus

R

19

28 -64 -6

141

4.0

STG

L

48

-48 -22 14

68

3.9

Angular gyrus
Lingual gyrus*

L
L

39
19

-52 -66 26
-18 -52 -4

64
552

3.8
4.5

Lingual/Fusiform
gyrus

R

19

26 -62 -6

201

3.9

Sup TP

R

38

56 6 -6

110

4.1

STG

L

48

-38 -14 -4

155

3.9

PCC

R

2 -40 36

72

3.6

STG
PCC

R
L

5

58 -32 4
-8 -38 50

52
31

3.6
3.4

PCC

R

23

0 -42 32

22

3.4

Lingual gyrus/
PHG

L

-24 -36 -14

143

4.2

Lingual gyrus

R

28-64 -6

81

3.8

Brain region

Side BA

Precuneus/PCC*

L
R

MCC*
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L, left, R, right; BA, Brodmann area; DL-PFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobule; SPL,
superior parietal lobule; IFG, inferior frontal gyrus; SMA, supplementary motor area; ACC, anterior cingulate
cortex; PCC, posterior cingulate cortex; MCC, middle cingulate cortex; PHG, parahippocampal gyrus; MTG,
middle temporal gyrus; STG, superior temporal gyrus; Sup TP, superior temporal pole.
*p<0.05, family-wise error corrected for multiple comparisons.
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FIGURE 3. Brain regions showing
significantly
different
fMRI
activations with increasing N-back
task difficulty in cognitively impaired
(CI) and cognitively preserved (CP)
patients with multiple sclerosis
(MS) vs. healthy controls (HC): (A)
HC vs. CP MS patients; (B) CP MS
patients vs. HC; (C) HC vs. CI MS
patients; (D) CP vs. CI MS patients;
(E) HC and CP MS vs. CI MS patients
(conjunction analysis); (F) CP MS vs.
CI MS patients and HC (conjunction
analysis). Images are in neurological
convention. Abbreviations: IPL,
inferior parietal lobule; SPL, superior
parietal lobule; PcG, precentral
gyrus; IFG, inferior frontal gyrus;
MFG, middle frontal gyrus; DL-PFC,
dorsolateral prefrontal cortex; SMA,
supplementary motor area; ACC,
anterior cingulate cortex.
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FIGURE 4. Brain regions showing
significantly different fMRI deactivations with increasing N-back task
difficulty in cognitively impaired
(CI) patients with multiple sclerosis
(MS) vs. the other study groups: (A)
CI MS patients vs. healthy controls
(HC); (B) CI vs. cognitively preserved
(CP) MS patients; (C) CI MS vs. CP
MS patients and HC (conjunction
analysis). Images are in neurological convention. Abbreviations:
MCC, middle cingulate cortex; PCC,
posterior cingulate cortex; STG,
superior temporal gyrus; PHG, parahippocampal gyrus; Sup TP, superior temporal pole.
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Analysis of Correlations
In MS patients, reduced activations of regions of the frontal lobes during the N-back
load condition were associated with longer disease duration, higher T2 LV, and higher
T1 LV (Table 6). Significant correlations were also found between abnormal patterns
of activations and deactivations during the N-back load condition and behavioral
measures and cognitive performance, as well as performance at individual cognitive
domains (Table 6).
TABLE 6. Brain regions showing significant correlations between fMRI activations/deactivations
during the N-back load condition with clinical, conventional MRI and neuropsychological
characteristics of MS patients (multiple regression models adjusted for age and site effect,
p<0.001 uncorrected)
Variable
Accuracy (% of correct responses)

Reaction time
Disease duration
T2 LV
T1 LV
Global cognitive Z-score

Z-score of attention functions
Z-score of visual memory
Z-score of verbal memory
Z-score of fluency
WCSTte
WCSTpe
WCSTpr

N-back load activation

N-back load deactivation

Brain region

r

Brain region

r

L DL-PFC*
L SMA/ACC
R MFG
R IFG
R SPL
R IPL
L IPL
R DL-PFC
L DL-PFC
R ACC
R ACC
R precentral gyrus/SFG*
R SMA
L ACC
L IFG
R insula
R DL-PFC
R precentral gyrus/SFG*
L IFG
R IFG
R MFG
R IPL

0.60
0.54
0.59
0.57
0.54
-0.62
-0.57
-0.57
-0.57
-0.61
-0.61
0.67
0.65
0.45
0.59
0.58
0.56
0.67
0.57
0.55
0.63
0.48

L PHG
L lingual gyrus
R PHG

-0.60
-0.58
-0.56

L precuneus/PCC

0.52

L DL-PFC
L postcentral gyrus
L DL-PFC
L postcentral gyrus
L DL-PFC
L paracentral lobule*
R paracentral lobule

0.44
0.48
0.45
0.47
0.49
0.49
0.43

L precuneus/PCC*
R precuneus
R STG
L lingual gyrus/PHG
L precuneus/MCC*
L STG
R STG
L MOG
R angular gyrus
-

-0.63
-0.59
-0.62
-0.50
-0.65
-0.62
-0.55
-0.61
-0.57
-

-

-

-

-

LV, lesion volume; L, left; R, right; DL-PFC, dorsolateral prefrontal cortex; ACC, anterior cingulate cortex; SFG,
superior frontal gyrus; MFG, middle frontal gyrus; IFG, inferior frontal gyrus; SMA, supplementary motor
area; PCC, posterior cingulate cortex; STG, superior temporal gyrus; MOG, middle occipital gyrus; PHG,
parahippocampal gyrus; SPL, superior parietal lobule.
*p<0.05 family-wise error corrected for multiple comparisons.
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DISCUSSION
In this prospective, cross-sectional study, we wished to confirm the feasibility of
the application of fMRI in a multicenter setting for the assessment of the functional
correlates of cognitive function in patients with MS. To this aim, we applied relatively
strict inclusion criteria, a validated neuropsychological evaluation, and a standardized
fMRI task to evaluate patients and HC enrolled from six different European sites. All
centers used 3.0 T magnets and similar MRI sequences. In addition, structural and
functional MRI analysis was pre-planned and centralized. For fMRI investigation, we
chose to apply the N-back task, which allows assessing working memory and which has
been already applied in several previous single-center studies of MS patients7-9, 31-33 and
in multicenter studies of healthy individuals.34
In line with the results of previous studies, which have applied a similar fMRI paradigm,7-9,11
during the N-back task both HC and MS patients experienced a distributed pattern of
activations of several regions located in the fronto-parietal lobes, insula and cerebellum,
as well as a consistent deactivation of areas usually described as part of the DMN.11,32,35
Such a pattern of brain recruitment was independent of center and brain atrophy. All of
the previous regions are known to contribute to different aspects of working memory
processing, and most of them have been demonstrated to have load-dependent
activations/deactivations during working memory tasks.36-38 These regions included
not only areas with a well-characterized role for cognitive functions (see Owen38 for a
review), such as the DL-PFC (involved in holding spatial information on-line, response
selection, monitoring within working memory, and implementation of strategies
to facilitate memory), anterior cingulum (which plays a role in error detection and
response correction), parietal cortex (involved in storage of working memory contents
and implementation of stimuli response mapping), and cerebellum (involved in highlevel cognitive functions and conflict adaptation) but also regions which are part of
the sensorimotor network, such as the precentral gyrus and SMA. The recruitment of
sensorimotor areas can be related to the motor response required during the fMRI task.
Interestingly, in agreement with the results of a recent meta-analysis of MS studies39,
when we compared the whole group of MS patients vs. HC, we found in patients a
consistently reduced activation during the different experimental conditions of the
bilateral IPL, left IFG and left DL-PFC.
Second to the proof of the applicability and reliability of the fMRI task and meaningfulness
of the results in a multicenter set-up, our next aim was to define how these findings
relate to patients’ cognitive status. To do this, we performed two different analyses,
which yielded very similar results. In the first one, patients were dichotomized according

157

Chapter

4

Chapter 4.1

to the presence/absence of cognitive impairment as defined by established criteria.27,28
The second was an analysis of correlation between fMRI activity and global cognitive
Z-score. Both these analyses revealed that, in MS patients, better cognitive performance
was associated with an increased recruitment, during the N-back load condition, of
the right DL-PFC. At present, the role of right DL-PFC activity in mediating cognitive
performance is largely debated since available studies in MS and in other conditions such
as traumatic brain injury demonstrated varied and sometimes conflicting results.40,41
Many factors are likely to contribute to discrepancies among studies, including clinical
characteristics of the patients enrolled, measures of performance analyzed (accuracy
vs. RT) and additional variables possibly related to both task performance and fMRI
activity (e.g., lesions, normal-appearing white matter damage, etc.). In patients with
MS, several lines of evidence support the role of this region in contributing favorably
to cognitive outcomes. Increased activation and/or connectivity of the right DL-PFC has
been described in patients with clinically isolated syndromes suggestive of MS42, early
RRMS10 and nondisabling MS43 without overt cognitive deficits, suggesting that this
might represent an adaptive mechanism which contributes to limiting disease clinical
manifestations due to underlying structural brain damage. In line with this, a relatively
preserved cortical plasticity has been found in patients with benign MS,44,45 and not
in those with secondary progressive MS.45 Of note, a few longitudinal studies have
suggested that an altered recruitment of the right DL-PFC is associated with improved
cognitive performance in observational studies46 as well as following pharmacological
treatment8,12 and cognitive rehabilitation.13,24
Patients with global cognitive impairment experienced reduced activations, with
increasing N-back load, of the left prefrontal gyrus, left SMA and right insula, as well as
less deactivations of regions which are part of the DMN, including the PCC and lingual
gyrus. A reduced capability to modulate the deactivation of the DMN with increasing task
complexity has been demonstrated in several neurological and psychiatric conditions,
such as fragile-X syndrome47, bipolar disorders48, mild cognitive impairment (MCI),49 and
also MS.32,35,50 A considerable body of evidence supports the notion that such a deficit
of DMN modulation might represent a maladaptive mechanism contributing to the
clinical manifestations of the disease.51 For instance, patients with Alzheimer’s disease
and MCI with more severe memory deficits have a failure of DMN deactivation when
compared to less-impaired MCI patients.49
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The assessment and interpretation of active cognitive fMRI tasks in patients with
cognitive impairment may be challenging and might be influenced by a worse task
performance in patients vs. controls. Indeed, compared to HC, our MS patients showed
a higher number of errors during N-back performance, with similar RTs. To avoid such
an impact, the analysis of resting state (RS) brain functional connectivity has been
proposed as a valid alternative to active fMRI investigations, particularly in clinically
impaired populations.52 In line with this, previous RS fMRI studies in MS have markedly
contributed to improve our understanding of the role of brain functional reorganization
in patients with severe clinical and/or cognitive impairment by showing that a reduced
functional connectivity of anterior regions of the brain, mostly located in the frontal
lobes,53,54 is related not only to the severity of CI, but also to structural disruption of
connecting white matter tracts.53 Despite this, we preferred to apply an active paradigm
in this study because there might be some mechanisms related to cognitive function
which are likely not captured properly by the use of a non active/resting paradigm.
Specifically, previous studies have suggested that patients with MS might have a limited
cognitive functional reserve, that is, the ability to match brain activity to increasing
cognitive demand.7,32,50,55 Such an impaired functional reserve is present across all stages
of the disease, including patients with clinically isolated syndrome,55 even if it is more
pronounced in patients with the progressive forms of the disease.50 Therefore, the use
of tasks with graded difficulty offers a parametric approach to test the ability of brain
regions to increase/decrease activity with increasing task demand and might ultimately
allow detection of subtle abnormalities of brain function, similar to those we found in
CP and CI MS patients.
Our study has two collateral findings which deserve a brief discussion. First, as expected,
in line with the specific role played by cognitive-related regions in selected aspects of
cognitive processes, the analysis of correlation showed that deficits at selected cognitive
domains were related to abnormalities of function of specific brain regions during the
N-back load conditions. For instance, impaired WCST performance, which assesses
higher executive abilities, were related to abnormal recruitment of regions mostly
located in the frontal lobes. This suggests that the task we used might also be useful
for investigating the rewiring of cognitive networks in patients with deficits in single
cognitive domains. Second, in line with many previous studies, we found a correlation
between fMRI abnormalities and measures of structural damage (T2 and T1 LV), which
further support the notion that, at least until a certain level, functional plasticity might
have an adaptive role and contribute to limit the clinical consequences of diseaserelated damage.
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ABSTRACT
Objective: To investigate the effects of high-frequency repetitive transcranial magnetic
stimulation (rTMS) in multiple sclerosis (MS) patients on functional MRI (fMRI, taskrelated brain activation and brain connectivity) and working memory performance
(N-back task accuracy).
Methods: Seventeen MS patients and 11 healthy controls (HCs) underwent three
experimental sessions (baseline, real-rTMS and sham-rTMS) in a single-blind cross-over
study. 3000 pulses of 10Hz rTMS were applied to the right dorsolateral prefrontal cortex
(DLPFC) targeted at task-activation coordinates guided by (f )MRI neuronavigation. In
all sessions, a visuo-spatial N-back task (3 task-loads: N1, N2, N3; baseline condition: N0)
was performed inside a 1.5T MR-scanner.
Results: Patients, compared to HCs, showed higher task-related activation of the
left DLPFC at baseline (N2>N0) but not after real-rTMS. In patients only, functional
connectivity between right DLPFC (stimulation site) and right caudate, right/left
paracingulate gyri, left anterior cingulate and left frontal pole (contrast N1>N0) increased
after real-rTMS when compared to sham. N-back accuracy improved in patients after
real-rTMS compared to baseline (P<0.01) but not after sham-rTMS; no improvement was
seen in HCs. Patients and HCs did not differ in N-back accuracy.
Conclusions: In MS patients frontal over-activations relative to HCs disappeared after
real-rTMS. Functional connectivity between the stimulated area and task-relevant
regions increased after real-rTMS (compared to sham-rTMS) in patients only. As the
patients’ N-back performance improved, we interpret these findings as rTMS-induced
increase in processing efficiency in MS patients. Future studies should investigate if and
when rTMS could be used as tool for cognitive rehabilitation in MS.
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INTRODUCTION
Multiple Sclerosis (MS) is a progressive demyelinating and neurodegenerative disease,
characterized by widespread lesions in the brain and spinal cord. Besides the well
known symptoms, such as deficits in motor and sensory function, only since recently
it is widely acknowledged that cognitive impairment is a frequent symptom in MS as
well.1 Working memory impairment affects up to 30% of MS patients.1,2 Unfortunately,
there is currently no treatment available to tackle working memory impairment in MS.
In MS, a high lesion load in the frontal white matter3,4 and frontal cortical atrophy5
are associated with poor working memory performance. Working memory specific
functional MRI (fMRI) studies show frontal hyperactivation6,7 and increased frontal interhemispheric connectivity8 in cognitively preserved MS patients compared to healthy
controls (HC). These changes might represent compensatory functional reorganization,
which can explain the often substantial discrepancy between the amount of structural
brain damage and the rather limited degree of resulting (cognitive) impairment.9
In healthy subjects high frequency (≥ 5Hz) repetitive transcranial magnetic stimulation
(rTMS) can enhance the excitability of a particular cortical region and its connected
brain regions, as measured by fMRI.10,11 These changes are thought to rely on alterations
in effectiveness of cortical synapses, so called long-term potentiation or long-term
depression.12 In subjects with depression, high frequency rTMS of the left dorsolateral
prefrontal cortex (DLPFC) has been shown to improve working memory performance.13-15
Importantly, this effect could not be dedicated to mood improvement.13 In MS patients,
rTMS has shown to improve spasticity,16 but to our knowledge, the impact of rTMS on
working memory in MS has never been addressed.
In this single-blind sham-controlled rTMS study we stimulated the right DLPFC of 17 MS
patients and 11 healthy controls (HCs) with high-frequency rTMS. The aim of this study
was to investigate the effects of a single session of rTMS in MS patients on task-related
(fMRI) brain activation, brain connectivity during a spatial working memory task, and
working memory performance (N-back accuracy). We expected to find changes in local
brain activation and connectivity of the stimulated area after real-rTMS.
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METHODS
Participants and experimental design
The study protocol was approved by the ethics review board of the VU University
Medical Center in Amsterdam and all subjects gave written informed consent prior to
participation. All patients were diagnosed with clinically definite MS.17 Disease severity
was measured at baseline with a questionnaire based on the Expanded Disability Status
Scale (EDSS).18 Patients and HCs had sufficient visual acuity and upper limb motor
function to perform the N-back task. Groups were matched for age, sex and education.
All participants underwent three experimental sessions (baseline, real-rTMS and shamrTMS) in a single-blind cross-over design (Figure 1). The time between the sessions was
approximately two weeks and the order of real- and sham stimulation was randomized
across the participants to avoid order effects.

FIGURE 1. Flow chart of the experimental design
Each participant underwent three sessions (Baseline, real-rTMS and sham-rTMS). Between measurement 2
and 3 a washout period of a minimum of two weeks was allowed. The T2-weighted axial scan represents the
structural scans that were performed at baseline (T1, T2, proton-density, DIR). The diamond with three blue
and one yellow dot represents the visuo-spatial N-back task during which functional MRI was performed.

Since epileptic seizures are possible adverse events of rTMS, the following safety
measures were performed: (a) medication that might lower seizure threshold (such as
fampridine) was not permitted; (b) since a possible association exists between high
cortical lesion-load and epileptic seizures in MS,19 patients with more than 12 cortical
lesions (mean lesion-load in local MS population with comparable disease duration20), as
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assessed on double inversion recovery (DIR), were excluded. Further exclusion criteria:
relapses and corticosteroid-administration in the 6 weeks prior to investigation.

Neuropsychological assessment
All subjects underwent extensive neuropsychological testing (see Table 1). Working
memory was assessed with the digit span and the Letter-Number Sequencing, both
derived from the Wechsler Adult Intelligence Scale.21 Additionally, processing speed
(Letter Digit Substitution22), spatial memory (Location Learning Test23), semantic
memory (Word List Generation24) and verbal memory and learning (Verbale Leer- en
Geheugen Taak, VLGT25) were assessed. To study anxiety, depression and fatigue, the
Hospital Anxiety and Depression Scale (HADS-A and HADS-D, clinically relevant scores:
≥11) and the Checklist of Individual Strength (CIS-8) were used.26,27 An estimation of
pre-morbid intelligence was done with the Dutch version of the New Adult Reading
Test (DART).28,29 Educational level was assessed with a scoring system that comprised a
7-point scale, ranging from having not finished primary education (level 1) to university
educated (level 7).30 To evaluate handedness, we used the Edinburgh Handedness
Scale.31

MR imaging
MRI was performed on a 1.5T whole-body scanner (Siemens Sonata, Erlangen,
Germany), using an eight channel phased-array head coil. At all sessions a localizer,
3D-magnetization prepared rapid acquisition gradient-echo (MPRAGE, repetition time
(TR)/ echo time (TE) 2700/5 ms, 176 sagittal slices with 1.3mm thickness, 1.3 x 1.3 mm2)
and echo planar images (EPI) during administration of the N-back task (276 EPI, TR/
TE 2570/45 ms, 3.8 x 3.8 mm2 in plane resolution, acquisition time 12 minutes) were
performed. For white matter lesion detection turbo spin-echo proton density (PD) and
T2-weighted images (TR 3130ms, TE 24/85 ms, 46 axial slices with 3 mm thickness, 1.0 x
1.0 mm2) were obtained. 3D-DIR images were acquired to detect cortical lesions (TR/TE
2350/35 ms, 120 sagittal slices, 1.0 x 1.0 mm2).
For each subject, the whole brain volume (gray and white matter volume separately,
corrected for head size) was measured using the MPRAGE images and SIENAX.32 White
matter lesions were marked and manually outlined on the PD-weighted images using a
local-threshold technique. Cortical lesions were scored on the 3D-DIR images according
to consensus guidelines.33
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TABLE 1. Demographical, clinical and cognitive data of healthy controls (HC) and MS patients (MS)
Demographical
and clinical
measures
Age (y)

HC (n=11)

MS (n=17)

P-value

42.3 (11.1)

43.3 (8.3)

0.796

6/5

10/7

0.826

Sex (female/
male) †
Handedness
(R/L) †
Premorbid IQ

10/1

15/2

0.619

107.6 (8.3)

106.7 (11.1)

0.821

Educational level†

6.0 (5.0-6.0)

6.0 (5.5-6.0)

0.842

Disease type

-

13/4 (RRMS/SPMS)

-

Disease duration
(y)
EDSS†

-

11.9y (6.8)

-

-

3.5 (1.5-4.5)

-

3.8 (1.6)

6.1 (3.4)

0.049*

1.8 (2.1)

5.0 (4.0)

0.023*

17.8 (11.5)

25.5 (11.7)

0.098

HADS-A
HADS-D
CIS-8
Working
Memory
N-back accuracy
Baseline
Real-rTMS
Sham-rTMS
Digit span
Forward
Backward†
LNS
Processing
speed - LDST
Spatial memory
- LLT†
Verbal memory
and learning VLGT
Semantic
memory
WLG-Animals
WLG-Professions
WLG-M-words

N0†

N1†

N2†

N3

N0†

N1†

N2†

60
59
53 40.6±11.2
60
59
51
57-60 56-60 47-54
60-60
55.5-60 36-55.5
60
59
54 44.7±11.4
60
60
54
59-60 56-60 44-58
60-60
56.5-60
50-58
60
59
58
55.7± 7.5
60
58
53
59-60 58-60 50-60
58.5-60 55.5-59.5 43-57.5

N3
36.9 ±13.1

0.772

41.9±12.3

0.973

39.8 ±12.5

0.143

10.3 (1.9)
8.0 (8.0-8.0)
11.0 (1.3)

9.4 (2.5)
7.0 (6.0-10.5)
10.8 (2.4)

0.340
0.124
0.767

63.8 (8.2)

56.2 (14.6)

0.130

14.0 (8.0-20.0)

16.0 (6.5-39.5)

0.602

61.9 (5.0)

57.2 (10.6)

0.185

27.6 (4.6)
20.6 (5.4)
13.4 (3.3)

24.3 (7.2)
19.0 (5.5)
12.4 (5.6)

0.198
0.444
0.617

Data are means (standard deviation) for normally distributed variables, variables indicated with † were not
normally distributed and therefore medians (interquartile range) are provided; y = years; HADS: Hospital
Anxiety and Depression Scale A: anxiety, D: depression; CIS-8: Checklist individual strength. LNS: LetterNumber Sequencing; LDST: Letter Digit Substitution Task, total number of substitutions is provided; LLT:
Location Learning Task, total number of displacements is provided; VLGT: verbal learning and memory task,
total number of correct items is provided; WLG: Word List Generation. P-value of N-back accuracy: the overall
accuracy of N1, N2 and N3 was compared between HCs and MS, the baseline condition (N0) was omitted.
*Significant differences were found between patients and HCs.
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Functional MRI: activation and connectivity during N-back task
In the scanner, participants performed a visuo-spatial N-back working memory task
with three increasing task-loads (N1, N2 and N3) and a baseline condition (N0) in a block
design. The task was projected on a screen and was visible for the participants via a
mirror. In each trial (every 2.8 seconds) a yellow dot appeared either at the left, right,
bottom or top of a blue diamond which corresponded to four similar locations on an
MRI compatible response box (Current Designs Inc., Philadelphia, USA). In the baseline
condition (N0) participants were instructed to respond to the stimulus dot immediately
by pressing the corresponding button. In the three increasing working memory load
conditions subjects were asked to respond to the location of the dot with a delay of one
(N1), two (N2) or three stimuli (N3). Conditions were presented in a block design: three
blocks of 20 trials per condition, resulting in 60 trials per condition. The presentation
of blocks was fixed, looping three times in an order of increasing difficulty (N0, N1,
N2, N3). The main behavioral outcome measure was the absolute number of accurate
responses for each task-load (between 0 and 60). Participants were familiarized with
the task in a training session before entering the scanner and were only allowed to
proceed when achieving an accuracy >70% (all task-loads together). This task was not
designed to measure rTMS-effects on reaction times as participants were ought to know
the position of the right answer already before seeing the upcoming stimulus in the
working memory conditions N1, N2 and N3. The delay between the end of stimulation
and the beginning of the MRI-measurement was approximately 6min (Table 2); N-back
task acquisition began approximately 25 minutes after the end of stimulation. For more
details on the N-back task see de Vries et al.34
All functional image analyses were performed using FSL 5.0.2 (FMRIB’s Software Library,
http://www.fmrib.ox.ac.uk/fsl). For each subject, all non-brain tissue was removed
from the images (BET) and motion correction (MCFLIRT) was applied. Thereafter, the
functional images were aligned to the subject’s MPRAGE using affine registration (FLIRT)
through boundary-based registration and subsequently to the MNI152 standard brain
using non-linear registration (FNIRT, warp resolution: 10 mm, 12 degrees of freedom).
In the first-level FEAT analysis, highpass-filtering (230 sec cut-off period) was used
and spatial smoothing was performed with a full-width-at-half-maximum (FWHM)
Gaussian kernel of 5 mm. Both the activation and the seed-based connectivity analysis
were modeled using FEAT with a double-gamma hemodynamic response function in
context of the general linear model using a block design. At first level, a specific taskload dependent blood-oxygen-level-dependent (BOLD) response was computed by
contrasting the responses to N1, N2 and N3 with the response during baseline condition
(N0), resulting in three contrasts.
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TABLE 2. Structural MRI measures and rTMS-parameters of healthy controls (HC) and MS patients
(MS)
Structural MRI measures

HC (n=11)

MS (n=17)

P-value

NBV in L

1.45 (0.06)

1.44 (0.09)

0.657

NGMV in L

0.76 (0.06)

0.76 (0.06)

0.948

NWMV in L

0.69 (0.02)

0.68 (0.03)

0.301

†

T2 lesion volume in mL

-

4.24 (1.48-6.89)

-

Number cortical lesions

-

5.82 (3.40)

-

Cortical lesions in right DLPFC

-

0 (0)

-

rTMS parameters
Started with
RMT (%)
rTMS intensity (%)
†

Delay rTMS / MRI (min)

Real-rTMS

Sham-rTMS

Real-rTMS

Sham-rTMS

6

5

9

8

47.2 ±7.1

48.8 ±7.1

53.2 ±7.7

53.7 ±7.6

0.061

0.139

54
44-62
5.4 ±8.7

39
33-45
6.5 ±3.1

59
55-63.5
6.8 ±1.6

44
40.5-46
6.0 ±1.6

0.161

0.083
-

Data are means (standard deviation), except for where because of non-normal distribution median and
interquartile range are provided. NBV: normalized brain volume; NGMV: normalized gray matter volume;
NWMV: normalized white matter volume; NHV: normalized hippocampal volume, L: liters, mL: milliliters.
“Started with” states the order of sham and real-rTMS application. RMT (resting motor threshold) and rTMS
intensity are provided in % maximal stimulator power. The latency between the end of stimulation and the
beginning of the MRI measurements is provided in minutes. P-value: significance of difference between HC
and MS group; P-value regarding rTMS-parameters: left value: significance of difference between real-rTMS in
HCs and real-rTMS in patients; right value: significance of difference between sham-rTMS in HCs and shamrTMS in patients.
†

To monitor possible rTMS-induced changes on connectivity during N-back performance,
we used a seed-based approach with the stimulated area (right DLPFC) as seed region
(Figure 3C). The mask of the stimulated area was computed by creating a sphere of 6mm
around the baseline peak-voxel of task-activation in the right DLPFC of every subject
in standard space. Task-activation was computed by contrasting the sum of responses
to N1, N2 and N3 with N0 (N123>N0). Subsequently, smoothing was performed.
Thereafter, individual time series of the stimulated area were obtained and a generalized
psychophysiological interaction (gPPI) analysis was performed for each individual and
each session separately (contrasts: N1>N0, N2>N0, N3>N0).35 As post-hoc analysis, taskload effects were further characterized by extracting the mean connectivity parameter
estimates (in %) for N1>N0, N2>N0 and N3>N0 from each individual first level FEAT with
feat query. As region-of-interest (ROI) we used the cluster-corrected difference mask
between the real and the sham condition in patients (contrast N1>N0). Connectivity
parameter estimates were only computed for patients since the ROI did not contain
meaningful areas for HCs.
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Repetitive Transcranial Magnetic Stimulation (rTMS)
rTMS was administered with a MagPro X100 stimulator (MagVenture, Farum, Denmark),
using a figure-of-eight TMS-coil (MCF B-65, MagVenture, Farum, Denmark). We
determined the resting motor threshold (RMT) of the left first dorsal interosseus muscle
by gradually decreasing TMS-intensity over the right motor cortex until the lowest
stimulation intensity that resulted in a visually detectable muscle twitch in 5 out of 10
trials. The stimulation location for real-rTMS was individually determined based on the
peak-voxel of activation for the task effect (N123>N0 contrast) in the right DLPFC at
baseline; online neuronavigation (ASA 4.6, ANT Neuro, Enschede, The Netherlands) and
mechanical stabilization of the TMS-coil (Magic Arm, Manfrotto, Cassola, Italy) allowed
precise targeting of the stimulation. In distinction to rTMS-protocols attempting
to treat depression and stimulating the left DLPFC, we chose to stimulate the right
DLPFC. This was done for two reasons: (1) To avoid a bias on task performance through
possible mood improvement. (2) Earlier work has shown that the task used in this study
robustly activates the fronto-parietal working memory network with a right-sided
preponderance.34
Our rTMS-protocol (10Hz, 110% RMT, 60 trains of 5 sec, 25 sec between trains, in total 3000
biphasic pulses) fulfilled the current international safety guidelines36 and was applied
for 30min. To maximize the local field strength, the coil was oriented perpendicular to
the underlying gyrus.37 For sham-rTMS the same protocol was used with less intensity
(80% RMT instead of 110%) and at a presumably non-effective area (2cm posterior to
the vertex).38 Participants were naive to rTMS and blind to the stimulation condition.

Statistical Analysis
Statistical analyses on the demographic, clinical and behavioral variables were performed
using Statistical Package for the Social Sciences version 20.0 (SPSS, Chicago, IL). To study
baseline differences between patients and HCs, unpaired t-tests were performed when
variables were normally distributed; otherwise the Mann-Whitney U-test was used. As
N-back accuracy measures were not normally distributed, non-parametric statistics
(Friedman’s ANOVA, combined with the Wilcoxon Signed Ranks Test) was performed to
test for global session differences in the overall accuracy of N1, N2 and N3.
To identify between-group differences in activation and connectivity changes in the
working memory network as a result of rTMS, a mixed effects 2nd level analysis (FLAME
1) approach with conservative cluster-correction was performed. Unpaired t-tests were
used for comparing connectivity and activation patterns in patients and HCs for all
three conditions. Paired tripled t-tests were used when comparing the three different
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sessions within patients and HCs. For the post-hoc parameter estimate analysis (not
normally distributed) non-parametric statistics (Friedman’s ANOVA combined with the
Wilcoxon Signed Ranks Test) was used to test for task-load dependent connectivity
differences. rTMS-induced changes were defined as differences, seen after real-rTMS but
not after sham-rTMS, both compared to baseline. To better characterize these changes
and to pick up more subtle rTMS-effects, we additionally contrasted the real and the
sham condition. For all statistical tests, a p-value of <0.05 (two-tailed) was considered as
statistically significant.

RESULTS
Seventeen MS patients (13 relapsing-remitting MS, 4 secondary-progressive MS, mean
age 43.3y ± 8.3, 10 females) and 11 HCs (mean age 42.3y ± 11.1; 6 females) participated
in this study. Mean disease duration was 11.9 years (± 6.8) and EDSS ranged between 0
and 6.5 (mean 3.5, Table 1). Patients and controls did not significantly differ with regard
to age, sex, handedness, premorbid IQ and educational level (Table 1). rTMS-parameters
such as RMT, applied rTMS-intensities and the order of sham-rTMS and real-rTMS did not
differ between patients and controls (Table 2).
The neuropsychological test battery revealed no differences between patients and
HCs in any cognitive domain (Table 1). None of the patients were clinically impaired
in working memory. Patients differed significantly from HCs regarding anxiety and
depression measures (Table 1).
In Table 2 the structural MRI analyses are provided. There were no differences between
patients and HCs in normalized brain, gray matter or white matter volume. None of
the patients had DIR-visible cortical lesions within the right DLPFC (compliant with
the exclusion criteria). rTMS was generally well tolerated. However, two patients were
excluded for moderate and self-limiting adverse events (vasovagal syncopes) during
determining the RMT or during real-rTMS respectively. These incidents were most
likely facilitated by a hyperextension of the neck.39 After adjusting the neck support, no
further vasovagal syncopes were observed. Two HCs dropped out for not completing
the real-rTMS session because of painful formication at the location of stimulation.

Baseline differences between patients and controls in brain activation and
connectivity
In both groups, a robust effect of task was found including activation of the bilateral
fronto-parietal network (Figure 2A+B). At baseline, patients compared with HCs showed
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higher task-related activation in the left DLPFC at N2>N0 and in the right temporal pole
at N3>N0 (Table 3, Figure 2C). There were no areas that showed greater activation in HCs
than in patients. No differences in connectivity from or with the stimulated area were
seen between patients and HCs at baseline.
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FIGURE 2. BOLD activation during N-back task at N2>N0
Besides typical brain activation patterns in MS patients and controls during the N-back task at baseline, we
found frontally increased brain activations in MS patients as compared to controls. A+B: Mean activation in
MS patients (A) and HCs (B) show the expected fronto-parietal activation with a right-sided preponderance. C:
Increased brain activation in MS patients as compared to controls at baseline (cluster-corrected, p<0.05). The
left DLPFC shows higher activation in MS patients than in controls during N-back task performance, despite
comparable task accuracy. R indicates right side, images are shown using radiological convention.
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Changes in task-related brain activation after rTMS
MS patients: Compared to baseline, brain activation increased uniformly after realrTMS and after sham-rTMS in parietal, occipital and frontal regions; no differences in
activation after real-rTMS compared to sham-rTMS were found.
HCs: Increased activation in multiple brain areas was seen after real-rTMS and after
sham-rTMS compared to baseline (data not shown); Table 3 provides the areas of
significantly different activation after real-rTMS compared to sham-rTMS in HCs.
MS patients versus HCs: After real-rTMS, patients showed higher activation of the
left inferior parietal lobule compared to HCs; no differences in frontal activation were
detected. After sham-rTMS, higher activation in patients was detected in the left
superior frontal gyrus and parietal regions compared to HCs (Table 3).

Changes in connectivity of the right DLPFC after rTMS
MS patients: No differences in connectivity were detected between baseline and realrTMS or between baseline and sham-rTMS. After real-rTMS compared to sham-rTMS,
increased connectivity was detected between right DLPFC (stimulated area) and head
of the right caudate, right and left paracingulate gyri, left anterior cingulate gyrus and
frontal pole (at N1>N0, Table 3, Figure 3A+B). Post-hoc analysis of the area of increased
connectivity revealed that patients’ connectivity parameter estimates of the right
DLPFC augmented with increasing task-load at all sessions; furthermore, connectivity
after real-rTMS was significantly higher than after sham-rTMS at all task-loads (N1>N0:
p<0.001, N2>N0: p=0.001, N3>N0: p=0.003, Figure 3D).
HCs: No differences in connectivity were detected between baseline and real-rTMS or
between baseline and sham-rTMS.
MS patients versus HCs: After real- and after sham-rTMS, no differences in connectivity
were found between patients and controls.
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FIGURE 3. Higher connectivity with right DLPFC in MS patients after real-rTMS compared to
sham-rTMS
A+B: The left head of caudate nucleus, the right and left paracingulate gyri and the left anterior cingulate
gyrus and frontal pole are more highly connected with the stimulated area after real-rTMS compared to shamrTMS (at N1>N0, cluster-corrected, P<0.05). C: stimulated area (right DLPFC, combined mask of 6 mm kernel
around the baseline activation-peaks in the right DLPFC (N123>N0 contrast) of every subject). D: Parameter
estimates (PE) of the area with increased connectivity from the stimulated area after real-rTMS (seen in A+B).
Connectivity after real-rTMS is significantly higher than after sham-rTMS at all task-loads (N1>N0: p<0.001,
N2>N0: p=0.001, N3>N0: p=0.003, paired T-test) and connectivity increases with task-load: at N3>N0 PE
higher than at N2>N0 and N1>N0 (p=0.012 and p=0.003, respectively, all sessions together, paired T-test). R
indicates right side, images are shown using radiological convention.
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TABLE 3. All areas of significant activation and connectivity (with the stimulated area, i.e. right
DLPFC) differences between patients and controls and between sessions during the N-back task
clusters Zmax
Activation

HC

Real>Sham

Real<Sham

MS>HC

Baseline

Real

Sham

Connectivity

MS

Real>Sham

N1>N0
N2>N0

0
1

4.01

2
3

3.6
3.58

N3>N0
N1>N0
N2>N0
N3>N0

4
0
0
0
1

3.48
3.93

N1>N0
N2>N0

0
1

3.23

N3>N0
N1>N0
N2>N0

1
0
1

4.06
3.72

N3>N0
N1>N0

0
1
2

3.68
3.36

3

3.19

x

y

z

-56

-28

-8

Area

Middle temporal
gyrus L
22 -100 -8 Occipital lobe R
-6
30 -16 Anterior cingulate
cortex L
-18 -100 -12 Occipital lobe L
- - - 56
42
0 R inferior frontal
gyrus
- -46 40
30 Middle frontal gyrus
(DLPFC) L
22
12 -16 Temporal pole R
- -34 -90 22 Inferior parietal
lobule L
- -10 -72 58 Precuneus cortex L
-30 -4
68 Superior frontal
gyrus L
-28 -66 32 Superior parietal
lobule L
- -

N2>N0

0

-

N3>N0

0

-

-

-

-

-

N1>N0

1

3.78

9

12

6

2

3.41

-10

46

12

3
0
0

3.32
-

9
-

51
-

13
-

Head of caudate
nucleus R, putamen R
Anterior cingulate L,
paracingulate gyrus,
frontal pole
Paracingulate gyrus R
-

N2>N0
N3>N0

Activation: MS: Real>Sham and Real<Sham; MS<HC: Baseline, Real and Sham revealed no significant activation
patterns at N1>N0, N2>N0 and N3>N0 and were therefore omitted in this Table. Connectivity: MS: Real<Sham;
HC: Real>Sham and Real<Sham; MS>HC: Baseline, Real and Sham; MS<HC: Baseline, Real and Sham revealed
no significant connectivity patterns at N1>N0, N2>N0 and N3>N0 and were therefore omitted in this Table.
Zmax: maximal z-value of the cluster; x, y, z: MNI-space coordinates of the Zmax. All results for activation and
connectivity are cluster-corrected (p<0.05).
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N-back task: accuracy
MS patients and HCs had similar accuracy scores on all load levels at baseline (Table 1).
The accuracy decreased with increasing task-load in patients (N0>N1: p=0.033, N1>N2:
p<0.001, N2>N3: p<0.001) and in HCs (N0>N1: p=0.246, N1>N2: p=0.033, N2>N3:
p=0.021).
MS patients: A slightly improved accuracy after real-rTMS compared to baseline
(p<0.001, Table 1) but not after sham-rTMS compared to baseline (p=0.312) was found.
The difference in accuracy after real-rTMS compared to sham-rTMS in patients was
borderline-significant (p=0.077).
HCs: No change in accuracy between sessions was found (p=0.629).

Chapter

MS patients versus HCs: After real- and after sham-rTMS, no differences in accuracy
were found between patients and controls (Table 1).

DISCUSSION
The current study was designed to study the effects of a single session of cortical
excitability-enhancing rTMS on task-specific brain activation and connectivity in MS
patients. Secondary outcome measure was the rTMS-effect on N-back accuracy. After
real-rTMS, patients’ frontal over-activation relative to HCs disappeared. The patients’
functional connectivity increased after real-rTMS between right DLPFC (stimulated
area) and right caudate, right and left paracingulate gyri, left anterior cingulate and
frontal pole compared to sham-rTMS. The N-back accuracy in patients improved after
real-rTMS when compared to baseline but was not significantly different to sham.
At baseline, without stimulation, we found higher activation of the left DLPFC (N2>N0)
and right temporal pole (N3>N0) in patients compared to HCs, while the N-back
accuracy did not differ between patients and controls. Both the left DLPFC and the right
temporal pole are important structures for working memory.40,41 In spatial N-back tasks,
however, a right-sided fronto-parietal preponderance in activation is to be expected.34,41
Consequently, we consider the relative over-activation in patients at baseline to be
supplementary and putatively compensatory. This is consistent with earlier research6,7,
suggesting that MS patients with potentially subclinical working memory impairment
need to recruit additional brain areas to perform equally well as HCs, especially at higher
task-loads (N2, N3).
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Interestingly, after real-rTMS the patients’ frontal relative over-activation disappeared,
while after sham-rTMS there was still relatively higher left frontal activation in patients
compared to controls. We speculate that the increase in frontal connectivity after realrTMS in MS patients may be linked to the lower response in patients’ frontal activation
as compared to controls and that together they may represent an rTMS-induced
increase in frontal processing efficiency. This interpretation is based on the concurrent
improvement in N-back accuracy in this study and is consistent with earlier research
on HCs, showing that functional connectivity (during working memory-task) in the
frontal gyrus is negatively correlated with task-activation and correlates positively with
working memory-performance.42 All structures that show increased connectivity after
real-rTMS are known to be important for performing spatial working memory-tasks.43-45
Additional support comes from several working memory-task studies indicating that
decreased frontal functional connectivity (compared to controls) is detrimental for the
performance in patients with neurodegenerative disease46 or showing that alterations,
i.e. increases and occasionally also decreases, in functional connectivity (compared
to controls) are associated with preserved cognition in MS.8,48 In the current study, an
increase in connectivity after real-rTMS and a decrease after sham-rTMS (both compared
to baseline) were seen mainly at the lowest task-load (N1>N0) and to a lesser degree at
higher task-loads (Figure 3D) in MS patients. This might explain the lack of a statistically
significant correlation between strength of connectivity and improvement in N-back
accuracy. Possibly, multiple stimulation sessions would have been needed to induce
stronger effects on connectivity also at higher task-loads.
The preserved N-back performance in our patient group is in line with earlier studies
with comparable MS populations.8,48 Also, all patients included in this study were
cognitively preserved, as measured on the neuropsychological test battery. Compared
to baseline, we found a slight improvement in N-back accuracy in patients after realrTMS, but not after sham-rTMS. This finding is promising, especially, as it is known that
behavioral effects of rTMS may increase by applying multiple stimulation sessions.36
In the current study, patients’ accuracy after real-rTMS was not significantly different
from the accuracy after sham-rTMS, although borderline-significant. We speculate
that multiple stimulation sessions combined with an increased sample size might also
render this difference significant.
Patients and controls responded differently to real-rTMS. Consistent with a similar rTMSstudy in HCs,10 the HC group did not improve in N-back accuracy after real-rTMS while
patients did. Moreover, we detected differences in brain activation changes between
real-rTMS and sham-rTMS in HCs (Table 3) but not in patients. Finally, in HCs no rTMS
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effects were seen on connectivity while there is evidence for rTMS effects in patients.
We can rule out that a training effect caused these differences as the order of sham and
real stimulation was counter-balanced between patients and controls. Furthermore, the
real-rTMS effects were not driven by patients with elevated depression scores (n=3, data
not shown). Patients with MS had higher scores on depression compared to healthy
controls, which is inherent to the disease. Importantly, HADS-scores in 14 patients did
not exceed the cut-off of 8, indicating the absence of a clinical depression. Patients and
controls were well-matched regarding age, sex, educational level, handedness and RMT
levels. Thus, we believe that disease-specific differences such as the patients’ higher
activation at baseline might account for the different effects of rTMS on activation,
connectivity and N-back accuracy in patients and HCs.
This study was designed as an exploratory proof-of-principle study and we included only
a relatively small number of participants. This may lead to several limitations: possible
underestimations of brain activation patterns and connectivity measures; whereas
overestimations are less likely due to conservative cluster-correction. Furthermore, due
to the rather small sample size we were not able to study MS phenotypes independently,
nor to statistically correct for age and sex in our analysis. However, the task-based fMRI
literature so far does not suggest a strong influence of MS phenotypes, sex and age on
activation and connectivity patterns during N-back working memory tasks.8,48 Another
restraint was the absence of a group of patients with working memory impairment,
which was due to our stringent safety measures for TMS, excluding patients with
extensive gray matter pathology to prevent epileptic seizures. Our single session rTMS
protocol has proven to be able to induce fMRI- and behaviorally measurable aftereffects of at least 40min. Future studies should enroll a larger number of participants
and strive to enhance the rTMS effects by performing multiple stimulation sessions.49 It
might also be explored whether less conservative exclusion criteria are safe in order to
include working memory impaired patients.

Conclusions
This is, to our knowledge, the first study on the effects of rTMS on cognitive performance
in MS. We investigated the effects of excitability-enhancing rTMS on brain activation,
connectivity and working memory in MS patients. Real-TMS resulted in increased
functional connectivity from the stimulated area (right DLPFC) in task-relevant areas
in the patients only, alongside an improvement in accuracy. Compensatory frontal
and temporal over-activations disappeared after real-rTMS, relative to controls. We
interpret these findings as an rTMS-induced increase in processing efficiency in MS
patients. Future studies are needed to translate these findings to cognitively impaired
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MS patients, to eventually introduce rTMS as cognitive rehabilitation modality for MS
patients.
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ABSTRACT
Objective: To investigate whether extent and severity of white matter (WM) damage,
as measured with diffusion tensor imaging (DTI), can distinguish cognitively preserved
(CP) from cognitively impaired (CI) multiple sclerosis (MS) patients.
Methods: Conventional MRI and DTI data were acquired from 55 MS patients (35 CP, 20
CI) and 30 healthy controls (HC). Voxelwise analyses were used to investigate fractional
anisotropy (FA), mean diffusivity, radial, and axial diffusivity of a WM skeleton. Regional
gray matter volume was quantified and lesion probability maps were generated.
Results: Compared to HCs, decreased FA was found in 49% of the investigated WM
skeleton in CP patients and in 76% of the investigated WM in CI patients. Several brain
areas that showed reduced FA in both patient groups were significantly worse in CI
patients, i.e., corpus callosum, superior and inferior longitudinal fasciculus, corticospinal
tracts, forceps major, cingulum, and fornices. In CI patients, WM integrity damage was
additionally seen in cortical brain areas, thalamus, uncinate fasciculus, brain stem, and
cerebellum. These findings were independent of lesion location and regional gray
matter volume, since no differences were found between the groups.
Conclusion: CI patients diverged from CP patients only on DTI metrics. WM integrity
changes were found in areas that are highly relevant for cognition in the CI patients
but not in the CP patients. These WM changes are therefore thought to be related to
the cognitive deficits and suggest that DTI might be a powerful tool when monitoring
cognitive impairment in MS.

190

White matter microstructural integrity changes and cognitive decline

INTRODUCTION
Cognitive impairment is frequently present in multiple sclerosis (MS) and affects up to
65% of all patients.1,2 Previous studies showed associations between conventional MRI
measures (T1 and T2 lesion volumes and brain atrophy) and cognitive performance,3-5
and showed that brain atrophy was a better predictor of cognitive impairment than
lesion volume.6-8
Diffusion tensor imaging (DTI),9 however, allows for quantitative measurements of the
microstructural integrity of white matter (WM) tracts both in the normal-appearing WM
and in areas with MS lesions. Reduced fractional anisotropy (FA) and increased mean
diffusivity (MD) was previously shown for certain WM tracts (i.e. the corpus callosum,
cingulum, posterior thalamic tract) and these abnormalities were related to impairment
on several neuropsychological tests.10-14 Furthermore, FA of the whole brain normalappearing WM was found to be a significant predictor of cognitive impairment.15
To get more insight into the clinical representation of cognitive impairment in MS, we
explored whether differences in WM integrity are present between cognitively preserved
(CP) and cognitively impaired (CI) MS patients, using voxelwise analyses. The extent and
severity of WM integrity damage were used as study parameters. Additionally, lesion
probability maps were generated and gray matter (GM) voxel based morphometry
(VBM) was performed to understand the relationship between DTI findings, WM lesions,
regional GM volume, and cognitive functioning.

METHODS
Standard protocol approvals, registrations, and patient consents
The institutional ethics review board approved the study protocol and all subjects gave
written informed consent prior to participation.

Participants
All patients were diagnosed with clinically definite MS.16 Disease severity was measured
on the day of scanning with a questionnaire based on the Expanded Disability Status
Scale (EDSS).17 Age- and sex-matched healthy controls (HC) were included in this study.
The participants in the current study are partly overlapping with a previously reported
functional MRI study. See Hulst et al.18 for a more detailed description of the recruitment
and eligibility procedure or neuropsychological test battery.
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Neuropsychological examination and cognitive impairment
In all subjects, the following cognitive functions were tested:
§ Verbal memory and learning – assessed with the Verbal Learning and Memory Task,19
the Dutch equivalent of the Californian Verbal Learning Test.20
§ Information processing speed – measured by the Letter Digit Substitution Test, which
is an adaptation of the Symbol Digit Substitution Test.21
§ Spatial memory – assessed with the Location Learning Test. This test consists of a
stimulus card with a 5 × 5 grid in which 10 everyday objects are presented at
different locations. Subsequently, a stimulus card with an empty grid is shown and
the 10 objects are presented on small cards that have to be relocated. Delayed recall
was assessed after approximately 20 minutes.22
§ Working memory – assessed with the Digit Span (forward and backward) subtest of
the Wechsler Adult Intelligence Scale.23
§ Semantic memory (long-term verbal memory) – measured with a semantic word
fluency test.24
Patients were defined as CI when their neuropsychological test score was at least 2
SD below that of the HCs on a minimum of two out of five tests, corresponding to a
probability of 2.5% to fall into the normal population for each test. Otherwise, patients
were categorized as CP.
Symptoms of depression, anxiety, and fatigue are known nuisance factors when
assessing cognition. The Hospital Anxiety and Depression Scale (HADS-A and HADS-D)
was used to investigate the presence of these symptoms.25 Fatigue was assessed by the
Checklist of Individual Strength (CIS-20) questionnaire.26

MRI
Scanning was performed on a 1.5-T whole-body scanner (Siemens Sonata, Erlangen,
Germany) using an 8-channel phased-array head coil. Diffusion-weighted echoplanar
images (repetition time [TR] 8,500 ms, echo time [TE] 86 ms, 59 axial slices, 2.0 mm
isotropic resolution) were acquired, including 60 volumes with noncollinear diffusion
gradients (b value of 700 s/mm2) and 10 volumes without directional weighting.
Three-dimensional T1weighted magnetization-prepared rapid acquisition gradientecho (MPRAGE) images (TR 2,700 ms, TE 5 ms, inversion time [TI] 950 ms; 1.3-mm
isotropic resolution) were obtained for volumetric measurements.
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For WM lesion detection, axial turbo spin-echo proton density and T2-weighted images
(TR 3,130 ms, TE 24/85 ms) were acquired, as well as spin-echo T1-weighted images (TR
485 ms, TE 12 ms), both with 3.0 mm thickness and 1.0 mm in-plane resolution.
Three-dimensional double inversion recovery (DIR) images were acquired to detect GM
lesions (TR 6,500 ms, TE 355 ms, TI 350/2,350 ms, and 1.2-mm isotropic resolution).

DTI measures
Diffusion tensor images were corrected for head movement and eddy current distortions
using FMRIB’s Diffusion Toolbox. The diffusion tensor was fitted from which the FA, MD,
axial (AD), and radial diffusivity (RD) were calculated. Voxelwise statistical analysis of
these DTI metrics was carried out using tract based spatial statistics (TBSS),27 part of
the FSL toolbox (http://www.fmrib.ox.ac.uk/fsl). TBSS projects the FA data of all subjects
onto a mean FA tract skeleton (this procedure was repeated for MD, AD, and RD) before
applying voxelwise cross-subject statistics for each DTI parameter using threshold-free
cluster enhancement. The 3 different groups were contrasted to each other with age
and sex added as covariates to the general linear model (GLM). Differences between
groups were considered significant at p<0.05 (corrected for multiple comparisons).

Extent and severity of WM integrity damage
The extent of WM integrity damage for the CP and CI MS patients was determined by
calculating the number of abnormal voxels compared to HCs as a percentage of the total
number of voxels within the WM skeleton. Additionally, a direct comparison was made
between the CP and CI MS patients to investigate whether areas of WM damage were
overlapping or nonoverlapping between these groups. The severity of WM integrity
damage in the overlapping areas was explored statistically using a GLM.

Brain volumes and regional GM volume
Normalized whole brain/GM/WM was measured using the MPRAGE images and
SIENAX.28 VBM29 of the GM was performed using SPM8 (http://www.fil.ion.ucl.ac.uk/
spm). The default processing steps in the DARTEL toolbox were followed.30 Statistical
analyses of the GM volume maps were performed in a GLM in which the 3 different
groups were contrasted to each other with age, sex, and total brain volume added as
covariates. We applied a statistical threshold of p<0.05, family-wise error corrected to
deal with multiple comparisons.
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Lesion measurements and lesion probability maps
Cortical lesions were scored on axial reformats of the 3D DIR according to recently
developed consensus guidelines.31 WM lesions were marked and manually outlined on
the proton density/T2- and T1-weighted images using a local threshold technique to
generate lesion probability maps (LPM)32 in order to investigate the role of the location
of WM lesions with regard to the DTI findings.

Statistical analysis
Statistical analyses of the demographic, clinical, and volumetric variables were
performed in SPSS 15.0 (Chicago, IL). When the variables were normally distributed, a
multivariate GLM was used with age and sex included as covariates. When variables
were not normally distributed, the Mann-Whitney or the Kruskal-Wallis test was used
(p<0.05 was considered statistically significant).

RESULTS
Fifty-five patients (39 females) and 30 age- and sex-matched healthy controls (19
females) participated in the study. Thirty-five MS patients were defined as CP, of which
22 patients displayed no impairment. Thirteen patients were impaired on one test.
Spatial memory was impaired in 5 patients and the information processing speed in 5
others. Three patients showed impairment on working memory (Digit Span Backward).
Of the 20 CI MS patients, 9 patients were impaired on 2 tests, 6 patients on 3 tests, 4
patients on 4 tests, and 1 patient on all 5 tests. Spatial memory was most often impaired
(16 patients), followed by information processing speed (14 patients), verbal memory
and learning (11 patients), and working memory (Digit Span Backward; 10 patients).
One patient was impaired on the Digit Span Forward. Six patients showed impaired
semantic word fluency.

Subject descriptives
In Table 1, the demographic data of the subjects are summarized per group. Patients
and controls did not differ with regard to sex or educational level. Age was different
between CI patients and HCs (p=0.04), but not between CP patients and HCs (p=0.74) or
CI patients (p=0.36). The MS-specific characteristics mean disease duration, disease type,
and median EDSS score were not different between CP and CI patients. Both patient
groups differed from the HCs regarding fatigue, anxiety, and depression measures. CP
patients did not differ from the CI patients on any of these measures.
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Table 1. Demographic and clinical measures of healthy controls and cognitively preserved and
cognitively impaired MS patientsa

Age, y

Healthy controls
(n=30)

Cognitively
preserved (n=35)

Cognitively impaired
P-value
(n=20)

44.5 (8.8)

46.7 (8.2)

50.2 (5.2)

0.05b
0.12

F/M

19/11

28/7

11/9

Educational level

5.7 (0.9)

5.8 (0.7)

5.4 (1.1)

0.27

RRMS/SPMS

-

28/7

11/9

0.07
0.86

Disease duration, y

-

11.6 (6.8)

11.9 (7.4)

EDSSc

-

3.5 (2.0-7.5)

4.0 (2.0-7.0)

0.39

HADS-Ac

3.0 (2.0-6.0)

5.0 (4.0-8.0)

5.0 (4.0-8.0)

0.01d

HADS-Dc

1.0 (0-2.3)

4.0 (3.0-7.0)

4.0 (3.0-6.0)

<

0.001d

CIS-20c

25.0 (16.8-46.0)

72.5 (53.5-90.3)

82.0 (54.0-91.0)

<

0.001d

Abbreviations: A = anxiety; CI = cognitively impaired; CIS-20 = Checklist Individual Strength, fatigue
questionnaire; CP = cognitively preserved; D= depression; EDSS = Expanded Disability Status Scale; HADS =
Hospital Anxiety and Depression Scale; HC = healthy control; RRMS = relapsing-remitting multiple sclerosis;
SPMS = secondary progressive multiple sclerosis.
a
Data are mean (SD) for normally distributed variables.
b
Differences were found between HCs and CI patients.
c
Variables were not normally distributed and therefore median (interquartile range) are provided.
d
Differences were found between each patient group and the HCs, but the CP and CI patients did not differ
from each other.

Table 2. Structural MRI measures of healthy controls, cognitively preserved and cognitively
impaired MS patientsa
Healthy controls
(n=30)

Cognitively
preserved (n=35)

Cognitively
impaired (n=20)

P-value

NBV, L

1.47 (0.06)

1.41 (0.07)

1.36 (0.09)

< 0.001b

NGMV, L

0.77 (0.04)

0.75 (0.04)

0.71 (0.06)

< 0.001c

NWMV, L

0.69 (0.04)

0.66 (0.04)

0.64 (0.05)

< 0.001d

T2 lesion volume, mLe

-

4.35 (2.66-6.94)

7.06 (3.74-11.94)

0.08

T1 lesion volume, mL

-

1.84 (0.80-3.32)

2.89 (0.08-6.79)

0.07

Number of cortical lesionse

-

5 (3.0-8.5)

7 (2.0-13.0)

0.69

e

Abbreviations: CI = cognitively impaired; CP = cognitively preserved; HC = healthy control; NBV = normalized
brain volume; NGMV = normalized gray matter volume; NWMV = normalized white matter volume.
a
Data are mean (SD).
b
Differences between all groups.
c
Differences between CI patients and HCs, and between CI and CP patients.
d
Differences between both patient groups and HCs; no differences between the CP and CI patient group.
e
Because of non-normal distribution, median and interquartile range are provided.

Conventional MRI measures
The results for the MRI measures are displayed in Table 2. There was an effect of group for
normalized brain volume (NBV; F=13.8, p<0.001), normalized GM volume (NGMV; F=9.7,
p<0.001), and normalized WM volume (NWMV; F=10.4, p<0.001). Post hoc Bonferroni-
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corrected analyses revealed reductions in NBV for both CP and CI patients compared
to HCs (p=0.011 and p<0.001, respectively) and for the CI patients compared to the CP
patients (p=0.02). NWMV was lower in CP and CI patients compared to HCs (p=0.008
and p<0.001), but did not differ between the 2 patient groups (p=0.217). Reductions in
NGMV were seen in the CI patients compared to the HCs (p<0.001) and in CI patients
compared to CP patients (p=0.03). No differences in NGMV were found between CP
patients and HCs (p=0.12). Patient groups did not differ regarding T1 hypointense lesion
volume (p=0.08), T2 hyperintense lesion volume (p=0.07), or number of cortical lesions
(p=0.81).

Diffusion tensor imaging
CP MS patients vs HCs
Comparing individual voxels of the WM skeleton between CP patients and HCs showed
lower FA values for CP patients in 49% of the investigated WM (Figure 1A and Figure 2).
Reduced FA was seen across the brain, including the most important WM bundles, such
as the corpus callosum, optic radiations, superior and inferior longitudinal fasciculus,
inferior frontal occipital fasciculus, corticospinal tracts, forceps minor and major,
fornices, and cingulum.
Diffusivity measures were increased in CP patients compared to HCs. MD was increased
in 63% of the investigated WM. All brain areas with reduced FA also displayed an
increase in MD. Additionally, increased MD was found in some juxtacortical areas
without changes in FA. RD was increased in 62% of the investigated WM. The areas with
increased RD overlapped with areas that showed increased MD. AD was increased in
46% of the investigated WM, partly overlapping with the MD and RD findings, although
no changes in AD were found in the body of the corpus callosum, corticospinal tracts,
forceps minor, parts of the cingulum, and superior longitudinal fasciculus (Figure 2; pink
bars).
CI MS patients vs HCs
In CI patients, decreased FA values and increased diffusivity measures were found in
comparison to HCs. In the CI patients, FA values were lower in 76% of the investigated
WM (Figures 1C and 2). Again, reduced FA was seen in the most important WM bundles,
as mentioned above. Additionally, reduced FA was found in juxtacortical areas following
the u-fibres, the uncinate fasciculus, as well as thalamus, brain stem, and cerebellum.
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FIGURE 1. Fractional anisotropy differences between cognitively preserved and impaired
patients compared to healthy controls
Cognitively preserved (CP) patients compared to healthy controls: (A) In green the white matter (WM) skeleton
is shown; all areas in blue display reduced fractional anisotropy (FA) in CP MS patients (P≤0.05); 49% of the
investigated WM was affected. (B) The areas with reduced FA in CP MS patients are shown in blue (P≤0.05); the
lesion probability map is shown in red, reflecting lesion locations where ≥ 10% of the patients had a T2 lesion.
Cognitively impaired (CI) patients compared to healthy controls: (C) In green the WM skeleton is shown; all
areas in blue display reduced FA in CI MS patients (P≤0.05); 76% of the investigated WM was affected. (D) The
areas with reduced FA in CI MS patients are shown in blue (P≤0.05); the lesion probability map is shown in red,
reflecting lesion locations where ≥ 10% of the patients had a T2 lesion.
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MD was increased in 64% of the investigated WM. All areas with increased MD showed
reduced FA. In the anterior thalamic radiation, cerebellum and brain stem reduced FA
was present without changes in MD. In these areas an increase in RD was found (74% of
the investigated WM showed increased RD). AD was increased in 34% of the investigated
WM, which included the corticospinal tracts, the inferior and superior longitudinal
fasciculus, thalamus, cingulum, and fornices (Figure 2; blue bars).
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FIGURE 2. Extent of white matter integrity damage
The bars indicate the percentage of affected voxels (in the investigated white matter [WM]) of patients
compared to healthy controls (HC) (pink and blue bars) and indicate the extent of WM integrity damage. The
green bars indicate differences between cognitively impaired (CI) and cognitively preserved (CP) MS patients.
This is shown for all the different diffusion tensor imaging metrics (fractional anisotropy [FA], mean diffusivity
[MD], radial diffusivity [RD], and axial diffusivity [AD]).

Direct comparison of CP vs CI MS patients
Severity - CI patients had worse measures of FA, MD, and RD compared to CP patients
(figure 2; green bars). Most profound were the lower FA values in CI patients (50% of the
total investigated WM) compared to CP patients. Reductions in FA (and increases in MD
and RD) in overlapping brain regions (areas that showed changes in both the CP and CI
patient group compared to HCs) were more severe in the CI patients. These overlapping
areas included the corpus callosum, the superior and inferior longitudinal fasciculus,
the corticospinal tracts, the forceps minor, the entire cingulum, and fornices (Figure 3).
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Extent - Besides more severe damage in overlapping areas, more extensive differences
in WM integrity were seen in the thalamus, the uncinate fasciculus, juxtacortical areas,
brain stem, and cerebellum; areas that were only affected in the CI patients.

FIGURE 3. Fractional anisotropy differences between cognitively impaired and cognitively
preserved MS patients
All the brain areas in yellow display reduced fractional anisotropy in cognitively impaired (CI) patients
compared to cognitively preserved patients (p<0.05); 50% of the investigated white matter was more severely
affected in the CI patient group.

Spatial correspondence DTI findings to conventional MRI measures
Lesion probability maps - The LPMs showed WM lesions in MS-specific areas such as the
periventricular areas (Figures 1, B and D) that also displayed DTI abnormalities. A large
part of the DTI abnormalities did not coincide with the LPM, and no apparent differences
in LPMs could be detected between the CP and CI patients. Post hoc analysis confirmed
this: no differences in median lesion fraction of the skeleton (lesion volume inside the
WM skeleton/ total volume of the skeleton) could be detected between CP (2.0%) and
CI patients (2.9%).
Cortical lesions – To investigate the clinical relevance of the pronounced differences of
DTI metrics inside the thalamus of CI patients, Spearman correlations were calculated
between FA and MD of the skeletonized WM bundles in the thalamus, and the number
of cortical lesions (CLs) as measured on DIR. Higher MD was correlated with a higher
number of CLs (r=0.524, p=0.045). No correlations were detected between FA and
number of CLs.
Regional GM volume - In both patient groups, a reduction in regional GM volume was
seen in several areas of the brain (e.g., thalamus, putamen, insula) compared to HCs
(Table e-1 and Figure e-1 on the Neurology Web site at www.neurology.org). In CP
patients, reduced GM volume was most prominent in the thalamus (bilaterally). CI
patients showed most pronounced damage in the left putamen, thalamus bilaterally,
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and the insula bilaterally. The amount of reduced GM volume was more extensive (larger
cluster sizes) compared to CP patients. In a direct comparison, the patient groups did
not differ on regional GM volume.
Table e-1. Brain areas with significant regional GM atrophy in cognitively preserved and
cognitively impaired MS patients compared to healthy controls

CP < HC

Anatomical region

Cluster size

Coordinates

T

p

Left thalamus

239

-14, -34, 3

8.24

<0.001

Right thalamus
Heschl’s gyrus

329
124
27

15, -31, 4
3, 4, -0
54, -7, 4

7.69
6.89
7.13

<0.001
<0.001
<0.001

Planum Polare

82

44, 2, -17

6.88

<0.001

Left Putamen

143
31
85

-33, -6, -0
-22, 11, -14
36, -3, -3

6.46
5.84
6.29

0.001
0.006
0.001

34
21
87

6, -15, 55
-3, -31, 61
26, 3, -14

6.24
6.04
6.22

0.001
0.003
0.001

Left thalamus

545
119
487

-28, -10, -6
-22, 12, -12
-15, -33, -0

8.40
5.93
8.00

<0.001
0.004
<0.001

Right thalamus

652

14, -21, 10

7.89

<0.001

Left caudate

192

-10, 20, -8

7.42

<0.001

Right caudate

246

12, 22, -0

6.92

<0.001

Insula

Heschl’s gyrus

872
30
148
36
20
27

36, -4, -3
-42, -6, 3
-2, -30, 28
-2, 2, 33
-9, 11, 37
54, -7, 4

7.39
5.79
6.72
6.02
5.87
6.67

<0.001
0.007
<0.001
0.003
0.006
<0.001

Subcallosal cortex

118

2, 8 , -6

6.63

<0.001

Precentral gyrus
Inferior frontal gyrus

102
81
43

-8, -21, 46
6, -16, 55
51, 10, 13

6.61
6.37
6.06

<0.001
0.001
0.003

Left amygdala

42

-33, 0, -21

5.90

0.005

Insula
Precentral gyrus
Right amygdala
Left putamen

CI < HC

Cingulate gyrus

* Regions of GM that showed reduced volume in CP and CI MS patients compared to HCs at a threshold of
p<0.05, family wise error corrected, with age, sex and total GM volume as covariates. Only clusters with > 20
voxels are shown.
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FIGURE E-1. Regional GM volume loss in cognitively preserved and cognitively impaired MS
patients
Regional GM volume loss in cognitively preserved MS patients (top row) and in cognitively impaired patients
(bottom row) compared to healthy controls. All areas in yellow display reduced brain volume in patients
compared to healthy controls. The crosshair is located in the largest area with reduced brain volume (CP<HC,
cluster size 329, right thalamus; CI<HC, cluster size 872, insula).

DISCUSSION
Using a stringent definition of cognitive impairment, we were able to distinguish CP
from CI MS patients based on microstructural WM integrity differences as measured with
DTI. More extensive and more severe changes in DTI metrics were seen in CI patients
compared to CP patients.
While the overlapping affected areas (more severely damaged in CI patients) may be
relatively clinically unspecific, the areas that were additionally affected in the CI patients
are more relevant for cognition. The uncinate fasciculus connects the anterior part of
the temporal lobe with the orbital and frontal cortex33 and is thought to be involved in
emotion, decision-making, and episodic memory. In patients with Alzheimer disease,
reduced FA was found in this particular WM tract.34 This is interesting in light of our
findings, especially since 16 of our 20 CI patients were impaired on memory function.
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Previous studies showed positive correlations between MS lesions in the juxtacortical
areas and cognitive impairment.35 The more pronounced DTI changes found in these
areas in our CI patients (more stringently defined than is commonly done in the field,
i.e., testscores of 2SD instead of 1.5SD below the HCs) reflect more subtle pathological
processes compared to lesions, and thus likely have an independent effect on cognitive
performance as well.
Of great interest is the prominent effect of WM integrity differences within the thalamus.
Thalamic atrophy was previously shown to play a major role in cognitive impairment.36
Thalamic GM reductions were also found in our study, but did not differ between CP
and CI patients, while decreased thalamic FA was found in the CI patients only. Other
studies reported increased FA values within the thalamus of MS patients.37,38 These
contradictory results can possibly be explained by the fact that the current study used
TBSS, which only maps the WM bundles within the thalamus, instead of measuring the
FA in this GM structure as a whole.
The most evident differences between CP and CI patients were seen in the FA measures,
which are mostly driven by increased RD. Animal models suggest that an increase in RD
is associated with demyelination, while the increase of AD reflects axonal injury.39 Our
data suggest that measures of subtle demyelination more clearly differentiate between
CP and CI patients than measures of axonal injury.
Some limitations apply to this work. The CI patients were older compared to HCs. Most
importantly, they were not older than the CP patients (p=0.36). To prevent an unwanted
influence of age on the main study outcome, we added age (and sex) as covariates in
both the TBSS and VBM analyses.
The 2 patient groups did not differ in regional GM volume. Recently, regional GM
atrophy differences were reported between CP and CI patients from different MS
subtypes.40 Even though we did not detect differences between the 2 patient groups,
visual inspection of the regions that were found for CP and CI patients compared to the
HCs are in line with these previous results. Additionally, total GM volume (as measured
with SienaX) was different between CP and CI patients. The absence of differences in
regional GM volume in the direct comparison between CP and CI patients may be due
to our relatively small sample size.
A trend towards a higher WM lesion load in CI patients was observed which might have
been of influence on the outcome since TBSS measures both in lesions and in normal-

202

White matter microstructural integrity changes and cognitive decline

appearing WM. However, the distribution of WM lesions on the LPMs were approximately
the same in both patient groups, suggesting that subtle WM changes are at least partly
independent of focal WM damage.
In this study, several structural imaging techniques were used to differentiate CP from
CI MS patients. However, only DTI measures, which allow for measurement of subtle
WM integrity changes, diverged between CP and CI MS patients. In CI patients, more
extensive WM integrity changes were seen in the uncinate fasciculus, juxtacortical
areas, and thalamus. These structures all play an important role in cognition. A next step
will be to investigate the sensitivity and specificity of DTI to detect changes over time
and the exact relation with cognitive deterioration. DTI is easy to obtain and a robust
and reliable postprocessing pipeline is available, although standardized acquisition
protocols are necessary. Ultimately, DTI might become a useful outcome measure to
monitor or predict the cognitive effects of MS.
Chapter
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ABSTRACT
Previous studies showed that advanced neuroimaging measures (functional MRI,
diffusion tensor imaging) could distinguish multiple sclerosis (MS) patients with and
without cognitive impairment. Are these measures indeed better indicators for cognitive
impairment or subjective cognitive complaints than conventional MRI?
Fifty MS patients and 29 controls were investigated. Regression analysis, including sociodemographic data, disease characteristics, psychological measures, and (advanced)
neuroimaging, showed that worse cognitive performance was associated with male
sex, lower education, and lower gray matter volume. Subjective cognitive complaints
were associated with fatigue and less hippocampal atrophy. Advanced MRI measures
did not add to the predictive power of our model.
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INTRODUCTION
Cognitive impairment is present in 43%-65% of all patients with multiple sclerosis
(MS) and may lead to severe problems with activities of daily living.1 The underlying
neurobiological substrate of cognitive impairment in MS is largely unknown, although
correlations were found between cognitive impairment and both the number of cortical
lesions2 and (deep) gray matter (GM) atrophy.3,4
Our previous work showed that advanced magnetic resonance imaging (MRI)
techniques, such as task-specific functional MRI (fMRI) and diffusion tensor imaging
(DTI), were able to separate cognitively preserved from cognitively impaired MS
patients, while conventional MRI measures (i.e. white matter (WM) and GM lesion loads
and atrophy) were not.5,6
The exact value of advanced MRI measures for (objective) cognitive performance and
self-reported (subjective) cognitive complaints have not been studied yet. However,
there is a strongly felt need for sensitive and specific indicators for cognitive dysfunction
in MS, especially as it is known that cognitive performance and subjective cognitive
complaints are fairly unrelated and may reflect different pathophysiological processes.7,8
The aim of the current study was to investigate retrospectively whether advanced MRI
(i.e. fMRI and DTI) is a better indicator both for MS cognitive performance and selfreported cognitive complaints, above and beyond sociodemographic, disease-specific,
psychological, and conventional imaging measures.

METHODS
The current study is a retrospective exploration of previously published data. For details
regarding study procedures, cognitive testing, questionnaires, MR protocol and image
analyses, see Hulst et al.5,6
Fifty MS patients (16 cognitively impaired patients) and 30 age- and sex matched healthy
controls (HC) underwent MR scanning on a 1.5T scanner (Siemens Sonata, Erlangen,
Germany).
To determine an individual’s objective cognitive performance, the following cognitive
domains were investigated: verbal learning and memory, spatial memory, processing
speed, working memory, and verbal fluency. All tests were similar in construct compared
to the tests in the Rao battery.9 Neuropsychological test scores were converted to
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Z-scores using mean and standard deviation of the HC group. A composite cognitive
performance score was calculated by adding up the Z-scores of all tests.
Subjective cognitive function was measured using the six-item cognitive function scale
(CFS).10 Self-reported day-to-day problems with cognitive functioning (difficulty with
reasoning and problem solving, slowed reaction time, forgetfulness, and problems with
attention and concentration) were assessed.

Candidate predictors
Disease specific measures: Disease duration, type, and severity were determined for all
patients.
Psychological measures: Depression, anxiety, fatigue, and sleep difficulties were
examined in all subjects using self-report questionnaires.5,6
Conventional neuroimaging measures: GM, WM, hippocampal and thalamic volumes
were calculated using FSL (http://www.fmrib.ox.ac.uk/fsl). WM lesion load and cortical
and hippocampal lesion number were determined.
Advanced neuroimaging measures: Hippocampal activation during the correct encoding
of pictures (memory encoding task, see Hulst et al.5) was calculated for each subject as a
measure of hippocampus function. The average fractional anisotropy (FA) in the main WM
tracts was derived for each subject as a measure of WM tissue integrity (see Hulst et al.6).
Univariate and multivariate regression analyses were performed in SPSS 20.0 (Chicago,
IL, USA). A p value of ≤0.05 was considered significant.

RESULTS
In Table 1, descriptive statistics are summarized. No significant association was found
between cognitive performance and subjective cognitive complaints in MS patients
(r= -0.016, p=0.914), nor in HCs (r= -0.051, p=0.794).
For cognitive performance, the following six indicators survived univariate regression
analyses in MS patients: sex (adj. R2=0.19, F 12.57, beta=0.46, p=0.001), thalamic volume
(adj. R2=0.16, F 9.88, beta=0.42, p=0.003), GM volume (adj. R2=0.14, F 8.92, beta=0.40,
p=0.004), FA in WM tracts (adj. R2=0.11, F 7.07, beta=0.37, p=0.011), disease type
(adj. R2=0.07, F 4.54 beta=-0.39, p=0.038), and educational level (adj. R2=0.05, F 3.64,
beta=0.27, p=0.062).
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TABLE 1. Descriptives.
Variable
Sociodemographic
Age
Educationa
Sex
Disease characteristics
Disease type
Disease duration
Disease severitya
Neuroimaging
GM volume
WM volume
Thalamus volume
Hippocampal volume
Hippocampal activation
Fractional anisotropy a
WM lesion loada
Black holesa
Cortical lesionsa
Hippocampal lesionsa
Psychological
Anxietya
Depressiona
Fatigue
Sleep difficultiesa
Subjective cognitive
complaints
Cognitive performance
Verbal learning and
memorya
Information processing
speed
Spatial memorya
Digit Spana
Verbal fluencya

Overall cognitive function

Description

In years
Educational level
Male/female (%)
RRMS vs SPMS
From diagnosis in years
EDSS score
Total GM volume (l)
Total WM volume (l)
Total thalamic volume (ml)
Total hippocampal volume (ml)
Hippocampal signal during fMRI
Mean FA in WM skeleton
T2 lesion volume (ml)
T1 lesion volume (ml)
# of cortical lesions on DIR
# of hippocampal lesions on DIR

Patients (N=50)

Healthy
controls
(N=30)

P-value

47.4 (8.4)
5.6 (5-6)
28/72

44.5 (8.8)
5.6 (5-6)
37/63

0.147
0.780
0.418

36/14
11.7 (6.5)
3.5 (3.5-4.8)

-

0.77 (0.05)
0.74 (0.05)
0.66 (0.04)
0.69 (0.04)
17.9 (2.77)
21.0 (1.33)
8.6 (0.83)
8.2 (0.95)
0.80 (1.4)
0.88 (1.2)
0.43 (0.42-0.45) 0.46 (0.45-0.48)
4.67 (2.64 – 8.28)
1.77 (0.74 – 3.90)
5 (2-9.5)
1 (0-2)
-

<0.001
<0.001
<0.001
0.040
0.608
<0.001
Chapter

HADS-A score
HADS-D score
CIS-20R score
AIS score

5.5 (4-8)
4 (3-6)
71.3 (27.7)
5 (3-7)

3 (2-6)
1 (0-2)
31.1 (18.7)
1 (0-4)

0.003
<0.001
<0.001
<0.001

CFS score

12.6 (6.0)

5.4 (4.3)

<0.001

55.5 (44-62)

62 (52-69)

0.006

# correct items on LDST 90s (oral)

50.6 (10.9)

63.5 (9.6)

<0.001

# total movements on LLT
# correct backwards
# items per category:
Animals
Professions
M-words
Composite Z-scores

15.5 (8-32)
6 (5-7)

7.5 (2-15)
7.5 (7-8)

0.002
<0.001

22.5 (19-25)
16 (13-20)
9 (6-11)
-4.97 (4.97)

24 (21-29)
18 (15-23)
10 (7-13)
0 (2.89)

0.067
0.153
0.129
<0.001

# correct answers on VLGT

RRMS: relapsing-remitting multiple sclerosis; SPMS: secondary progressive multiple sclerosis; EDSS: Expanded
Disability Status Scale; fMRI: functional magnetic resonance imaging; GM: gray matter; WM: white matter;
DIR: double inversion recovery; HADS: Hospital Anxiety and Depression Scale; CIS: Checklist Individual
Strength; AIS: Athens Insomnia Scale; CFS: Cognitive Function Scale; VLGT: verbal learning and memory
task, LDST: Letter Digit Substitution Test; LLT: Location Learning test; WLG=Word list Generation. Means and
standard deviation (SD) are provided, unless indicated with a where because of non-normal distribution
median and interquartile ranges are provided.

Multivariate analysis showed that 33% of the variance in cognitive performance in MS
(F 8.48, p<0.001) could be explained by sex (beta 0.36, p=0.007), GM volume (beta 0.32,
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p=0.01), and educational level (beta 0.29, p=0.023).
For subjective cognitive complaints, the following seven indicators survived the
univariate regression analyses in MS patients: fatigue (adj. R2=0.38, F 30.67, beta=0.62,
p<0.001), depression (adj. R2=0.16, F 10.13, beta=0.42, p=0.003), sleep difficulties (adj.
R2=0.12, F 7.71, beta=0.37, p=0.008), anxiety (adj. R2=0.12, F 7.64, beta=0.37, p=0.008),
hippocampal volume (adj. R2=0.08, F 5.24, beta=0.31, p=0.027), educational level (adj.
R2=0.07, F 4.54, beta=-0.29, p=0.038) and age (adj. R2=0.05, F 3.33, beta=0.26, p=0.074).
Multivariate analysis showed that 45% of the variance in subjective cognitive complaints
in MS (F 20.62, p<0.001) could be explained by fatigue (beta=0.61, p<0.001) and
hippocampal volume (beta=0.28, p=0.01).

DISCUSSION
Advanced neuroimaging measures did not add incremental value to the explanatory
model for cognitive performance in MS. The main indicators for worse cognitive
performance in MS were male sex, lower educational level, and lower GM volume.
Our previous results in the same cohort showed that hippocampal activation (measured
with fMRI) and fractional anisotropy of the WM (measured with DTI) enabled distinction
of cognitively preserved from cognitively impaired MS patients while conventional
MR measures did not.5,6 In the current study GM volume was the only (conventional)
MRI measure with predictive value for cognitive performance. A possible explanation
for this discrepancy may be the difference in methodology: In the present study
cognitive performance was defined as a continuous variable, while in the earlier studies
patients were dichotomized based on a stringent definition for cognitive impairment.5,6
Advanced MRI measures could become valuable when cognitive deficits exceed a
certain threshold, such that patients do experience problems in day-to-day life. It might
well be that in a larger number of cognitively impaired patients, advanced MRI measures
will show predictive value additionally to GM volume, which is related to the severity of
cognitive deficits.
Additionally, a selection of advanced neuroimaging parameters was available; inclusion
of other advanced measures (i.e. connectivity measures, spectroscopy) could have
resulted in a different outcome.
In line with previous studies, no relationship between cognitive performance and
subjective cognitive complaints was detected.7,8 Subjective cognitive complaints were
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mostly a reflection of fatigue, although it should be mentioned that the questionnaire
used in this study has not been validated in MS.
In conclusion, the need for specific indicators, particularly indicators for more severe
cognitive decline in MS patients, remains. Future MS studies should investigate the
role of advanced neuroimaging measures in more depth, in larger samples, since these
measures might provide such a specific marker for overt cognitive impairment in MS.
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The overall objective of this thesis was to better understand cognitive impairment
and the underlying neurobiological correlates in MS. We set out to do so by
zooming-in on specific brain structures a priori assumed relevant for cognition
(thalamus, hippocampus, dorsolateral prefrontal cortex), investigating different levels
of cognitive functioning (cognitively preserved, mildly cognitively impaired, cognitively
impaired, see Box 1, Chapter 1) and by making use of several imaging modalities (both
conventional and advanced measures). We were able to link functional and structural
changes in specific areas of the brain to cognitive impairment in MS. The previous
chapters described these studies in detail. This chapter will summarize the main
findings and will answer the research questions defined in Chapter 1. Moreover, in a
final reiteration this chapter will close with two major opportunities for future research
on cognitive decline in MS, directly ensuing from the present work.

6.1 THALAMUS
In the introduction of this thesis two research questions were proposed with regard to
the thalamus and cognitive impairment in MS:
§ Which thalamic imaging measure is most instrumental in explaining cognitive
impairment in MS?
§ Is it possible to distinguish cognitively preserved from cognitively impaired patients
based on thalamic pathology as measured with MRI?
Before answering these questions, I will first briefly sum up the results from the different
studies on the thalamus and cognitive decline in MS, described jointly in chapter 2.

Thalamic atrophy, white matter integrity within the thalamus, and
cognition
In chapter 2.1, we measured diffusion tensor imaging (DTI) parameters (fractional
anisotropy (FA), mean diffusivity (MD)) and atrophy in the thalamus, in order to elucidate
how subtle white matter integrity changes relate to atrophy and how these measures
explain MS cognitive impairment. In line with the literature, our results showed that
thalamic atrophy was clearly associated with cognitive impairment.1-3, However, in
addition to this, we showed that skeletonized MD of the thalamus (i.e. WM bundles
within the thalamus) added incremental variance (7-13%) to the prediction of cognitive
impairment after accounting for thalamic volume loss (which explained ~30% of the
variance). After including WM lesion volume in the regression model, MD survived as
predictor only for information processing speed. This indicates that subtle damage to
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afferent projections involving the thalamus (i.e. lesions within thalamocortical tracts)
may be more responsible for cognitive decline in MS than was previously thought.

Groups of thalamic nuclei and their associated tracts
To follow up on the previous study and the hypothesis we ended with in the previous
paragraph, our next work (chapter 2.2) focused on the different afferent pathways
of the thalamus. The main aim was to investigate different thalamic nuclei (anterior,
posterior, medial, lateral) and the integrity of their associated white matter tracts with
regard to cognitive impairment and neuropsychiatric symptoms in MS patients. A
stereotactic atlas obtained from histopathology data4 was used to localize the different
nuclei and allowed us to study the thalamus and its connected WM tracts with improved
anatomical accuracy. DTI parameters and information on lesion volume within the tracts
were calculated. In MS patients, FA was moderately correlated with cognitive test scores
and disinhibition, exclusively when assessing the tract emanating from the anterior part
of the thalamus. This indicates that FA changes in the anterior thalamic tract were the
most specific marker for cognitive impairment and disinhibition.

Clinical relevance of thalamic pathology
After investigating thalamic changes locally to changes in thalamic pathways, the next
important step was to investigate the clinical relevance of these thalamic changes.
In chapter 2.3, our main aim was to investigate whether changes in functional
connectivity, diffusivity and thalamic volume could explain different severities of
cognitive impairment in MS (see Box 1, Chapter 1). Thalamic volume loss was seen in
all patient groups (cognitively preserved, mild cognitively impaired and cognitively
impaired), but was most pronounced in the cognitively impaired patients (20% thalamic
volume loss versus 7% in the cognitively preserved and mild cognitively impaired
groups). Thalamic DTI metrics showed a similar pattern, with the most severe changes
in MD values in the cognitively impaired group. Likewise, increased connectivity of the
thalamus with the ventral stream and sensorimotor areas was solely detected in the
most severely impaired patients. This shows that MR measures of thalamic pathology
allowed us to differentiate between cognitively impaired and cognitively preserved MS
patients. Unfortunately, we were unable to identify patients ‘at risk’ for cognitive decline
(i.e. no differences were detected between cognitively preserved and mildly cognitively
impaired MS patients).
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Discussion
In line with the previous literature, thalamic atrophy showed consistently strong
correlations with cognitive performance.1,5-8 Next, independently from thalamic atrophy,
increased MD within the thalamic WM and the associated thalamic tracts was correlated
with worse cognitive performance. Changes in thalamic MD have been confirmed in
different patient cohorts.9 This makes both thalamic atrophy and changes in thalamic
MD sensitive markers for cognitive impairment. However, thalamic atrophy explains
a greater part of the variance of cognition therefore being the strongest predictor for
cognition.
While changes in MD are rather sensitive to detect cognitive impairment, changes in
FA seem to be more specific in terms of spatial location (i.e. decreased FA exclusively in
the anterior tract of the thalamus was correlated to worse cognition). Finally, we found
increased connectivity of the thalamus associated with worse cognition. Recently,
other studies showed increased thalamocortical functional connectivity associated
with cognitive impairment.10,11 What the increased connectivity of the thalamus with
other cortical structures means in terms of cognition, is at present unclear and further
research on this topic is needed.
Based on the above, it becomes clear that it is not easy to determine which thalamic
measure is most instrumental in explaining cognitive function in MS. All thalamic measures
showed a correlation with cognitive performance. Therefore, the main challenge now,
is to determine the exact order in which thalamic changes (atrophy, diffusion changes,
connectivity changes) occur and how this relates to cognitive impairment in MS. Ideally,
we would also like to investigate which (histo)pathological mechanisms are reflected in
the different thalamic imaging measures.
Yes, cognitively preserved patients could be distinguished from cognitively impaired patients
based on thalamic measures. Unfortunately, the thalamic measures were not able to
differentiate between cognitively preserved and mild cognitively impaired patients.
This suggests that either in terms of pathology these groups are not different, or the
currently used measurements were not sensitive enough to detect subtle changes
between these two cognitive phenotypes. In my opinion, the second explanation
is most reasonable and future studies should explore more sensitive measurements,
such as MR spectroscopy and task-specific functional MRI to pursue finding markers
associated with the earliest stages of cognitive decline.
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6.2 HIPPOCAMPUS
Chapter 3 focuses on cognitive (memory) function in relation to hippocampus pathology
as measured with MRI. From previous histopathology studies it was known that extensive
demyelination is present in the hippocampus of MS patients.12-14 In vivo MR studies using
DIR imaging, showed on average 2-3 hippocampal lesions per patient.15,16 Moreover,
high resolution MR imaging demonstrated atrophy of the hippocampus, especially in
the cornu ammonis (CA) 1 region, extending towards the other CA regions in secondary
progressive MS patients.17 These structural hippocampal changes correlated with worse
memory performance as measured with neuropsychological tests. A next step was to
study the functional characteristics of the hippocampus as measured with MRI, such as
functional connectivity and functional activation (i.e. brain activation during a memory
task). The following questions posed in the introduction were answered in this thesis:
§ How ‘well’ does the MS hippocampus perform during a memory task in the presence
of structural hippocampal damage, and is this performance different for cognitively
preserved patients compared to cognitively impaired patients?
§ Which hippocampal imaging measure (lesions, atrophy, functional performance) is
the best predictor for memory performance in MS?

Hippocampal changes in patients with an intact spatial memory
In chapter 3.1, MS patients with an intact spatial memory function were investigated
using structural and functional (connectivity) measures. Hippocampal atrophy was
already detected in this cognitively preserved stage. Decreased functional connectivity
(as measured with resting-state fMRI) between the hippocampus and its target areas
(anterior cinglulate cortex, thalamus, prefrontal cortex) was demonstrated in both
patients with and without hippocampal atrophy, although more pronounced in the
latter group. These structural and functional changes were detected while memory
scores on the neuropsychological tests were similar to those of the healthy controls. An
important new question arising from this work is whether these brain changes precede
overt cognitive impairment and/or whether they reflect a compensatory mechanism to
preserve cognitive functioning for as long as possible?

Preserved versus impaired
We continued this line of research by comparing cognitively preserved and cognitively
impaired MS patients (see box 1, Chapter 1). Functional brain activation was investigated
in response to an episodic memory task inside the scanner. Cognitively preserved and
cognitively impaired MS patients did not differ on demographical variables neither on
structural MRI measures, including hippocampal volume and number of hippocampal
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lesions. The only difference that was detected between these two patient groups, was
the increased (cognitively preserved patients) versus decreased (cognitively impaired
patients) brain activation ((para)hippocampus, cingulate gyrus) during the correct
encoding of images (Chapter 3.2; Box 1 Functional Reorganization).

The most informative neuroimaging predictor for memory problems in MS
In chapter 3.3 the neuroimaging measures obtained in the abovementioned studies
were combined to build one comprehensive model including all different hippocampal
measures. Hippocampal lesions, hippocampal volume, hippocampal resting-state
connectivity and hippocampal activation during a task were all included in a model
to identify the best explanatory measure(s) of memory function in MS. This revealed
that decreased hippocampal activation and increased hippocampal resting-state
connectivity (between the left hippocampus and the right posterior cingulate) were the
most important neuroimaging predictors for worse memory performance. Interestingly,
hippocampal activation and hippocampal connectivity were not correlated to
each other, indicating that both measures explain a different part of the variance in
cognitive functioning. Male sex was also a predictor for worse memory performance.
This does not come as a surprise, although male patients are less prone to develop
MS, they typically show a worse disease course including more cognitive symptoms.18
Chapter

Discussion
How ‘well’ does the MS hippocampus perform during a memory task in the presence of
structural hippocampal damage, and is this performance different for cognitively preserved
patients compared to cognitively impaired patients?
Our results showed the presence of structural and functional changes within the
hippocampus of patients with and without cognitive impairment. During an episodic
memory task, cognitively preserved MS patients showed increased activation of
the hippocampus and associated areas. The opposite was found in cognitively
impaired patients: decreased activation of the hippocampus and associated areas.
We hypothesize that the different activation patterns reflect different phases in the
functional reorganization hypothesis (see Box 1 and Figure 1). Yet, due to the crosssectional character of these studies, firm conclusions about the chronological order of
functional changes and cognitive impairment in MS cannot be drawn. For instance, it is
unknown whether cognitively preserved MS patients will eventually develop cognitive
impairment and whether cognitively impaired patients already had increased brain
activation before entering the cognitive impairment phase. Supporting our hypothesis,
a longitudinal associative memory study in healthy elderly without dementia showed
that over time clinical decline was accompanied by significant loss of hippocampal
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activation.27 However, to better understand the functional reorganization mechanism
in relation to cognitive decline in MS, longitudinal studies are an essential next step.
BOX 1. Functional reorganization
Several previous fMRI studies reported increased functional activation (i.e. increased activation
in the same areas that are normally involved in that particular function (enhancement) or
activation in other/new brain regions) in MS patients, which related to preserved motor and
cognitive function.19-26 This increased brain activation in the preserved patients possibly
reflects a compensatory mechanism, i.e. their brain is working ‘harder’ to achieve similar
results on the neuropsychological examination compared to controls. We hypothesize that
cognitively preserved MS patients show functional reorganization to maintain cognitive
functioning on a ‘normal’ level, whereas in cognitively impaired patients this compensatory
mechanism is not present anymore, leading to the overt cognitive problems. (see Figure 1)

Cognitive preservation

Cognitive impairment

worsening?

Time
Cognitive impairment
MS pathology
(lesions, atrophy)
Functional reorganization

(para) Hippocampus
Cingulate gyrus

(para) Hippocampus
Cingulate gyrus

FIGURE 1. Functional reorganization of the hippocampus in MS
a. Cognitively preserved (lightest gray, left box): Cognitively preserved patients show limited structural
damage (green line). Functional reorganization is triggered by this incipient damage (pink line). As a
result, brain areas normally involved in e.g. a memory task will become more active and additional areas
will be recruited (MRI, left: cognitively preserved MS patients, with ‘boosted’ brain activation).
b. Cognitive impairment (middle and right box): Over time, structural damage increases (green line), but
functional reorganization is naturally limited, leading to clinically measurable cognitive decline (MRI,
right: cognitively impaired MS patients, reduced brain activity in response to a task).
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Moreover, it is of high interest to study the interplay between measures of activation
and measures of connectivity. Task-specific fMRI triggers activation in very specific
brain regions associated with the task at hand. Increased activation in particular brain
structures suggests the presence of a local compensatory process that is successful in
preserving one particular cognitive function to a certain degree. This local change in
activation does not substantially affect the network dynamics of the ‘rest’ of the brain.
On the contrary, changes in brain connectivity may have effects that are widespread,
influencing functions of other connected brain structures. As a result, these connectivity
changes might have a disadvantageous influence on cognitive function, i.e. every
disbalance that is caused, will negatively influence cognitive performance. It can be
hypothesized that local changes in brain activation will eventually trigger global
changes influencing the brain’s network, leading to cognitive symptoms. However,
again, longitudinal studies are necessary to unravel the exact relationship between
changes in activation and connectivity.
Based on the above and similarly to the thalamus, there is currently not one specific
hippocampal neuroimaging predictor for memory impairment in MS. Several
hippocampal markers are associated with memory impairment in MS. However, it
seems that the functional measures are more sensitive to detect memory impairment
compared to the structural hippocampal measures. That is something we should keep
in mind when planning new studies.
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6.3 DORSOLATERAL PREFRONTAL CORTEX
In chapter 4, the dorsolateral prefrontal cortex (DLPFC) was highlighted in relation to
working memory performance, a cognitive deficit that is present in up to 30% of all
the MS patients.28,29 With regard to this brain structure, the following questions are still
open:
§ Comparing cognitively preserved and cognitively impaired MS patients during a
working memory task: what happens to the DLPFC?
§ Will activation and functional connectivity of the DLPFC of MS patients be altered
after repetitive transcranial magnetic stimulation? If so, how?

Activation of the DLPFC and cognitive impairment
Chapter 4.1 describes the results of a multicenter fMRI study aiming to define the
functional correlates of cognitive decline in MS. At six European sites a working memory
paradigm, the N-back task, was used to investigate 42 MS patients and 52 healthy
controls. Patients were classified as cognitively preserved (47%) and cognitively impaired
(53%) and were relatively homogenous in terms of disease type (RRMS), disease severity
(EDSS ≤ 4) and disease duration (≤ 15 years).
During the N-back task, healthy controls and MS patients showed activation in several
regions located in the fronto-parietal lobes, insula and cerebellum. The activation in
these regions increased linearly with task difficulty. A comparison between cognitively
preserved and cognitively impaired MS patients demonstrated an association between
better cognitive performance and increased activation of the right DLPFC. The increased
activation in the preserved patients is assumed to reflect a compensatory mechanism.
This is in line with the previous literature on working memory performance in different
stages of MS19,23 and is similar to activation patterns that we found in the hippocampus
of MS patients (chapter 3.2).

Repetitive transcranial magnetic stimulation of the right DLPFC
In chapter 4.2 a first step towards cognitive rehabilitation was taken using repetitive
transcranial magnetic stimulation (rTMS). rTMS is a non-invasive technique that can
enhance the excitability of a particular cortical region and its connected brain regions.30,31
Therefore it might be useful for ‘regaining’ brain function in MS patients with cognitive
deficits. In a pilot study, we investigated the effects of a single session of high-frequency
rTMS (compared to baseline and compared to sham stimulation) on the right DLPFC
in MS patients compared to healthy controls. The main outcome parameters were
functional activation during an N-back task, functional connectivity changes during the
N-back task, and working memory performance (N-back task accuracy).
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All 17 patients included in this study were cognitively preserved. Again, increased taskrelated activation was seen in the left DLPFC and the right temporal pole in patients
compared to controls at baseline. This increased task-related activation at baseline
in the patient group disappeared after rTMS without influencing the task accuracy.
This suggests that the task-related activation became more similar to that of healthy
controls after a single session of rTMS. Only in the patient group, increased functional
connectivity between the right DLPFC (stimulated area) and task-relevant areas was
found after rTMS when compared to sham stimulation. The results of this pilot study
suggest a possible beneficial effect of rTMS on working memory in MS patients, but
more work needs to be done to further reinforce this conclusion.

Discussion
Both studies showed clear differences in brain activation patterns between MS patients
and healthy controls in response to a working memory task. What happens to the
DLPFC for MS patients with and without cognitive decline? Similarly to the functional
reorganization hypothesis in the hippocampus, we hypothesize based on our studies
that the DLPFC will first become more active (cognitively preserved MS patients) to
compensate for damage in the brain and to retain working memory performance. Then,
at a certain moment the DLPFC gets exhausted and becomes less active. This in turn,
leads to impaired working memory performance (see Box 1).
Our next question was related to cognitive rehabilitation in MS. Is it possible to alter
the activation and connectivity of the DLPFC in MS patients after rTMS? Our pilot data
demonstrated that this is possible, as the connectivity of the stimulated area with
other task relevant areas increased after rTMS compared to sham. Additionally, after
rTMS the activation patterns became more like the patterns we see in healthy subjects
without negatively influencing working memory performance. This is a first indication
that rTMS might be beneficial for boosting the working memory network. An important
drawback of this study was that only cognitively preserved patients were included.
It would be highly relevant to investigate the effects of rTMS in cognitively impaired
MS patients. However, cognitively impaired patients have on average a higher cortical
lesion load,32,33 which is associated with a higher incidence of epilepsy.34 As epilepsy is
a rare but recognized side effect of rTMS, all patients with a high cortical lesion load
were excluded from participation. For future cognitive rehabilitation studies, rTMS
might not be the best cognitive intervention since safety reasons tend to exclude the
patient group that needs therapy most. However, since working memory problems are
relatively frequent in MS, ‘(re)training’ the DLPFC still appears to be an interesting target
for cognitive rehabilitation.
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6.4 UNDERSTANDING COGNITIVE DECLINE
In chapter 2, 3 and 4 we used very specific, hypothesis-driven approaches, concentrating
on individual brain regions, relating changes in function and structure to specific
cognitive symptoms. In the era of the Human Connectome Project, we know that
focusing on one particular brain structure is a simplification of something that is in
reality far more complex. Therefore in chapter 5, two descriptive studies were performed
looking for differences in the whole-brain.

Whole-brain white matter integrity, lesions and gray matter volume
In chapter 5.1, the impact of white matter integrity, white matter lesions and gray
matter volume on cognitive performance was investigated without a clear a priori
hypothesis. Changes in fractional anisotropy were detected in 49% of the investigated
white matter in the cognitively preserved patients compared to 76% of the investigated
white matter in the cognitively impaired patients. While white matter damage was
partly overlapping in both patient groups, the areas that were solely damaged in the
impaired patients were highly relevant for cognitive functioning (cortical brain areas,
thalamus, brainstem and cerebellum). Interestingly, no differences were found in lesion
or atrophy measures between the patient groups, indicating that – of these structural
measures – only the white matter integrity separates the cognitively preserved from the
cognitively impaired MS patients. This work showed that changes in the brain, related to
cognition, are widespread and affect more than just one single brain structure.

Objective cognitive functioning is different from subjective cognitive
perception
In chapter 5.2 we predicted overall cognitive functioning (score based on the
neuropsychological evaluation) as well as subjective cognitive functioning (i.e. how
do patients perceive their cognitive performance). Possible whole-brain predictors
included in the model were gray- and white matter volume and average FA. Specific
measures included hippocampal lesions, hippocampal and thalamic volume, and
hippocampal activation during a memory-encoding task. Psychological measures
(depression, anxiety, fatigue, sleep difficulties) and disease specific measures (duration,
type and severity) were also integrated in the model. Worse objective cognitive function
was associated with male sex, lower education, and lower gray matter volume. On the
other hand, subjective cognitive complaints were associated with fatigue and less
hippocampal atrophy. Indeed, objective cognitive functioning was mainly associated
with ‘hard’ measures, suggesting the presence of a neurobiological cause. This work
emphasizes the importance of distinguishing subjective complaints from objective
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cognitive problems, especially since the first can sometimes be treated (depression,
fatigue) while we currently have no treatment available for the objective cognitive
symptoms.

Discussion
The brain cannot be regarded as a collection of several individual areas that function on
their own. Areas of the brain are related with each other via structural and functional
connections (as briefly mentioned in chapter 2.2). Focusing on one particular brain region
and one specific cognitive function definitely taught us much about brain mechanisms
that explain the presence of cognitive impairment to a certain extent. However, the time
has come to broaden our ‘basic’ model of the brain by including network measurements
in our explanatory model. Recent studies using functional network parameters showed
that decreased network efficiency and decreased centrality was related to cognitive
impairment in MS.35 Since cognitively preserved and cognitively impaired patients could
be distinguished based on white matter structural integrity, understanding structural
(dis)connectivity is especially interesting for further research.
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6.5 CONCLUSIONS – WHAT HAVE WE LEARNED FROM THIS THESIS
Thalamus
§ In addition to thalamic volume, changes in mean diffusivity (MD) within the thalamus
add 7-13% to the explained variance in predicting cognitive impairment;
§ Fractional anisotropy (FA) changes in the anterior thalamic tract were the most
specific marker for cognitive impairment and disinhibition;
§ Based on thalamic pathology (i.e. atrophy, changes in MD, connectivity) cognitively
preserved patients can be distinguished from cognitively impaired patients

Hippocampus
§ Hippocampal atrophy and changes in hippocampal connectivity were already
present in cognitively intact MS patients;
§ Increased hippocampal activation was associated with cognitive preservation;
decreased hippocampal activation with cognitive impairment;
§ Functional hippocampal measures are more informative in predicting memory
function in MS than structural hippocampal measures

Dorsolateral prefrontal cortex
§ Cognitively preserved patients show increased activation during a working memory
task;
§ A single session rTMS alters brain activation and connectivity in patients with MS;
§ Due to safety reasons, rTMS might not be the 1st choice for cognitive rehabilitation
in MS

Understanding cognitive decline in MS
§ WM integrity changes are most informative in distinguishing cognitively preserved
from cognitively impaired MS patients;
§ Neuropsychological test scores in MS patients are best predicted by GM volume,
male sex and educational level; subjective cognition is mainly a reflection of fatigue;
§ Increased activation of brain structures and/or changes in functional connectivity
might be seen as ‘functional reorganization’; this may be used for cognitive
rehabilitation studies
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FUTURE PERSPECTIVES
‘One day…

…we will be able to ‘treat’ cognitive impairment in MS’

Cognitive rehabilitation in MS: we are certainly not there yet. Cognitive impairment in MS
is nowadays recognized as one of the most disabling symptoms of the disease. Several
studies, including the ones presented in this thesis, showed functional (activation,
connectivity) and structural (atrophy, lesions) changes in specific brain regions
(i.e. thalamus, hippocampus, DLPFC) that were strongly associated with cognitive
impairment. Additionally, using advanced neuroimaging measures, cognitively
preserved patients could be distinguished from cognitively impaired patients. Although
the understanding of cognitive impairment in MS has advanced substantially, at least
two major challenges need to be addressed so that we can move from the current
situation towards actual cognitive rehabilitation.

Challenge 1: Further understanding of cognitive decline in MS
Understanding the temporal dynamics of cognitive decline in MS can serve as a
guide for (future) cognitive rehabilitation studies. To obtain information on the time
course of cognitive impairment in MS, longitudinal follow-up information is required.
So far, longitudinal studies on cognitive dysfunction in MS are scarce, and the ones
that have been performed followed patients early in the disease course, mostly using
conventional MR measures.36-39 These studies showed that, contrary to cognitive decline
in Alzheimer’s disease, cognition in MS deteriorates slowly. Approximately 60-100% of
the patients still have a stable cognition after two years of follow-up.36,37,40
Essential information with regard to the optimal time point to start cognitive
rehabilitation lies within understanding the ‘tipping point’ ((i.e. the moment when
cognitively preserved patients become cognitively impaired, see Figure 2)). What are the
main predictors for conversion from cognitive preservation to cognitive impairment?
How is this conversion related to changes in brain activation, brain connectivity, and
structural brain changes? In our own research group we are starting two longitudinal
studies to find answers to these questions. One study will follow a large cohort of early MS
patients (already extensively investigated six years after diagnosis), now approximately
10 years after the diagnosis; a second study will follow cognitively preserved and
cognitively impaired MS patients (independent of disease type, duration, and severity)
approximately five years after the first measurement.
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Cognitive preservation

Cognitive impairment

worsening?

Time
Cognitive impairment
MS pathology
(lesions, atrophy)

Cognitive impairment after
cognitive rehabilitation
Functional reorganization
after cognitive rehabilitation

Functional reorganization

FIGURE 2. The anticipated effects of cognitive rehabilitation
a. Cognitively preserved (lightest gray, left box): Cognitively preserved patients show limited structural damage
(green line). Functional reorganization is triggered by this incipient damage (pink line).
b. Cognitive impairment (middle and right box): Over time, structural damage increases (green line), but
functional reorganization is naturally limited, leading to clinically measurable cognitive decline.
c. Expected effect of cognitive rehabilitation: The effects of cognitive training should lead to prolonged
functional reorganization (dotted pink line; in the cognitively preserved patients this means preventative;
in the cognitively impaired patients this means improved cognitive function), compensating (partly) for
cognitive impairment (dotted blue line).

Challenge 2: Start rehabilitation
While we need to expand our understanding of the temporal dynamics of cognitive
decline in MS, we should simultaneously start exploring potential candidates for
cognitive rehabilitation. The key question will be whether it is possible to influence
cognitive performance beneficially via several rehabilitation strategies such as cognitive
training, pharmacological intervention, and transcranial magnetic stimulation (TMS;
already explored in Chapter 4.2). The main goal will be to improve cognitive functioning
(i.e. cognitively impaired MS patients) or to prevent cognitive impairment to occur (i.e.
cognitively preserved MS patients), see Figure 2.
Until now, cognitive rehabilitation studies in MS are limited and largely report
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contradicting results.41-49 The inconsistency of the results is most likely due to
methodological issues, such as relatively small sample sizes, inadequately defined
groups (i.e. too liberal criteria for cognitive impairment) and incorrect matching.
This conclusion was confirmed by a clinical trial by one of the leading groups in the
field,43 which showed that improved learning and memory performance as a result of
a memory-training program was uniquely found in moderately cognitively impaired
patients. The mildly impaired individuals did not show any effect from the training.
Future studies need to pay careful attention to these methodological problems. There
are a few approaches that are potentially of interest:
§ Cognitive training - Concentration
One of the cognitive domains that is highly attractive for cognitive rehabilitation in MS
is attention. Deficits in attention are frequently found in MS patients, and pilot data
on cognitive rehabilitation programs focusing on attention and concentration in MS
showed promising results.45,46 We recently received financial support from the Dutch
MS Research foundation to investigate the effects of a 7-week attention training. We
plan to study MS patients with (n=30) and without (n=30) attention problems, using
the cognitive rehabilitation program C-Car (Concentration Car).50,51 C-Car is an already
an established training program; it includes several aspects of attention: sustained
attention, divided attention, focused attention, and alternative attention. The effects of
C-Car will be monitored with structural and functional MR imaging, neuropsychological
testing and questionnaires on subjective cognitive functioning to investigate the
effectiveness of the training on these three different outcome levels (brain mechanisms,
objective and subjective cognitive functioning).
§ Cognitive training - Memory
Hippocampal changes (i.e. atrophy, lesions) and memory problems are very often found
in MS patients.14,52,53 Therefore, an intervention influencing hippocampal-memory
function would be one of the first choices for cognitive rehabilitation. Unfortunately,
such a training program is currently not available.
Previous studies have shown that it is possible to train the hippocampus and improve
memory function.54,55 For example, exercise enhances learning, improves memory
retention and is accompanied by an increased cell proliferation and survival in the
hippocampus of rodents.56,57 In humans, physically fit elderly have larger hippocampal
and medial temporal lobe volumes; larger hippocampal volumes mediate improvements
in spatial memory.58
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Based on these principles, it would be very promising to develop a hippocampalmemory-rehabilitation program. We are currently (in collaboration with Prof.
Sitskoorn/ Dr. Gehring, Tilburg University and with support of the Neuroscience Campus
Amsterdam) exploring the possibilities for such an intervention program. The ultimate
goal is to combine physical exercise (home trainer, personalized cycling activity) with a
computerized hippocampal-memory training (concurrently). In the future this hopefully
gives opportunities to improve memory function in MS patients.
§ Pharmacological intervention – Memory
Cognitive training programs are quite demanding for patients in terms of frequency and
duration, which makes it worthwhile to additionally explore pharmacological treatment
for cognitive impairment. Based on the literature, one of the most promising options
is to manipulate the cholinergic system using acetylcholinesterase inhibitors. Several
studies investigated this type of intervention, showing inconsistent effects on memory
function.59-63 However, it might be that a higher-dosage of the drug is necessary to exert
a beneficial effect on cognition in MS specifically. A post-mortem study from our own
group demonstrated decreased activity of the enzyme choline acetyltransferase (ChAT)
in the hippocampus, while the activity of the degrading enzyme, acetylcholinesterase
(AChE) was unaltered.64 This cholinergic imbalance was not seen in the hippocampus
of Alzheimer’s patients where both ChAT and AChE were decreased. In MS, a stronger
inhibition of AChE, as realized by a higher dose of donepezil, might be appropriate to
rebalance cholinergic neurotransmission and improve cognitive functioning in MS.64,65
Therefore, a dose-response study would be a step forward and should carefully weigh
the advantages against the possible side effects.
Besides the cholinergic system, investigating the effects of standard disease modifying
drugs and the newer medications such as natalizumab and fingolimod on cognitive
impairment in MS will be highly relevant.
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HET BEGRIJPEN VAN COGNITIEVE ACHTERUITGANG BIJ MULTIPLE
SCLEROSE
Met focus op de thalamus, de hippocampus en de dorsolaterale prefrontale cortex

Wereldwijd lijden ongeveer 2.3 miljoen mensen aan de ziekte multiple sclerose (MS). In
Nederland is de prevalentie van MS ongeveer 1 op 1000. MS is een neurodegeneratieve
en inflammatoire aandoening van het centrale zenuwstelsel (de hersenen en het
ruggenmerg) die zich meestal openbaart bij jongvolwassenen (25-32 jaar) in de bloei
van hun leven. MS komt twee keer zo vaak voor bij vrouwen dan bij mannen. De exacte
oorzaak voor de ziekte is helaas nog altijd onbekend. Er zijn echter aanwijzingen dat
zowel omgevings- als genetische factoren een rol spelen in het ontstaan van de ziekte.

Pathologie
Onder de microscoop werd MS lange tijd primair herkend aan ontstekingen,
uitgebreide demyelinisatie (het verdwijnen van de myeline laag rondom de axonen,
de uitlopers van de zenuwcellen) en axonaal verlies in de witte stof. Deze gebieden van
beschadiging worden ook wel ‘plaques’ of laesies genoemd. Met de komst van nieuwe
immunohistochemische kleuringen werd duidelijk dat ook de grijze stof is aangetast
bij mensen met MS. In extreme gevallen bleek 70% van de cortex (hersenschors, grijze
stof ) gedemyeliniseerd te zijn. Demyelinisatie werd tevens gezien in de diepe grijze stof
structuren van de hersenen (zoals o.a. de thalamus), de kleine hersenen en in de grijze
stof van het ruggenmerg.

Lichamelijke en cognitieve symptomen
Een grote verscheidenheid aan neurologische symptomen zijn kenmerkend voor MS.
Problemen met het zicht, veelal veroorzaakt door een ontsteking van de oogzenuw
(neuritis optica), verlammingsverschijnselen, spasmen en vermoeidheid komen vaak
voor. Daarnaast krijgt ongeveer 70% van alle mensen met MS tijdens zijn/haar ziekte
te maken met cognitieve problemen (problemen met o.a. aandacht, geheugen en
concentratie). Deze cognitieve stoornissen veroorzaken problemen in (sociale) relaties
en zijn de belangrijkste oorzaak voor arbeidsongeschiktheid. Het is pas sinds enkele
jaren dat deze cognitieve symptomen worden erkend als een belangrijk onderdeel van
de ziekte. De schade aan de grijze stof in de hersenen lijkt een belangrijkere rol te spelen
bij de verklaring van deze klachten dan de schade door de witte stof.
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Het doel van het onderzoek dat wordt beschreven in dit proefschrift was het beter
begrijpen van cognitieve klachten bij mensen met multiple sclerose (MS). Onze nieuwe
inzichten werden verworven door gebruik te maken van een combinatie van standaard
MRI technieken (hoeveel laesies hebben mensen met MS, hoeveel atrofie (hersenkrimp)
is er) en geavanceerde MRI technieken (hersenactiviteit tijdens een (geheugen)
taak of in rust (functionele MRI), micro-structurele integriteit van de witte stof banen
(diffusie MRI), grijze stof laesies). We hebben hierbij ‘ingezoomd’ op een drietal grijze
stof structuren in de hersenen die op klinisch anatomische gronden een belangrijke
rol spelen bij cognitie: de thalamus (aandacht), de hippocampus (geheugen) en de
dorsolaterale prefrontale cortex (werkgeheugen).
Hoofdstuk 1 geeft een algemene inleiding over de ziekte en bespreekt het belang van
het inzoomen op deze drie structuren om cognitieve klachten bij MS beter te begrijpen.

De thalamus
Hoofdstuk 2 wordt volledige gewijd aan de thalamus. De thalamus is een belangrijke
grijze stof structuur die centraal in de hersenen ligt. Uit de literatuur is bekend dat
bij MS patiënten deze structuur atrofieert en dat deze atrofie gecorreleerd is aan
cognitieve achteruitgang. In Hoofdstuk 2.1 van dit proefschrift laten we zien dat door
het toevoegen van diffusie MRI metingen in de thalamus, het cognitieve functioneren
van de patiënt beter voorspelbaar wordt (7-13% nauwkeurigere voorspelling) dan
wanneer alleen thalamus atrofie wordt gebruikt. In Hoofdstuk 2.2 kijken we verder
dan de thalamus zelf door ook de projectiebanen van de thalamus mee te nemen
in de analyse. Tussen de hersenschors en de thalamus lopen verschillende witte stof
banen die elk met specifieke hersenschorsgebieden zijn verbonden, die weer specifieke
functies hebben. Schade aan de anterieure baan (de baan van de thalamus naar de
frontaalkwab) bleek het meest specifiek voor zowel cognitieve stoornissen als voor
disinhibitie (ontremming). In Hoofdstuk 2.3 hebben we op basis van de hoeveelheid
thalamus schade (atrofie van de thalamus, diffusieveranderingen in de thalamus,
thalamus connectiviteit) geprobeerd om patiënten met ernstige cognitieve problemen
te onderscheiden van patiënten met milde cognitieve problemen en patiënten zonder
cognitieve problemen. Thalamus atrofie was aanwezig in alle drie de patiëntengroepen
vergeleken met gezonde proefpersonen. Echter, de meeste atrofie werd gemeten bij
de patiënten met ernstige cognitieve stoornissen. Afwijkende diffusie metingen en
veranderingen in de connectiviteit van de thalamus werden eveneens alleen gevonden
bij patiënten met ernstige cognitieve stoornissen. Er waren geen verschillen in thalamus
schade tussen patiënten met milde cognitieve problemen en zonder cognitieve
problemen.
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De hippocampus
In Hoofdstuk 3 zoomen we in op de hippocampus. De hippocampus (of ‘het zeepaardje’)
ligt grotendeels en gekromd in de temporaalkwab en is belangrijk voor het geheugen.
Veranderingen in het volume van de hippocampus, maar ook in de connectiviteit
van de hippocampus met andere gebieden in het brein, kunnen al ontstaan voordat
geheugenproblemen meetbaar zijn bij de patiënt aan de hand van neuropsychologisch
onderzoek (Hoofdstuk 3.1). In Hoofdstuk 3.2 laten we zien, op basis van taak-fMRI
metingen, dat patiënten zonder cognitieve problemen (neuropsychologische scores
vergelijkbaar aan die van de gezonde deelnemers) op MRI een toegenomen activiteit
in de hippocampus hebben tijdens een geheugentaak. Deze toegenomen activiteit zou
mogelijk een compensatiemechanisme zijn dat ervoor zorgt dat cognitieve functies
behouden blijven. Bij patiënten mét cognitieve problemen is het tegenovergestelde
aan de hand: zij hebben minder activiteit in de hippocampus en gerelateerde gebieden,
wat mogelijk ten grondslag ligt aan de verminderde cognitieve functie. In Hoofdstuk
3.3 worden verschillende metingen (diffusie MRI, functionele MRI en structurele MRI)
gecombineerd in een model om de beste voorspeller voor geheugenfunctie te vinden.
Hieruit blijkt dat de functionele maten van de hippocampus (activiteit in de hippocampus
tijdens een taak en de connectiviteit van de hippocampus met andere delen van de
hersenen) geheugenfunctie beter voorspellen dan de structurele veranderingen
(volume van de hippocampus, laesies in de hippocampus) van de hippocampus.

De dorsolaterale prefrontale cortex
De thalamus en de hippocampus zijn beide structuren die duidelijk herkenbaar zijn op
MRI met een duidelijke anatomische afgrenzing. Hoofdstuk 4 focust op de dorsolaterale
prefrontale cortex (DLPFC). De demarcatie van deze structuur is veel minder duidelijk
en de DLPFC kan daarom beter worden beschouwd als een ‘functioneel gebied’.
Wat betreft cognitie is de DLPFC vooral betrokken bij werkgeheugen, cognitieve
flexibiliteit en uitvoerende functies. In Hoofdstuk 4.1 is de activiteit van de DLPFC
onderzocht bij patiënten mét en patiënten zonder cognitieve stoornissen tijdens
een werkgeheugentaak. De patiënten zonder stoornissen hebben een toegenomen
activiteit in de DLPFC in vergelijking tot gezonde deelnemers, terwijl de patiënten mét
cognitieve stoornissen juist een verminderde activiteit tonen. Dit is in overeenstemming
met wat we eerder zagen in de hippocampus (Hoofdstuk 3.2). In Hoofdstuk 4.2 wordt
een eerste stap gezet richting behandeling van cognitieve stoornissen door gebruik te
maken van transcraniële magnetische stimulatie (TMS) van de DLPFC. Na eenmalige
stimulatie van 30 minuten, worden veranderingen in hersenactiviteit en connectiviteit
gemeten bij MS patiënten. Dit zijn interessante en vernieuwende resultaten die erg
waardevol zijn voor toekomstige studies naar cognitieve interventies. We zullen deze
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resultaten echter eerst in een grotere groep moeten repliceren om de effecten van de
behandeling op de cognitie beter te kunnen bestuderen.
Hoofdstuk 5 is afwijkend van de eerdere hoofdstukken doordat het zich niet focust
op een specifiek gebied in de hersenen, maar kijkt naar het brein in zijn geheel. In
Hoofdstuk 5.1 wordt de integriteit van de witte stof banen bestudeerd. Het blijkt dat
49% van de witte stof reeds is beschadigd bij patiënten zonder cognitieve problemen.
Bij de patiënten mét cognitieve problemen was 76% van de witte stof aangetast. De
extra schade zat vooral in de gebieden die belangrijk zijn voor cognitie (in de buurt
van corticale hersengebieden, in de thalamus, hersenstam en de kleine hersenen). Alle
andere maten (atrofie, laesies) waren niet verschillend tussen de groepen, hetgeen
wederom aantoont dat er voor een betere biologische verklaring van ‘cognitief normaal’
en ‘cognitief abnormaal’ meer geavanceerde MRI technieken en een multimodale
aanpak nodig zijn. Omdat er vaak een grote discrepantie bestaat tussen objectiveerbare
cognitieve klachten (gemeten met neuropsychologische tests) en subjectieve klachten
(beleving van de patiënt) hebben we in Hoofdstuk 5.2 geprobeerd te snappen
waardoor die discrepantie wordt veroorzaakt. Subjectieve cognitieve klachten bleken
vooral de mate van vermoeidheid te reflecteren. Objectiveerbare cognitieve klachten
daarentegen hingen samen met het volume van de grijze stof, het opleidingsniveau en
ook het geslacht. Dit geeft aan dat toekomstige cognitieve interventie studies duidelijk
in kaart moeten brengen of de patiënt lijdt aan subjectieve of objectieve cognitieve
klachten. De aanpak van het onderliggende probleem (vermoeidheid of verlies aan
grijze stof volume) zal anders zijn.
Tenslotte worden de resultaten uit de Hoofdstukken 2 t/m 5 in Hoofdstuk 6 samengevat
en in een kader geplaatst en worden suggesties gegeven waar het toekomstig
onderzoek zich op moet richten.

‘Op een dag zijn we in staat om cognitieve stoornissen bij mensen met MS te behandelen.’
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