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What are we going to discuss?

1. Why did we begin to study structural connectivity?

2. How can we study structural networks in MS?

3. Currently available data
a) Corticospinal tract and disability
b) Relations with cortical damage
c) Structure versus function
d) Advanced network analyses

• Cognition!
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Perivenous inflammation



T2-weighted magnetic resonance imaging (MRI)

NAWM: 
Underestimation

of damage!

Lesions: 
Overestimation

of damage!



Patients with many lesions do not     
have to be severely impaired

The reverse is also true; patients with 
few lesions can be severely impaired

Clinico-radiological paradox



• Clinico-cognitive dysfunction is difficult to predict in MS

• Conventional MRI measures insufficient
• Poor relation with clinic

• Poor estimate of “real”  damage

• How can we understand the mechanism?
• Advanced techniques

• Structure and function!
• And: The brain is a network!

Eijlers et al, Neurology 2017

Clinico-radiological paradox
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The structural networkThe functional network



Den Helder

Hubs!

MS effect



White matter tracts
• Basic analysis: The integrity of “skeleton” of most important tracts
• Tract-based spatial statistics (TBSS) in FSL

• Not really “connectivity”
• Many applications in MS, eg: Roosendaal 2009
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TBSS

• Main message: MS is a disconnection syndrome (Enzinger et al, 2015)

• Thalamus!
• Some (hub-)connections are more important
• But: TBSS is too simple

Welton et al, 2015 Schoonheim et al, 2014 Hulst et al, 2013

Meta-analysis: Decreased FA related to cognition

Why this network framing?



Schiphol vs Trondheim

Tewarie et al., 2014

Why this network framing?

But how do we measure “real” 
structural connectivity?

http://www.klm.nl



How to measure structural connectivity?

• Two main approaches of measuring structural connectivity:

1. Delineate tracts in the white matter (WM)
1. Deterministic tractography
2. Probabilistic tractography

2. Co-variance of patterns in the grey matter (GM)
1. Cortical thickness correlations
2. Grey matter intensity correlations



WM tractography
• Aim: Visualize structural connections in vivo

• MS: Investigate the effects of damage on connectivity



Deterministic tractography



Problem: Crossing fibers & lesions

• Deterministic tractography is limited

Deterministic tractography



• Performed in FSL, MRTrix, FreeSurfer,..
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Deterministic Probabilistic

1 “strongest” pathway Many possibilities

Probabilistic tractography



• So what has been published?

• Main topics:
1. Corticospinal tract / disability
2. Relations with cortical damage
3. Structure/function relationships
4. Advanced techniques: Graph analysis

• Cognition!
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The data so far



Corticospinal tract
2006
• Ciccarelli et al. – Brain
• Probabilistic tractography in ALS
• CST FA related to progression



Corticospinal tract 
2007 - 2010
• Ciccarelli et al. – Brain
• Cervical cord: Spectroscopy + tractography
• Lower NAA and connectivity vs disability

• In specific compartments of the cord!
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Cortical damage
2015
• Steenwijk et al. – HBM & Radiology
• DGM atrophy related to WM disconnection
• Cortical atrophy only related in RRMS

• Progressive MS different mechanism?



Cortical damage
2018
• Solana et al. – Neuroimage Clinical

• Structural disconnection related to
• GM NAA (integrity)
• GM myo-inositol (gliosis)
• Demyelination

• Mangeat et al. – HBM
• Structural disconnection

• Related to cortical myelin



Structure/Function
2007
• Rocca et al. – Neurology
• All studied tracts abnormal
• Some tracts related to FC changes
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Structure vs function
2014
• Tewarie et al. – HBM
• Changes in functional connectivity (MEG)

• NOT related to local cortical thickness
• But: Correlated to cortical thickness network topology!
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Structure vs function
2018
• Tewarie et al. – MSJ
• Healthy control DTI matrices used to model MS

• Biophysical model
• What happens to modeled fMRI data?

• WM disconnection  INCREASED functional connectivity
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Kim Meijer, 
ECTRIMS 

2018 
(wednesday)

Long versus short distance structural connections:
More damage and a larger impact on brain function (and cognition!)

Structure vs function
2018

Watts & Strogatz (1999)



Advanced network analysis

MS Center Amsterdam

Clustering coefficient

Path length: red vs green

Degree: purple >4 connections

Hubs

Llufriu et al. 2017



R. Albert, H. Jeong, A-L Barabasi, Nature, 401 130 (1999).

Network efficiency: Hubs!



Efficiency: Lesion load
2009
• He et al – Brain

• Groups of MS based on lesion load
• GM cortical thickness correlations
• Changes in network topology related to lesion load

• Higher lesion load:
• Lower global efficiency
• Lower local efficiency

• Strong effects for insula



2011, 2018
Rich Club: CDMS
• Van den Heuvel et al. – 2011
• The white matter connectome is not random!
• There are clear hubs and non-hubs



Modularity: CDMS
2017 - 2018
• Fleischer et al – MSJ

• Groups based on disease duration
• Modularity:

Newman, PNAS 2008

• Tur et al – MSJ
• Balance within / between module connectivity
• No effect for modularity

• But: Overall baseline difference
• Converting higher connectivity vs non-converting CIS



Motor impairment
2015: Efficiency
• Pardini et al – Neurology

• Structural connectivity within the motor network
• Efficiency loss explained 58% of disability

• More than any other MR measure
• Note: Motor system FA 28% !



Cognitive relevance
2017 – 2018: Hubs
• Llufriu et al – MSJ (2x)

• Hub disconnection related to cognition

• Memory network disconnection

PASAT SDMT



Cognitive relevance
2018: 3DT1
• Fuchs et al. – HBM
• WM disconnection based on 3DT1 data with lesion maps

• Tract disruption related to
• Processing speed
• Conscientiousness

MS Center Amsterdam



Cognitive relevance
2018: Small world
• Rimkus et al. – MSJ
• GM networks

• Based on individual subjects!
• Disrupted small-world parameters
• Related to cognitive impairment

• Executive function (see figure)
• Information processing speed
• Working memory
• Attention
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Schoonheim et al, Front Neurol, 2015



Summary
So what have we learnt so far?
• Early days!

• New methods like MRTrix could possibly track through lesions

• Loss of structural network efficiency is related to disability and cognition
• As well as increased functional connectivity

• Network topology analyses can provide unique information
• Graph analysis to analyze the entire brain network at once

• The future: Longitudinal studies, computational models and relations with histopathology



Thank you! C l i n i c a l 
N e u r o s c i e n c e

m.schoonheim@vumc.nl
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