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Abstract

Multiple sclerosis (MS) is the leading cause of non-traumatic disability in young
adults. The auto-immune disease is characterized by inflamed regions within the
brain and spinal cord. These so-called lesions are visible in-vivo in magnetic resonance
imaging (MRI) scans and play a crucial role in diagnosing the disease and monitoring
disease progression. This thesis investigates the question whether two aspects of
common practice in the diagnostic workup of patients with suspected MS can still be
regarded as reasonable.

We first aimed to provide an evidence-based rationale for a white matter (WM)
lesion size threshold in patients with relapsing-remitting MS (RRMS) in times of
high-resolution MRI. We analyzed MRI scans from two different cohorts, each
comprising patients with RRMS and control subjects (CS), obtained at scanners from
two different vendors. Both cohorts were examined with fluid-attenuated inversion
recovery and T1-weighted (T1w) sequences. In total, we studied 232 patients with
RRMS (Expanded Disability Status Scale: mean = 1.6 +/- 1.2; age: mean = 36 years
+/- 10 years) as well as 116 age- and sex-matched CS. We calculated odds ratios of
WM lesion volumes. The WM lesion size threshold, which discriminated best between
patients and CS, was estimated with receiver operating characteristic curve analysis.
In both cohorts, odds ratios increased continuously with increasing WM lesion
volumes, and discriminative power was highest at a WM lesion size threshold of
3 millimeter in diameter. Hence, the WM lesion size threshold of 3 millimeter in
diameter, as stipulated in the current diagnostic criteria of MS (Thompson et al.,
2018b), seems a reasonable choice for three-dimensional MRI sequences at 3 Tesla.

In a second project we investigated, if repetitive application of gadolinium-based
contrast agents (GBCA) changes signal intensity in unenhanced T1lw images and

how chelate types (linear vs. cyclic) differ. Signal change would be a sign for



Gadolinium (Gd) deposition in the brain and potentially implicates the risk of
unfavorable long-term effects. This issue is of special importance for patients with
MS as monitoring disease course and therapy require regular follow-up MRI scans
over many years. As activity of lesions is best discriminated by GBCA, MRI in MS
patients often includes application of GBCA. We retrospectively analyzed 3233
unenhanced T1lw images of 881 MS patients. After spatial normalization and
intensity scaling, using a sphere within the pons, differences of all pairs of subsequent
scans were calculated and, according to the first scan, attributed to either linear
(n = 2718) or cyclic (n = 385) or no GBCA (n = 130). We performed regional
analyses, focusing on the dentate nucleus (DN), and whole brain analyses. By one-
sample t-tests, we searched for signal intensity increases within conditions; by two-
sample t-tests, we compared conditions. Further we tested recent hypotheses on the
reversibility of GBCA deposition. Regional analyses of the DN showed a significant
increase only after administration of linear GBCA, even after a single GBCA
administration. This increase differed significantly (p < 0.001) from the other
conditions (cyclic and no GBCA). Whole brain analyses revealed T1w signal increases
only after administration of linear GBCA within two regions, the DN and globus
pallidus. Additional analyses did not indicate any decline of Gd deposition in the
brain. Our data point towards Gd deposition in the brain after administration of
linear GBCA even after a single administration.

The results of both projects justify current recommendations for the diagnostic
workup of suspected MS. The traditional white matter lesion size threshold of 3 mm
in diameter should still be respected. In patients with suspected MS, cyclic GBCA

should not be withheld for the fear of possible toxic effects.



Zusammenfassung

Die Multiple Sklerose (MS) ist eine der wichtigsten Ursachen fiir nicht-traumatisch
bedingte Behinderung bei jungen Erwachsenen. Die Autoimmunerkrankung zeichnet
sich durch entziindliche Lésionen (Plaques) in Gehirn und Riickenmark aus. Lésionen
lassen sich in-vivo mittels Magnetresonanztomografie (MRT)-Bildern nachweisen
und spielen eine wichtige Rolle bei der Diagnose der Krankheit sowie ihrer
Verlaufsbeurteilung. Die vorliegende Arbeit geht der Frage nach, inwieweit zwei
iibliche Vorgehensweisen im Rahmen des MRT gestiitzten Diagnoseprozesses
weiterhin akzeptabel sind.

In diesem Zusammenhang untersucht das erste Projekt, inwiefern der bisher
festgelegte kleinste Lasionsdurchmesser von 3 mm auch im Zeitalter hochauflésender
MRT-Bilder valide ist. Es wurden MRT-Bilder zweier unterschiedlicher MR, Geréte
untersucht und dabei jeweils Bilder von Patienten mit schubférmig-remittierender
MS (RRMS) mit Bildern von Kontrollprobanden verglichen. Von beiden Kohorten
wurden 3-dimensionale Fluid-Attentuated Inversion Recovery und T1 gewichtete
(T1lw) MR Bilder analysiert, sodass insgesamt 232 RRMS Patienten und 116
Kontrollprobanden im gleichen Alter und Geschlechterverhéltnis in die Studie
eingeschlossen wurden. Wir haben Odds Ratios tiber Lasionsvolumen errechnet und
eine Receiver Operating Curve Analyse durchgefithrt, um diejenige minimale
Lasionsgrofle festzulegen, welche am besten zwischen MS Patienten und Kontrollen
diskriminiert. In beiden Kohorten wurden kontinuierlich steigende Odds Ratios mit
zunehmendem Lasionsvolumen beobachtet. Die beste Diskriminierung wurde fiir ein
Lasionsvolumen von 0.015 ml gefunden, welches einem Durchmesser von 3 mm
entspricht.

In einem zweiten Projekt wurde untersucht, ob die wiederholte Verwendung von

Gadolinium-haltigem Kontrastmittel (GBCA) zu Signalintensitétsverdnderungen im



Gehirn von MS Patienten fiihrt und inwiefern sich diese Verdnderung zwischen
GBCA-Formen unterscheidet. Da MS Patienten im Laufe ihrer Krankheitsgeschichte
haufig und iiber mehrere Jahre hinweg GBCA erhalten, konnen sie als besondere
Risikogruppe fiir mogliche Langzeitschaden durch Gadoliniumablagerungen im
Gehirn betrachtet werden. Es wurden 3233 native T1lw MRT Bilder von insgesamt
881 MS Patienten retrospektiv untersucht. Nach raumlicher Normalisierung und
Signalintensitétsskalierung der MRT Bilder wurden Differenzbilder errechnet und
einer Gruppe zugeordnet, je nach Art des verabreichten GBCA am jeweils ersten
Zeitpunkt. Durch dieses Vorgehen ergab sich eine Gruppenstirke von 2718 Bildern
in der linearen GBCA Gruppe, 385 in der zyklischen GBCA Gruppe und 130 in der
Gruppe ohne vorherige GBCA Gabe. Analysen wurden mit Fokus auf den Nucleus
dentatus und iiber das gesamte Gehirn durchgefiihrt. Einstichproben T-Tests wurden
verwendet, um Signalveranderungen innerhalb einer Gruppe zu untersuchen. Mit
Hilfe von T-Tests fir 2 Stichproben wurden die Gruppen miteinander verglichen.
Zusatzlich  wurden  Untergruppen gebildet, um die Reversibilitit der
Signalveranderungen zu priifen. Die Analysen deuten auf eine Signalverédnderung im
Nucleus dentatus lediglich nach Gabe linearer GBCA hin, nicht aber nach zyklischen
GBCA. Analysen tiber das gesamte Gehirn zeigen zusatzlich eine Signalveranderung
nach linearem GBCA im Globus pallidus, nicht jedoch nach Gabe zyklischer GBCA.
Aulerdem fand sich kein Riickgang der Signalverdnderungen nach der GBCA Gabe
im langerfristigen Verlauf. Diese Ergebnisse legen nahe, dass es zu einer Gadolinium-
Ablagerung im Gehirn bereits nach einer einzigen Gabe eines linearen GBCA kommt.

Zusammenfassend stiitzen beide Projekte die derzeitige klinische Praxis bei der
diagnostischen Aufarbeitung von Patienten mit Verdacht auf MS in zweierlei
Hinsicht. An der traditionellen Mindestlésionsgréffe von 3 mm im Durchmesser sollte
festgehalten werden. Die Gabe eines zyklischen GBCA erscheint nach wie vor

vertretbar.



Abbreviations

BBB blood brain barrier

CIS clinically isolated syndrome

CNS central nervous system

CS control subject

CSF cerebrospinal fluid

D diameter

DIS dissemination in time

DIT dissemination in space

DN dentate nucleus

EBV Epstein-Barr virus

EDSS Expanded disability status scale
FLAIR fluid-attenuated inverse recovery
GBCA gadolinium-based contrast agent
Gd gadolinium

GM grey matter

GP globus pallidum

MR magnetic resonance

MRI magnetic resonance imaging

MS multiple sclerosis

OR odds ratio

ROC receiver operating curve

RRMS relapsing-remitting multiple sclerosis
SPMS secondary progressive multiple sclerosis
T tesla

Tlw T1- weighted
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T2w
TE
TR

WM

T2- weighted
echo time
repetition time

white matter



11

1 Introduction

1.1 General aspects of MS

The first attempt to define multiple sclerosis (MS) was done in 1868. Jean-Martin
Charcot proposed his triad of typical symptoms for patients suffering from “la
sclérose en plaques”: nystagmus, intention tremor and scanning speech (Pearce,
2005). More than 100 years later, the introduction of magnetic resonance imaging
(MRI) changed the diagnosis of MS dramatically (Young et al., 1981). Today, MS is
known as the most frequent chronic disease of the central nervous system (Gold et
al., 2012) and the leading cause of non-traumatic disability in young adults in Europe
and North America (Koch-Henriksen & Sgrensen, 2010). Until today, MRI is the
most important paraclinical tool for the diagnosis of this burdensome disease.
Demyelinating inflamed lesions in the central nervous system (CNS) are the hallmark
of MS. They can be detected in T2-weighted (T2w) MRI as hyperintense regions
within the white matter (WM). Most patients suffer in early stages of the disease
from erratic episodes (relapses) of neurological deficits (e.g. vision problems,
numbness or muscle weakness) as a consequence of WM lesions resulting from acute
inflammation (relapsing-remitting MS; RRMS). Sometimes symptoms are not
completely recovered during remitting phases and remaining impairment could
accumulate over time (Compston & Coles, 2008). The phase of RRMS is usually
followed by a gradual accumulation of neurological deficits over time, independent
of inflammatory relapses (secondary-progressive MS; SPMS).

In this chapter, background information about MS, including epidemiology and
pathophysiology is presented. Further, the diagnostic process and possible treatment
options are discussed. Finally, a more detailed insight into the role of MRI as a

diagnostic tool for this disease is given, focusing on current challenges.
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1.1.1 Epidemiology

Multiple sclerosis is one of the best characterized neurological diseases in terms of
epidemiology. There is a striking unequal geographical distribution across the world
(Koch-Henriksen & Sgrensen, 2010). With a median prevalence of 33 per 100 000
persons, the number of people with MS is estimated at 2.3 million worldwide (Browne
et al., 2014). This number is likely to be an underestimation, especially given the
lack of information from large populations like China or India (Multiple Sclerosis
International Federation, 2013; Thompson et al., 2018a). Global distribution of MS
is inhomogeneous, generally increasing with increasing distance from the equator.
The highest prevalence is reported in North America (140 per 100 000 inhabitants)
and Europe (108 per 100 000 inhabitants) and lowest in Sub-Saharan Africa (2.1 per
100 000 inhabitants) and East Asia (2.2 per 100 000 inhabitants)(Multiple Sclerosis
International Federation, 2013). Considerable variations within continents,
depending on latitude, can be observed. For example, Sweden has the highest (189
per 100 000 inhabitants) prevalence within Europe and Albania the lowest (22 per
100 000 inhabitants).

Beside geographical associations with MS prevalence, studies reveal that twice as
many women as men suffer from MS (Multiple Sclerosis International Federation,
2013). On average MS is diagnosed at the age of 30, although diagnosis is possible at
any age. Compared to general population, life expectancy of MS patients is reduced
by 7 to 14 years (Leray et al., 2016; Scalfari et al., 2013).

The analysis of epidemiological data represents an important step towards
understanding the causes and environmental risk factors of MS. The pathogenesis of
MS is currently assumed to be multifactorial (Compston & Coles, 2008; Koch-
Henriksen & Sgrensen, 2010; Leray et al., 2016). Different genetic and environmental

risk factors are involved and will be described below.
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Several environmental factors, such as Epstein-Barr virus (EBV) infection,
Vitamin D deficiency, smoking, obesity or latitude have been proposed as risk factors
for the development of MS (Compston & Coles, 2008). A recent umbrella review
summarizes results from 44 meta-analyses on environmental risk factors (Belbasis et
al., 2015). Only three of the investigated risk factors showed consistent and strong
evidence of an association with MS: seropositivity to EBV antigen, infectious
mononucleosis and smoking (Belbasis et al., 2015). In fact, the infection with EBV
yielded the largest odds ratio (OR > 4) and is the strongest known environmental
risk factor for MS (Ascherio & Munger, 2007a), whereas EBV in turn is the main
cause of infectious mononucleosis (Belbasis et al., 2015). However, there is no
common understanding on how EBV and MS are related in detail. Higher vitamin D
level is associated with lower risk of MS, possibly through regulatory effects on B
and T-cells (Rolf et al., 2016). This can in part explain the higher incidence of MS
observed in regions further from the equator and thus with less sunlight exposure.
The effect of smoking on the development of MS is consistent, but modest.
Explanations rank from effects of smoking on the immune system to demyelination
due to smoking or disruption of the blood-brain barrier, but they all remain
hypothetical (Ascherio & Munger, 2007b; Belbasis et al., 2015).

Family studies provide useful information for the discrimination of genetic and
environmental influences on MS susceptibility. In general the risk to develop MS is
20 to 50-fold higher for first-degree relatives of MS patients than in the general
population (Compston & Coles, 2008; Ebers et al., 2004). Studies have found
concordance rates for monozygotic twins to be five times higher than for dizygotic
twins (25% vs. 5%) (Mumford et al., 1994; Willer et al., 2003). Taken together, these
results suggest genetic involvement for the development of MS. Since the first
correlation of the human leukocyte antigen (HLA) from the major histocompatibility

complex (MHC) with MS in the 1970s (Jersild et al., 1972), more than 201 non-HLA
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polymorphisms were described to be associated with a predisposition of MS
(International Multiple Sclerosis Genetics Consortium, 2019). Most of them are
located in genes, regulating immunomodulatory functions, nevertheless, the so far
identified loci can account for only about a quarter of reported heritability (Sawcer
et al., 2014). Recently, genome-wide association studies have emphasized, besides
genetic risk factors, the importance of epigenetic mechanisms of DNA methylation
in the development of MS as the interface of genetic and environmental risk factors
(Andlauer et al., 2016).

To sum up, the exact cause of MS is still unclear, most likely it is a complex
interplay of environmental and genetic risk factors. EBV infection, vitamin D
deficiency and smoking are the most well-established environmental contributors and

genetic risk factors include 32 HLA- associated and 201 non-HLA polymorphisms.

1.1.2 Pathophysiology

MS is an autoimmune-mediated disease, with T-cells and B-cells playing the leading
role in the pathogenesis (Compston & Coles, 2008; Disanto et al., 2012; Thompson
et al., 2018a). For a long time, T-cells, especially CD4+ T helper cells, have been
considered the main drivers of aberrant immune responses in MS (Disanto et al.,
2012). This theory was supported by the fact that several genetic MHC variants are
risk factors for MS (see 1.1.1). MHC is known to play a central role in the activation
of T-cells, and consequently the induction of an adaptive immune response (Kasper
& Shoemaker, 2010). Additionally, experimental autoimmune encephalomyelitis (the
animal model of MS) was directly triggered by the injection of specific T-cells (Kasper
& Shoemaker, 2010). In the past few years however, B-cells have shifted into the
focus of MS pathogenesis research, although the appearance of oligoclonal bands
(OCB) in the cerebrospinal fluid (CSF) of MS patients has been known for long.

OCB are produced by activated B-cells within the CNS compartment and are used
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as a diagnostic marker (Disanto et al., 2012; Frohman et al., 2006; Thompson et al.,
2018b). Moreover, several clinical studies demonstrated efficacy of B-cell depleting
agents (e.g. (Hauser et al., 2017; Kappos et al., 2011), suggesting a causal role of B-
cells in the MS pathogenesis. It may be noted that many aspects of the MS
pathogenesis are still unclear, e.g. why immune responses against the CNS are
initiated first, maintained and becoming chronical later in MS patients. To date, it

has not been possible to determine individual triggers of MS.

1.1.3 Clinical aspects of MS

The diagnosis of MS is mainly based on structural MRI, clinical symptoms,
neurophysiological testing and CSF analysis. For putative MS patients, a structural
MRI is highly recommended, since abnormal MRI findings are present in more than
80% of clinically isolated syndrome (CIS) patients, who later convert into clinically
definite MS (Fisniku et al., 2008). MRI findings suggestive of MS are T2-hyperintense
multifocal lesions in brain and spinal cord MRI (Bot et al., 2002; Fazekas et al.,
1999). The most widely spread diagnostic criteria for MS are the McDonald criteria,
which are described in more detail in section 1.2.2.

In general, typical MS symptoms originate from acute inflammation, resulting in
WM lesions, during relapse phases (Compston & Coles, 2008). Acute unilateral optic
neuritis and sensory symptoms are most common (Brownlee et al., 2017). Yet,
virtually all symptoms resulting from damage in the CNS can appear. Besides, fatigue
pain or balance problems are also symptoms of MS (Multiple Sclerosis International
Federation, 2013). Clinical symptoms in MS patients are in general heterogenous,
depending on the location and extent of inflammatory activity. The most widely used
method to assess impairment and disability in MS is the Expanded Disability Status
Scale (EDSS). EDSS scores are based on examination by a neurologist and rate

impairment on different functional scales, such as tractus pyramidalis, sensory, visual
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or cerebellar function (Kurtzke, 1983). The scale rates from 0 (no disability) to 10
(death due to MS).

In the past 20 years, treatment options for MS patients have changed
dramatically. Owing to the variability of disease courses, comorbidities and
individual risk factors, treatment decisions are complex and thus require guidelines
for evidence-based clinical treatment recommendations (Montalban et al., 2018; Rae-
Grant et al., 2018). Currently, more than 10 drugs with different modes of action
and different efficacy are available (Reich et al., 2018). Still, all of them interact with
inflammatory processes and are assumed to be most efficacious in the early stage of
the disease. Hence, diagnosing MS early and reliably has become key for a successful
treatment of MS.

Section 1.1 gave a short overview over epidemiological, pathophysiological and
clinical aspects of MS. Several environmental and genetic factors have been identified:
EBV infection, vitamin D and smoking show the strongest correlation to the risk for
development of MS. MS is an autoimmune inflammatory disease involving a complex
interplay of T- and B-cells. Clinical symptoms and MRI play the crucial role in
diagnosing MS. The following section will focus on more detail on the role of MRI in

MS as the main focus of this thesis.

1.2 Magnetic resonance imaging in MS

1.2.1 The role of magnetic resonance imaging in MS

Gold standard for the identification of pathological substrates are in principle,
histological studies. In MS, however, histological studies are only performed either
post-mortem (autopsy) or in atypical cases (biopsy) (Filippi et al., 2012). Those

histological studies are useful as they contribute to the understanding of detailed
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pathogenic mechanisms. Nevertheless, their results are merely a snapshot in their
respective timeline and can hardly depict disease progression in MS.

MRI provides a non-invasive, reproducible, broadly available, but still sensitive
approach to detect abnormalities in the brain and spinal cord. MRI is crucial for the
diagnosis of MS, the monitoring of disease progression, evaluating paraclinical disease
activity as well as effectiveness of disease-modifying therapies. By developing new
techniques or sequences in research, MRI plays an important role in order to achieve
a better understanding of the heterogenic pathological mechanisms (Filippi et al.,
2019; Reich et al., 2018). MRI is the only technique which is able to examine the
entire CNS and has been the key diagnostic test for MS since 2001 (McDonald et al.,
2001). As MRI is an indirect measure, the following section will give insight into how

MRI signal alterations and pathological findings correlate in MS patients.

White matter lesions

The most obvious hallmark of MS in an MR image are focal WM lesions, resulting
from inflammation and demyelination (Filippi et al., 2019). On T2w or fluid-
attenuated inversion recovery (FLAIR) images, lesions appear as areas of increased
(hyperintense) MR signal (Figure 1a). T2w hyperintensity reflects general alterations
in water content and thus is at first glance difficult to distinguish from pathological
changes due to other diseases like microvascular ischemic changes (Ali & Buckle,
2009). It is essential to investigate additional lesion characteristics, such as
morphology or location, to be able to distinguish typical MS lesions from nonspecific
lesions. MS typical lesions are round or ovoid, whereas irregular areas of
hyperintensity mostly result from several confluent lesions (mostly periventricular)
(Filippi et al., 2012). WM lesions are mainly located in the corpus callosum, the
juxtacortical grey-white matter junction, the periventricular region, the infratentorial
brain region, and the spinal cord (Fazekas et al., 1999; Filippi et al., 2012; Neema et

al., 2007). Corpus callosum lesions often touch the ependymal surface of the ventricle
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in a very typical bulging manner, in sagittal view called Dawson"s fingers (Ali &
Buckle, 2009) (Figure 1b). The prognostic values of T2w hyperintensities was subject
of many studies. A 10-year follow-up study found that patients with a clinical episode
compatible with CIS (e.g. myelitis or optic neuritis) but without any WM lesions
converted to clinically definite MS only in 19% of the cases, whereas almost 90% of
CIS patients with two or more lesions converted to MS (Brex et al., 2002). The
presence of infratentorial and deep WM lesions in the first year of diagnosis seems to
be a predictor for the conversion to SPMS in a long-term follow-up studies (Chung
et al., 2020). Furthermore lesion volume and its change is also correlated with

disability after 20 years (Fisniku et al., 2008).

Figure 1: WM lesions in different MR images.

a) FLAIR image with MS typical WM lesion pattern in axial view; b) FLAIR image in sagittal view
with MS typical lesion patter (Dawson’s fingers); ¢) contrast enhanced T1w image with Gadolinium

enhancing lesion (red arrow); courtesy of the Dept. of Neuroradiology, TU Munich.

Gadolinium-enhancement of white matter lesions

The blood-brain barrier (BBB) prevents the intrusion of peripheral blood cells or
potentially harmful molecules into the sensitive brain tissue. Inflammation can cause
increased permeability of the BBB and thus enable the entry of peripheral cells, e.g.

to remove cell debris and repair damaged tissue (Albrecht et al., 2016). By default,
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disruption of the BBB is depicted by gadolinium-based contrast agent (GBCA)
enhanced MRI (Figure 1c). Normally, GBCA molecules are unable to pass the BBB.
If pre and post contrast enhanced MRI show changes, this hints to BBB disturbance
and therefore neuroinflammation (Albrecht et al., 2016; Gaitan et al., 2011). This is
especially true for new or enlarging lesions, since contrast enhancement persists
typically for 2-6 weeks (Cotton et al., 2003).

Enhancement patterns vary, probably according to the type of initial BBB injury
or time between GBCA injection and MRI scan, but no clear histological differences
have been found between ring-like, open-ring or nodular appearances of enhanced
lesions (Bruck et al., 1997; Gaitan et al., 2011; Lassmann, 2011).

The previous concept of GBCA entering the brain via the disrupted BBB,
followed by a complete washout of GBCA after some time was challenged by recent
histological studies demonstrating long term accumulation of Gadolinium (Gd) after
repetitive  GBCA application. This might point towards a potential risk of

unfavorable long term effects (Kanda et al., 2017).

Grey matter and spinal cord lesions

In recent years, MS research has focused additionally to WM lesions in the brain on
lesions in the spinal cord and on demyelination of the grey matter (GM), which plays
an important role, especially in chronic phases of the disease (Bo et al., 2003;
Kutzelnigg et al., 2005).

Inflammation might be the key driver of grey matter demyelination (Filippi et
al., 2019). Histopathological studies showed monocytes, B- and T-cells within cortical
GM and overlying meninges (Lagumersindez-Denis et al., 2017; Magliozzi et al.,
2010), as well as microglial activation throughout the entire cortex (Herranz et al.,
2016). GM demyelination varies in extent and location: neocortical areas are
particularly affected (up to 40% demyelinated tissue) as reported in histopathological

studies (Carassiti et al., 2018). Other GM regions (e.g. deep GM, cerebellar cortex)
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are demyelinated less, 30% of affected tissue on average (Gilmore et al., 2009;
Vercellino et al., 2009).

MS does not only affect the brain, but also the spinal cord. Thus, besides
technical difficulties, spinal cord MRI as standard assessment of MS diagnosis can be
valuable, if there are only few brain lesions (Thompson et al., 2018b). Moreover,
spinal lesions are very typical for MS and can help to exclude alternative diagnoses
such as vasculitis (Filippi et al., 2016). In several studies, spinal lesion load was

correlated to disability in MS patients (Kearney et al., 2015; Valsasina et al., 2018).

Brain atrophy

Besides the mentioned inflammatory components of MS, degenerative factors can
also be displayed with MRI (Figure 2). Cerebral and spinal volume change can occur
within a relatively short period of time already in early disease stages. This change
results from brain and spinal atrophy and leads to widening of the inner and outer
CSF compartments (Filippi et al., 2012; Rocca et al., 2017).Virtually all mechanisms
of MS-related tissue damage are assumed to contribute to neurodegeneration and,
hence, to brain atrophy, which is most pronounced in brain GM. Yet, reliable
determination of brain atrophy at the single subject level is currently not possible.
Nevertheless, the MAGNIMS consortium recently published guideline
recommendations for the standardization of the use of atrophy measures in clinical
routine (Sastre-Garriga et al., 2020). The recommendations mainly focus on the
predictive value of atrophy measures on diseases severity, as well as on monitoring
therapeutic effects via disease modifying drugs. The consortium highlights the
evidence for the correlation between global brain and cervical volume (change) and
disability for all MS phenotypes and the resulting importance of atrophy measures
in clinical practice (Sastre-Garriga et al., 2020). Additionally, measuring whole brain
atrophy rate after 12 months under disease modifying therapy is recommended as

secondary outcome parameter in clinical trials.
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To sum up, atrophy measures are a good predictor for disease progression, but for
inclusion into the clinical practice, more research is needed in this relatively young
field of MS research. Unlike atrophy measures, lesions in brain and spinal cord have
been established as diagnostic tools for many years. The following section describes

this diagnostic workup in more detail.

Figure 2: Atrophy in MS patients.

Two axial slices of T1w MRI from MS patients with high atrophy are shown. Note the typical widening
of inner (a) and outer (b) CSF compartments. CSF, cerebro - spinal fluid; T1w, T1-weighted; courtesy
of the Dept. of Neuroradiology, TU Munich.

1.2.2 Diagnostic criteria

Decades ago, Charles Poser stated that the diagnostic criteria for MS have, since the
definition of the disease by Charcot, reflected the advances in understanding this
disease, hand in hand with the technological progress (Poser & Brinar, 2004). From
pure clinical assessment of symptoms in times of Charcot, the first ideas for
standardized diagnostic criteria were proposed in 1982 and added the paraclinical
tools of electrophysiological tests, CSF analysis and MRI to the diagnostic workup
(Poser et al., 1983). The Poser criteria were, for the first time, able to unify

terminology into clinical or laboratory definite MS and probable MS. They were
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accepted worldwide, not only for the diagnosis in clinical routine, but also for clinical
trials and epidemiological studies.

The 2001 proposed diagnostic criteria by McDonald and colleagues prioritized
brain MRI as paraclinical tool to diagnose MS for the first time (McDonald et al.,
2001). Since then, the International Panel on Diagnosis of Multiple Sclerosis has
regularly published revisions of the McDonald criteria (Polman et al., 2011; Polman
et al., 2005; Thompson et al., 2018b), allowing earlier, more sensitive and equally
specific diagnosis (Brownlee et al., 2017).

Besides objective clinical evidence, which is a demyelinating attack in most
instances, there are two main requirements for the diagnosis of MS: dissemination in
space (DIS) and dissemination in time (DIT). DIS is defined as occurrence of lesions
in distinct anatomical regions of the CNS, indicating a multifocal inflammatory CNS
process. According to the latest revisions (Thompson et al., 2018b), DIS can be
demonstrated by one or more characteristic T2w hyperintense lesions in two or more
of the typical regions (periventricular, juxtacortical/cortical, infratentorial, spinal
cord). DIT describes the development of new lesions over time, demonstrated by the
concurrent existence of enhancing and non-enhancing lesions at the same time or by
any new T2 hyperintense lesion on follow-up MRI, irrespective of the timespan
between scans (Thompson et al., 2018b).

Given the leading role of MRI for the diagnosis of MS in the last decades and
despite, or maybe because of, the fast progress of this technology, relevant questions
to current clinical practice have remained unanswered. Two of these were addressed

in this thesis.
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1.2.3 Is there a size threshold for white matter lesion detection in MS?

Certainly, the WM lesion count, derived from brain MRI, has become the most
important paraclinical feature to support the diagnosis of MS and to monitor its
course (Sormani & Bruzzi, 2013; Thompson et al., 2015). But how is a WM lesion
defined exactly? Can even the tiniest T2w hyperintense spot in the MR image be
regarded as a WM lesion? The latest revision of the McDonald criteria for the
diagnosis of MS defines a WM lesion as “An area of hyperintensity on a T2-weighted
or proton-density weighted MRI scan that is at least 3 mm in long axis” (Thompson
et al., 2018b). A minimum WM lesion size threshold of 3 mm in diameter (D) was
stipulated in the past — assumingly because of technical constraints such as a slice
thickness of 3 mm or more, a lower field strength and the application of sequences,
which were not always optimized for WM lesion detection. Remarkably, a study cited
in the 2001 consensus paper from the International Panel (McDonald et al., 2001)
used an even larger threshold of 6 mm in D per WM lesion (Barkhof et al., 1997). In
2006, Swanton and colleagues, whose results contributed essentially to the later
diagnostic guidelines (Polman et al., 2011), explicitly stated that the issue of a WM
lesion size threshold is not resolved (Swanton et al., 2007). Although Swanton and
colleagues asserted that ‘a minimum lesion size may increase the specificity’, they
doubted that a minimum WM lesion threshold is necessary at slice thicknesses of 3
to 5 mm (Swanton et al., 2007). Later versions of the diagnostic criteria for MS
(Polman et al., 2011; Polman et al., 2005; Thompson et al., 2018b) designated a
minimum WM lesion size threshold of 3 mm in D, which — to the best of the author's
knowledge — is not evidence-based and has never been subject of scientific
investigation. Moreover, this specification loses its rationale for images of higher
resolution and might have fallen behind the growth of technological possibilities of

structural MRI. When applying a minimum WM lesion size threshold of 3 mm, 3
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Tesla (T) scanners do not seem to be superior to scanners of lower field strengths
regarding the diagnosis of MS (Hagens et al., 2018).

Of note, the choice of a minimum WM lesion size threshold may be critical. On
one hand, when choosing an unnecessarily high WM lesion size threshold, meaningful
disease-related information may be missed out. Given the availability of three-
dimensional (3D) high resolution sequences at 3 T scanners nowadays, this possibility
seems even more conceivable (Loria, 2016). On the other hand, small hyperintensities
within cerebral WM on T2w sequences, i.e. WM lesions or WM changes,
indistinguishable from those, are a common finding, not only in MS patients, but
also in other populations such as in aged people or in subjects with high blood
pressure (de Leeuw et al., 2002) or dementia (Brickman et al., 2015; Prins &
Scheltens, 2015). A study, including more than 1000 healthy people older than 60
years, found that lesions as small as 1 - 3 mm in D constituted the majority of all
WM lesions (de Groot et al., 2000). Another study showed that even middle-aged
healthy participants without cognitive deficits or neurological history had WM
lesions (Peng et al., 2016). Thus, although technically feasible, the inclusion of WM
lesion smaller than 3 mm in D into the diagnostic criteria of MS could also lead to a

precarious loss of specificity.

1.2.4 How safe is application of gadolinium-based contrast agents in
MS?

MRI contrast agents are pharmaceutics used to improve visibility of certain body
structures or pathological changes in MRI by enhancing tissue contrast (Weishaupt
et al., 2006b). GBCA contain the heavy metal Gd, a paramagnetic substance which
is toxic in its free state (Schild, 2012). For this reason, contrast agents use a ligand
(chelate) to capsulize the Gd ion. Regarding the chelate moiety, two classes can be

distinguished. Linear open-chain and cyclic chelates, which “cage” the Gd ion in a
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pre-organized cavity (Port et al., 2008). Although the stability of GBCA depend on
their kinetic, thermodynamic and conditional stability, the structural difference also
has impact on the stability of the Gd chelate. Linear GBCA show lower binding
affinity than cyclic ones and are therefore more likely to decompose (Bellin & Van
Der Molen, 2008). As described previously (see section 1.2.1), in healthy humans,
contrast media are not able to cross the BBB, thus contrast enhancement indicates
indirectly pathological disruption of the BBB (e.g. through inflammation). This
mechanism is used as a diagnostic tool mainly to detect neoplasms and inflammations
(Weishaupt et al., 2006b). In MS patients GBCA are used in the diagnostic process
for example to prove DIT with only a single MRI scan, since simultaneous presence
of Gd-enhancing (freshly inflamed) and non-enhancing lesions point towards different
dates of origin (Thompson et al., 2018b). GBCA can help to increase the sensitivity
of lesion detection in both diagnosis and follow-up (Filippi et al., 1999; Miller et al.,
1993). In addition, GBCA administration can be used to assess the acuteness of
lesions (newly emerging inflammation) under immunomodulatory therapy, since Gd
enhancement corresponds to a young lesion age (Cotton et al., 2003).

Traditionally, GBCA were considered to be the safest contrast agents with a very
low rate of adverse events and the Radiological Society of North America estimates
that worldwide more than 100 million patients received GBCA over the past 25 years
(Radiological Society of North America, 2018). This image was challenged, as the
first reports in 2006 linked GBCA administrations to nephrogenic systemic fibrosis,
a rare disease that affects patients with renal failure (Grobner, 2006; Marckmann et
al., 2006). Roccatagliata and colleagues first described T1 hyperintensity in MS
patients (Roccatagliata et al., 2009). This study focused on signal abnormalities in
the basal ganglia and dentate nucleus (DN), areas suspected to be involved in GM
changes in MS. The authors detected T1 hyperintensity in the DN which was linked

to the disease course (secondary progressive) of MS, as well as to increased clinical
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disability, lesion load and brain atrophy (Roccatagliata et al., 2009). A later case
study indicated, however, that hyperintensity on unenhanced T1-weighted (T1w)
images can also be detected in patients with mild disability and low lesion load
(Absinta et al., 2011). Other studies confirmed that hyperintensity in the DN and
globus pallidus (GP) rather correlates to a history of brain irradiation, than to clinical
factors (Adin et al., 2015; Errante et al., 2014; Kanda et al., 2014; Kasahara et al.,
2011). From today's perspective, this measurable signal intensity increase in
unenhanced T1w sequences most likely reflects Gd deposition as demonstrated by
post-mortem histopathological studies (Kanda et al., 2015a; McDonald et al., 2015).
Free Gd was accumulated after intravenous infusion of GBCA in brain specimen of
DN, GP, cerebellar WM, frontal lobe cortex and frontal lobe WM, even in subjects
without renal dysfunction. The Gd concentration in the DN and GP specimen was
significantly higher, than in other brain regions (Kanda et al., 2015a).

Gd deposition is, to some degree, accessible to investigation in vivo, even
longitudinally and even by analysis of T1w images derived in clinical routine (Figure
4 a and b). Of note, patients with MS may be especially vulnerable to potential long-
term effects of Gd deposition in the brain as repeated MRI scans over many years
are frequently indicated to monitor disease modifying therapies. Further, intervals
between scans are mostly longer than in other populations that have been studied
with regard to Gd deposition in the brain such as patients with tumors (Behzadi et
al., 2018; Kanda et al., 2014; Kanda et al., 2015b; Radbruch et al., 2017; Radbruch
et al., 2015; Weberling et al., 2015). MS patients may therefore show different kinetics
and distribution of GBCA accumulation.

Results from a follow-up study with MS patients indicate that T1
hyperintensities in the DN are only associated with linear GBCA administration, but
not to macrocyclic ones (Schlemm et al., 2017). A systematic comparison of the

contrast agents was done in an animal study, replicating that repeated linear, but
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not macrocyclic GBCA application enhanced contrast in the DN (Jost et al., 2016).
Contrary, further research in human patients revealed an increased signal intensity
within DN and GP also after repeated application of macrocyclic GBCA and a
correlation between the signal and the cumulative dose of the GBCA (Stojanov et
al., 2016).

This inconsistent association between chelate type and Gd deposition, the
focusing on certain brain areas in previous studies and the unknown kinetic aspects
for long time periods show that more systematic research is needed for a better

understanding of GBCA accumulation in MS patients.

1.3 Aims and outline

1.3.1 Project 1: Minimal white matter lesion size threshold in MS

The first project aimed to find an evidence-based WM lesion size threshold at
magnetic field strength of 3 T for the diagnostic criteria and evaluation of MS. We
therefore first compared patients with RRMS to control subjects (CS) with regard
to WM lesion count and distribution of WM lesion sizes. We decided to only include
patients suffering from RRMS, since the relapsing-remitting course is the most
common disease course in MS (Pugliatti et al., 2006). We expected the variability of
lesion sizes within and across RRMS patients to be sufficiently high and thus
representative to determine a WM lesion size threshold. Second, we correlated the
total WM lesion volume with the EDSS score, representing severity of clinical
symptoms and impairment in MS patients. We further correlated WM lesion volume
with thalamic volume, which is known to be a good predictor of MS related atrophy
(Cifelli et al., 2002; Thompson et al., 2015). The same correlations were performed
with the volume of small WM lesions, defined as those WM lesions smaller than
3 mm in D, in order to search for an MS-related signal of small WM lesions. Third,

we calculated odds ratios (OR) across WM lesion sizes and determined a WM lesion
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size threshold via receiver operating characteristic curve (ROC) analysis. Finally, all
analyses were done twice, i.e. in a discovery and replication cohort, with MR images

acquired at 3 T scanners from two different vendors.

1.3.2 Project 2: T1 intensity change after administration of gadolinium-

based contrast agents
The second project investigated Gd deposition in the brain after administration of
linear and cyclic GBCA in patients with MS. According to recent evidence, Gd
deposition is, to some degree, accessible to investigation in vivo, even longitudinally
and even by analysis of T1w images derived in clinical routine. This study followed
and adapted this approach with data from a large cohort of patients with MS. Our
main hypothesis was that linear GBCA would more likely cause deposition in the
brain than the cyclic GBCA. Changes in T1w signal intensity in unenhanced T1w
MPRAGE images were studied not only by region of interest analysis of the DN but

also by whole brain analyses. We also studied kinetic aspects of Gd deposition.

1.3.3 Publication of project results

The results of both projects have been published in peer reviewed scientific journals
as original articles separately for project 1 (Grahl et al., 2019) and project 2 (Grahl
et al., 2020). These articles are connected in this secondary publication to unify the
findings of MRI in the diagnostic process of MS from two different angles and to set

them into a broader perspective.
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2 Methods

2.1 Overview of the methods

This section provides an overview of the methods and techniques used in this thesis.
First, the principles of structural MRI are explained briefly; second, the challenges

in processing MR images from MS patients are described in more detail.

2.1.1 Principles of structural MRI

MRI is an indirect and non-invasive technique. It enables to image and analyze
anatomical brain structures in vivo in humans. It is based on the magnetic resonance
(MR) principle and on magnetization properties of water molecules. When a subject
is placed in an MR scanner, a strong magnetic field (60,000 times stronger than
earth’s magnetic field) is applied to align the water protons in the human body along
this magnetic field (Weishaupt et al., 2006a). This orientation is afterwards perturbed
by the application of a radiofrequency (RF) pulse in a certain frequency (repetition
time; TR), causing the protons to align in the direction of the RF. The nuclei return
(relax) to their previous alignment of the magnetic field and emit RF energy during
this process, which is recorded by the MR scanner (echo time; TE). Since different
tissue types have different chemical composition and water content, they differ in
relaxation times and their signal varies (Weishaupt et al., 2006a).

The most common MR sequences are T1lw and T2w sequences and they have
also been used in this thesis. T1w images are produced by short TE and TR, whereas
T2w images are produced by longer TE and TR. As, e.g. an MS WM lesion is a
region of increased water content, they have a strong signal on T2w MRI
(hyperintense) and low signal on T1w MRI (hypointense). FLAIR is similar to a T2w
sequence except that an inversion pulse is applied before the excitation pulse which

selectively suppresses the CSF signal (De Coene et al., 1992). This way, the contrast



30 2 Methods

between bright abnormalities (such as lesions) and CSF is intensified, and FLAIR
has become the most important sequence for the detection of lesions in MS pathology
(Filippi et al., 1996; Wattjes et al., 2006). The application of three-dimensional (3D),
instead of two-dimensional (2D), sequences has not only further improved the
detection of lesions in the brain, but the measurement of atrophy as well (Hu et al.,
2019). 3D scans have several advantages over their 2D counterparts: they have
isotropic voxel, better spatial resolution and they can be reformatted without
comprising image quality. They also facilitate analyses of lesions and atrophy across
multiple timepoints (Chagla et al., 2008; Vrenken et al., 2013). In contrast to 3D
FLAIR images, 2D FLAIR images are often acquired with interslice gaps of up to
1.5 mm, increasing the probability of overlooking especially small lesions (Bink et al.,
2006). Thus, 3D FLAIR images allow detection of much smaller lesions increasing
the detection of WM hyperintensities up to 74%, compared to 2D images (Bravo et
al., 2014; Patzig et al., 2014). The major disadvantage of 3D imaging, the prolonged

scanning time, is alleviated by recent techniques accelerating image acquisition time.

2.1.2 Preprocessing structural MR images
After acquisition of images at the scanner and before analyzing them, images need
to be preprocessed. The aim of various preprocessing steps is to improve image
quality, to normalize them in order to set them in a standardized geometric space
and to account for individual differences in head size (Manjén, 2017). Typical
preprocessing steps for structural images are: denoising, registration and resampling,
inhomogeneity and bias correction as well as normalization and segmentation.

MR images are inherently disturbed by random noise from the MRI scanner
(Manjoén, 2017). The main sources of noise during MR image acquisition are thermal

noise from the scanned object, stochastic variation, eddy currents, or motion. The
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denoising step aims at reducing noise while maintaining the original resolution with
various methods (Mohan et al., 2014).

Registration is a method to map different images from the same subject into the
same stereotactic space and to correct for motion artifacts during the acquisition
process (Zijdenbos et al., 2002).

Intensity inhomogeneity, or bias field, is a typical MRI artifact, resulting from
equipment limitation and patient-induced electrodynamic interactions. This bias,
although mostly not a problem for visual inspection of the images, can cause
misclassification in the segmentation step (which is based on intensity variation of
different tissue types) and thus needs to be corrected. For bias field correction
methods, a priori knowledge of the bias field distribution and model-based methods
are used (Ashburner & Friston, 2007; Van Leemput et al., 1999).

Normalization is another spatial transformation step, since intersubject analyses
of brain changes require images to be in the same normalized stereotactic space
(Friston et al., 1995).

Segmentation is usually a later step in MR image preprocessing and is defined as
the assignment of each voxel to a certain tissue class (Ashburner & Friston, 2007).
Most commonly, segmentation is based on Gaussian models incorporating a priori
knowledge on the probability for a certain tissue type in each voxel (Ashburner &

Friston, 2007).

2.1.3 Challenges for preprocessing structural MR images in MS

Standard automated segmentation can be problematic in MS, because of multifocal
WM hyperintensities, the hallmark of MS. In T1w images, usually used for
segmentation, the intensity of WM lesions is darker than surrounding WM intensity
and frequently closer to GM intensity resulting in misclassification of WM lesions as

GM. This may not only lead to an overestimation of GM but also severely disturb
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other processing steps (Chard et al., 2010). WM lesions might slightly modify the
tissue intensity histogram, which is used to set cut-off values for separation of tissue
types (Chard et al., 2010). In other words: if the segmentation algorithm correctly
classifies WM lesions as WM, average intensity of WM drops and shifts WM cut-off
values into darker GM regions, leading to overestimation of WM volume and
underestimation of GM volume (Chard et al., 2010). Studies report that the presence
of WM lesions may bias image registration and normalization as well (Brett et al.,
2001; Sdika & Pelletier, 2009). Especially rigid methods of registration, which are
fast and relatively robust, are unable to take into account small variations and thus
registration may fail (Diez et al., 2014). To overcome these issues, several studies
proposed to fill WM lesions with intensity values, similar to normal WM intensity
values before registration and tissue segmentation (Battaglini et al., 2012; Chard et
al., 2010; Valverde et al., 2014). For this procedure, WM lesion identification and
segmentation is necessary first.

Currently manual labelling and semi-quantitative measures remain state of the
art for WM lesion assessment. As lesions can be numerous and have fuzzy boundaries,
creating ambiguity in their labelling process, this approach is very cumbersome, time-
consuming and prone to high variability between the raters. Therefore, automated
WM lesion segmentation has become a commonly accepted alternative for processing
large datasets in the context of research projects. Automated lesion segmentation
allows to produce completely reproducible, efficient and rater bias free lesion maps.
The lesion segmentation toolbox (LST) (Schmidt et al., 2012) is one automatic
method of lesion segmentation. In this thesis, LST was the software of choice for
both projects. LST segments the lesions and generates a lesion-probability map,
which is the basis for lesion filling according to the work of Chard and colleagues

(Chard et al., 2010).
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LST requires a FLAIR and T1w image of each subject as input. In the first step,
preprocessing with existing software (SPM12 and CAT12) is done. T1w and FLAIR
images are bias corrected and registered with linear and nonlinear transformation.
Further, the T1w image is segmented into three tissue classes (WM, GM and CSF)
in native space, using partial volume estimate label. Second, intensity distribution in
the FLAIR image is calculated for all three tissue classes. Hyperintense outliers are
binarized, stored in lesion belief maps and serve as seed point for the lesion growing
algorithm. Third the lesion growth model expands the lesion belief maps to lesion
probability maps. Iteratively, the algorithm checks for intensity changes in
neighboring voxels and assigns a likelihood of belonging to the lesion or not to each
voxel. Validation via semi-automated manual tracing of the lesion showed good
agreement (Schmidt et al., 2012). High correlation between manual annotation and
automated LST segmentation was confirmed by other research groups using a

different scanner (Egger et al., 2017).

2.1.4 Image acquisition and processing workflow
The general workflow for processing MR images in both projects is depicted in Figure
3. Project specific aspects are described in sections 2.2.2 and 2.3.2.

Two high resolution MRI sequences (3 T, Scanner: Achieva, Philips, Netherlands)
were used: 1) 3D gradient echo Tlw sequence (voxel size = lmm isotropic,
TR =9 ms, TE =4 ms. 2) 3D turbo-spin echo T2w FLAIR sequence (voxel
size = 1.0x 1.0x 1.5 mm; TR = 10,000 ms; TE = 140 ms; TI = 2750 ms). All
images were preprocessed and normalized with SPM12 and its toolboxes CAT12
(http://www.neuro.uni-jena.de/cat/index.html) and LST 2.0.15
(http://www.statisticalmodelling.de/Ist.html). Default options were applied, if not
stated otherwise. After co-registration to the T1w image in native space, the FLAIR

image was used to segment T2-hyperintense WM lesions by the lesion growth
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algorithm of LST as described above (Schmidt et al., 2012). Next, the resulting binary
WM lesion maps in native space were projected onto the T1w image in which lesion
voxels were removed and filled with normal WM intensity values (lesion filling
algorithm in LST). These filled T1w images were normalized into the standard space
of Montreal Neurological Institute (MNI) and segmented into GM WM and CSF
using voxel-based morphometry of the CAT12 toolbox. Volumes of GM, WM, CSF
were calculated with CAT12 from the respective normalized filled T1w images based
on the atlases implemented in CAT12. WM lesion volume was extracted from
binarized WM lesion maps in native space with LST. At all stages of processing,

images were visually checked to ensure quality.
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T1w image FLAIR image

Lesion segmentation

(LST)

Lesion filling (LST)
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Figure 3: General workflow of processing MR images for MS patients in both thesis projects
at one exemplary patient.
a) Tlw MPRAGE image in native space; b) FLAIR image in native space; ¢) FLAIR image with

overlaid LST-segmented lesion mask, lesions in red; d) filled T1w image; e) normalized WM image; f)

normalized grey matter image.
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2.2 Project 1: Minimal white matter lesion size threshold in
MS

2.2.1 Participants

This retrospective study was approved by the ethics committees of center 1 (School
of Medicine, TU Munich) and center 2 (School of Medicine, Johann-Gutenberg-
University Mainz), respectively. The study was performed according to the
declaration of Helsinki.

From each of the two different MS centers, we included data from patients with
RRMS (MS group) as well as CS. We selected 87 CS (64.2% females; age = 36.4
+/- 9.8) from center 1 and 49 CS (55.1% females; age = 33.8 +/- 9.6) from center 2.
Not all of them showed WM hyperintensities (86/87 in center 1 and 29/49 in center
2). Given that a considerable proportion of CS showed WM hyperintensities, which
for simplicity will also be called WM lesions, and that the absence of WM lesions
does not constitute a challenge in clinical practice, we included only CS with WM
lesions and will only report data on the selected CS.

Demographic and clinical characteristics of both cohorts are given in Table 1.
Patients from center 1 were recruited from an in-house observation study. In center
1 78 percent of the MS patients (MS1) were treated with disease-modifying drugs.
MRI data of the CS group in center 1 (CS1) was taken from an in-house database of
CS. Subjects included in this database were either scanned in the context of other
imaging studies at center 1" s neuroimaging center as CS or in the context of medical
examinations, performed because of transient headache or symptoms that
retrospectively could not be related to a severe or chronic neurological disorder (e.g.,
transient sensory symptoms due to mechanical irritation of a peripheral nerve). MS2
patients were recruited from the clinical database of the Department of Neurology of

center 2. MRI data of the CS group in center 2 (CS2) was taken from
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the database of its neuroimaging center, which exclusively contained healthy subjects
recruited as controls for imaging studies.

Subjects with neurological or psychiatric comorbidities were excluded, two MS2
patients had to be excluded due to motion artifacts in the structural MRI scans and
one CS2 was excluded due to extensive WM abnormalities of unknown cause.

Two sample t-tests did not show significant differences in age between MS1 and
CS1 and between MS2 and CS2; likewise, chi-square tests did not show significant
differences in sex between MS1 and CS1 and between MS2 and CS2. The patient
groups from both centers resembled each other (Table 1). By two-sample t-tests, no
significant differences were found for age and disease duration. Yet, EDSS differed
significantly between groups with higher scores in MS2 compared to MS1 (p = 0.003).

Chi-square tests did not reveal a significant difference in sex between MS1 and MS2.

Table 1: Demographic and clinical parameters of cohort 1 and cohort 2

Cohort 1 Cohort 2

RRMS CS RRMS CS
n 116 86 115 29
Mean age in years 36.0 34.3 36.15 35.2
(SD) (9.8) (7.0) (11.7) (9.5)
% female 64.7 75.6 67.0 55.7
Mean EDSS (SD) 1.3 (1.0) n/a 1.8 (1.4) n/a
Mean disease duration in years 3.17 (4.6) n/a 4.68 (5.8) n/a
(SD)
% under disease modifying drugs 80 63.5

CS, control subjects; EDSS, Expanded Disability Status Scale; n/a, not applicable; SD, standard

deviation.
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2.2.2 Image processing

MRI sequence parameters of center 1 were given in section 2.1.4. In center 2, two
high resolution MRI sequences (3 T, Scanner: Trio, Siemens Healthcare, Erlangen,
Germany) were used: 1) a 3D spoiled gradient echo T1w sequence (MPRAGE) (voxel
size = 1 mm isotropic; TR = 1900 ms; TE = 2.5 ms, TT = 900 ms). 2) a turbo-spin
echo T2w FLAIR sequence (voxel size 1.0 mm isotropic; TR = 5000 ms;
TE = 388 ms, TT = 1800ms). Images from both centers were processed as described
in section 2.1.4. At all stages of processing, images were visually checked to ensure
quality. We used SPMI12 and its toolboxes CATI12 (http://www.neuro.uni-
jena.de/cat/index.html) and LST  (lesion segmentation tool)  2.0.15
(http://www.statistical-modelling.de/Ist.html) for lesion segmentation. Default
options of SPM, CAT and LST were used, apart from lowering LST’s minimum WM
lesion size to two contiguous voxels. This corresponds to a volume of 2 mm?®
independent of the voxel sizes of the initial raw images. We chose this fully
automated strategy for lesion segmentation since reliable manual segmentation of
WM lesions down to a size of only two contiguous voxels is hardly feasible. After
lesion segmentation in FLAIR images, T1lw images were filled with normal WM
intensity values, normalized and segmented. Volumes of GM, WM, CSF and
thalamus were calculated with CAT12 from the respective normalized filled T1w
images, based on the atlases implemented in CAT12. WM lesion volume was
extracted from binarized WM lesion maps in native space with LST. Instead of the
diameter as a 2D measure (most frequently used in the literature), we analyzed the
3D measure of volume to make full use of the information contained in our 3D

sequences. For clarity, we also indicate the diameter as estimated for each lesion by

D= i/(Volume x6)/m .

To compare the image quality of both FLAIR sequences, we calculated the

XWM lesion ~ )ZWM)

and signal-to-noise ratio
owM

contrast-to-noise ratio (CNR =
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(SNR = ipmﬂ ) from 10 randomly chosen subjects from each center. Putamen was
putamen

chosen as region of interest (region of comparison) for the CNR since its signal is not
affected by WM pathology in MS and it is easily detectable. Putamen was identified
semi-automatically by using the MNI structural atlas included in the software
package FSLview 5.0.1 (https://fsl.fmrib.ox.ac.uk/fsldownloads_registration).

For quality assurance, WM lesion segmentation was checked visually for both
centers. Additionally, we chose 6 subjects (3 MS, 3 CS) per center with a WM lesion
number near the mean of their respective group and calculated individual values of
lesion-wise sensitivity (i.e. detection rate = true positive WM lesion / (true positive
WM lesion + false negative WM lesion)) and lesion-wise false discovery rate (i.e.
false positive rate = false positive WM lesion/ (false positive WM lesion + true

positive WM lesion)).

2.2.3 Statistical analyses

For statistical analyses, we used SPSS (Version 24, IBM) and Rstudio, version 3.2.3.
Both cohorts (cohort 1 and cohort 2) were analyzed independently, no pooled
statistical tests were used. WM lesions of the MS and CS group were compared with
regard to volume and number for all WM lesions and only small WM lesions
(D < 3 mm) separately by unpaired t-tests. We examined small WM lesions
separately to reveal MS-related signals below the current convention of a minimum
WM lesion size of 3 mm in diameter. The relationship between WM lesion volume
and thalamic volume as well as EDSS score was investigated with partial correlation
analyses, corrected for age and total intracranial volume. Again, we performed
correlation analysis separately for all WM lesions and for only small WM lesions to
reveal MS-related signals of small WM lesions compared to all WM lesions. Further,

we correlated the counts of all WM lesions and small WM lesions. OR was assessed
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to quantify the probability of occurrence of a certain WM lesion size in MS compared
to CS. ROC analysis was used to identify an optimal minimum WM lesion size
threshold to distinguish MS subjects from CS. ROC graphically displays the trade-
off between sensitivity and specificity across a range of possible cut-off values or
thresholds that discriminates best between two groups (Florkowski, 2008) — in our
case between MS vs. CS. The trade-off is commonly estimated by the sum of
specificity and sensitivity. In our case, each WM lesion of a volume below the cut-
off is labelled ‘no MS,” i.e. a WM lesion more likely not derived from an MS patient,
whilst each WM lesion of a volume above the cut-off is labelled ‘MS,” i.e. a WM
lesion more likely to derive from an MS patient. Sensitivity is the rate of WM lesions
from MS patients correctly labelled (true positives); specificity is the rate of WM
lesions from CS correctly labelled (true negatives). The ROC analysis determines the
optimal cut-off value (WM lesion threshold) maximizing the trade-off between

sensitivity and specificity.

2.3 Project 2: T1 intensity change after administration of

gadolinium-based contrast agents

2.3.1 Participants

This retrospective single center study was approved by the internal review board
(School of Medicine, TU Munich) and performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and its later amendments.
Patients had given written informed consent for the use of their MRI data for
research projects. We included patients with MS (Table 2) and at least two MRI
scans according to a standardized in-house protocol between 2009 and 2017
(described in section 2.1.4). Exclusion criteria were comorbidities possibly interfering

with image analysis, lesions within our control region for scaling (see below) and



2.8 Project 2: T1 intensity change after administration of gadolinium-based contrast agents 41

further GBCA administrations between pairs of scans (according to our hospital
information system). In 2015, our standard changed from the linear GBCA
gadopentetic acid (Magnevist®) to the cyclic GBCA gadoterate meglumine
(Dotarem®). Of the 881 patients included, 428 received both linear and cyclic, 395
exclusively linear, 53 exclusively cyclic and 5 no GBCA. Standard dosage was used

(0.1 mmol/kg body weight, up to 10 mmol total).

Table 2: Summary of demographic and clinical data

Ls Cveli No All All

inear i

GB? A G}];C CZ GBCA c?nditions conditions
(control)  1* scan last scan

n 2718 385 130 3233 3233

Mean age 37.5 39.1 37.7 36.2 39.8

(SD) (10.4) (10.6) (9.8) (10.6) (10.9)

Sex (Y%female) 66.7 68.1 63.8 68.0 68.0

Mean EDSS (SD) 1.7(17) 15(1.5) 1.3(1.2) 1.6(L7) 1.6 (1.7)

Mean dis. dur. in 3.7(4.3) 5.3(5.0) 51(45) 21(4.6) 58 (5.3
years (SD)
Mean n GBCA 5.4 (4.0) 1.4 (0.7)

administration (SD)

Diagnosis CIS 28.7 11.8

in % RRMS 66.8 83.3
SPMS 2.8 3.5
PPMS 1.5 1.5

CIS, clinically isolated syndrome; dis. dur., disease duration; EDSS, expanded disability status scale;
GBCA, Gadolinium-based contrast agent; n, number; PPMS, primary progressive MS; RRMS,
relapsing-remitting MS; SD, standard deviation; SPMS, secondary progressive MS.
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2.3.2 Image processing

MRI sequence parameters (T1w, FLAIR) are given in section 2.1.4. All images were
preprocessed and normalized with SPMI12 and its toolboxes CAT
(http://www.neuro.uni-jena.de/cat/index.html) and LST 2.0.15
(http://www.statistical-modelling.de/lst.html) with their default options resulting in
T1w images which are bias-corrected, normalized to MNI space and their WM lesions
are filled with intensities of normal appearing WM as described in section 2.1.4. Next,
we defined the region of interest (DN) and the control region (pons). The DN mask
of FSL’s SUIT toolbox (https://fsl.fmrib.ox.ac.uk/fsldownloads registration) was
projected onto individual FLAIR images (normalized to MNI space after
coregistration to the T1w images), since the contrast of the DN is higher in FLAIR
sequences (hyperintense) than in Tlw images. Median FLAIR intensity of the
dentate nucleus region was calculated and only voxels with lower intensity than the
median intensity (within the SUIT DN mask) built the final individual DN mask

(Figure 4 ¢ and d) to ensure a conservative DN mask.

N jinear gBca = 0 N jinear Geca = 19 FLAIR image dentate nucleus mask

Figure 4: Example images of intensity change after GBCA application and DN mask.

A patient with visible T1w signal intensity increase within the DN is shown. Unenhanced T1w images
were acquired in 2009 (a) and after 20 applications of linear gadolinium-based contrast agents
(GBCA), in 2016 (b) where the DN appears brighter (arrows); from the FLAIR image (c) and the
DN mask of FSL SUIT toolbox (not shown), the customized DN mask was generated and projected

on the normalized T1w image (d, mask in red).



2.8 Project 2: T1 intensity change after administration of gadolinium-based contrast agents 43

For scaling, median signal intensity within the control region pons was determined
in a sphere of 5 mm in diameter around the MNI coordinate x =0, y = - 26, z = - 36.
FLAIR images were visually checked for WM lesions in the DN or P region. In case
of WM lesions in these regions, images were excluded (n = 10) because WM lesions
lead to signal changes, not intended to measure here. Individual DN and pons masks
were projected on the unenhanced T1w image in MNI space, median voxel intensity
was calculated for the respective regions and the DN-to-pons ratio (DN/P) was built.
For regional analyses, DN /P values of two subsequent time points were subtracted
(later minus earlier image). Resulting difference values were attributed to one of the
three conditions (linear, cyclic or, as control, no GBCA). Figure 5 depicts an
exemplary assignment of images of one patient to either of the three conditions. In
total 2718 difference values were included in the linear condition, 385 in the cyclic
condition and 130 in the control condition. For whole brain analyses, we calibrated
the normalized and bias corrected T1w images by dividing voxel intensity values by
their median pons intensity value. We then calculated difference images by
subtracting the calibrated T1w images from two subsequent time points. Difference

images were also attributed to one of the three conditions (linear, cyclic or control).
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GBCA injection f f
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Figure 5: Study design of project 2.

The study design is illustrated by an exemplary patient. Gadolinium-based contrast agent (GBCA)
was applied in 2011, 2012 (both linear GBCA), and 2013 (cyclic GBCA) but not in 2014. This patient
contributes difference images between two subsequent timepoints to the linear GBCA condition
(2011/2012; 2012/2013), the cyclic GBCA condition (2013/2014) and the control (i.e. no GBCA)
condition (2014/2015)

2.3.3 Statistical analyses
We performed three types of analyses. Rstudio Version 1.0.143 (2017) was used and
p-values < 0.05 were considered statistically significant. First, we explored the
potential influence of several parameters on the T1w signal changes in the DN (of
the difference images) such as number of previous GBCA administrations (i.e. testing
for non-linear effects), age, and sex. Searching for GBCA-related changes of the MR
signal in the control region pons that could disturb our analyses, we plotted the
median pons intensity over the number of GBCA administrations separately for
linear and cyclic GBCA. We further assessed the relationship between latest EDSS
score and maximum number of GBCA administrations per person.

Second, we focused on the DN as increases in intensity after GBCA

administration in this regions had been reported consistently (Adin et al., 2015;
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Kanda et al., 2014; Radbruch et al., 2015; Stojanov et al., 2016). By one-sample t-
tests within each condition, we tested whether mean signal intensity changes were
significantly larger than zero. By two-sample t-tests, DN/P differences were
compared between conditions. We also tested the hypotheses that GBCA deposition
in the brain is reversible to some degree, which includes the observation of a washout
of linear GBCA when followed by the administration of cyclic GBCA (Behzadi et
al., 2018; Radbruch et al., 2016). Therefore, we additionally analyzed two
subconditions of the conditions cyclic GBCA and no GBCA, including only difference
images of subjects having received linear GBCA beforehand. This resulted in the
subconditions ‘cyclic GBCA after linear GBCA’ and ‘control after linear GBCA’. For
example, the cyclic condition illustrated in Figure 5 contributed to the subsample
‘cyclic GBCA after linear GBCA’ as the second linear GBCA condition preceded the
cyclic GBCA condition (2012/2013).

Third, we performed whole brain analyses to search for further areas with an
increase of the T1lw signal after GBCA administration. Whole brain voxel-based
analysis was performed in SPM12 using the T1w difference images after smoothing
with a Gaussian kernel of 4 mm full width at half maximum. Again, we performed
one-sample t-tests against zero for each of the conditions and two-sample t-tests to
compare conditions. Voxel-wise p-values < 0.05, after family wise error correction

across the whole brain, were considered statistically significant.
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3 Results

3.1 Project 1: Minimal white matter lesion size threshold in
MS

As a first step, we visually compared MR images of the two scanner vendors. FLAIR
sequences and, to a lesser extent, T1w images of the two vendors yielded different
image impressions. Figure 6 illustrates the different appearance of images from the
Philips Achieva scanner (cohort 1) compared to the Siemens Trio (cohort 2). The
visual impression was underpinned by image quality measures. Images from the
Philips Achieva scanner showed significantly (p < 0.001) lower contrast-to-noise and
signal-to-noise ratios (mean CNR = 4.2 +/- 0.5; mean SNR = 5.6 +/- 1.2) than the
Siemens Trio (mean CNR = 7.2 +/- 0.9; mean SNR = 9.2 +/- 3.0). Nevertheless,
visual inspection of processed images showed that preprocessing and automated
lesion segmentation performed consistently well. We tested WM lesion segmentation
performance in six exemplary subjects per center. Lesion-wise sensitivity was 0.81 for
center 1 and 0.79 for center 2; false discovery rate was 0.08 for center 1 and 0.11 for

center 2.
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Figure 6: Examples of FLAIR images and lesion segmentation from two MS patients from

two MS centers.

a-b) cohort 1. ¢-d) cohort 2. a/c) FLAIR image. b/d) FLAIR image with segmented white-matter
lesions in red. Note the different appearance of images from the Philips Achieva scanner of cohort 1

(a/b) compared to the Siemens Trio of cohort 2 (¢/d).

Next, we report results from the comparison of the two cohorts; only if
significance of results differed between the cohorts, results are indicated separately.
As expected (all p values < 0.001), both WM lesions in total and small WM lesions
(D < 3 mm) occurred significantly less often and with lower mean volume in CS
compared to MS (Table 3). On average, 8.6 WM lesions (48% small WM lesions)
were counted in CS1 and 28 WM lesions (34% small WM lesions) were observed in
MS1 patients (CS2: 1.4 WM lesions with 58% small WM lesions and MS2: 17.6 WM
lesions with 19% small WM lesions). Compatible with the image impression, also
average numbers of small WM lesions differed substantially between the scanner
sites. In cohort 1, small WM lesions were more frequent, compared to cohort 2 (Table
3), suggesting higher sensitivity of the scanner from center 1. Yet, ratios of mean
small WM lesion numbers between MS and CS was higher in cohort 2 (2.3 vs. 4.0),

suggesting higher specificity of the scanner from center 2.
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Table 3: White-matter lesion volume and number in MS patients and control subjects for

cohort 1 and cohort 2

Cohort 1 Cohort 2
RRMS CS RRMS CS
N subjects 116 86 115 29
Total WM
1 o Mean 454 0.399 4.67 0.054
esion
SD 5.57 0.439 8.28 0.084
ot () (D) (5.57) 0439) (329 (0.084)
Total WM
lo_a W Mean 98.17 8.710 17.63 9.98
esion
SD 15.48 6.228 12.35 1.811
S () (1549 (622)  (23) (181
Small WM Mean 0.87 0.0356 0.03 0.007
lesion (SD) (0.05) (0.029) (0.03) (0.009)
volume (ml)
Small WM Mean 9.46 4.150 3.29 0.79
lesion (SD) (5.53) (3.334) (2.74) (1.048)
number

CS, control subjects; N, number; RRMS, relapsing-remitting MS; SD, standard deviation; small WM

lesion, WM lesion with D < 3 mm; WM lesion, white-matter lesion.

The average WM lesion count per subject increased with WM lesion volume,
peaking at about 0.004 ml WM lesion volume for both CS and MS and then decreased
continuously (Figure 7). Correlation of individual counts of small WM lesions and
WM lesions > 3 mm across subjects was significant in the MS group (cohort 1/2:
r > 0.7; p values < 0.001), i.e. the more small WM lesions an MS patient had, the
more “large” WM lesions (> 3 mm) were present as well. However, in the CS group,

the same correlation was found (cohort 1/2: r = 0.6/0.7; p < 0.001).
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Figure 7: Frequencies of white-matter lesions by size.

By LOESS (LOcally wEighted Scatter-plot Smoother) plots, average white-matter (WM) lesion counts
per subject (y-axis) are plotted across WM lesion sizes (x-axis) separately for control subjects (CS in
blue) and patients with relapsing-remitting multiple sclerosis (RRMS in red). Counts of WM lesions
peaked between 0.002 ml and 0.008 ml in MS and CS at both scanner sites and then approached zero.
Dotted vertical lines display WM lesion size thresholds from receiver operator characteristics analyses.
Cohort 1: threshold at V = 0.011 ml (D = 2.7 mm) and cohort 2: V = 0.016 ml (D = 3.1 mm).

Partial correlation analyses revealed that total WM lesion volume correlated
positively with disability status (EDSS) and negatively with thalamic volume in both
MS cohorts (Table 4). The latter correlation was significant in CS1 and showed a
trend towards significance in CS2. In MS1, small WM lesions were significantly
correlated to thalamic volume but not to EDSS (Table 4), whilst, in MS2, the volume
of small WM lesions was significantly correlated to both thalamic volume and EDSS
(Table 4). Volume of small WM lesions correlated only in CS1 with thalamic volume,
but not in CS2. As expected, OR across WM lesion sizes increased in general (Figure
8) with an OR (cohort 1/2) of 2.1/5.25 at 0.015 ml (D =3 mm) and an OR of

2.9/11.9 at 0.1 ml (D = 6 mm).
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Table 4: Correlation analyses of white-matter lesion volume with disability and thalamic

volume

Cohort 1 Cohort 2
Variable of interest| EDSS Thalamic volume EDSS Thalamic volume
Group RRMS RRMS CS RRMS RRMS CS

r (p) r (p) r(p) |r(p) r (p) r (p)
Total WM lesion

0.214 -0.664 -0.275 10.378 -0.627 -0.324
volume

(0.027) (<0.001) (0.012) | (< 0.001) (< 0.001) (0.08)
Small WM lesion | 0.097 -0.487 -0.274 | 0.228 -0.347 0.024
volume (0.320) (<0.001) (0.012) | (0.015) (< 0.001) (0.91)

Correlations were corrected for age and total intracranial volume. D, diameter; p, p-value; r, partial

correlation coefficient; small WM lesion, WM lesion with D < 3 mm; WM lesion, white-matter lesion.
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Figure 8: Odds ratios of white-matter lesion sizes.

0.05 0.1 0.15 0.2
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WM lesion size in ml
(D inmm)

Odds ratios derived from the relapsing-remitting MS groups and control groups (y-axis) are plotted

across white-matter (WM) lesion sizes. Odds ratios increase with increasing WM lesion size. D,

diameter.
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ROC analysis revealed that the optimal discriminating WM lesion size threshold was
0.011/0.016 ml (D = 2.7/3.1 mm) for cohort 1/2. However, sensitivity (0.55/0.64)
and specificity (0.62/0.70) were low, as well as the area under the curve
(AUC = 0.62/0.73) for cohorts 1 and 2. Figure 9 depicts the trade-off between

sensitivity and specificity across WM lesion sizes.
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Figure 9: Receiver operating characteristic curve analyses for lesion sizes.

Modified receiver operating characteristic curve. The sum of specificity and sensitivity, reflecting
the trade-off between the two parameters (y-axis), is plotted across thresholds of white-matter (WM)
lesion sizes. A clear peak was detectable at 0.011 ml (D = 2.7, cohort 1) and 0.016 ml (D = 3.1, cohort

2), respectively. D, diameter.
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3.2 Project 2: T1 intensity change after administration of

gadolinium-based contrast agents

We did not find an indication that any of the potentially confounding parameters
interfered with the signal intensity changes after administration of GBCA in a
meaningful way (Figure 10). In particular, the signal change between subsequent
scans was almost independent of the number of GBCA administrations beforehand.
Correlation analyses (Figure 10, upper panel) showed a significant correlation (linear:
R2 = 0.004; p = 0.001) of the signal changes after linear GBCA, but not after cyclic
GBCA (R2 = 0.0004; p = 0.7) with the number of GBCA administrations. Yet, the
significant effect was very small explaining only 0.4 % of the variance of signal
increase which justified our approach to analyze pairs of subsequent images (i.e.
difference images). Further, neither age nor sex showed a correlation with the signal
intensity changes after administration of GBCA (Figure 10, middle panels).
Moreover, the T1w signal of the control region pons varied but did not change
systematically with respect to the number of previous GBCA administrations (Figure
10, lower panel, R2 = 0.0001, p = 0.5). As expected, EDSS score correlated with

maximum number of GBCA administration per subject (R2 = 0.01, p = 0.005).
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Figure 10: Potentially confounding variables for analyses of GBCA effects.

Parameters potentially interfering with signal intensity changes after application of gadolinium-based
contrast agent (GBCA) were analyzed. In the upper three panels, changes (per pair of consecutive
images) in the intensity ratio of the dentate nucleus (DN) and pons (P) after application of linear
(left column) and cyclic (right column) GBCA are plotted against the number of applications, age,
and sex; Pearson’s correlation of signal change and number of previous GBCA administrations in the
linear condition was significant, but very small (R2 = 0.004), no systematic influence was observed
for the cyclic condition as well as for age and sex in both conditions. In the lower panel, the intensity
values of the control region (pons) is plotted against number of previous GBCA administration
without an indication of a systematic shift (linear GBCA in dark blue, cyclic GBCA in light blue) of
the Tlw signal over time (R2= 0.0004). DN/P, DN-to-pons ratio; F, female; M, male; n, number.
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Our regional analyses of the DN with one-sample t-tests revealed a significant
increase of the DN/P ratio only after administration of linear GBCA (Figure 11). In
extreme cases, this could be detected visually (Figure 4 a and b). Of note, when
focusing on the other end of the spectrum, we found a DN/P ratio by summing up
only the difference images after first time administration of linear GBCA (Figure 11).
Comparing the conditions of different GBCA directly by two-sample tests, we found
significantly higher increases of the DN /P ratio after administration of linear GBCA
compared to cyclic and no GBCA (Figure 11). DN signal change did not differ
significantly between the cyclic GBCA and the no GBCA group. Subcondition
analyses (cyclic GBCA condition following linear GBCA condition, control condition
following linear GBCA condition) did not reveal significant deviation from 0 in the
one-sample t-tests (Figure 11), thus did not suggest a decrease of DN/P after the

end of linear GBCA administration.
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Figure 11: DN signal intensity change for different types of GBCA application.

Mean values and 95% confidence intervals of T1w signal changes within the DN are shown. One-
sample t-tests (significance indicated by grey asterisks) indicate a signal increase only after application
of linear gadolinium-based contrast agents (GBCA), already after the first application (“first time
linear”). Two sample t-tests for the three main conditions (significance indicated by black asterisks)
indicate differences in T1w signal intensity changes after application of linear GBCA compared to
cyclic GBCA and no GBCA (control). One-sample t-tests in the subconditions analyses (cyclic after
linear and control after linear) were not significant and thus do not suggest washout effects. First
time linear, linear GBCA administered for the first time; cyclic after linear, cyclic GBCA condition
follows linear GBCA condition; control after linear, control condition follows linear condition; DN/P,

DN-to pons ratio; n.s., not significant; N, number of scans per analysis.
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Our whole brain analyses showed significant T1w signal increases only after
administration of linear GBCA. Besides the DN, we observed T1w signal increase
bilaterally in the GP (Figure 12). Comparison between conditions in a two-sample t-
test did not demonstrate significant differences after correction for multiple

comparisons across the whole brain.

Figure 12: Whole brain analysis of Tlw signal intensity change after linear GBCA

application.

Whole brain voxel-based analysis of T1w signal increase after administration of the linear
gadolinium-based contrast agent gadopentetic acid is shown. The one-sample t-test of difference
images reveals an increase in the T1w signal not only in the DN but also in the globus pallidus
(family-wise error corrected, p < 0.05). Significant voxels are projected on the T1w template of the
software package SPM with coordinates of the z-axis (standard space of the Montreal Neurological
Institute) given in the lower left corners (left, middle). Maximum intensity projection indicates that

no further area was identified (right).
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4 Discussion

4.1 Summary of the findings

This thesis investigated two important aspects of WM lesion evaluation by modern
high-resolution 3D MRI in MS patients in two separate studies. In the first project,
we provided a rationale for a WM lesion size threshold. Although WM lesions, smaller
than 3 mm in diameter, are more frequent in MS patients than in control subjects,
balancing sensitivity and specificity resulted in a WM lesion size threshold of 3 mm
in D. In the second project, we studied T1w signal intensity changes after
administration of GBCA as a surrogate for Gd accumulation in the brain of MS
patients. We found signal intensity increases only after administration of linear
GBCA, but not after administration of cyclic GBCA. By subgroup analysis, we
demonstrated signal increase in the DN already after a single administration of linear

GBCA.

4.2 Project 1: Minimal white matter lesion size threshold in
MS

In this project, we aimed to provide a rationale for a minimum WM lesion size
threshold of 3 mm in D to support the diagnosis of MS when using high-resolution
3D sequences from state-of-the-art 3 T scanners. We will consider the potential role
of WM lesions smaller than 3 mm in D, discuss our results in more detail,
acknowledge limitations of project 1 and propose how WM lesion size could be better
accounted for in the future.

The finding of more small WM lesions (i.e. < 3 mm in D) in the MS group than
in the CS group suggests that even small WM lesions reflect disease related structural

change. Further, we confirmed the assumption that small WM lesions contribute
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substantially to the count of total WM lesions (de Groot et al., 2000) in MS and CS.
Yet, correlations of small WM lesion volume with disease severity (EDSS) and with
thalamic volume were very weak and not consistent across scanner vendors so that
the clinical importance of small WM lesions remains unclear. This ambiguity
underlines the need for a rationale of a general WM lesion size threshold to
outbalance sensitivity and specificity (Swanton et al., 2007) especially for high-
resolution sequences at 3 T. We addressed this with a ROC analysis, revealing an
optimal lesion size threshold of about 3 mm in D for both scanner vendors.
Although the results scientifically underpin the stipulated lesion size threshold, our
analyses had rather low performance measures. For example, WM lesions of a D of
about 3 mm (V = 0.015 ml) showed OR values of only 2.1 and 5.25, respective to
both scanner sites (Figure 8). Likewise, the optimal size threshold of 3 mm in D
according to our ROC analysis was accompanied by low values of sensitivity and
specificity (maximum value of 0.7). Nevertheless, these values refer to the
discriminative power of a single WM lesion according to its size but do not account
for the occurrence of further WM lesions in the same subject. With this in mind, the
low performance measures found in project 1 are not surprising, but rather fall in
line with the clinical experience that interpretation of a single WM lesion is
problematic.

Application of ROC analysis regarding classification of the groups of patients
with RRMS and CS is not fully compatible with the clinical situation in which the
diagnostic criteria were validated, namely in patients mostly presenting with a single
clinical event commonly referred to as CIS. In this respect, our analysis ideally would
have been applied to MRI scans of populations similar to those studied to establish
the diagnostic criteria for MS, i.e. patients with CIS, followed-up for several years
and classified according to the occurrence of a second demyelinating attack. However,

the fact that the diagnostic criteria were validated in patients with CIS makes their
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application critical in clinical situations not clearly pointing towards MS. Since no
evidence for a WM lesion size threshold for the diagnostic criteria exists, we believe
therefore that the determination of a WM lesion size threshold through comparison
of CS and RRMS patients is a reasonable alternative. In addition, our results were
robust, with a clear peak pointing towards the same WM lesion size threshold in the
ROC analysis of two populations although studied at scanners from different vendors.
It should be noted that our ROC analysis treated every single WM lesion of an MS
patient’s brain as an MS lesion, which is a rough assumption since other causes than
MS for WM lesions cannot be excluded in MS patients. Further, we used an
automated approach for WM lesion detection as manual segmentation of WM lesions
down to a size of only two contiguous voxels is hardly feasible. Yet we acknowledge
this as a limitation of project 1 as some small WM lesions were lost, and some T2-
weighted hyperintensities, classified as small WM lesions, were due to image artifacts.

Finally, although this is in accordance with the current diagnostic criteria for MS
(Thompson et al., 2017), we applied a single threshold to all WM lesions independent
of their location. The fact that the optimal size threshold for cortical lesions seems
to be smaller than 3 mm in D (Geurts et al., 2011) implies this might not be optimal.
Hence, we believe that the issue of area specific WM lesion size thresholds deserves
investigation in future studies.

The pathophysiological nature of MS-related small WM lesions remains unclear.
The correlation between the count of small WM lesions and WM lesions larger than
3 mm in D suggests that small WM lesions may be simply a smaller version of typical
WM lesions. Nevertheless, we believe that apart from the increase in spatial
resolution of MRI more advanced techniques with sequences covering other aspects
of MS-related pathology are necessary to understand the physiological underpinnings

of small WM lesions.
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Finally, we conclude that the results of project 1 support the use of the traditional
WM lesion size threshold of 3 mm in D to determine WM lesion in MS — also when

using state-of-the-art 3D sequences at 3 T.

4.3 Project 2: T1 intensity change after administration of

gadolinium-based contrast agents

In the second project, we studied Gd retention after administration of GBCA in MS
patients. Current data on correlation between GBCA administration and signal
intensity change is still unclear and heterogeneous. Some in vivo human studies found
T1w-signal increase after administration of the linear but not the cyclic GBCA
(Eisele et al., 2016; Kanda et al., 2015b; Radbruch et al., 2017; Schlemm et al., 2017;
Weberling et al., 2015), which is in line with results from our project 2. On the
contrary, other groups showed signal intensity increase after administration of cyclic
GBCA as well (Rossi Espagnet et al., 2017; Stojanov et al., 2016). Likewise, some
(Bussi et al., 2018; McDonald et al., 2017a) but not all (Jost et al., 2016; Robert et
al., 2015) animal studies demonstrated Gd deposition in the brain after repetitive
administration of cyclic GBCA. Further in one post mortem study, deposits of Gd
after administration of two different cyclic GBCA (gadoteridol, gadobutrol) were
demonstrated (Murata et al., 2016). These differences in the reported findings
between GBCA chelate types might be related to patient populations (tumor vs.
MS), the use of different MR scanners or scanning protocols or different analytical
approaches. With project 2, we further clarify the dynamics of linear and cyclic
GBCA in patients suffering from MS. To the best of our knowledge, our analytical
approach, based on difference images per GBCA administration, has not yet been
used in studies on Gd deposition in the brain. We believe that, by including all

available images instead of only the first and last images of each subject, we could
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gather the most information from our data. Given the only small T1w signal increase
after GBCA administration, averaging was necessary to detect meaningful signals.
With our approach, we did not primarily average across multiple GBCA applications
per subject, as done in other studies on Gd deposition in the brain (Behzadi et al.,
2018; Forslin et al., 2019; Kanda et al., 2014; Kanda et al., 2015b; Radbruch et al.,
2017; Radbruch et al., 2015; Schlemm et al., 2017; Weberling et al., 2015; Zivadinov
et al., 2019), but across subjects per single GBCA administration. Accordingly, single
subjects contributed data to more than one condition (linear, cyclic, no GBCA). This
design was necessary as project 2 was done retrospectively over a period of time in
which routine administration of GBCA switched from the linear GBCA gadopentetic
acid (Magnevist®) to the cyclic GBCA gadoterate meglumine (Dotarem®).
Additionally, it allowed us to analyze the kinetics of Gd deposition.

First, we focused on the dynamics of Gd deposition as visible in MRI. It is still
under debate if several administrations are necessary to cause considerable Gd
deposits in the brain. The FDA safety announcement from July 2015 states that
“deposits of GBCAs remain in the brains of some patients who undergo four or more
contrast MRI scans.” (U.S. Food and Drug Administration, 2015). This statement is
compatible with the notion that biologically meaningful non-linear effects come into
play so that exceeding a certain number of administrations must be regarded as
particularly critical. This is suggested by several studies on T1w signal increase after
multiple GBCA administrations (Barisano et al., 2019; Kanda et al., 2015b).
Alternatively, Gd deposition may be an incremental (i.e. linear) process during which
the detection threshold is exceeded after a certain number of GBCA administrations,
which is supported by a postmortem study on Gd accumulation after GBCA
administration (McDonald et al., 2017b). Of note, the number of previous GBCA
applications exerted a significant effect in our study: the more times GBCA had been

administered, the higher the increase per single GBCA administration. However, this
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non-linear component of the effect was very small, explaining only 0.4% of the
variance of the observed T1w signal increase. Based on the assumption of linearity,
we could demonstrate an increase of the T1lw signal, and hence probable Gd
deposition, after only one GBCA administration, challenging the idea of a safe
threshold with regard to the number of GBCA administrations.

Second, we addressed the issue of a possible Gd washout by investigating
subconditions (‘cyclic after linear’ and ‘control after linear’) and searched for a
decrease of the T1w signal. In contrast to previous studies, we did not find any
indication of a washout of Gd deposits over time (Robert et al., 2018; Smith et al.,
2017) or when linear GBCA were followed by cyclic GBCA (Adin et al., 2015;
Behzadi et al., 2018). Signal intensity changes of difference images from the control
condition (no GBCA) also did not depend on whether linear GBCA was administered
beforehand or not. We acknowledge that the results of our subcondition analyses are
based on relatively low numbers of observations and our project 2 covered relatively
homogeneous time intervals of 11 months. Signal changes beyond this time frame
may not have been captured here.

Examining Gd deposition, the differentiation between chelated and dechelated
Gd plays an important role. In an animal study by Robert and colleagues, the
concentration of Gd bound to macromolecules was increased after administration of
linear, but not after cyclic GBCA (Robert et al., 2018). This suggests a partial
dechelation of linear GBCA in the brain tissue, followed by macromolecule binding,
which causes the signal intensity increase as seen in unenhanced T1w images
(Radbruch, 2018). Against this background, our results point towards a higher
concentration of Gd deposits in the brain after administration of linear compared to
cyclic GBCA but do not exclude Gd deposition after administration of cyclic GBCA.

No robust indication exists so far that Gd deposition after GBCA administration

is accompanied by side effects (Choi & Moon, 2019; Young et al., 2019). But these
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could come into play years or even decades after exposition, e.g. by accelerating
neurodegeneration. Therefore, the potential risks of patients with MS, who undergo
regular follow-up scans over years to monitor therapy outcomes, seems particularly
relevant. The correlation between the EDSS score and number of GBCA
administrations might be linked to disease severity, rather than Gd deposition. We
expected this association, assuming that patients with more severe courses (including
highly active patients) have more relapses and are likely to be scanned more
frequently and, hence, to receive more GBCA administrations. Of note, another study
investigated the sodium-related MRI signal, as a surrogate marker of potential tissue
damage, in MS patients. Within areas of increased T1w signal intensities of the DN,
a normal sodium signal was determined and, hence, no evidence of GBCA-related
tissue damage provided (Eisele et al., 2017). In addition, there may be kinetic aspects
to be considered for the evaluation of MS patients with regard to Gd deposition.

In project 2, the mean interval between two GBCA administrations (11 months)
was longer than in studies on patients with tumors, usually around 3 months
(Radbruch et al., 2015). We speculated that longer intervals go along with less
accumulation due to longer depletion time. Yet, this does not seem to be the case.
In line with four other studies (Eisele et al., 2016; Forslin et al., 2019; Schlemm et
al., 2017; Zivadinov et al., 2019), patients with MS do not show different dynamics
in T1w signal increases compared to tumor patients. Although human studies have
not yet proven findings of CNS toxicity, based on animal studies (Muldoon &
Neuwelt, 2015; Roman-Goldstein et al., 1991), the possibility of neurotoxicity of
repeated doses of GBCA cannot be excluded.

Our MRI data consisted exclusively of data from a single standardized protocol
including 3D FLAIR and T1w sequences. This allowed the performance of a voxel-
wise whole brain analysis of T1w signal increase. In accordance with other studies

applying region-of-interest analyses, we identified the DN and globus pallidus as
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regions with significant signal increase, indicating most Gd deposition in these brain
regions (Kanda et al., 2014; Radbruch et al., 2015; Rossi Espagnet et al., 2017,
Stojanov et al., 2016). This approach has two main assumptions. First, the control
region for scaling, the pons in our case, must not show the effect of interest. Some
histopathological studies found Gd retention in the pons region, although in a much
lower concentration compared to the DN (McDonald et al., 2015; McDonald et al.,
2017b; Murata et al., 2016). Hence, deposition of lower Gd concentrations in other
brain areas (than the pallidum and DN) cannot be ruled out. Second, the correction
of the bias-field needs to be precise, which is not directly measurable. Yet our result
of T1w signal increase within the pallidum, which is only centimeters away from the
control region for scaling and reported to be a region of pronounced Gd deposition
(Barisano et al., 2019; Forslin et al., 2019; Kanda et al., 2015a; Kanda et al., 2014;
McDonald et al., 2015; McDonald et al., 2017b; Radbruch et al., 2015; Rossi Espagnet
et al., 2017; Stojanov et al., 2016; Weberling et al., 2015), suggests that our bias
correction performed well.

We acknowledge limitations of project 2. The number of observations was larger
in the condition linear GBCA compared to the conditions cyclic or no GBCA.
Nevertheless, the number of difference images after the first administration of linear
GBCA was in the same order of magnitude as the number of images in the cyclic
group and we still demonstrated a significant increase of the T1w signal. Moreover,
the number of 380 difference images after cyclic GBCA was still comparably high.
We also acknowledge that the results of our subcondition analyses are based on
relatively low numbers of observations; nevertheless, in none of the subconditions,
we observed any trend pointing towards the hypothesized effect of GBCA
reversibility.

Finally, we conclude that administration of linear GBCA leads to Gd deposition

in the GP and, already after a single administration, in the DN. Our findings are in
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line other data which have led to the latest announcements of the European
Medicines Agency (European Medicines Agency, 2017). Currently, cyclic GBCA are
still permitted for imaging of the CNS whilst the use of linear GBCA has been
restricted. The Consortium of MS Centers still regards GBCA as indispensable for
diagnostic purposes but as optional for follow-up investigations (Traboulsee et al.,

2016).

4.4 Conclusion and outlook

This thesis investigated two important aspects of WM lesion evaluation by state-of-
the-art MRI in MS. In project 1, we provided a rationale for a minimal WM lesion
size threshold. We found that the traditionally stipulated threshold of 3 mm in D is
a reasonable choice also when applying 3D sequences at 3T.

To the best of our knowledge, so far, no study has investigated a meaningful minimal
WM lesion size. The advantage of such a parameter would be a more sensitive and
possibly earlier diagnosis of MS. Studies suggest early diagnosis would lead to better
long-term disease outcome due to faster initiation of therapy with disease modifying
drugs (Freedman et al., 2014; Giovannoni et al., 2016). In people with CIS, who were
treated with a disease modifying therapy, the risk for a second relapse and thus
conversion to clinically definite MS, was reduced compared to placebo control groups
and MRI outcomes such as brain atrophy rates or development of new lesions were
improved (Comi et al., 2009; Filippi et al., 2004; Jacobs et al., 2000; Miller et al.,
2014). These insights have led to a drastic decrease of time to diagnosis from 7.2 to
0.6 years after the first symptoms of MS (Marrie et al., 2005). A tension has been
created between the benefits of an early diagnosis and the risks of misdiagnosis
(Solomon & Corboy, 2017). This is especially relevant against the background of fast

technological progress, making the most subtle deviations visible in MRI. Until a



66 4 Discussion

highly specific MS biomarker is found, it could be helpful to improve existing
biomarkers (such as WM lesions) and make the diagnosis as standardized and
scientifically validated as possible, for example by defining a scientifically evident
minimal WM lesion size threshold.

Regarding conventional T2w sequences, future work should concentrate on
criteria, based on size and perhaps shape that are specific for different diagnostic
areas of the CNS. For further improvement of sensitivity and specificity, the use of
more advanced sequences, covering typical features of MS-related pathology such as
the central vein sign, seems necessary.

Besides the early diagnosis, the safety of MS patients during the diagnostic
process is an important issue. Despite many studies, showing Gd deposition in the
brain after GBCA administration, FDA for example still allows administration of
linear GBCA and most studies stipulate deposition only after a certain safe threshold,
a certain number of administrations (U.S. Food and Drug Administration, 2015).

In project 2, we found indications of Gd deposition in the brain, only after
linear GBCA, which could be detected even after a single administration, whilst we
did not find any indication of Gd deposition in the brain after the administration of
cyclic GBCA. Our findings lend support to recent decisions of the European
Medicines Agency, which suspended linear GBCA for the primary use in CNS
imaging (European Medicines Agency, 2017). Whether alternative contrasts agents,
like manganese-based and iron-based complexes which are currently under
investigation, are safer than GBCA, remains to be determined. De facto, there are
only few animal studies indicating potential side effects of Gd deposition in the brain.
Nevertheless, adverse health reactions cannot be ruled out and more research is
needed. Alternatively, the use of GBCA could be largely spared. In MS, recent
approaches to precisely compare individual follow-up images without the help of

GBCA are promising and suggest that GBCA are dispensable for most MRI
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investigations to monitor the course of the disease (Eichinger et al., 2019) . Further,
more advanced MRI sequences seem to be able to determine the integrity of the
blood brain barrier without GBCA (Falk Delgado et al., 2019).

This thesis emphasizes that standardized and scientifically sound MR protocols
are indispensable to further improve the quality of MR diagnostic processes, make

them safer and more objective.
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