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Abstract in English

Background and objectives: Markers of neurodegeneration are closely related to
clinical disability and disease progression in multiple sclerosis (MS). Hence,
neurodegenerative biomarkers may help identify future therapeutic targets, measure
the effect of initiated treatment against such targets, and clarify how environmental

factors and comorbid conditions may affect neurodegenerative processes.

Clinical implementation of candidate biomarkers is challenged by several factors. First,
the neurodegenerative pathological substrate is unclear, especially to which degree
neurodegenerative changes occur secondary to inflammatory damage in the white
matter (WM), or due to processes affecting the grey matter (GM) primarily. Second,
variability in measurements related to technical, physiological and disease related
variations, comorbid conditions and environmental factors needs clarification. The
main objective of this study was to address some of these challenges. In more detail,
we sought to 1) explore the spatio-temporal relationship between WM lesions and
global and regional GM atrophy in patients with MS, and if the association differs in
the clinical phenotypes, 2) investigate whether reliable brain atrophy measurements
can be obtained from 3D Tl1-weighted images acquired after administration of
gadolinium-based contrast agents (GBCAs), using FreeSurfer, 3) investigate how
serum neurofilament light (sNfL) levels measured during, and outside of periods of
inflammatory disease activity, associate with GM atrophy and clinical disability ten
years later in patients with relapsing-remitting MS (RRMS) and 4) assess whether
smoking in patients with RRMS relate to GM atrophy, lesion load and clinical

disability after ten years.

Methods: In article I, we performed a systematic review including qualitative and
descriptive analyses. MEDLINE and Embase were searched for abstracts containing
direct associations between brain GM and WM lesion measures obtained by
conventional MRI sequences in patients with clinically isolated syndrome (CIS) and
MS. In articles II, IIT and IV, we used data from a multicentre, randomised trial of -3

fatty acids (the OFAMS study) in people with RRMS, and from the follow-up visit



conducted approximately ten years after the conclusion of the OFAMS study. Patients
underwent clinical, biochemical and MRI examinations regularly during the 24 months
of the OFAMS study, and once at the 10-year follow-up visit. In article II, 22 patients
were included, in which 3D T1-weighted MR images were obtained during the same
scanner visit, both before and after administration of GBCAs. The difference between
measurements obtained in pre- and post-contrast images was assessed by paired t-tests,
and the consistency by intra-class correlation coefficient (ICC). In articles Il and IV,
78 and 85 patients were included, respectively. The association between sNfL levels
and smoking and long-term outcome measures was investigated by linear multilevel or
regular regression models. All models were adjusted for age and sex, in addition to

confounders relevant to specific analyses.

Results: In the first article, 90 studies were included. Higher WM lesion load was in
the majority of studies associated to more GM atrophy, with the most consistent

relationship found in in early (relapsing) disease, and less so in progressive MS.

In the second article, we found good to excellent consistency between all values
obtained from pre- and post-contrast images (ICC ranging from 0.926 to 0.996). In
post-contrast images, cortical thickness and GM volumes were significantly higher

than in pre-contrast images, while total WM volume was significantly lower.

In article III, higher mean sNfL levels during periods with gadolinium-enhancing
lesions present or recently present (representing inflammatory disease activity)
predicted lower mean cortical thickness, lower total and deep GM volume
(standardised  ranging from -0.399 to -0.581) and higher T2 lesion count (standardised
p=0.498) ten years later. Higher inflammatory sNfL levels were also associated with
higher score (higher disability) on the dominant hand 9-hole peg test (standardised
B=0.593). No MRI or clinical outcome measures were associated with higher sNfL
levels during periods with no gadolinium-enhancing lesions present or recently present

(remission).

In article IV, smoking in patients with RRMS was associated with lower total WM and

deep GM volume, and higher T2 lesion volume after ten years. Of the clinical
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outcomes, smoking was associated with higher walking impairment measured by the
Timed 25-Foot Walk test, and a larger decrease in Paced Auditory Serial Addition Test

(attention) scores.

Conclusion: The findings in article I suggest the overall GM neurodegeneration during
early disease stages may largely be secondary to damage in the WM, while in
progressive MS, neurodegeneration becomes more detached, possibly dominated by
primary disease mechanisms. In article II, we found that reliable brain atrophy
measurements may be possible to extract from post-contrast T1-weighted images,
using FreeSurfer. This finding may allow a considerable amount of historical and
prospective real-world data to be used to measure brain atrophy in patients with MS.
The notion of a strong relationship between inflammatory WM damage and GM
atrophy is supported by the findings in article III, where sNfL levels during
inflammatory disease activity, but not during remission, predicted future GM atrophy
in patients with RRMS. The additional association with higher long-term disability
suggests that inflammatory sNfL levels may be used to quantify the extent of ongoing
axonal damage, indicating the risk of disability accrual. In article IV, smoking was
associated with lower brain volumes, higher lesion load and higher disability after ten
years. Whether the association with GM atrophy is caused by a direct neurotoxic effect,
or by secondary neurodegeneration following heightened inflammatory activity, needs
to be clarified in future studies. Nevertheless, our findings are in support of smoking

patients with MS being routinely offered advice and aid in smoking cessation.
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Abstract in Norwegian

Bakgrunn og mal: Markerer pa nevrodegenerasjon er tett knyttet til klinisk
funksjonsnedsettelse og sykdomsprogresjon hos pasienter med multippel sklerose
(MS). Slike biomarkerer kan derfor bidra til & identifisere potensielle terapeutiske mal,
male effekten av behandling rettet mot disse, og belyse hvordan miljg- og

livsstilsfaktorer og komorbide tilstander kan pavirke nevrodegenerative prosesser.

Implementering av kandidatmarkerer i klinisk praksis utfordres av flere faktorer. For
det forste er de patologiske prosessene som ferer til nevrodegenerasjon ikke
tilstrekkelig kartlagt, spesielt i hvilken grad nevrodegenerative forandringer oppstar
sekundeert til inflammatorisk skade i hvit substans, eller som folge av prosesser som
rammer gra substans primert. For det andre mé variabilitet i malinger som folge av
tekniske, fysiologiske og sykdomsrelaterte variasjoner, komorbide tilstander og miljo-
og livsstilsfaktorer avklares. Hovedmalet med denne studien var & mete noen av disse
utfordringene. Vi ensket & 1) utforske det spatiotemporale forholdet mellom
hvitsubstanslesjoner og global og regional atrofi i gra substans hos pasienter med MS,
og om forholdet endret seg blant de kliniske fenotypene, 2) undersgke om 3D TI-
vektede MR-bilder tatt etter administrering av gadoliniumholdige kontrastmidler kan
brukes til & méle hjerneatrofi, ved bruk av FreeSurfer, 3) underseke hvordan nivier av
nevrofilament lettkjede i serum (sNfL) maélt i perioder med og uten inflammatorisk
sykdomsaktivitet er assosiert med atrofi i gré substans og klinisk funksjonsnedsettelse
etter ti ar, hos personer med attakkpreget MS (RRMS) og 4) underseke om reyking hos
personer med RRMS er assosiert med atrofi i gra substans, lesjonsbyrde og klinisk

funksjonsnedsettelse etter ti ar.

Metode: 1 artikkel I utforte vi en systematisk oversikt over den eksisterende
litteraturen, samt kvalitative og deskriptive analyser. Vi sgkte i MEDLINE og Embase
etter rapporter som inneholdt direkte assosiasjoner mellom mal pa atrofi 1 gré substans
og lesjoner i hvit substans i hjernen. Malene matte vaere hentet fra konvensjonelle MR-
bildesekvenser, hos pasienter med klinisk isolert syndrom (CIS) og MS. I artikkel II,
IIT og IV brukte vi data fra multisenterstudien «w-3 fatty acids in MS» (OFAMS-
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studien), og fra oppfelgingsbesgket gjennomfert omtrent ti ar etter OF AMS-studien ble
avsluttet. Totalt 92 pasienter med RRMS deltok i OFAMS-studien, og gjennomgikk
jevnlige kliniske, biokjemiske og MR-undersgkelser i lopet av de 24 ménedene studien
pagikk. Attifem av pasientene deltok pd 10-ars oppfolgingsbesgket, hvor
undersokelsene ble gjentatt. Totalt 22 pasienter, hvor 3D T1-vektede MR-bilder ble tatt
bade for og etter administrasjon av gadoliniumholdig kontrastmiddel ble inkludert i
artikkel II. Intraklassekoeffisient (ICC) ble benyttet i reliabilitetsanalysen, og parede t-
tester ble benyttet for & vurdere eventuelle forskjeller i mélene. Totalt 78 og 85
pasienter ble inkludert i henholdsvis artikkel III og IV. Effekten av sNfL niva og
royking pa langsiktig hjerneatrofi og klinisk funksjonsnedsettelse ble undersekt ved
blandede og konvensjonelle linezre regresjonsmodeller. Alle modellene ble korrigert

for alder og kjonn, i tillegg til eventuelle konfundere relevante for spesifikke analyser.

Resultat: Totalt 90 studier ble inkludert i artikkel 1. Hoyere lesjonsbyrde i hvit substans
var 1 de fleste studiene assosiert med mer atrofi i grd substans. Forholdet var sterkest

og hyppigst sett ved tidlig (attakkpreget) sykdom, og i mindre grad ved progressiv MS.

I artikkel II fant vi utmerket konsistens mellom alle verdier hentet fra MR-bilder tatt
for og etter administrasjon av kontrastmiddel (ICC verdier fra 0.926 til 0.996). Ved
sammenlikning av malinger hentet fra bilder tatt for og etter administrasjon av
kontrastmiddel, var kortikal tykkelse og grd substans volum pa bilder tatt etter
kontrastmiddel signifikant hayere enn pa bilder tatt for kontrastmiddel, mens det totale

volumet av hvit substans var signifikant lavere.

I den tredje artikkelen fant vi at heyere gjennomsnittsniva av sNfL i perioder med aktiv
inflammasjon (kontrastladende lesjoner til stede eller nylig til stede) predikerte lavere
volum av gré substans i hele hjernen og dyp gré substans, lavere kortikal tykkelse
(standardisert p fra -0.399 til -0.581) og heyere antall T2 lesjoner i hvit substans
(standardisert =0.498) etter ti ar. Hoyere nivd av inflammatorisk sNfL var ogsé
assosiert med storre funksjonsnedsettelse (hayere skér) mélt ved dominant hand 9-hole

peg test (standardisert =0.593). Ingen MR- eller kliniske mal var assosiert med hoyere
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sNfL niva i perioder med remisjon (ingen kontrastladende lesjoner til stede eller nylig

til stede).

I artikkel IV fant vi at reyking hos pasienter med RRMS var assosiert med lavere totalt
volum av hvit substans og dyp gré substans, og heyere volum av T2 lesjoner etter ti ar.
Av de kliniske mélene var reyking assosiert med nedsatt gangfunksjon mélt ved Timed
25-Foot Walk test, og sterre nedgang i oppmerksomhetsskar, malt ved Paced Auditory
Serial Addition Test.

Konklusjon: Funnene i artikkel I tyder pa at nevrodegenerasjon i gra substans i stor
grad oppstar sekundert til skade i hvit substans ved tidlige (attakkpregede)
sykdomsstadier av MS. Ved progressiv sykdom derimot, virker det & veere en gradvis
overgang hvor nevrodegenerasjonen domineres av sykdomsmekanismer som rammer
gra substans primert. [ artikkel II fant vi at pélitelige mal pa hjerneatrofi kan hentes fra
T1-vektede bilder tatt etter administrasjon av kontrastmiddel, ved bruk av FreeSurfer.
Dette funnet kan apne for bruk av en betydelig mengde historiske og prospektive real-
world data til & male hjerneatrofi hos pasienter med MS. I artikkel III fant vi, i trad med
resultatene fra artikkel I, at sSNfL niva i perioder med aktiv inflammasjon, men ikke
remisjon, predikerte fremtidig atrofi i grd substans hos pasienter med RRMS.
Inflammatorisk sNfL nivd var ogsa assosiert med langsiktig funksjonsnedsettelse.
Dette tyder pé at malingene kan brukes til 4 ansl omfanget av padgéende aksonal skade
under et attakk, og indikere risiko for varig nedsatt funksjonsevne. I artikkel IV fant vi
at ogsd royking predikerte okt hjerneatrofi, heyere lesjonsbyrde og okt
funksjonsnedsettelse etter ti ar. Funnene taler for at pasienter med MS som rayker ber
rutinemessig tilbys radgivning og hjelp til roykeslutt. Om assosiasjonen med atrofi i
grd substans skyldes en direkte nevrotoksisk effekt av royking, eller en sekundeer
nevrodegenerasjon via gkt inflammatorisk aktivitet, ber undersekes narmere i

fremtidige studier.
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1. Introduction

Multiple sclerosis (MS) is one of the most common chronic neurological disorders.
Globally, around 2.8 million people live with MS, with the highest prevalence in
Europe and America.' The disease typically debuts in early adulthood and is more than
twice as likely to develop in females.! MS carries a great personal and societal cost.
Physical disability, cognitive difficulties and fatigue may be detrimental to the work
and social life of people with MS, while health-care costs and loss of production burden

the society.?

There is currently no curative treatment available. Developments in disease modifying
therapies (DMTs) targeting immunological and inflammatory disease mechanisms
have significantly improved the prognosis in some groups of patients.> However,
therapies specifically against neurodegenerative processes are still missing, and will be
crucial to be able to successfully treat patients in all phases of the disease. In the process
of developing neuroprotective treatments, biomarkers reflective of neurodegenerative
disease mechanisms are needed throughout: from identifying possible therapeutic
targets, to measuring the effects of initiated treatments, environmental factors and

comorbid conditions.

1.1 Pathogenesis and aetiology of multiple sclerosis

1.1.1 Pathogenesis

The initial event or pathological trigger causing MS has not been identified. Currently,
two opposing theories are most commonly considered: the most widely recognized
hypothesis describes MS as primarily an autoimmune disease, starting with
autoreactive T cells recognizing self-epitopes in the central nervous system (CNS) as
peptide epitopes derived from pathogens.* After being activated in the peripheral
tissues, the T cells migrate to the lymph nodes, initiating a proinflammatory cascade,
in which antigen-specific T cells, B cells and plasma cells (differentiated B cells),
invade the CNS.5 Here, plasma cells release antibodies targeting both the myelin sheath

and glial cells, while cytokines and other inflammatory mediators released by the
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activated lymphocytes open the blood-brain barrier (BBB), attracting additional
monocytes and lymphocytes.>® These inflammatory and demyelinating processes are
classically limited to focal regions, known as MS lesions. Hence, the MS lesion
formation may first be initiated by an aberrant adaptive immune response, then largely

mediated by innate immunity and activated phagocytes,® in a pristine CNS.

Opposed to the suggested “outside-in” hypothesis, in which the pathologic trigger
initiates outside of the CNS, an “inside-out” model has gained attention in recent years.
Proposing the initiating event to occur within the CNS, possibly as a primary defect or
dysfunction in oligodendrocytes and myelin,” some researchers have characterised MS
as primarily a degenerative disease.® Following the primary cytodegenerative process,
a release of antigenic debris is thought to trigger a secondary aberrant autoimmune

response, in genetically and environmentally predisposed individuals.®

1.1.2 Aetiology
MS is in part caused by the effect of over 200 gene regions associated with an increased
disease susceptibility, each providing a minor effect. The identified gene regions are

involved with immune mechanisms, of both the adaptive and innate immune system.’

While there is an undisputable link between genetic predisposition and development of
MS, %10 it does not fully account for the individual disease risk, highlighting the role of
environmental exposures. Increased risk of MS is associated with several
environmental factors, of which Epstein-Barr virus infection is the most important,
with a 32-fold increase in risk of MS after infection.!! Other known environmental risk
factors are low levels of vitamin D,'? childhood-'* and adult'* obesity and smoking.
Ever-smokers are shown to have a higher risk of MS compared to never-smokers, in a
dose-dependent manner.!>!¢ Furthermore, the risk is higher in current smokers than in

past smokers and never-smokers, and higher in past smokers than in never-smokers.!”
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1.2 Pathophysiology

1.2.1 Focal inflammation

In 1868, Jean Martin Charcot (1825-93), a French neurologist, described a disease of
the nervous system that he named “Sclérose en plaques”,'® later termed “multiple
sclerosis” in the English literature. His identification of MS as a single nosological
entity was based on clinical observation paired with the detailed description of the main

pathological characteristic of the disease: the MS plaque, or the MS lesion."

Since then, great efforts have been made to further describe and classify MS lesions,
revealing them to be distinctly demarcated focal inflammatory areas with primary
demyelination, variable axonal loss and reactive gliosis in white and grey matter. Based
on the presence of inflammatory cells,?” and demyelinating changes?' MS lesions are

commonly classified as active, mixed active/inactive, and inactive.??

Active lesions typically develop around a central vein with a perivascular inflammatory
infiltrate (T cells, B cells, monocytes/macrophages and a few plasma cells).>»** The
surrounding lesion area is characterised by myelin loss, edema, a variable degree of
axonal transection, a dense infiltration of macrophages, and some dispersed T cells.*>*
In mixed active/inactive lesions, the lesion centre becomes less cell dense, with
activated microglia and macrophages found at the lesion border.??* Both active and
mixed active/inactive lesions may have areas with ongoing demyelinating activity,
characterised by macrophages or microglia containing myelin immunopositive for
myelin protein antigens. Mixed active/inactive lesions with ongoing demyelination
found at the lesion border are often called slowly expanding or smouldering lesions.??
Inactive MS lesions are sharply demarcated, and characterised by few inflammatory
cells. Almost no oligodendrocytes are present within the lesion.??2° In these lesions,

accumulated axonal loss is often considerable,?*?* together with astroglial activation

and scar formation.2¢

MS lesions may occur in any white matter (WM) or grey matter (GM) region of the
CNS. For WM lesions, predilection areas are the corpus callosum and other

periventricular and juxtacortical white matter, the optic nerve, pons, cerebellum and
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spinal cord.?” Although demyelination in the cerebral cortex was described more than
a century ago,?® more careful and systematic explorations of GM lesions have not been
conducted until the last 25 years.?’ Cortical lesions are commonly classified according
to demyelination patterns: type I lesions involving both subcortical WM and the cortex,
type II lesions being confined to the cortex, type III lesions extending from the pial
surface into the cortex, and type IV lesions extending throughout the full width of the
cerebral cortex.3**! Cortical lesions may display extensive demyelination, axonal and
neuronal loss,*° but compared to WM lesions, they appear less inflammatory, with few

3032 less complement activation®> and rarely BBB

infiltrating lymphocytes,
breakdown.3* The most commonly occurring cortical lesion type is the type III subpial
lesion. They are associated with meningeal inflammation, consisting of diffuse
infiltrates of T cells, B cells and plasma cells, in severe forms resembling tertiary lymph
follicles.® As the distribution of the cortical demyelination is consistent with an

outside-in gradient, the process is suggested to be driven by a soluble cytotoxic factor

produced in the meningeal inflammatory infiltrates.®

1.2.2 Diffuse injury in normal appearing white and grey matter

The name of MS originates from the focal demyelinating WM lesions of the CNS, and
these lesions have until recently largely dominated the focus of research, diagnosis and
disease monitoring. However, the pathological changes of MS expand well beyond the

lesions, into so called normal appearing white and grey matter.

The diffuse injury in the normal appearing WM of MS consists of a scattered
infiltration of immune cells, microglial activation, demyelination, astrocytic scarring
and axonal loss.>”* The axonal pathology outside of lesions is thought to result from
anterograde or retrograde neuroaxonal degeneration.>® Neurodegenerative changes are
also found in normal appearing GM, characterised by a loss of neurons, axons and glial

cells.3"’4°'42

However, the pathological mechanisms causing these changes remains
elusive, although several possible pathways have been proposed. A schematic

representation of some of these pathways are shown in figure 1.
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First, there is strong evidence that at least part of the GM pathology occurs secondary
to inflammatory damage in the WM.?° During inflammation, activated immune cells
release excessive amounts of glutamate, toxic to oligodendrocytes, neurons and
axons.®® Activated macrophages, microglia and astrocytes also produce reactive
oxygen and nitrogen species that most likely cause mitochondrial dysfunction.*+4¢
Sodium channels are upregulated in demyelinated axons to maintain transduction

speed.*” While compensatory in principle, this energy demanding adaptation

aggravates the total energy deficiency, eventually leading to neuronal death.*®

Second, neurodegeneration may result from pathological processes affecting GM
primarily. GM demyelination and diffuse GM injury in close proximity to the meninges
(i.e., the cortex) have been associated with meningeal inflammatory infiltrates, possibly
through a toxic soluble factor.>® Another hypothesis suggests that specific neuronal cell
populations may be more vulnerable to changes in ion and neurotransmitter
homeostasis, and are therefore more prone to neurodegeneration.?® Finally, the inside-
out theory proposes MS to be a primary degenerative disease, possibly initiated by
diffuse oligodendroglial or axonal dysfunction, followed by a secondary aberrant

inflammatory response.?

Meningeal
inflammation

White matter
lesions

Axonal i
Axonal transection

and redistribution
of Na* channels

demyelination in
GM regions

Virtual
hypoxia

Mitochondrial
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™ Glutamate
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Figure 1. Schematic illustration of some of the disease processes currently believed to

underlie grey matter (GM) damage in multiple sclerosis. GM damage may occur
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secondarily to white matter (WM) pathology. Several secondary disease mechanisms
(blue boxes) have been proposed, including the “virtual hypoxia” theory,”’ which
postulates that axonal degeneration in the GM might result from inflammatory activity
in WM lesions, combined with subsequent axonal demyelination and reorganisation of
sodium channels and an inadequate mitochondrial energy supply. Alternatively,
pathological processes affecting GM areas primarily (green boxes) may arise as a
result of meningeal inflammation or selective neuronal vulnerability in specific
predilection sites. Reprinted by permission from Elsevier: Lancet Neurol 7(9):846,° ©
Copyright 2008.

It is important to note that these mechanisms, pathways and hypotheses are not
mutually exclusive. Although GM degeneration in certain brain regions seem to largely
develop secondary to inflammation in the WM,’%%! increasing evidence suggests that
secondary and primary neurodegenerative processes are likely to occur simultaneously
and interact with each other.?>3? This complexity underlines the great challenge it is to

clarify their separate contribution to the overall neurodegeneration.

1.3 Diagnosis and clinical course

1.3.1 Signs and symptoms

Clinical manifestations of MS consist of a wide spectrum of neurological symptoms,
depending on the extent and location of lesions and diffuse CNS injury. Patients may
experience unilateral blurred vision and pain with eye movements (optic neuritis), limb
numbness, paresthesia and weakness (partial myelitis), or vertigo, hearing loss and
double vision (brain stem syndromes).>* In addition to sensory and motor symptoms,
symptoms related to autonomic dysfunction (e.g., bladder, gastrointestinal and sexual
dysfunction) and cognitive impairment (reduced attention, information processing
speed, executive functioning and memory) are common, and most likely caused by

pathology in complex brain and spinal cord networks.>*¢

Upon neurologic examination, objective findings may include impaired sensation and

motor weakness, ataxia, internuclear ophthalmoplegia, spasticity and hyperreflexia.
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Several clinical tests and scoring systems have been developed to quantify disability in
patients with MS, of which the Expanded Disability Status Scale (EDSS),*” Timed 25-
Foot Walk (T25FW) test and 9-hole peg test (9-HPT)® are the most commonly used.
Although cognitive dysfunction affects 40-70% of patients with MS, and may severely
impact their quality of life, it is still widely underdiagnosed.’>*° Patients may
experience variable deficits in several cognitive domains, which challenges the
sensitivity of short and specific tests like the Paced Auditory Serial Addition Test
(PASAT) and the Symbol Digit Modalities Test (SDMT) (mainly assessing processing
speed). However, as larger test-batteries are often costly and time consuming, these
tests are suggested as screening tools to identify patients in need of more

comprehensive cognitive testing.>

1.3.2 Diagnosis

The diagnosis of MS is set when proof of disease activity of the CNS, disseminated in
time and space, is established by clinical and paraclinical assessments. There should
also be no better explanation for the clinical presentation. The paraclinical tests
currently used to support the diagnosis are brain and spinal cord magnetic resonance
imaging (MRI), cerebrospinal fluid (CSF) examination, and in some cases optical
coherence tomography and neurophysiological testing (visual evoked potential). MRI
findings (MS lesions) may determine dissemination of disease activity in both time and
space, while CSF-specific oligoclonal bands may be used to demonstrate dissemination

in time.%°

1.3.3 Clinical disease phenotypes

The clinical disease course of MS varies within and between patients, and has
traditionally been categorised into three main subtypes: relapsing-remitting (RR),
secondary progressive (SP) and primary progressive (PP) (figure 2). Furthermore,
disease activity and disease progression were included as additional descriptors in
2014.%" Although this classification of patients is both important and practical in
clinical and research settings, the phenotypes are now increasingly viewed as a
continuum of clinical phases with quantitative, but not qualitative differences in

immunological and neurobiological disease mechanisms.%?
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Figure 2. The heterogeneity of multiple sclerosis (MS). Clinical disease course in
patients with clinically isolated syndrome (CIS), relapsing-remitting (RR), secondary
progressive (SP) and primary progressive (PP) MS according to average age and
disability accumulation. Reprinted by permission from Springer Nature: Nature

Reviews Immunology 15(9):546,* © Copyright 2015.

The clinically isolated syndrome (CIS) is characterised as a monophasic clinical
episode where the patient’s symptoms paired with objective findings suggest one or
more inflammatory demyelinating lesions in the CNS.° It is considered the first
clinical presentation of what later may be MS, not yet fulfilling criteria of
dissemination in time.®' The clinical episode develops over hours to days, lasting at
least 24 hours, in the absence of fever or infection. The episode may subside with
complete or partial recovery.®’ In CIS, active lesions in the WM are most prominent,

62,63

but lesions of all types (from active to inactive) may occur in any CNS location,’>°’ as

well as diffuse injury in both WM and GM. %463

When monophasic clinical episodes as described above occur in patients diagnosed
with MS, the disease course is characterised as relapsing-remitting. The episodes are
referred to as relapses, exacerbations or attacks.” RRMS may be subgrouped as

“active” or “not active”, based on disease activity detected by clinical relapses or new
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MS lesions on MRI imaging.®! Similar to CIS, active WM lesions are the most
numerous in this disease type, associated with the recurring intermittent relapses.5
However, other lesion types, lesions in GM and diffuse GM and WM injury increase

with disease duration,®? contributing to permanent disability.®”-%

A disease course characterised by gradually increasing neurological disability,
objectively documented and independent from relapses, is defined as progressive MS.
Depending on whether the disease course was progressive from disease onset, or
followed a relapsing-remitting course, the terms primary progressive or secondary
progressive are used, respectively.®! By regular assessments, both disease courses may
be modified by disease activity (clinical relapses or new MS lesions) and/or disease
progression (progression measured by clinical evaluation).®! In progressive disease,
active lesions become rarer, while mixed active/inactive and inactive lesions are more
prominent. Furthermore, cortical demyelination and diffuse GM and WM injury may
be extensive.”’ Qualitatively, there are no clear differences in the pathology and
immunology of SPMS and PPMS, but the proportion of active lesions and the global

degree of inflammation seem to be higher in SPMS.®?

1.4 Treatment and disease progression modifiers

The following short introduction to MS treatment will focus on disease modifying
therapies (DMTs) targeting inflammatory and neurodegenerative disease processes, as
well as management of important comorbidities and lifestyle factors. However, it is
important to acknowledge that treatment to manage relapses, to alleviate symptoms,
habilitate and rehabilitate, is essential to the quality of life and daily functioning of

patients.

1.4.1 Therapeutic interventions targeting the immune response

All DMTs currently approved for MS aim to modulate, suppress or reconstitute the
immune system. The principal objective is to prevent and diminish CNS inflammation,
with reduced relapse rates as the main outcome of interest. Injectable DMTs

(interferons, glatiramer acetate) were marketed in the mid-nineties. Reducing the
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relapse rate by around 30% compared to placebo,” the effectiveness of these
preparations is today viewed as modest.”! From around 2005, a continuing wave of new
DMTs has made more effective and personalised MS treatment attainable. Oral
medications  (e.g., sphingosine-1-phosphate receptor (S1PR)  modulators,
teriflunomide, fumarates, cladribine) have shown a modest to moderate reduction of
relapse rate of 30-60% compared with placebo, while monoclonal antibody infusions
(e.g., natalizumab, ocrelizumab, ofatumumab, rituximab, alemtuzumab), and
mitoxantrone (now rarely used due to dose-related cardiomyopathy) are viewed as
highly effective, reducing the relapse rate with 50-70% compared with placebo or

active comparators.®>’!

Anti-inflammatory in principle, the DMTs have shown clinically significant effects
mainly in RRMS, and some to a smaller degree in SPMS with inflammatory disease
activity.>>’172 For patients with PPMS, the only drug approved for treatment is
ocrelizumab (anti-B cell (CD20) monoclonal antibody), associated with lower rates of
clinical and MRI progression, compared with placebo.” In general, the effect of DMTs
in progressive disease types seems to be largest for patients of younger age, shorter
disease duration and more active inflammatory disease activity, while older patients

without lesion activity experience little to no effect of current DM treatment.”

1.4.2 Therapeutic interventions targeting neurodegenerative
disease mechanisms

Permanent disability in patients with MS is caused by loss of neurons and/or axons.
Irreversible neuroaxonal damage during acute inflammation may leave the patient with
permanent sequelae after a relapse, while the gradual, relentless disability progression
independent of relapses is thought to be largely caused by neurodegenerative disease
mechanisms. The latter does occur in all disease stages, but seems to dominate as a
cause of increased disability in progressive disease,’® leaving large groups of patients

without effective treatment.

Against this background, neuroprotective treatment is an emerging area in MS.
Treatments against specific targets in different neurodegenerative pathways (e.g.,

glutamate modulating agents, sodium and calcium channel inhibitors, serotonin
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reuptake inhibitors) have shown promising results in animal models and early human
studies, but have yet to demonstrate clinically significant reduction in disease
progression.”® Targeting only a few specific neurodegenerative mechanisms seems
therefore not to provide sufficient neuroprotection, suggesting that a wider combination
of targets may be necessary. To achieve this, a complete overview of the different
neurodegenerative processes at play, and how they may change during the disease

course, will be crucial.

1.4.3 Disease progression modifiers

Several comorbid conditions are associated with worsened prognosis in patients with
MS.3? Psychiatric disorders such as depression and anxiety are common, but often
underdiagnosed, and are related to higher disability in patients.”®’” Vascular
comorbidities, including diabetes, hypertension, heart disease and peripheral vascular
disease are also known to increase the risk of disability progression.”®’® While the
underlying mechanisms of these associations are unclear, and likely multifactorial in
nature,”® simultaneous treatment of MS and any comorbid conditions should be

endeavoured.

Some environmental exposures and health behaviours are not only associated with
increased risk of developing MS,!>!*15 but may also impact the disease course. Patients
with low levels of vitamin D have an increased risk of experiencing disease activity
and progression.?*8! Furthermore, higher body mass index (BMI) and abdominal

obesity are in some studies associated with higher disability.>3

There is increasing evidence that cigarette smoking affects prognosis negatively in
patients with MS. Smoking is associated with disease activity, in terms of higher
gadolinium-enhancing (Gd+),3%° T1%* and T2%° lesion loads in patients with CIS®® and
MS 348 However, the association with lesional activity has not been consistent. In two
studies using levels of cotinine, a nicotine metabolite, to define smoking status,
smoking was not associated with T2 lesion volume change,®’ the cumulative number
of new active lesions,?’ or the occurrence of new Gd+ and T2 lesions.®® Furthermore,

a dose-dependent relationship between cotinine levels and MRI activity was absent in
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both studies.?”s* Cotinine is considered a reliable biomarker of recent tobacco use.®
As smoking prevalence based on patient self-reporting tends to be underestimated,
cotinine levels may provide a more objective and accurate measure of tobacco use.” It
is important to note that cotinine levels are also elevated with use of smokeless tobacco,
pharmaceutical nicotine and exposure to secondhand smoke. Smokeless tobacco and

S.°192 Hence,

nicotine have been shown not to increase the risk of developing M
distinguishing sources of nicotine when using cotinine levels to define smoking habits
is a necessity.”> Another marker of disease activity, higher relapse rates, are in some
studies associated with smoking.***> In other studies, this association has not been

found 85,87,88,96,97

Smoking has been linked to disease progression, with several studies observing
smoking patients with MS having a greater risk of converting to progressive disease
types,’6-9398-100 although the relation needs further confirmation according to recent

meta-analyses.'*""!2 Similarly, smoking has in some studies been associated with

84,86,96-98,103 85,87,88,104,105

higher disability and disability progression, while not in others.

Brain atrophy, as a measure of neurodegenerative status and conceptually related to

106

MS disease progression, is associated with smoking in cross-sectional

85-87

studies.3+36:107.108 However, the longitudinal association,?-7 as well as the association

with total®*197198 and cortical'"” GM atrophy, is more variable.

The pathological mechanisms by which smoking may influence MS prognosis is
unclear. One of the main hypotheses proposes heated cigarette smoke to induce
inflammation in the lungs, triggering autoimmune reactions by sequestered self-
antigens and foreign antigens in the smoke, in genetically predisposed
individuals.'®!"* Furthermore, cigarette smoking may cause BBB disruption,''!
facilitating self-reactive immune cells to enter the CNS. In addition to proinflammatory
mechanisms, compounds in cigarette smoke may also damage neuronal and glial cells
directly, as exposure to free radicals, cyanide and oxidative stress may lead to cell death
through mitochondrial dysfunction, calcium accumulation and glutamate

exitotoxicity.'%
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Establishing the relation between smoking and disease activity and progression is
necessary to properly advise and treat patients with MS. Studying these associations
may also bring important insights to the underlying causal mechanisms, whether

primarily inflammatory, neurodegenerative, or both.

1.5 Biomarkers of disease activity and progression

1.5.1 Imaging biomarkers

Lesional measures

MS lesions on MRI have served as the principal imaging marker of disease activity,

12113 g

and have been incorporated into current diagnostic criteria,®® treatment goals
outcome measures in treatment trials. By conventional MRI sequences, lesions are
visualised as hyperintense or hypointense focal areas in T2- and T1-weighted images,
respectively.! In T1-weighted images obtained after administration of gadolinium-
based contrast-agents (GBCAs), lesions with ongoing inflammation and BBB
disruption become bright or hyperintense, as the contrast agent leaks into the brain
parenchyma.!'> Approximately 60 to 70% of WM lesions seen on histopathological
examination are also identified on MRI scans with 1.5 Tesla (T) field strength, while

only 5% of cortical lesions, and 15 to 40% of deep GM lesions are seen. !

While lesion activity has been, and still is, weighted heavily in diagnostic
considerations and disease monitoring, there is a gap between the extent of MRI
recognized brain lesion load and the clinical expression of the disease, popularly
termed the clinico-radiological paradox.!'*!'” Resolving this mismatch is important to
find more sensitive and specific markers of disease activity and progression that
reliably reflect the different ongoing disease mechanisms. In this search, great efforts
have been made to improve how we measure both clinical disability and pathology in
the CNS. First, frequently used disability rating scales like the EDSS have known
limitations, including low sensitivity to change in disability, low inter-rater agreement,
and a nonlinear scale.!'® To capture disability in a wider spectrum of CNS domains,

the use of composite scales has been proposed.'!'*!'7 Second, conventional lesion
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imaging lacks histopathological specificity, as hyperintense lesions on T2-weighted
images may contain varying degrees of demyelination, remyelination and axonal
damage."'” Hence, lesional measures with a clearer pathological substrate may provide
a closer association with clinical status. Possible candidates are T1-hypointense lesions
or “black holes”, cortical lesions and more recently: mixed active/inactive or
smouldering lesions, found in all disease types and associated with clinical disability
progression,®!"%120 However, implementation of these measures in clinical and
research settings is so far limited, as they often need specialised MRI sequences, or

higher field strengths for identification.?’
Measures of diffuse tissue injury

Increased acknowledgment of extralesional MS pathology coupled with fast
improvement in MRI technology over the last decades have inspired researchers to
explore the relation between clinical measurements and non-lesional MRI measures.
The growing range of MRI techniques may broadly assess macrostructure (e.g., brain
and GM volume), microstructure (e.g., degree of neuronal damage and demyelination
by diffusion tensor (DT) and magnetization transfer (MT) imaging), metabolism (e.g.,
axonal viability by proton magnetic resonance spectroscopy (MRS)) and neuronal
function by functional MRI (fMRI).'?! Advanced imaging techniques may provide a
more complete status of lesional and non-lesional tissue structure and function, as well
as important insights into underlying pathological mechanisms, necessary to
completely bridge the association to clinical disability. However, such comprehensive
examinations require extensive resources, challenging the availability in most clinical

trials, let alone in routine clinical practice.

In contrast, brain and GM atrophy measurements are obtainable from conventional
MRI sequences and are thus the most widely researched macrostructural non-lesional
outcome measures. Although atrophy is viewed as the end stage of neurodegeneration,

reflecting irreversible neuronal and axonal loss,!?

it is found throughout the disease
course, even in the earliest stages.'?>!2* Furthermore, atrophy progression does not

develop uniformly across tissue types, GM seems to deteriorate faster than WM, '?* and
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at different rates and in different regions during the disease course.’>!23-127 Thus,
studying global and regional GM measures may be more sensitive, and more clinically

relevant than whole brain measures.!'*

GM atrophy may predict conversion from CIS to MS,!?® and from RRMS to SPMS. %

129,130

It is consistently associated with disability progression in all MS disease types, in

t,131’132 fatigueBS

addition to neuropsychological outcomes like cognitive impairmen
and depression.'** Due to these close relations to a wide range of clinical deficits, and
with some deficits closer relations than WM lesion measures,'*> some have suggested
that brain or GM atrophy measures should be incorporated into treatment goals.!'
Current treatment goals used in both research trials and clinical practice are often
defined as no evidence of disease activity (NEDA), mainly emphasising the absence of
inflammatory activity (occurrence of relapses and new MRI lesions), thereby largely
leaving out ongoing neurodegenerative damage.!'> Incorporating MRI atrophy

measures into treatment goals would provide a more balanced overview of a patient’s

overall disease status, and naturally, the effect of therapeutic interventions.

Before GM atrophy can be routinely measured in individual patients, important
challenges need to be addressed,'3%137 some of which are summarised in figure 3. First,
technical variability related to MR image acquisition and analysis hinders the
development of standardised reference values. Although brain atrophy measures are
usually obtained from unenhanced 3D TI1-weighted images, small differences in
acquisition parameters, use of different scanners (even with identical acquisition
parameters) and image analysis methods may cause systematic differences in extracted
measurements.'3” Furthermore, in suggested standardised brain MRI protocols for MS,
unenhanced T1-weighted images are not mandatory,'3® leaving post-contrast images
often to be prioritised, especially in clinical settings where detection of inflammatory
disease activity is important. Knowledge of how MRI contrast-agents may influence
atrophy measurements is currently sparse,'*>!4 thus limiting the use of a considerable

source of real-world data.
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Figure 3. Challenges in the quantification and interpretation of brain grey matter
atrophy in patients with MS using MRI. Appropriate management of factors
influencing grey matter volumes (transparent boxes) and underlying pathology (green
box) causing variability in brain atrophy measurements is needed to ensure reliability

of grey matter estimates. DMT, disease modifying therapy; MS, multiple sclerosis.

Second, physiological variability and comorbid conditions have been shown to
influence volume measurements. Brain volumes may vary with food intake,'#! body
fat,'*? hydration status,'® and time of day.!** Moreover, established cardiovascular
disease,'® as well as risk factors of cardiovascular and cerebrovascular disease (e.g.,

hypertension, hyperlipidemia, smoking)'#® are associated with lower brain volumes.

Third, MS related factors may cause variability in GM measurements. Hypointense
WM lesions may be segmented as GM due to the similar signal intensity in T1-
weighted images, causing an overestimation of GM. Furthermore, possible effects on
GM measurements caused by focal GM lesions and atrophy itself also need further
investigation.!3” Another important factor still not sufficiently clarified is how DMTs
may affect brain volumes, both in the short and long term. After DMT initiation,

volume decrease (mainly in the WM) is seen as a result of resolved inflammation and
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edema.'#”!*® Beyond this initial “pseudo-atrophy” effect, most DMTs have been found
to reduce atrophy rates compared to placebo in patients with RRMS,'* although in
comparative studies, highly effective treatments seem to have a more significant and
long lasting effect."’®!3! The mechanisms of which DMTs with mainly anti-
inflammatory effects may slow atrophy progression are largely unknown,'3” and
highlight the pressing issue of untangling the possible pathways leading to
neurodegeneration. If GM atrophy is to be used as an outcome measure to evaluate
treatment effect, of neuroprotective treatments in particular, a clearer understanding of
the extent of atrophy attributed to the different disease mechanisms will considerably

strengthen the reliability of the biomarker.

1.5.2 Molecular biomarkers

Molecular biomarkers of MS disease activity classically include markers reflecting
inflammatory activity, corresponding to clinical relapses or new MRI lesions in
patients with RRMS. Additionally, disease activity biomarkers may also include
markers reflecting ongoing neurodegeneration, measured by the rate of disability or
brain atrophy progression.!>? While the latter form of disease activity becomes more

apparent in progressive disease types, it is also present in relapsing disease.5?

An ideal biomarker should qualitatively and quantitatively capture specific disease
processes, a challenging task given the highly complex nature of MS pathophysiology.
As the neurodegenerative aspects of MS are so closely related to disability
accumulation and disease progression, the development of neurodegenerative
biomarkers is often preferred, potentially serving as targets of new neuroprotective
drugs, or as outcome measures when evaluating the effect of such treatments.'>> Among
an increasing number of biomarkers, from the still exploratory to those used in routine
clinical care, markers associated with glial activation and dysfunction, remyelination
and repair, and neuroaxonal damage are often termed neurodegenerative.!>> However,
given the interwoven relations between various disease mechanisms in MS, making a
clear distinction between neurodegenerative and inflammatory biomarkers is

challenging.
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Neurofilaments

Neurofilaments are cylindrical cytoskeletal proteins, specific to neurons. They provide
support to the neuronal architecture, and are thus abundantly expressed in larger
myelinated axons.!'>® The neurofilament consists of the subunits neurofilament light
(NfL), neurofilament middle (NfM), neurofilament heavy (NfH) and a-internexin,'

(figure 4) of which NfL is the most reliably measured'** and most widely researched.
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Figure 4. The structure of neurofilaments. A/l of the subunits have a conserved a-
helical rod domain with a variable amino-terminal and carboxy-terminal region. The
length of these latter confers a different molecular weight. Neurofilament heavy chain
(NfH) has the highest molecular weight and presents, in its tail, a glutamic-acid-rich
segment (E segment), multiple lysine-serine-proline (KSP) repeats that are
phosphorylated and a lysine-glutamic acid-proline (KEP) segment. Neurofilament
middle chain (NfM) has a shorter tail with two E segments (E1 and E2), two KSP repeat
segments and a serine-proline (SP) and lysine-glutamic acid (KE) segment. The tail of
neurofilament light chain (NfL) is made of an E segment. Finally, a-internexin (o-int)
has, in its tail, an E segment and a KE segment. Reprinted by permission from BMJ
Publishing Group Ltd: J Neurol Neurosurg Psychiatry 90:871,'°* © Copyright 2019.

Upon axonal or neuronal damage, NfL is released into the CSF and reaches the

peripheral blood flow via CSF drainage into venous blood, or by diffusing through the
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BBB.!>> Although NfL levels in blood are around 40-fold lower than in CSF, the
correlation between CSF NfL and serum NfL (sNfL) is strong.'>® In CSF, NfL was
first detected in patients with neurodegenerative diseases (including MS) in 1989 by
immunoblot and enzyme-linked immunosorbent assay (ELISA) techniques.'’
However, the sensitivity of these methods is not sufficient to measure NfL levels in
blood.'3® Given the invasive nature of CSF sampling, quantification of NfL in blood is
necessary to achieve clinical applicability of the biomarker. Recently, widespread
measurement of NfL. was made possible by the development of single-molecule array

9

(Simoa) technology,'® capturing NfL on paramagnetic microbeads and single

antibody-antigen complexes in microwells.'®® The platform has so far performed well
in terms of analytical variability,'®! which together with the preanalytical stability!'%%163

of sNfL considerably increases the clinical applicability of the biomarker.

At a group level, sNfL levels are consistently related to inflammatory disease activity.
Higher sNfL levels have been associated with the occurrence of clinical

156,164-166

relapses'>®!164165 the presence and number of Gd+ lesions and the occurrence

and number of new T2 lesions.!¢4167

The association with lesion activity is especially
strong for Gd+ lesions,'®® where elevated levels of sNfL may occur up to one month
before,!%® and three months after a Gd+ lesion is detected on MRI.!%° These findings
strengthen sNfL as a biomarker of acute neuroaxonal damage, most evidently during
periods of active inflammation. This notion is further substantiated by several studies
observing a significant reduction of SNfL levels after initiation of immunomodulatory

drugs. 136164166170 Moreover, the decrease in sNfL levels seems to be larger in response

to highly effective DMTs, than less effective DMTs.!64!7!

There is currently no consensus on the association between sNfL levels and disease
progression, especially on whether transition from RRMS to SPMS can be
predicted.'’>!7* Similarly, associations with EDSS progression are also variable, and
are most consistent over relatively short time periods (a few years).!%® In these studies,
patients with the highest sNfL levels (above the 80™ and 90" percentile of healthy
controls) had a higher risk of EDSS worsening in the following year.!%!% In studies

with a follow-up of five years or more, some found that higher sNfL levels predicted
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172173175 while others did not.!”®!"” This variability is suggested to

EDSS-progression,
be influenced by the disease severity in the study cohorts (i.e., associations more likely
to be found in patient cohorts with aggressive disease courses).'®® Nevertheless, it may
support the use of SNfL as mainly a biomarker of inflammatory disease activity, related
to acute neuroaxonal damage and short-term disability progression, rather than to

neurodegenerative disease mechanisms, which one may expect to be more strongly

associated with long-term prognosis.

In contrast, associations between sNfL levels and brain atrophy measures have been
found in several studies.!¢>17217¢-17 However, studies with extensive follow-up period
(ten years or more) are few, and have only considered whole brain measurements. 76177
To better understand the relation between sNfL and atrophy progression, investigating
regional GM development is necessary. This may not only clarify the value of sNfL as
a neurodegenerative biomarker, but also provide further insights into underlying

neurodegenerative disease mechanisms.

For both group-level comparisons and individual use, sNfL is still hampered by the
lack of accepted reference values. Physiological and pathological factors may influence
blood NfL levels, as illustrated in figure 5. Levels increase physiologically with age,'%°
and are lower for higher BML!8! Furthermore, any comorbid condition causing
neuroaxonal damage may influence the measured sNfL levels. Elevated sNfL levels
are found in patients with other central and peripheral neurological conditions (e.g.,

182-184 stroke,'®® and peripheral neuropathies!®?), traumatic

neurodegenerative diseases,
brain injury,'®” cardiovascular risk factors (e.g., hypertension,'®® diabetes'®® and white
matter disease'®?) and can also occur due to iatrogenic causes (e.g., lumbar puncture'?).
Developing sNfL reference values ideally controlling for multiple physiological and
comorbid factors have thus proved challenging. However, suggested sNfL percentiles
and z-scores derived from a large reference database were recently published.!®! In that
study, sNfL percentiles and z-scores were adjusted for age and BMI, and showed

promising predictive value of both disease activity and disease progression.'?!



37

|
|

PNS CNS
damage damage

i V2

Cardiovascular‘ Blood NfL level | BBB
risk factors Permeability

=—in A 4 N i

BMI Pregnancy Disease

Increased - Modifyingg'-
blood volume - | Treatment

L

Figure 5. Factors influencing blood NfL levels. Factors increasing (red arrows) or
decreasing (blue arrows) blood levels of NfL. BBB, blood-brain barrier;, BMI, body
mass index; CNS, central nervous system; NfL, neurofilament light chain; PNS,
peripheral nervous system. Reprinted by permission from John Wiley and Sons: Ann

Clin Transl Neurol 7(12):2510,"* © Copyright 2020.
Other potential neurodegenerative biomarkers

Of biomarkers considered to be associated with neurodegenerative disease processes
in MS, NfL is by far the most researched. Nevertheless, other biomarkers are
considered promising, validated in terms of compatible findings in several studies, and

in studies on different patient cohorts.'>

Glial fibrillary acidic protein (GFAP) is an intermediate filament highly expressed in
astrocytes. Elevated GFAP levels are associated with astrogliosis, as it is released into
the CSF upon glial activation. Clinically, GFAP levels have been associated with
disease progression.!*1% Similarly, nitric oxide (NO) metabolites are found in reactive

astrocytes in MS lesions,!”®!”” and may be an important mechanism of axonal

199 198

damage,'”® predicting disease activity'”® and disability progression.'”® Lastly, some
recent studies have suggested that combining biomarkers of neuroaxonal damage (e.g.,
NfL) with markers of glial activation (e.g., GFAP!®), intrathecal inflammation®*® or

grey matter pathology, may increase the sensitivity in predicting disease progression. '8
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2. Study rationale and objective

2.1 Rationale

Neurodegeneration is a known negative prognostic factor in MS. Thus, it is crucial to
identify its modifiable environmental risk factors, and to develop reliable and clinically

useful neurodegenerative biomarkers.

Clinical implementation of candidate biomarkers is challenged by several factors. First,
the pathological substrate of neurodegeneration is unclear, especially as to which
degree neurodegenerative changes occur secondary to inflammatory damage in the
WM, or are due to processes affecting the GM primarily. Second, variability in
measurements due to technical, physiological and disease related variations, comorbid

conditions and environmental factors needs clarification.

The aim of this thesis was to meet some of these challenges, by 1) untangling
neurodegenerative disease mechanisms, focusing on the relationship between
inflammatory WM lesions and GM atrophy, 2) assessing how technical variability
related to MRI contrast agents may affect brain atrophy measurements, 3) assessing the
effect of physiological and disease related variability in sNfL levels on long-term
neurodegenerative and clinical disease activity, and 4) assessing the effect of smoking
and cotinine levels on long-term neurodegenerative, inflammatory and clinical disease

activity (figure 6).

2.2 Objectives

The objectives of this study were to:

1) Explore the spatio-temporal relationship between WM lesions and global and
regional GM atrophy in patients with MS, and if the association differs in clinical
phenotypes.

2) Investigate whether reliable brain atrophy measurements can be obtained from 3D

T1-weighted images acquired after administration of GBCAs, using FreeSurfer.
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3) Investigate how sNfL levels measured during, and outside of periods of evident

inflammatory activity, associate with GM atrophy and clinical disability ten years

later in patients with RRMS.

4) Assess whether smoking and serum cotinine levels in patients with RRMS relate to

GM atrophy, lesion load and clinical disability after ten years.

/

Neurodegeneration in multiple sclerosis

Aims

Untangle and clarify neurodegenerative disease
mechanisms

( Clarify effects of technical, physiological and disease
related variability, comorbid conditions and
environmental factors on neurodegeneration and
\ neurodegenerative biomarkers p.

Objectives
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spatiotemporal
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WM lesions and GM
atrophy in patients with
MS, and if the
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weighted images
acquired after
administration of GBCAs,
using FreeSurfer.

Investigate how sNfL
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and outside of periods of

evident inflammatory

activity, associate with
GM atrophy and clinical
disability ten years later
in patients with RRMS.

Assess whether smoking
and serum cotinine levels
in patients with RRMS
relate to GM atrophy,
lesion load and clinical
disability after ten years.

Figure 6. Illustration of the aims and objectives of the thesis. GBCA, gadolinium-based

contrast-agent;, GM, grey matter; MS, multiple sclerosis; sNfL, serum neurofilament

light; RRMS, relapsing-remitting multiple sclerosis; WM, white matter.
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3. Methods

3.1 Source of data: Systematic review

3.1.1 Study design and search strategy
The systematic review presented in article I was conducted and presented according to
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines.?"!

The primary outcome measures of interest were direct associations made between brain
WM lesion and GM atrophy measures. A systematic search of MEDLINE (through
PubMed) and Embase prior to August 17, 2020 was performed to identify relevant
articles. We included studies that fulfilled all of the following criteria: 1) controlled
trials or observational studies in English and published in a peer-reviewed journal; 2)
trials or studies that involved patients diagnosed with CIS or MS; and 3) study abstract
containing associations between brain GM and WM lesion measures obtained by

conventional MRI sequences.

3.1.2 Selection, data extraction and quality assessment

Abstracts were screened by two independent raters for eligibility. According to a
customised check list, extraction and quality assessment of relevant data from the
included articles were conducted independently by at least two reviewers. Furthermore,
the quality and risk of bias were systematically evaluated using the Quality Assessment

Tool for observational cohort and cross-sectional studies (NIH, Bethesda, MA).

3.2 Source of data: The OFAMS study and the OFAMS 10-
year follow-up study

3.2.1 Study design and follow-up
Research articles II, III and IV are based on data from a cohort of Norwegian patients
with MS, participating in a study on ®-3 fatty acids in MS (the OFAMS study)?? and
in the OFAMS 10-year follow-up study.'*
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The OFAMS study was a multicentre, randomised, placebo-controlled trial of -3 fatty
acids in RRMS. A detailed description of the study is previously published.?’? A total
of 92 patients with RRMS?* were included from a total of 13 neurological centres in
Norway between December 2004 and July 2006. Treatment naive patients aged 18 to
55 years with recent disease activity (=1 relapse, or new T1Gd+ or T2 lesions on MRI
within a year prior to inclusion) and an EDSS score of 5.0 or less were included.
Patients with considerable somatic or psychiatric comorbidity, or whose disease

activity was deemed too severe to allow delayed initiation of DMTs, were excluded.

For the first six months of the OFAMS study, patients were randomised to either ®-3
fatty acids monotherapy or placebo. From month six, both treatment groups received
additional treatment with subcutaneous injections of interferon beta-1a, 44pg, thrice

weekly for the remaining 18 months of the trial.

During the 24 months of the OFAMS study, six patients were lost to follow-up. One

patient at baseline, three at study month two, one at month 12 and one at month 18.

The results of the OFAMS study showed no differences in disease activity (new MRI
lesions, relapse rate) or disease progression (EDSS increase) between the groups

receiving -3 fatty acids and placebo.

In 2017, the OFAMS 10-year follow-up study was conducted, approximately ten years
after the conclusion of the OFAMS study. Of the included patients in the OFAMS
study, 91 (one patient deceased) were invited to participate in the 10-year follow-up,
of which 85 (93.4%) accepted. The study consisted of a clinical visit at one of the 13

study centres, as well as a brain MRI scan and blood sampling.

Between the OFAMS study and the OFAMS 10-year follow-up study, the patients had
received treatment and monitoring as part of routine care. Therapeutic interventions
and DMT use between the two studies were categorised based on the potency of the
intervention (similar to the categorisation proposed in a recent study'®'): 1) only used
platform compounds (interferon beta and glatiramer acetate preparations), 2) ever used

oral therapies (teriflunomide, dimethyl fumarate, fingolimod) and 3) ever used high
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efficiency monoclonal antibody therapies, chemotherapies, or haematopoietic stem cell

therapy.

3.2.2 Measurements
Clinical, radiological and biochemical measurements studied in articles II, I1I and IV
were obtained during OFAMS study visits and at the OFAMS 10-year follow-up visit,

as summarised in table 1.

OFAMS
10-year
The OFAMS study
follow-
up
Treatment w-3 fatty acids or placebo w-3 fatty acids + interferon beta-la or RC
placebo + interferon beta 1a
Visit BL M1 M2 M3 M4 M5 M6 M7 M8 M9 M12 M18 M24 Y10
EDSS ] . ° . . °
T25FW . . . ° ° °
9-HPT . ° ° ° . °
PASAT ] . . ° ° °
SDMT o
Serum NfL . . . ° °
Serum . ] . . .
Cotinine
MRI . ° ° [} [} ° . [} [} . . ° o
Self- .

administered
questionnaire

9-HPT, 9-hole peg test; BL, baseline; EDSS, Expanded Disability Status Scale; M, month; MRI, magnetic resonance
imaging; NfL, neurofilament light; PASAT, Paced Auditory Serial Addition Test; RC, routine care; SDMT, Symbol
Digit Modalities Test; T25FW, Timed 25-Foot Walk; Y, year.

Table 1. Clinical, radiological and biochemical measurements obtained during the

OFAMS study and the OFAMS 10-year follow-up study.
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Laboratory tests: Serum samples were collected by venepuncture during the planned
study wvisits, for routine analyses and cryopreservation at -80°C until post-study

analyses. All serum analyses were performed blinded for patient ID and clinical data.

NfL: Serum NfL levels were measured in duplicates, from samples collected at baseline
(BL), and months 3, 6, 9, 12 and 24 during the OFAMS study, using a Simoa assay and
according to the manufacturer's instruction (Quanterix, Billerica, USA).! Intra- and

inter-assay coefficients of variation were below 10%.

For each patient, three separate mean sNfL levels were calculated: 1) “overall mean
sNfL level”, from all samples collected between BL and month 24, 2) “mean
inflammatory sNfL level”, from samples collected within two months after the
appearance of a Gd+ lesion, or less than two weeks before the appearance of a Gd+
lesion, and 3) “mean non-inflammatory sNfL level”, from samples collected more than
two months after the appearance of a Gd+ lesion and more than two weeks before the

appearance of a Gd+ lesion.

Cotinine: Serum cotinine levels in blood samples collected at BL and months 6, 12, 18
and 24 during the OFAMS study were simultaneously measured using liquid
chromatography tandem mass spectrometry at Bevital AS (Bergen, Norway).®® The
lower limit of detection was 1 nmol/L, the within-day coefficient of variation was 2.0

to 6.6%, and the between-day coefficient of variation was 3.9%.

Serum cotinine levels >85 nmol/L indicate recent tobacco use® and are regarded to
distinguish tobacco users from non-tobacco users in the general population.?%*
According to serum cotinine levels, we defined smokers as patients with serum cotinine
level >85 nmol/L in >60% of the samples, and non-smokers as patients with serum
cotinine levels <85 nmol/L in >60% of the samples. To distinguish smokers from
patients using smokeless tobacco, patients who reported use of snuff or other types of

smokeless tobacco, but no smoking for the last ten years, were defined as non-smokers.
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Self-administered questionnaire: Patients included in the OFAMS 10-year follow-up
study answered a questionnaire, including habits of tobacco use and comorbid

conditions.

Smoking status: We defined patients who reported to have smoked regularly within the
last ten years as smokers. Non-smokers were defined as patients who did not report

regular smoking, or reported use of smokeless tobacco exclusively.

Risk factors and presence of peripheral, cardio- or cerebrovascular disease: As
smoking is a known risk factor for vascular conditions,?*® and because these conditions
are independently associated with brain imaging changes,'#¢ a dichotomous variable
based on the presence of patient self-reported hypertension, dyslipidemia,
hypercoagulable disorders or symptomatic cardio- or cerebrovascular disease was

created. This variable was included as a covariate in analyses.

MRI data acquisition

The OFAMS study: MR imaging was performed at each study site using a 1.5 T MRI
scanner with the standard head coil. After intravenous injection of GBCA, the imaging
protocol included a 2D sagittal fluid-attenuated inversion recovery (FLAIR)
(resolution: 0.98x0.98x1mm?, echo time (TE)/repetition time (TR)=100/6000-10000
ms, number of excitations (NEX) 2, slice thickness 4 mm), 2D axial T1-weighted
images (resolution: 0.49x0.49x1mm?3, TE/TR=10-20/500-750 ms, NEX 2, slice
thickness 4 mm) as well as sagittal 3D T1-weighted spoiled gradient echo (fast field
echo (FFE)/fast low angle shot (FLASH)) images (resolution: 0.98x0.98x1mm?,
TE/TR=4.6/20 ms, flip angle 25°, NEX 1, slice thickness 1 mm).

The 10-year follow-up visit: Imaging was performed at the different study sites, on a
3T MRI scanner if available, alternatively using a 1.5T MRI scanner, with a standard
head coil. The imaging protocol included a T2-weighted 3D sagittal FLAIR
(resolution: 1x1xImm3, TE/TR/inversion time (TI)= 386/5000/1.65-2.2 ms) and a

post-contrast T1-weighted 3D sagittal magnetization-prepared rapid acquisition
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gradient echo (MPRAGE) sequence (resolution: IxIxImm3, TE/TR/TI=
2.28/1800/900 ms, flip angle 8°).

MRI data processing

Occurrence of WM lesions during the OFAMS study: T2 and Gd+ lesion count (LC) at
BL, and the appearance of new Gd+ lesions during the OFAMS study was assessed by

two experienced neuroradiologists, blinded for patient ID and clinical data.

Lesion segmentation and lesion filling: The following MRI processing was performed
on images obtained during the OFAMS 10-year follow-up study. Lesion segmentation
was done on FLAIR images using Lesion Segmentation Tool (LST) (version 2.0.15;

http://applied-statistics.de/lst.html).2°® The lesion probability map in FLAIR space was

brought to T1-weighted space by FMRIB's Linear Image Registration Tool (FLIRT)
linear registration of the FLAIR image to the T1 image, using 7 degrees of freedom,
correlation ratio as the cost function, and trilinear interpolation. Afterwards, a threshold
of 0.1 was used to binarise the lesion probability map. To optimise the lesion filling,
gadolinium-enhancing regions (both lesions and other regions) were first removed, by
applying an upper intensity threshold at the 98™ percentile. Next, the FMRIB Software
Library (FSL) (version 5.0.10; http://www.fmrib.ox.ac.uk/fsl) was used to fill in

lesional voxels in the T1-weighted images using the lesion_filling tool,>’” and these

filled lesions were pasted into the original post-contrast 3D T1-weighted images.

Morphological reconstruction: The following MRI processing was performed on
images obtained during the OFAMS 10-year follow-up study, and on a subset of
images obtained at month 24 during the OFAMS study. Cortical reconstruction and
parcellation for cortical volume and thickness measurement and subcortical
segmentation were performed with FreeSurfer, (version 7.1.1;

http://surfer.nmr.mgh.harvard.edu/), a freely available software package for academic

use, available through online download. The technical details of FreeSurfer procedures

have been previously described.?%%2%°
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Quality control was performed by visual inspection, and any segmentation errors were
recorded for each patient. In cases where only specific anatomical regions were
incorrectly segmented, we chose to not apply any corrections for these errors in our

analyses.

The Desikan-Killiany atlas?!® was used to extract cortical thickness measures.
Furthermore, total cerebral GM and WM volume, total deep GM and thalamus volume

(left and right hemisphere) were obtained.

3.2.3 Ethical approvals and patient consent

The OFAMS study (REC-WEST-ID 9481/No0.:2014/1120 & 005.04) and the OFAMS
10-year follow-up study (REC-WEST-ID 17299 / No.:2016/1906) were approved by
the Regional Committee for Medical and Health Research Ethics in Western Norway

Regional Health Authority. All participants gave their written informed consent.

3.3 Statistical analyses

Article 1

To assess the association between brain WM lesions and both global and regional GM
atrophy, in the different disease phenotypes, qualitative and descriptive analyses were

performed.
Article IT

Paired t-test were used to assess differences in structural measurements between pre-
and post-contrast measurements. Before the analyses, the data distribution was visually
and statistically evaluated using the Kolmogorov-Smirnov test for normality. Bland-
Altman plots were created to identify fixed or proportional bias.?!' The intra-class
correlation coefficient (ICC) was determined to assess the agreement between volume

and thickness measurements obtained before and after GBCA administration.

Analyses were performed using the Statistical Product and Service Solutions (SPSS)

for macOS (version 25; SPSS, Chicago, Illinois).
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Articles III and IV

The outcome measures of interest were MRI and clinical measurements obtained at the
10-year follow-up visit, and the change in clinical measurements from month 24 of the

OFAMS study to the 10-year follow-up study.

Analyses were performed using SPSS for macOS (version 25; SPSS, Chicago, Illinois)

and R software (version 4.0.5).

Article I1I: The relationship between mean overall sNfL and the primary outcome
measures was assessed by a linear multilevel model. To correct for scanner variability,
study site was entered as a random effect. Age, sex, DMT use, estimated intracranial
volume (eTIV), fraction of MRI scans with new Gd+ lesions (fGd+), BL T2 and

Gd+LC were included as covariates.

The association between mean inflammatory and non-inflammatory sNfL and the
primary outcome measures was investigated by linear regression models, as entering
study site as a random effect did not improve the model. In the models including mean
inflammatory sNfL as the predictor, fGd+, age, sex, DMT use, eTIV, BL T2 and
Gd+LC were entered as covariates. A modified version of this model was also used in
two exploratory analyses. In the first of these analyses, MRI atrophy measures obtained
at month 24 (available in a subset of patients) were included as a covariate. In the
second model, mean cortical thickness in the precentral gyrus was investigated as the
dependent variable. In the models including mean non-inflammatory sNfL as the
predictor, age, sex, DMT use, eTIV, BL T2 and Gd+LC were included. All independent
variables were first entered as covariates and removed by backward elimination if not
significant to the model. Assumptions for linear regression were checked for each final

model, log-linear transformation was performed if assumptions were not satisfied.

To assess the dichotomous outcome measure EDSS>4, logistic regression models were
used. Finally, to control the false discovery rate for multiple hypothesis testing, the

Benjamini-Hochberg method?!? was used.
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Article IV: Analyses were first performed using smoking status defined by serum
cotinine levels as the predictor, then repeated using smoking status defined by patient

self-reporting.

The difference in outcome measures between smokers and non-smokers was assessed
by a two-sample t-test for normally distributed variables, otherwise, Mann-Whitney
tests were used. Kolmogorov-Smirnov tests and visual inspection of the histograms

were used to assess normality of the data distribution.

The association between smoking status and mean cotinine levels and the outcome
measures was investigated by a linear multilevel model. The MRI scanner used was
entered as a random effect, to correct for scanner variability. Furthermore, age, sex,
presence of vascular disease, eTTV, BL EDSS, and time from diagnosis were included
as covariates. For each final model, assumptions for linear regression were checked.

Log-linear transformation was performed if the assumptions were not satisfied.
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4. Results

4.1 Article |

A total of 90 studies were included in the systematic review, based on the screening of
2 260 unique citations. Of these, 64 studies reported cross-sectional analyses, 18
reported longitudinal analyses and 8 reported both cross-sectional and longitudinal

analyses.

In the majority of studies, higher WM lesion load was associated with more global,
cortical and deep GM atrophy. The association was most consistently found in cross-
sectional studies, and in patients with RRMS. While the relation with WM lesions in
this disease phenotype was significant in most studies considering global, cortical and
deep GM, the association was particularly consistent with deep GM and thalamus
volumes, which was also seen in CIS. For both SPMS and PPMS, the associations were
more variable than in the relapsing disease types. In the majority of studies, higher WM
lesion load was related to lower global GM volume, while the associations with cortical

and deep GM atrophy were less consistent.

The frequent relation between WM lesions and all GM regions in RRMS and deep GM
in CIS, suggests that early GM neurodegeneration is mainly secondary to inflammatory
damage in the WM. While still present in progressive disease types, the associations
were more variable, indicating that the predominating neurodegenerative disease

mechanism may have shifted to a primary process.

4.2 Article I

In the 10-year follow-up study, a total of 23 patients had pre- and post-contrast T1
weighted images obtained with the identical acquisition protocol. One of these patients
was excluded from further analyses, due to an image artifact causing large

segmentation errors.
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Minor to moderate segmentation errors were found in all images, but more frequently
and severely in post-contrast images. We identified three common errors, two of which
occurred during the construction of the pial surface (representing the border between
cortical GM and CSF) or the border delineating deep GM structures. Both errors
resulted in an overestimation of the cortical thickness and deep GM volumes. The third
common error occurred during the construction of the white surface (representing the
border between WM and GM). Here, the white surface failed to follow the intensity
gradient correctly, resulting in a suboptimal segmentation, most frequently seen in the

temporal poles.

We found good to excellent consistency between measurements obtained before and
after GBCA administration, with all ICC values above 0.92. The results of the t-tests
showed that GM volumes and cortical thickness measurements were systematically
higher in post-contrast images, while the total WM volume decreased. While there was
no proportional bias, these systematic differences were confirmed in Bland-Altman

plots.

Due to the high consistency of measurements between pre- and post-contrast images,
we concluded that reliable GM volume and cortical thickness measurements may be
obtained from post-contrast 3D T1-weighted images, using FreeSurfer. However, the
systematic overestimation of the GM means that measurements from pre- and post-

contrast images should not be compared directly.

4.3 Atrticle Il

We included 78 of the 85 patients participating in the 10-year follow-up study, in which

sNfL measurements were available.

The overall mean sNfL level did not predict any MRI or clinical measurements after
ten years. When assessing mean inflammatory sNfL level, we found significant
associations between higher levels and lower total GM and deep GM volume, lower
mean cortical thickness, and higher log T2 LC after ten years. Furthermore, higher

inflammatory sNfL levels predicted a higher score (higher disability) on the log
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dominant hand 9-HPT. The fraction of MRI scans with a new Gd+ lesion, or the mean
non-inflammatory sNfL level did not predict long-term atrophy or disability

progression.

Our findings suggest that sNfL levels measured during periods of active inflammation
in patients with RRMS may be a way to quantify the extent of ongoing axonal damage,
predicting long-term atrophy and disability progression. The association between GM
atrophy and inflammatory sNfL, but not overall sNfL or non-inflammatory sNfL level,
may also imply that the subsequent GM atrophy in patients with RRMS is largely

caused by neuroaxonal degradation secondary to inflammatory damage.

4.4 Article IV

All 85 patients who participated in the 10-year follow-up study was included. One
patient did not have serum samples available for cotinine analyses, and another patient
did not complete the questionnaire. Thus, 84 patients were categorised as non-smoker
or smoker by each definition. Defined by cotinine levels, 37 patients were non-
smokers, and 47 smokers. By patient self-reporting, there were 48 smokers and 36 non-

smokers.

When comparing MRI and clinical measurements in non-smokers and smokers,
patients with MS who were defined as smokers (by serum cotinine levels) had lower
total WM and deep GM volumes, and higher T2 lesion volumes after ten years.
Smokers also had a higher score (more disability) on the T25FW test, and a larger
decrease in PASAT scores from month 24 to the 10-year follow-up visit. The results

were similar when defining smoking by patient self-reporting.

In the linear multilevel models, smoking (defined by serum cotinine levels) was
associated with lower WM volume and higher log T2 lesion volume after ten years, but
not with any of the clinical measurements. When defining smoking by patient self-
reporting, smoking was additionally associated with lower deep GM volume, a higher

score on the log T25FW test, and a larger decrease in PASAT scores. Finally, mean
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cotinine levels in smokers (defined by serum cotinine level) were not associated with

any of the outcome measures.

Based on the findings, we concluded that smoking may have a negative long-term
influence on atrophy and disability progression in patients with RRMS. Thus, MS
patients who smoke should be offered advice and help in smoking cessation as soon as

possible after diagnosis.



53

5. Discussion

5.1 The contribution of the findings

Relationship between white matter lesions and grey matter atrophy in MS

The findings of this thesis add to the evidence of brain GM atrophy being related to
inflammatory lesions in the WM. In article I, the relation was consistent for all GM
regions in RRMS, and for the thalamus and deep GM in CIS. Although still present in
most studies on progressive disease types, the relationship between WM lesions and
GM atrophy was more varied. The results suggest that GM atrophy in early (relapsing)
MS largely develops secondary to inflammatory damage in the WM, while in
progressive disease types, neurodegeneration may be dominated by primary
mechanisms affecting the GM directly. Different primary and secondary mechanisms
of neurodegeneration in MS have previously been discussed in numerous review
articles, assessing evidence from both histopathologic and imaging studies.32%-62.213-
219 However, a systematic review of the existing knowledge of the in vivo relationship
between WM lesions and GM atrophy in MS, and especially how it may differ in
disease phenotypes, has previously not been done. Thus, our results strengthen and
further the reports of previously conducted research, by the objective and

comprehensive gathering, interpretation and presentation of the existing evidence.

A strong relation between inflammatory WM lesions and GM atrophy in RRMS is
further supported by the findings in article III. Here, we found significant associations
between higher sNfL levels during periods of active inflammation (reflective of the
extent of acute axonal damage)'®® and more GM atrophy after ten years. For sNfL
levels collected during periods of remission, such associations were not found. These
findings suggest that the associated GM atrophy develops secondary to inflammatory
axonal damage, most likely through neuroaxonal degeneration through connected WM
tracts.*® In our study, inflammatory sNfL level was most strongly associated with lower
cortical thickness and deep GM volume, regions highly interconnected through WM

tracts,??* therefore vulnerable to secondary degeneration.??!*?? This is partly in line
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with previous studies,!7>!"8223 two of which found an association between higher sNfL
levels at baseline!”? or during the first two years of the follow-up,??* and deep GM
volume loss over five'’? and ten years.??* In a third study, the patient group with the
most prominent spinothalamic volume loss over six years also had the highest mean
sNfL levels.!” These previous studies did not discern between inflammatory and non-
inflammatory sNfL levels. Our work may therefore provide further insight to the
possible underlying neurodegenerative disease processes, by linking lower GM

measures to the extent of axonal damage during acute inflammation.

123,221

Deep GM atrophy has previously been related to WM lesions, and shown to

progress at a faster rate than other GM regions, especially in early disease stages.’*!?}
In article IV, we found that smoking patients with MS had lower deep GM and total
WM volumes, as well as higher T2 lesion volumes after ten years. These findings may
be in support of GM neurodegeneration occurring mainly secondary to inflammatory
WM damage in RRMS, and that the detrimental effect of smoking in MS is largely
mediated by increased inflammatory activity. A relation between smoking and

increased lesion load has previously been shown in patients with MS, 348

although not
consistently, as two studies using cotinine levels to define smoking status (including
one study investigating patients from the same cohort as in our study) did not find a
significant association.’”® The longitudinal relationship between smoking and brain
atrophy has so far mainly been studied for whole brain atrophy, with inconsistent
results.?%7 Of the few studies assessing GM atrophy, one study found that current
smoking was associated with lower grey matter fraction,'® while the others did
not.3197 Overall, our study suggests that smoking increases neurodegeneration in

patients with MS, possibly through inflammatory disease mechanisms. It is however

important to note that more studies are needed to conclude on causal mechanisms.
Effect of gadolinium-based contrast-agents on GM atrophy measurements

This thesis has contributed with new findings of reliable GM volume and cortical
thickness measures obtained from post-contrast 3D TI1-weighted images using

FreeSurfer. These findings, reported in article II, may allow use of historic and
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prospective real-world data, collected as part of routine care or research trials, as post-
contrast images are often prioritised to detect inflammatory disease activity.'3® Only a
few studies have previously investigated the effect of GBCAs on automated brain
tissue measurement in MS, using software packages other than FreeSurfer.!3%224225
These papers also reported good consistency between measures obtained before and

after contrast administration, suggesting that post-contrast atrophy measurements may

be reliable across segmentation techniques.

Another novel finding in article II was the systematic increase in GM measurements in
post-contrast images, meaning that pre- and post-contrast images should not be
compared directly. The definite cause of these differences could not be determined,
although the higher intensity in some extraparenchymal structures in post-contrast
images seemed to cause focal challenges in correctly separating different tissue types.
Nevertheless, it is uncertain whether the increase in almost all GM regions and overall

decrease in WM volume can be fully explained by these focal segmentation errors.
sNfL as a biomarker of long-term neurodegeneration and disability progression

By relating higher inflammatory sNfL levels to more GM atrophy and clinical
disability ten years later in article III, this thesis supports sNfL as a biomarker of long-
term neurodegeneration. From previous research, the role of sNfL as a marker of acute
axonal damage, predicting short-term disease activity, treatment response and
disability progression, has become increasingly established.'®® However, its ability to
predict long-term disability and brain atrophy progression has so far been less

clear. 168,226,227

The association between higher inflammatory sNfL levels and lower
deep GM volume after ten years in patients with RRMS, is in line with previous
studies.!’>!78223 Additionally, we found an association between higher inflammatory
sNfL levels and lower mean cortical thickness, which, to our knowledge, has
previously not been found. Of the clinical outcomes, higher inflammatory sNfL levels
were in our study related to higher disability measured by the 9-HPT ten years later.
Similar findings were reported in a previous study, where the group with higher sNfL

levels developed motor disability faster, with the most evident increase in the T25FW
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test and the 9-HPT.!”® In article 111, associations with GM atrophy and clinical disability
were specifically tied to sNfL levels measured during periods of ongoing inflammation,
reflective of acute axonal damage. Contrarily, associations were not found for sNfL
levels collected during periods of remission, possibly more reflective of ongoing
neurodegenerative processes. Although this is the first study to investigate SNfL levels
collected during periods of acute inflammation and remission separately, missing
associations with non-inflammatory sNfL. are in line with a recent study on
natalizumab-treated patients, also finding sNfL levels not to be related to disease
progression.??® In summary, our study suggests that sNfL levels measured during (or
in a limited time period before and after) relapses may indicate the risk of permanent
or future disability progression, by quantifying the extent of ongoing axonal damage.
Furthermore, the findings of this thesis highlight important factors to consider when
biomarkers not specific to one pathologic disease mechanism are used in clinical
decision making: the dynamic nature of MS pathophysiology calls for careful timing
of measurements dependent on the clinical problem in question (e.g., presence of
disease activity, therapeutic effect or long-term prognosis), in order to correctly

interpret the results.

Effect of smoking and cotinine levels on long-term neurodegeneration and

disability progression

This thesis adds to the notion of smoking being a risk factor of increased
neurodegeneration in MS, possibly through heightened inflammatory disease

activity.!%

The associations between smoking and disability accrual were in article IV overall
modest, only found for the T25FW test and PASAT. In previous longitudinal studies,
smoking predicted worsened cognitive function measured by PASAT,*?”® while
associations with EDSS progression have been variable 387103105 Nevertheless, our
findings indicate an overall unfavourable effect of smoking on long-term prognosis,
and supports that smoking patients with MS should be offered advice and support in

smoking cessation, as part of routine care.
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All analyses in article IV were conducted separately for two definitions of smoking,
one based on serum cotinine levels, and one based on patient self-reporting. This has
to our knowledge not been done previously. The overall comparable results suggest
that serum cotinine levels provide a reliable and objective alternative to patient self-

reporting, to study the possible effects of smoking.

5.2 Methodological considerations and limitations

5.2.1 Level of evidence for observational studies

The evidence level of a study is traditionally ranked according to the internal validity
of the research design used.?*” Internal validity describes the study’s ability to measure
what it intended to measure, namely, the correctness of the results.?’! Whereas the
external validity of a study refers to the extent to which you can generalise the findings

to other populations.?*?

An example of the ranking is shown in figure 6, where results
obtained from randomised controlled trials (RCTs) and systematic reviews and meta-
analyses of RCTs are viewed as the highest quality of evidence, with the lowest risk of
bias. Conceptually, bias is the lack of internal validity or any systematic error causing
an incorrect estimate of the relation between an exposure and an effect in the target
population. Internal validity in clinical research is paramount, as clinical decision
making based on invalid research results would be both worthless and potentially

dangerous.?’! Furthermore, external validity cannot exist without internal validity.>3?

The stringent methodology and random allocation of participants in RCTs are thought
to eliminate systematic bias, allowing for causal inference.?*> However, RCTs are often
costly and time consuming, which may result in small studies with insufficient follow-

234 Furthermore, the deductive methodology carries a certain narrowness of

up time.
scope, meaning limited external validity.>*> A rigid hierarchy ranking evidence from
RCTs as “gold standard” has thus been challenged, with some studies suggesting that
the appropriate research design in large depends on the type of research question

asked 230,234,236
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Systematic review and

meta-analysis of RCTs i i

)’/‘ \\,
Higher / RCTs N Lower
/')" . \‘
y Cohort studies N
Quality of Case-control studies N Risk of bias
evidence y N
: Cross-sectional studies,
) surveys \
Lower Case reports, case studies N Higher

Mechanistic studies

Editorials, expert opinions

Figure 6. Hierarchical ranking of the quality of evidence according to study design.
Each category is considered methodologically superior to those below it. RCT,
randomised controlled trial. Adapted and reprinted by permission from Oxford
University Press: Am J Clin Nutr 105(1):2495285S,%’© Copyright 2016.

The results of this thesis are obtained from observational studies (retrospective cross-
sectional and longitudinal cohort studies), and a systematic review of (mostly)
observational studies, which fall at intermediate quality levels (figure 6).23° To answer
questions about prognosis, longitudinal cohort studies are well suited,?3%** especially
when blinded allocation according to exposure/non-exposure is difficult, or ethically
impossible. These considerations are relevant to this thesis, where conducting an RCT
would mean allocating patients to smoke or not smoke in article IV. In article III,
patients would be allocated to either highly effective treatment or placebo, to
investigate sNfL levels during periods of disease activity and remission. Nonetheless,
all observational studies have built-in bias, which may cause spurious or indirect
associations, as opposed to causal.>’' To critically assess the nature of detected
associations is complicated, and entails quantifying errors (as nearly every study will
have them) up against a non-existent cut-off indicating when a study should be

considered invalid.?*® As part of this evaluation, it is common to assess the internal



59

validity of observational studies according to three categories of bias: selection,

information and confounding bias.?*!

5.2.2 Selection bias and sample size
Selection bias is the error introduced when the study population does not represent the
target population,??? or when the exposed and unexposed groups differ systematically

in aspects aside from the exposure.?!

The patients studied in articles II to IV were originally recruited to an RCT on ®-3 fatty

202 These observational studies

acids, adhering to strict inclusion and exclusion criteria.
are therefore subject to some of the same types of selection bias commonly seen in
RCTs. Specifically, participants in RCTs tend to be healthier than those who do not
take part.>’! In the OFAMS study, patients with severe comorbidities and/or highly
active disease were excluded, which may be reflected in the relatively low disability
progression (mean EDSS progression of 0.9 points!®*) during the 10-year follow-up.
Furthermore, the extensive follow-up period may have led to selection bias by

differential loss to follow-up,?*?

if for example smoking status, or disability level
affected the participants decision to attend the 10-year follow-up visit. Considering the
high attendance (93.4%), it seems however less likely that this would have affected the

results significantly.

As the number of patients included in the OFAMS study was based on pre-determined
power calculations and effect assumptions, the relatively small sample size may not be
optimal for later observational studies on the same cohort. Increased random variation
and decreased precision may occur in small sample sizes, therefore prone to type 11
errors (false negative findings).?3° This may have affected some analyses in this thesis,
especially those concerning clinical outcome measures known to be less sensitive to

change, and those on small subgroups of patients.

Lastly, many of the included studies in the systematic review (article I) did not have
the relation between WM lesions and GM atrophy as their main topic of interest,
possibly only including these results when they found significant associations,

increasing the risk of publication bias. To minimise this effect, we selected only papers



60

that mentioned in their abstracts either that the association was assessed or the result of

that assessment. Nonetheless, such bias could still be present.

5.2.3 Information bias
Information bias occurs during data collection, from incorrect or inaccurate
measurements of key study variables, or from information obtained differently in

exposed and unexposed participants.?3!232

In retrospective cross-sectional and longitudinal cohort studies, one of the challenges
for the investigator is the limited control over data collection.?*’ In articles II to IV, the
MRI data from the 10-year follow-up visit were obtained from up to 15 different
scanners at 13 study sites. Variability in scanners and acquisition parameters is a factor

known to affect brain measurements,'3%!137

and although key information on MRI
hardware and protocols was provided, certain details (e.g., head coil type, dose and
type of GBCA used) were difficult to retrospectively retrieve for all patients.
Nevertheless, as we have no reason to believe the patients were systematically allocated
to certain scanners based on specific exposures, and the image analyses were done with

the same methodology for all scans, it is less likely that these factors introduced

considerable information bias in our studies.

In article I, included papers were published over a span of twenty years. The major
improvements in MRI technology in that same period, entail a vast methodological
interstudy variability, including MRI scanners and acquisitions, image (pre)processing
tools and analysis software. This variability does not necessarily hurt the internal
validity of the included studies, but the internal validity of the systematic review itself.
To avoid this, interpretations and analyses were kept qualitative, instead of conducting
meta-analyses using point and interval estimates from methodologically incomparable

studies.

Lastly, by classifying sNfL levels as inflammatory or non-inflammatory in article III,
and patients as smokers or nonsmokers in article IV, the occurrence of misclassification
bias?>*? is possible. However, all analyses were in both articles conducted twice: in

article III using the mean sNfL level calculated from at least two and three
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measurements; and in article IV using two separate definitions of smoking (by serum
cotinine levels and by patient self-reporting). The analyses yielded highly comparable
results, suggesting that misclassification bias did not affect the main conclusions of the

studies.

5.2.4 Confounding bias

If present, a confounder acts as a third factor, when relating an exposure to an effect.
A confounding variable is related to the exposure, it affects the outcome, but it is not
an intermediate step in the causal pathway between the exposure and the effect.?3!3
While selection and information bias may cause spurious associations, confounding

may cause indirect associations, which are real, but not causal.?’!

The MRI brain measurements investigated in articles II to IV were mainly extracted
cross-sectionally from images obtained at the 10-year follow-up visit. This obviously
limits the ability of this thesis to conclude on how GBCAs, sNfL levels and smoking
affect longitudinal brain atrophy progression in patients with MS. The considerable
difference in MRI scanners and acquisitions between the OFAMS study and the 10-
year follow-up did not allow longitudinal analyses. Furthermore, the varying quality of
the MRI images obtained during the OFAMS study led to a successful image analysis
in only a small subset of patients. Thus, adjusting for baseline MRI brain
measurements, or the change in those measurements over the 24 months of the OFAMS
study was not possible for the main analyses in article III and IV. Although baseline
lesion counts (visually determined) were included as covariates in some analyses, we
cannot fully exclude that early MRI measurements confounded the results. If so, the
differences in brain atrophy and lesion measures seen after ten years may have already

been present at baseline, or occurred during the first two years of the follow-up.

In addition to the early MRI measurements, our findings may have been affected by
other unmeasured, or partly measured confounding. For example, both therapeutic
interventions and comorbid conditions are known to affect prognosis,®’!45 but the
effect of these factors may vary considerably both between and within patients,

according to the current type of therapeutic intervention or comorbid condition. In
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article I, the reviewed papers did not consistently account for the effect of either
therapeutic interventions, physiological variability or comorbid conditions. Together
with the relatively low number of longitudinal studies included, this limits our ability
to conclude on the temporal relations between inflammatory and neurodegenerative
disease activity, and factors possibly modulating these relations. In article III and IV,
patients had used a variety of therapies at different times and duration during the
follow-up, making it challenging to statistically consider all aspects of the individual
DMT use. Nevertheless, the associations found in article III between inflammatory
sNfL levels and atrophy in certain GM regions were still present when adjusting for
DMT use during the follow-up. This is in line with the findings in article I, where
inflammatory WM lesions were consistently associated with GM atrophy in patients
with RRMS, and especially with atrophy in deep GM. Overall, the results in article III
and IV are consistent with previous key studies, finding a predictive value of
SNfL,!63:172177 and negative effects of smoking®® on long-term neurodegeneration in
patients with MS. Although consistent findings with previous observational studies, or
within the 90 studies included in the systematic review do not exclude the possibility

that unmeasured confounding may fully explain our results, it makes it less likely.
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6. Future perspectives

The aim of this thesis was to investigate neurodegeneration in MS, including
biomarkers reflecting these processes, and environmental factors possibly influencing

them.

Exploring the clinical applicability of candidate biomarkers, this thesis has contributed
with novel findings, of reliable brain atrophy measures obtained from post-contrast
images using FreeSurfer. Further investigations into the effects of GBCAs on MRI
atrophy measurements should also consider other brain segmentation software, and
potential systematic effects dependent on the type and dose of GBCA used, and the

delay time after injection.

We have also contributed with further knowledge on the relationship between
inflammatory WM damage and GM atrophy by reviewing the existing literature, and
by investigating how sNfL levels reflective of acute axonal damage associate with
future GM loss. Similarly, we have shown that smoking in patients with MS is likely
to increase long-term neurodegeneration. To further clarify the details of these
(spatio)temporal relationships, and to approach the question of causality, more studies
are needed. Preferably longitudinal, prospective imaging studies, with sufficient
sample size and follow-up time, the appropriate image acquisitions included, and as
little technical inter- and intrastudy variability as possible. In models predictive of
neurodegeneration, known risk factors and modulators of neurodegeneration should be
adjusted for, for example current and previous therapeutic interventions, and baseline
and on-study lesion activity. Further, each neurodegenerative process needs to be
assessed separately for each disease phenotype, in order to untangle primary and
secondary processes, and to determine the predominating neurodegenerative disease
process. Lastly, the results of these in-vivo studies should be interpreted or combined

in context with knowledge obtained through molecular or histopathologic studies.
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Abstract

Background and Objectives

There is currently no consensus about the extent of gray matter (GM) atrophy that can be
attributed to secondary changes after white matter (WM) lesions or the temporal and spatial
relationships between the 2 phenomena. Elucidating this interplay will broaden the un-
derstanding of the combined inflammatory and neurodegenerative pathophysiology of multiple
sclerosis (MS), and separating atrophic changes due to primary and secondary neurodegen-
erative mechanisms will then be pivotal to properly evaluate treatment effects, especially if these
treatments target the different processes individually. To untangle these complex pathologic
mechanisms, this systematic review provides an essential first step: an objective and compre-
hensive overview of the existing in vivo knowledge of the relationship between brain WM
lesions and GM atrophy in patients diagnosed with MS. The overall aim was to clarify the extent
to which WM lesions are associated with both global and regional GM atrophy and how this
may differ in the different disease subtypes.

Methods

We searched MEDLINE (through PubMed) and Embase for reports containing direct asso-
ciations between brain GM and WM lesion measures obtained by conventional MRI sequences
in patients with clinically isolated syndrome and MS. No restriction was applied for publication
date. The quality and risk of bias in included studies were evaluated with the Quality Assess-
ment Tool for observational cohort and cross-sectional studies (NIH, Bethesda, MA). Quali-
tative and descriptive analyses were performed.

Results

A total of 90 articles were included. WM lesion volumes were related mostly to global, cortical
and deep GM volumes, and those significant associations were almost without exception
negative, indicating that higher WM lesion volumes were associated with lower GM volumes or
lower cortical thicknesses. The most consistent relationship between WM lesions and GM
atrophy was seen in early (relapsing) disease and less so in progressive MS.

Discussion

The findings suggest that GM neurodegeneration is mostly secondary to damage in the WM
during early disease stages while becoming more detached and dominated by other, possibly
primary neurodegenerative disease mechanisms in progressive MS.
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Glossary

CGM = cortical GM; CIS = clinically isolated syndrome; DGM = deep GM; GM = gray matter; LV = lesion volume; MS =
multiple sclerosis; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS;

WM = white matter.

Gray matter (GM) atrophy occurs in patients with multiple
sclerosis (MS)*" already in early disease stages.”>" Reflecting
axonal loss and irreversible neuronal damage,” GM atrophy
can be measured noninvasively in vivo from standard MRI. It
is considered a marker of neurodegeneration that could help
bridge the current gap between measures of clinical disability
and traditional inflammatory MRI markers.’

Recent work has found that MS pathology affects both GM and
white matter (WM) structures throughout the CNS. Therefore, it
is unlikely that disability progression and worsening of higher
functions such as cognition can be strongly predicted by a single
MRI marker.* Nevertheless, brain GM atrophy is associated with
several clinical outcomes: GM volumes are lower in people with
MS than in healthy controls,” may predict conversion from clini-
cally isolated syndrome (CIS) to MS,%” and relate to disability
progression.® Moreover, GM atrophy relates strongly with cogni-
tive dysfunction®"* and more so than WM lesion volume (LV).'*

‘WM lesions have been the principal imaging marker of disease
activity and progression in MS and are incorporated into di-
. . . 1S 16

agnostic criteria ” and treatment goals,° as well as outcome
measures in research trials. These focal areas of demyelination,
consisting of inflammation and variable gliosis,'” can be visu-
alized as hyperintense or hypointense lesions in T2- and T1-
weighted MRIs, respectively.®

If and how WM lesions and GM atrophy are temporally, spatially,
and causally related are insufficiently clear. Elucidating this in-
terplay will not only broaden understanding of the combined
inflammatory and neurodegenerative pathophysiology of MS but
also provide reliable biomarkers for research and therapeutic
purposes. As treatment targets expand from inflammatory lesions
to neurodegenerative processes, GM atrophy is a natural choice
of outcome measure. Separating atrophic changes due to primary
and secondary neurodegenerative mechanisms will then be cru-
cial to properly evaluate treatment effects, especially if these
treatments target the different processes individually. While some
studies have addressed the relationship between WM lesions and
GM atrophy directly, a larger body of literature reports measures
of both. In this systematic review, we have therefore aimed to
review this existing evidence in its entirety to establish how brain
WM lesions and GM atrophy in MS are related.

Methods

This review was conducted and presented according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines.'®

Neurology.org/N

Search Strategy

To select studies of relevance to this systematic review, the
electronic databases Medline (through PubMed) and Embase
were searched. The search strategies were developed in consul-
tation with a medical librarian (M.A.E.M.). Thesaurus terms and
free-text words, including synonyms and closely related
words, were used for the following concepts: MS, GM
atrophy, and WM lesions. No restrictions were applied for
language (at this stage) or publication date, but conference
abstracts were excluded. The search strategy is detailed in
eAppendix 1, links.lww.com/WNL/B816. The last search
was conducted on August 17, 2020.

Eligibility Criteria

Studies were included if they fulfilled all following criteria: (1)
controlled trials or observational studies in English and pub-
lished in a peer-reviewed journal; (2) trials or studies that
involved patients diagnosed with CIS or MS; and (3) study
abstract containing associations between brain GM and WM
lesion measures obtained by conventional MRI sequences. To
limit the scope of this review and the possible variability in
pathologic substrates and disease mechanisms, we excluded
studies of patients diagnosed with pediatric MS or with ra-
diologically isolated syndrome.

Outcome Measures

The primary outcome measures of interest were direct asso-
ciations made between brain WM lesion and GM atrophy
measures, obtained by conventional MRI sequences, in pa-
tients diagnosed with CIS or MS.

Selection Process

After excluding duplicate publications, we screened the
remaining abstracts on selection criteria by 2 independent
raters (H.V,, LAL.) using Rayyan software,'” a web-based
application designed for systematic reviews.”® Conflicting
selections were discussed until consensus.When eligibility
could not be determined from the title and abstract alone, full
texts of potentially relevant articles were consulted.

Data Extraction and Quality Assessment

Independent extraction and quality assessment of relevant data
from each included article were conducted by at least 2 re-
viewers (LA.L, MM.W., RM.M,, H.V.), according to a cus-
tomized checklist. The quality and risk of bias in included
studies were further evaluated with the Quality Assessment
Tool for observational cohort and cross-sectional studies
(NIH, Bethesda, MA). A rating scale of yes = 1, no = 0, and not
reported = 0 was applied for the 14 questions of the checklist,
and the final study quality was rated, in consensus between the
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raters (LA.L. and H.V.), as good, fair, or poor on the basis of
individual scores and the severity of the risk of bias.

To visually illustrate the main results for the different disease
phenotypes, composite figures were prepared combining
available, clear figures from key studies.

Results

Through the initial search, 3,750 records were identified. After
the updated search and removal of duplicates, 2,260 citations
were screened on title and abstract, resulting in 106 full-text
articles considered, of which 90 articles met the inclusion
criteria and were included in this review (Figure 1). The 90
studies are listed in the eReferences (e1-e90, links.lww.com/
WNL/B816), and the study design in all included articles is
described in Table 1. Last, the quality assessment rate for each
study is reported in eTables 1-3.

Clinically Isolated Syndrome

Eight cross-sectional and 4 longitudinal studies investigated
patients diagnosed with CIS. In the longitudinal studies, the
follow-up period ranged from 2 to 5.5 years.

The association of lesions with global GM measures were
reported in S studies, while cortical GM (CGM) and deep
GM (DGM) measures were each considered in 7 studies.
Four studies reported regional WM lesion measures.

Included studies are described in eTables 1-3, links.lww.com/
WNL/B816, and a more detailed discussion of results of each
section is in eAppendix 2.

Global GM in CIS

In 2 of 3 cross-sectional CIS studies, no significant association
was found between global GM volume and either T2°* or
T1°* LV. One study found a significant correlation between
T2 LV and global GM volume (r = —0.56, p < 0.020).*

The longitudinal relationship of global GM volume with global
WM lesion measures was reported in 2 studies (follow-up time
ranging from 2-3 years), both observing significant but different
associations. In 1 study, change in global GM fraction correlated
with WM LV changes (r values ranging from —0.3071 to
—0.4280, p values from 0.0032 to 0.0426) but not with baseline
lesion measures,*® while the other study found associations with
baseline lesion measures (p < 0.004), but not with LV changes.*’

Figure 1 Flowchart Demonstrating the Selection Process

Records identified by initial electronic
database searches (N = 3,750):

* PubMed (1,787)

« Embase (1,963)

+ PubMed (149)
» Embase (32)

Records identified by updated electronic
database searches (N = 181):

Excluded (n=1,671):
» * Records removed after screening
for duplicates (1,671)

A

Titles and abstracts screened
(n =2,260)

Excluded (n = 2,154):

* Wrong outcome measure (784)
« Association not in abstract (412)
» *+ Wrong population (362)

* Wrong publication type (319)

* Wrong study design (216)

+ Non-English language (61)

Full-text articles screened for eligibility
(n=106)

v

Excluded (n =16):

* Wrong atrophy measure (7)
* Wrong lesion measure (5)

« Association not in article (3)
+ Postmortem study (1)

Studies included
(n=90)
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Table 1 Study Design in Included Studies

Study design No.
Cross-sectional studies 64
Observational case-control 50
Observational cohort "
Clinical trial 3
Longitudinal studies 18
Observational case-control 3
Observational cohort 12
Clinical trial 3
Cross-sectional and longitudinal studies 8
Observational case-control 4
Observational cohort 2
Clinical trial 2
CGM in CIS

In cross-sectional CIS studies, lower CGM volume showed
variable associations with global WM lesion measures. Two
studies observed a significant relationship with the presence (¢
=248, p = 0.020)*® or volume (r = ~0.49, p = 0.045)° of T2
lesions, while 3 studies did not.“>***® Of 2 studies reporting
regional WM lesion measures, 1 study found a significant
association between regional cortical thickness and T2 LV (p
< 0.0466),” while the other did not.*®

Of the 2 available longitudinal studies, 1 study found no
relations,”'® while the other found significant associations of
cortical volume change over 48 months with baseline WM
lesion measures (p < 0.004) and the total cumulative number
of new/enlarging T2 lesions (p = 0.036), while no associa-
tions were observed for LV changes.”

DGM in CIS

In the 5 available cross-sectional studies in patients with
CIS, all except 1 study®® showed significant associations
between global*** and regional®'"*'*> WM LV and total®®
and regional DGM volumes*>***'"*'* (p values ranging
from <0.0001-0.05). In contrast, no associations with DGM
volumes were found for global T2 lesion number or the
presence of gadolinium-enhancing lesions.* Of the regional
DGM volumes investigated, the most consistent relation-
ships were found for the thalamus and hippocampus. This
pattern was true considering both global®>** and regional
WM LV'ell,elZ

Longitudinally, 1 of the 3 available studies found that regional
DGM atrophy was related to global baseline lesion measures
(p < 0.018),” but there was no relationship with changes
in global®”*'® or regional®** LV (follow-up times between 2
and 5.5 years).

Neurology.org/N

Relapsing-Remitting MS

Overall, 37 cross-sectional and 14 longitudinal studies
reported associations between WM lesion measures and GM
atrophy in relapsing-remitting MS (RRMS). The follow-up
period of the available longitudinal studies ranged from 1 to
S.S years.

Seventeen publications reported the relationship with global
GM, 29 on that with CGM, and 25 on that with DGM mea-
sures. Eleven studies considered regional WM lesion measures.

Included studies are described in eTables 1-3, links.lww.com/
WNL/B816, and a more detailed discussion of results of each
section is given in eAppendix 2.

Figure 2 illustrates the main results from this section.

Global GM in RRMS

The majority of available cross-sectional RRMS studies, i.e., 8
of 10 studies, observed significant associations between global
GM volume and global WM lesion load. Eight studies ob-
served a significant association between global GM volumes
and T1°**'* and T2 LV*"**"? and abnormal WM®*° (p val-
ues ranging from <0.001-0.047). In contrast, 2 studies con-
sidering T2 LV®*"** and another 2 studies considering
gadolinium-enhancing LV*"**'* did not.

One cross-sectional study investigated the impact of regional LV
on total GM volume and reported a significant correlation with
regional T1 and T2 LV in 3 and 4 of 26 WM regions, re-
spectively (r values ranging from —0.20 to —0.50, p < 0.001).5

Of the 7 longitudinal studies available, 4 did not find an asso-
ciation between global GM atrophy progression and global WM
lesion measures. When considering gadolinium-enhancing le-
sion measures obtained at baseline, 1 study found a significant
association (p = 0.04),"* while 3 others did not find that global
GM atrophy progression related to the presence, "> n
ber,” or volume®"* of gadolinium-enhancing lesions (follow-up
time ranging from 1-4 years).

um-

Three of S studies considering longitudinal WM lesion
changes®'*****>7** yith a follow-up period between 1 and 4
years observed significant associations between longitudinal
changes in T1°*7 and T2°****”**® LV and GM atrophy pro-
gression (p values ranging from 0.0004-0.03).

CGM in RRMS

A majority of cross-sectional studies (14 of 19) considering
global WM LV found significant associations. WM LV was
found to relate negatively to both total cortical volume (p values
ranging from <0.0001-0.05)°>"*3** and global cortical
thickness (p values ranging from <0.001-<0.05).°'7303335

A total of 6 studies explored global T1°%**” and
2010193023638 Jaions and their relationship with regional
cortical volume, with the most consistent and strongest
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Figure 2 RRMS Shows Consistent Associations Between WM Lesions and GM Volume
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(A): Scatterplot of the fractional volumes of gray matter (fGM, green triangles), white matter (fWM, blue circles), and CSF (fCSF, red boxes) vs the fractional
volume of abnormal white matter (faWM), all expressed as percentages of intracranial volume. fGM and fCSF values are adjusted to patients mean age (35.6
years). When significant, regression lines are shown, along with the corresponding equations and R values. Increasing loss of GM volume, with a corre-
sponding increase in CSF volume, is apparent with increasing faWM. fWM (which includes also the white matter lesion volume) is not significantly changed
with increasing faWM. Reproduced from Quarantelli et al., 2003,%?° with permission from Elsevier. (B) Scatterplot showing the relationship between mean
cortical thickness in millimeters and total white matter lesion load (TWMLL) in cubic centimeters in 425 patients with relapsing-remitting multiple sclerosis
(RRMS). Reproduced from Charil et al., 2007,%3° with permission from Elsevier. (C) Correlation of the mean logarithm of the jacobian determinant (LJD; a
measure of atrophy) with T2 lesion load in 88 patients with RRMS for the thalamus. Reproduced from Tao et al., 2009.%>” with permission from Elsevier. (D)
Lesional voxels that significantly correlate with primary motor cortex thickness are shown in red-yellow. Probabilistic corticospinal tract atlas is shown in light
blue. Reproduced from Bergsland et al., 2015,°*” with permission from SAGE Publications.

associations in areas in the frontal, temporal, cingulate, and
insular cortex. A similar pattern of associations was seen for

. . 30,635,639
cortical thickness measures.*>*>>

Five studies did not find significant relations for either cortical

21,040-e42 . .
volume®#*#*2 o1 cortical thickness.>®

In 6 of the 8 cross-sectional studjes®®>>35¢43-¢47

considering
regional distribution of WM lesions, the results suggested an
anatomic or structural relationship between lesion location
and regional cortical volume®***** and thickness.**3**¢*4”
Considering  global WM lesion measures, 3 of
five®! 0273224849 {0 gitudinal studies found significant re-
lationships between both baseline WM lesion measures®*
and on-study changes in WM LV*"**® or numbers**® and
cortical thinning (p = 0.040),°*® as well as regional (p < 0.01)*”
and total cortical volume loss (p values ranging from
<0.0001-0.010)** (follow-up time ranging from 1-2 years).

Of the 2 studies assessing regional WM LV, 1 study ob-
served visually that the increase in T2 LV spatially coincided
with areas of cortical decrease,”* while the other study did

1
not.®®
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DGM in RRMS

With the exception of 1 study,*>* all 17 cross-sectional publications
reporting global WM LV found significant associations with DGM
volume measures. Three studies evaluated DGM volume as a
whole (p values ranging from <0.0001-0.04),”7°*%53 while the
remaining assessed the various structures separately. Thalamic
volume and surface displacement™* were associated negatively
with Tle36,e37 and T262,el6,630,636—5:38,e40,e41,e49,e54,e$5 LV in 11
studies (p values ranging from <0.00001-<0.05). Other DGM
structures repeatedly showing significant associations with WM
LV were the caudate nucleus (p values ranging from
<0.0001-<0.05),>°19e36-e38e41,42e55256 1y men (p values rang-
ing from <0.00001-<0.05),">30e36-<383325% 4, globus pallidus
(p values ranging from <0.0001-<0.03).>30385%¢35

While 2 cross-sectional studies did not find any associations

between regional WM lesion and DGM measures,>>*** the

- - o 37 43 edd,ed6esd
majority of studies did.>*e*+463

All 4 publications that assessed longitudinal relations be-
tween total and regional DGM atrophy and global WM le-
sion measures observed significant associations.*'®*%49¢57
The associations were found for both baseline WM lesion
measures (p < 0.0001 and 0.037)°***” and on-study new/
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Figure 3 Progressive MS Shows Varying Associations Between WM Lesions and GM Volume
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B In 43 patients with PPMS, gray matter (GM) frac-
tion (GMF) corrected for age is plotted against T1
lesion load (in milliliters; derived from 3-di-
mensional fast spoiled gradient recalled echo
scans), illustrating an absence of correlation.
Reproduced from Sastre-Garriga et al., 2004,%>°
with permission from Elsevier. (B) PPMS: data il-
lustrating the absence of correlation between
normalized cortical volume and T2 lesion volume
| in 25 patients with PPMS (Spearman rank co-
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20 30 40 efficient r = -0.1, p = 0.6). Reproduced from De
Stefano et al, 2003,°3' with permission from
Wolters Kluwer Health, Inc. (C) Secondary pro-
gressive multiple sclerosis (SPMS): scatterplot of
T1 lesion volume (T1LV) vs GMF in 117 patients
with SPMS, illustrating a significant correlation (r
=-0.72, p <0.001). Reproduced from Furby et al.,
2009,°°® with permission from SAGE Publications.
(D) Graphic visualization of the cross-sectional
relationship between regional cortical thickness
and white matter (WM) measures in 53 patients
with long-standing SPMS (top row) and 25 pa-
tients with longstanding PPMS (bottom row), as
assessed through linear regression. In gray areas,
lesion volume in the connected WM tracts did not
contribute significantly to the model explaining
regional cortical thickness, whereas in colored
areas, colors correspond to the standardized
beta values of lesion volume in the connected
tracts for the respective regional model. Repro-
duced from Steenwijk et al., 2015,%* with per-
mission from John Wiley and Sons.

enlarging T2 lesions or new gadolinium-enhancing lesions
(p = 0.024).°*

Secondary Progressive MS

Eleven cross-sectional and 2 longitudinal studies reported patients
with secondary progressive MS (SPMS), S of which explored
associations between WM lesions and global GM volume, while 8
and 10 studies focused on CGM and DGM measures, re-
spectively. Four studies considered regional WM lesion measures.

Included studies are described in eTables 1 and 2, links.lww.
com/WNL/B816, and a more detailed discussion of results of
each section is given in eAppendix 2.

Figure 3 illustrates the main results from this section.

Global GM in SPMS

Three of 4 cross-sectional studies reported negative associations
between WM LV and global GM volume (r values ranging from
~0.36 to —0.72, p values ranging from <0.001-<0.01).210¢17¢5%
The 1 study considering regional T1 and T2 LV and global GM
volume found no significant associations.”*

Longitudinally, neither baseline nor on-study changes in WM
lesion measures predicted changes in GM volume over the
4-year follow-up."**

Neurology.org/N

CGM in SPMS

The observed relationship between cortical volume or
thickness and global WM lesion load in patients with
SPMS was not consistent in the 4 available studies. Two
studies found significant associations with lower cortical
volume (p < 0.001 and <0.05).°"***° Furthermore, cortical
thickness was evaluated in another 2 studies based on 1 and
the same study population; neither study found any sig-
nificant association between T2 LV and global mean cor-

tical thickness.®!”¢3*

One of 4 cross-sectional studies assessing regional WM
lesions observed relatively strong correlations between
lower cortical volume and T2 LV in the same or adjacent
lobes (r values ranging from —0.67 to —0.79, p < 0.001).*
In the 3 remaining studies, the associations with
lower cortical volume or thickness were weak®***®

. 2
nonsignificant. 3

or

The only longitudinal study available investigated atrophied
T2 LV (T2-weighted lesional tissue subsequently substituted
by CSF) in patients with SPMS and primary progressive MS
(PPMS) in a combined progressive MS group, finding no
associations with baseline cortical volume or volume change
(follow-up time 5.5 years).*'
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DGM in SPMS

In the 6 cross-sectional publications that considered global
‘WM lesions, results were somewhat conflicting. Two studies
found no associations with lower DGM volume®'®*%%; in the
other 4 studies, however, T1°°* or T2°'” LV was associated
significantly with both total DGM volume (p values ranging
from <0.01-0.04) and separate DGM structures such as the
hippocampus,®* thalamus, and caudate nucleus®* (r values
ranging from —0.69 to —0.88, p < 0.001-0.018). Two of 4
studies®>>*40°49¢4 that included results for regional WM LV
or distribution showed significant associations®*”*** (p values
ranging from <0.001-<0.05).

The sole longitudinal study found no association between
atrophied T2 LV (described in the previous section) and
baseline thalamic volume or volume change.e10

Primary Progressive MS
The relationship between WM lesions and GM measures in
patients with PPMS was assessed in 11 cross-sectional studies
and longitudinally in 2 studies.

Three studies performed analyses involving global GM vol-
ume, while CGM and DGM measures were each considered
in 9 studies. Three studies considered regional WM LV or
distribution.

Included studies are described in eTables 1 and 2, links.lww.
com/WNL/B816, and a more detailed version of the re-
spective sections is given in eAppendix 2.

Figure 3 illustrates the main results from this section.

Global GM in PPMS

The cross-sectional associations between global WM lesion
measures and global GM volume in patients with PPMS were
variable. One study reported a significant correlation with T2
LV (r = -0.68, p < 0.001),°"” while the other found no sig-
nificant associations with either T2, T1, or gadolinium-
enhancing LV or lesion numbers.*>

In the available longitudinal study, baseline WM lesion measures

were not related to GM volume change over 12 months.*®

CGM in PPMS

Cross-sectional results for global WM lesion measures and
CGM volume or thickness in patients with PPMS were di-
vided. Three studies found associations between T1°' and
T2°*** LV and total (r = —0.508, p < 0.05)°*" and regional (r
values ranging from -0.605 to —0.85, p values ranging from
<0.001-<0.01)** cortical volume and total cortical thickness
(p <0.05).** In the other 3 studies, no significant associations
were found for either cortical volume®*"*** or thickness.*"”

Of 3 publications assessing regional WM lesion measures, 1
study found a relationship with cortical volume in anatomi-
cally connected areas (p < 0.001),°* while in the other 2, the
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associations with cortical thickness or volume were weak®*" or

4
absent.**®

Only 1 longitudinal study was identified, finding no associa-
tions between atrophied T2 LV (described in previous sec-
tion) and baseline cortical volume or volume change.'®

DGM in PPMS

All but 1°°° of the 6 cross-sectional studies reporting the re-
lationship between global WM lesions and DGM volume ob-
served significant associations. In patients with PPMS, correlations
were significant for both total DGM volume (r values ranging
from ~0.651 to —0.71, p values ranging from <0.001-<0.01)*"*!
and the separate structures. The most consistent association with
global WM LV was seen for the thalamus®* for both T2 (r values
ranging from -048 to -094, p values ranging from
<0.001-<0.05)****¢"*% and T1 (r values ranging from —0.44 to
~0.554, p values ranging from 0.002-<0.05)**"*** LV.

Of 3 cross-sectional publications assessing regional WM
lesions,******* [ower regional DGM volume was related to regional
T2 LV in 2 studies (p values ranging from <0.001-<0.05).>**

Again, only 1 longitudinal study was available, and for both
baseline thalamic volume and volume change, no relationship
to atrophied T2 LV (described in the previous section) was
found.*"®

Results for Mixed MS Groups

studiese 1,e9,e10,e16,e17,e23,e34,e46,e53,e55,e64-¢90

A number of
reported analyses relating GM atrophy measures to WM le-
sion measures in heterogeneous groups of patients with MS
encompassing different disease phenotypes. Full results of
these studies are reported in eAppendix 2, links.lww.com/
WNL/B816. Briefly, in most cross-sectional studies, GM at-
rophy and WM lesions were significantly associated; in lon-

gitudinal studies, results were more variable.

Comparisons Between Disease Phenotypes

Some of the studies discussed in the previous sections in-
cluded multiple disease phenotypes in a single study. Such a
design eliminates differences between image acquisition and
image analysis approaches that may otherwise account for
differences between disease phenotypes observed from sep-
arate studies and therefore can shed the most direct light on
whether the relationship between GM atrophy and WM le-
sions might differ between disease types. Table 2 summarizes
the observed associations in articles including multiple phe-
notypes, and full reports of the studies are given in eAppendix
2, links.lww.com/WNL/B816. We focus on whether the ob-
servations differed between disease types and, when available,
on the direct statistical comparisons between disease types. In
summary, for global GM, CGM, and DGM, both cross-
sectional and longitudinal studies found the most consistent
associations with WM lesions in RRMS, while the associations
for CIS, SPMS, and PPMS were more variable (Table 2). In
11 of 15 studies, the largest patient group consisted of patients
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Table 2 Studies Including Multiple Disease Phenotypes

Study cis RRMS SPMS PPMS
Association between investigated measures Present Present Present Present
Global GM, cross-sectional studies
Global lesion volume
Reference e16 — v v —
Reference e17 — v v vIX
Regional lesion volume
Reference e23 — v X -
Global GM, longitudinal studies
Global lesion volume
Reference e24 — v X —
Cortical GM, cross-sectional studies
Global lesion volume
Reference e2 X v — —
Reference e16 — v v —
Reference e17 — v X vIX
Reference e31 — v — X
Reference e34 — v X v
Reference e40 — X v v
Regional lesion volume
Reference e9 v v — —
Reference e46 - v v v
Reference e23 — X X —
Reference e45 — v v —
Reference e40 — — v v
Cortical GM, longitudinal studies
Global lesion volume
Reference e10 X X X X
Deep GM, cross-sectional studies
Global lesion volume
Reference e2 v v - -
Reference e17 — v v vIx
Reference e53 — v vIX —
Reference e52 — X v —
Reference e16 — v v —
Reference e40 — v v v
Reference e55 — v X X
Continued
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Table 2 Studies Including Multiple Disease Phenotypes (continued)

Study cis RRMS SPMS PPMS
Regional lesion volume
Reference e23 — X X —
Reference e45 — v v X
Reference e46 — v v v
Reference e40 — — v v
Deep GM, longitudinal studies
Global lesion volume
Reference e10 X v X X

Abbreviations: CIS = clinically isolated syndrome; GM = gray matter; PPMS =

sclerosis; SPMS = secondary progressive multiple sclerosis.

primary progressive multiple sclerosis; RRMS = relapsing-remitting multiple

Presence or absence of the association between white matter lesion measures and GM atrophy measures is indicated as v (association present),
X (association not present), or v/x (association present for some analyses, not present for other analyses). If the disease phenotype was not investigated in the

study, this is indicated as —.

with RRMS, often in a great majority. Such imbalance may cause
the studies to detect significant associations only in the larger
patient group, merely because of power and not due to a lack of
true association in the smaller (progressive) patient group.

The included studies are described in eTables 1 and 2, links.
Iww.com/WNL/B816.

Discussion

This systematic review assessed the existing evidence re-
garding an association between brain WM lesions and GM
atrophy in MS. Surveying results from cross-sectional and
longitudinal studies of different phenotypes and with varying
anatomic regions of interest has resulted in a comprehensive
picture. More WM lesions were associated with more GM
atrophy (Table 3), especially in RRMS and less consistently
s0 in progressive MS.

The quality of evidence was mostly rated as fair, with no
correction for potential confounders (e.g, therapeutic and
physiologic factors), short follow-up time, and small or un-
balanced disease groups (as highlighted in the previous sec-
tion) as the main risks of bias.

The clear trend emerging from cross-sectional and longitu-
dinal studies for both global and regional associations was that
more WM lesions were related to more or faster GM atrophy.
Patients with high WM lesion burden may be expected to also
have extensive damage to other brain structures, not neces-
sarily because one causes the other but possibly also because
an advanced disease stage acts as a common denominator. To
further investigate, each disease type was evaluated and
compared; the association was observed frequently in all
disease types, most consistently in RRMS. However, the
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relationship was more variable for longitudinal than for cross-
sectional outcomes.

In mixed MS groups, the lack of significant associations in
longitudinal studies could be related to group heterogeneity.
Furthermore, variable treatment regimens across patients af-
fect the interpretation of all studies, especially more recent
longitudinal studies. Here, the time that patients have spent
under potent treatment is often considerable and may mod-
ulate not only the observed association between WM lesions
and GM atrophy but also the main pathologic substrate of the
neurodegenerative process.

Current knowledge from neuroimaging and histopathology
implies that GM neurodegeneration is driven both by events
secondary to WM inflammation and by primary disease mech-
anisms within the GM. Adding to the complexity, these mech-
anisms seem to act simultaneously, with additive effects.”! Strong
and consistent associations with WM lesions were found in all
GM regions in RRMS and in DGM in CIS; this suggests that
early GM neurodegeneration is mainly secondary to damage in
the WM: after chronic inflammation in WM, neuronal injury and
damage to mitochondria with resulting energy deficiency initiate
several neurodegenerative cascades. The degenerative process
can move forward toward the axonal terminal (anterograde or
wallerian degeneration) or backward toward the cell soma
(retrograde degeneration), leading to neuronal loss and atrophy
in connected GM regions.22 In both CIS and RRMS, the most
consistent relations were seen in DGM and the thalamus.
Connecting and relaying information between subcortical areas
and the neocortex through different WM tracts,*® it seems
plausible that thalamic GM components are vulnerable to
damage through retrograde degeneration.”*

In progressive MS phenotypes, while GM atrophy was more
widespread, affecting most DGM structures®******>> and
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Table 3 Main Findings

No. 1: More WM lesions, more GM atrophy

In cross-sectional studies in particular, WM lesion volumes were related mostly to global, cortical, and deep GM volumes, and those significant associations
were almost without exception negative, indicating that higher WM lesion volumes were associated with lower GM volumes or lower cortical thicknesses.

No. 2: WM lesions are most clearly linked to GM atrophy in RRMS

The most consistent relationship between WM lesions and GM atrophy was seen in patients with RRMS. In this relapsing phenotype, significant associations
were found in the majority of studies considering global, cortical, and deep GM. A relationship with deep GM and especially thalamus volumes was

particularly consistent in RRMS and in CIS.

No. 3: In progressive disease WM lesions are mostly, but less consistently, linked to GM atrophy

Studies of the progressive disease types showed more variable associations: for both SPMS and PPMS, WM lesion measures were related to global GM
volume in the majority of studies, but for cortical and deep GM, associations were less consistent.

Abbreviations: CIS = clinically isolated syndrome; GM = gray matter; PPMS

= primary progressive multiple sclerosis; RRMS = relapsing-remitting multiple

sclerosis; SPMS = secondary progressive multiple sclerosis; WM = white matter.

. 40,046
cortical areas,”"°

the relationship with focal WM lesions
was more varied although still present in the majority of
studies.! 73465 Thege results, interpreted together with
neuropathologic studies showing continued, widespread GM
atrophy development, at least partly independently of focal
inflammatory WM lesions,”>” suggest that in progressive MS
the neurodegenerative disease mechanism may be a mainly
primary process. Alternatively, in long-standing MS with
many tracts affected, the relationships between primary
lesional damage and downstream GM atrophy may become
too complex and too variable across individuals to disentan-
gle. Furthermore, GM lesions, often found more prominently
in progressive MS, may also propagate GM atrophy and
contribute to its less consistent association with WM
lesions.®** In addition, consistent GM atrophy patterns found
in patients with CIS”° suggest that some primary de-
generative processes may be present throughout the disease.

The reviewed literature suggests that the mechanisms of
neurodegeneration in MS are not static through the disease
course, so the therapeutic targets, interventions, and sub-
sequent monitoring will most likely differ for the various pa-
tient groups. To obtain fully individualized and optimized
patient treatment, we have summarized important research
aims and suggestions for future research in Table 4.

Our study has several limitations. Diagnostic criteria and hence the
separation between CIS and MS varied over time. The effect of
physiologic variability and therapeutic interventions was not con-
sistently accounted for in the reviewed articles. Whether treatment
was used and what type were mostly stated but rarely adjusted for
in the analyses. Therefore, effects of individual treatments on WM
lesions or (primary or secondary) GM atrophy, which potentially
change the observed relationship between the 2 processes for each
patient, could cloud our interpretation of the disease mechanisms.

In longitudinal studies, the group sizes were often smaller, and
the majority followed up the patients for <2 years. Such short
follow-up durations most likely affected the ability to detect
temporal associations, considering that neurodegeneration is
a slowly progressive process.”>* Moreover, brain atrophy is
cumulative and may exhibit a ceiling effect and delayed effects
from previous exposures or previous pathologic damage.”®

Technical factors are well known to affect brain measure-
ments”®: intrastudy and interstudy variability in MRI scanners
and acquisitions (e.g., field strength, slice thickness, 2-/3-
dimensional acquisitions, pulse sequence type and parameters),
image (pre)processing tools, and analysis software. This makes
the interpretation and comparison of results challenging. The
20-year time frame of included articles, during which MRI

Table 4 Research Aims and Suggestions for Future Research

Research aims

Understand the details of the spatiotemporal relationship
between white matter lesions and gray matter atrophy in
multiple sclerosis.

Untangle the neurodegenerative processes secondary to focal
inflammatory damage from those primarily arising in the gray
matter.

Determine which neurodegenerative process is the dominant
driver of gray matter atrophy in different stages of the disease.

Develop therapeutic interventions targeting specific
neurodegenerative processes.

Suggestions

Imaging studies, preferably of longitudinal design, focusing on pathology in
defined structurally or functionally connected regions.

Minimize technical interstudy and intrastudy variability in imaging studies and
include acquisitions needed to detect and study relevant pathology (e.g., gray
matter lesions).

Combining or interpreting results of imaging studies in context with knowledge
obtained through histopathologic or molecular studies.

Investigate each neurodegenerative process separately for each disease
phenotype, defined not only by clinical characteristics but also by biological and
imaging markers to better capture the dominant pathologic substrate.®
Consider the type and duration of therapeutic interventions that included
participants have received.

Specify the neurodegenerative pathway targeted in clinical trials; interpret
results separately for each disease phenotype; and compare them directly.
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technology has achieved major leaps of improvement, means
that earlier studies have to be evaluated in the light of the
concurrently available technology and knowledge. Further-
more, the large variability in image acquisition, analysis meth-
ods, and outcome measures, combined with uncertainties
about potential confounders such as treatment, made it im-
possible to conduct a meaningful and interpretable meta-
analysis of the results reported in the reviewed articles.

Statistical issues may also have influenced results. Sample sizes
were often unbalanced between disease types, especially with
small progressive groups being compared to larger relapsing-
remitting groups. Furthermore, the majority of studies fo-
cused on patients with RRMS, which limits our ability to draw
conclusions for progressive disease types.

To elucidate the pathophysiologic relationship between in-
flammatory WM lesions and neurodegenerative changes in GM,
this review has an obvious limitation in that statistical associa-
tions do not prove causation. However, the many imaging
studies included provide the possibility to investigate these re-
lations in vivo in a large number of patients in different disease
stages. Although in this study a spatiotemporal relationship be-
tween changes in GM structures and WM lesions was found, we
cannot draw any conclusions about whether this process starts
with demyelination in WM or whether the primary defect is in
the axon or neuron itself, with demyelination as a secondary
effect.”® To widen this question of causality, some researchers
suggest that the association seen between WM lesions and lower
GM volume in certain regions is not causally linked through
axonal degradation but is mainly due to a common close prox-
imity to inflammatory soluble factors in the CSE.”

Due to capacity and limiting the scope of this systematic
review, we included only MRI measures obtained by con-
ventional MRI sequences. Advanced imaging methods would
be interesting to review, which by necessity would require
more attention to the myriad technical differences between
such studies.

We found that the majority of the literature overwhelmingly
reported an association between WM lesions and global or
regional GM atrophy. The association was most consistent in
RRMS but more variable in progressive phenotypes and CIS.
This suggests that GM neurodegeneration is mostly second-
ary to damage in the WM during early disease stages, while
more detached and dominated by other, possibly primary
neurodegenerative disease mechanisms in progressive MS.

These findings are of great importance for patient treatment
and research, indicating that the most effective targets for neu-
roprotective treatment change throughout the disease course.

To further disentangle the secondary GM atrophy caused by
WM damage from primary neurodegenerative disease
mechanisms, more studies investigating the spatiotemporal
relationship between the 2 pathologic phenomena are

Neurology | Volume 98, Number 15 | April 12,2022

needed, preferably with extensive follow-up time and a direct
comparison with the different disease phenotypes.
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eAppendix 1

Search strategies

PubMed Medline search October 11, 2019.
Yield: 1787 titles

[Mesh] = Medical subject headings

[tiab] = words in title or abstract or author keywords

#1 | "Multiple Sclerosis"[Mesh] OR multiple sclerosis[tiab] OR ms[tiab]

#2 | (("Gray Matter"[Mesh] OR gray[tiab] OR grey[tiab] OR cortical[tiab] OR
subcortical[tiab] OR brain[tiab]) AND ("Atrophy"[Mesh] OR atroph*[tiab] OR
volum*[tiab])) OR cortical thickness[tiab]

#3 | "White Matter"[Mesh] OR "Nerve Fibers, Myelinated"[Mesh] OR white[tiab] OR
(t2[tiab] AND lesion*[tiab]) OR focal lesion*[tiab] OR lesion load[tiab] OR lesion
burden|[tiab]

#4 | #1 AND #2 AND #3

Embase.com search October 11, 2019.

Yield: 1963 titles.

/exp

= EMtree keyword with explosion

:ab,ti,kw = words in title or abstract or author keywords
NEXT/n = Requests terms that are within n words of each other in the order specified

1 | (‘'multiple sclerosis'/exp OR ‘multiple sclerosis’:ti,ab,kw OR ms:ti,ab,kw)

2 | (('gray matter'/exp OR gray:ti,ab,kw OR grey:ti,ab,kw OR cortical:ti,ab,kw OR
subcortical:ti,ab,kw OR brain:ti,ab,kw) AND (‘atrophy'/de OR 'brain atrophy'/exp OR
'brain cortex atrophy'/exp OR 'adrenal cortex atrophy'/exp OR atroph*:ti,ab,kw OR
volum*:ti,ab,kw) OR ‘cortical thickness’:ti,ab,kw)

3 | 'white matter'/exp OR 'white matter lesion'/exp OR 'myelinated nerve'/exp OR
white:ti,ab,kw OR (t2 NEXT/3 lesion*):ti,ab,kw OR 'focal lesion*":ti,ab,kw OR 'lesion
load':ti,ab,kw OR 'lesion burden':ti,ab,kw

4| 1and2and3

5 | 4 not 'conference abstract'/it

To remove duplicates, records were imported into Endnote X9.2 (Clarivate Analytics,

Philadelphia, PA).




eAppendix 2
Expanded results section

CIS

Eight cross-sectional and four longitudinal studies investigated patients diagnosed with
clinically isolated syndrome (CIS). In the longitudinal studies, the follow-up period ranged
from two to five and a half years.

The association of lesions with global gray matter (GM) measures were reported in five
studies, while cortical and deep GM measures were each considered in seven studies. Four
studies reported on regional white matter (WM) lesion measures.

Included studies are described in supplemental eTables 1, 2 and 3, available from Dryad.

Global GM in CIS

In two out of three cross-sectional CIS studies, no significant association was found between
global GM volume and either T2° or T1°* lesion volume (LV). One study did find such a
relation: T2 LV and global GM volume was significantly correlated (r=-0.56, p<0.020)%. In
this study, 17 patients with CIS were included, and the association was not corrected for age
and sex, which was done in the two studies with absent associations.

The longitudinal relationship between global WM lesion measures and global GM atrophy
was reported in two studies, and both observed somewhat different, but significant
associations. In one of the studies, change in GM fraction over three years correlated with the
change in LV (T1: r=-0.307, p=0.0426, T2: r=-0.4280, p=0.0032), but not with baseline lesion
measures®®. In the other available study, significant associations were found between global
GM percentage change and baseline lesion measures (p<0.004) and total cumulative number
of new/enlarging T2 lesions (p=0.013), but not with changes in LV during the 48 months
follow-up®’. In the first study, only three out of 58 included patients received disease
modifying therapy (DMT) in the form of interferon-beta, while in the other study, all 210
patients received intramuscular interferon-beta once a week starting from the study baseline.

Cortical GM in CIS

In cross-sectional studies on patients with CIS, lower cortical GM (CGM) volume showed
variable associations with global WM lesion measures.

Two studies observed a significant relation with the presence (1=2.48, p=0.020)°® or volume
(=-0.49, p=0.045) of T2 lesions, while three studies did not®>**<¥ In one of these studies
lower pericalcarine cortical volumes were observed in patients with optic neuritis, in the
presence of whole brain T2 lesions (= 2.48, p=0.020) and T2 lesions in the optic radiation
(OR) (= 2.24, p=0.034). However, pericalcarine volume and thickness did not correlate with
whole brain or OR T2 LV, Another study reporting on regional WM lesion measures
observed no significant correlation with whole-brain average cortical thickness, but did
observe such associations for regional cortical thickness measures (p<0.0466) in vertexwise
analyses®.

Of the two available longitudinal studies, one study found significant associations between
cortical volume change and baseline WM lesion measures (p<0.004) and the total cumulative
number of new/enlarging T2 lesions (p=0.036) over the 48-month follow-up, however no
such associations were observed for changes in LV®’. The second study assessed a novel,
more unconventional lesion measure; atrophied T2 LV defined as T2-weighted lesional tissue
subsequently substituted by CSF. Over a five-and-a-half-year follow-up period, no association
with neither baseline cortical volume nor volume change was found®'?,



Deep GM in CIS

In the five available cross-sectional studies in CIS patients, all except one®* showed
significant associations between global®>** and regional®!!*!> WM LV and total®? and regional
deep GM (DGM) volumes®><*<!1-¢12 (p_values ranging from <0.0001 to 0.05). By contrast, no
associations with DGM volumes were found for global number of T2-lesions or the presence
of Gd-enhancing lesions®. Of the regional DGM volumes investigated, the most consistent
relationships were found for the thalamus and hippocampus, where in one study, as much as
47% of the variance in thalamic volume was explained by T1 LV in thalamocortical WM
(p<0.001)°'2. This pattern was true considering both global®>** and regional WM LV¢!!<!2,
Longitudinally, one of the available studies, in which all 210 patients were treated with first-
line DMTs, found that change in thalamic volume over 48 months was related to global
baseline lesion measures (p<0.018) and the total cumulative number of new/enlarging T2
lesions (p=0.013), but not to changes in LV®’. Similarly, another study considering regional
WM LV, found no significant correlation between changes in ipsilateral LV and changes in
hippocampal volume over a follow-up of 24 months®!!. In this study, treatment status for the
36 included patients was not described.

Finally, atrophied T2 LV (described in the section above) was not associated with neither

baseline thalamic volume nor volume change®!°.

RRMS

Opverall, 37 cross-sectional and 14 longitudinal studies reported associations between WM
lesion measures and GM atrophy in relapsing-remitting MS (RRMS) patients. Of these, 17
reported on the relation of WM lesions with global GM, 29 on that with cortical GM, and 25
on that with DGM measures. A total of 11 studies considered regional WM lesion measures.
The follow-up period of the available longitudinal studies ranged from one to five and a half
years.

Included studies are described in eTables 1, 2 and 3.

Global GM in RRMS

The great majority of available cross-sectional RRMS studies, i.e., eight out of ten studies,
observed a significant association between global GM volume and global WM lesion load.
Seven studies observed a significant correlation between global GM volumes and T1¢!3¢!4 and
T2¢13-1 1.V, and abnormal WM®?° (r-values ranging from -0.32 to -0.726, p-values ranging
from <0.001 to 0.047). Furthermore, T2°¢'3¢!7<1% LV was as a significant predictor of GM
volume in 3 studies (p-values ranging from <0.001 to 0.001). In contrast, two studies
considering T2 LV<2<22 and another two studies considering Gd-enhancing LV¢!'3¢!4_did not
observe a significant correlation with global GM volumes. The four studies included a relative
low number of patients (between 21 and 37 patients), no other apparent systematical
differences were found between these studies, and studies observing significant associations
between lesion measures and global GM volumes.

One cross-sectional study investigated the impact of regional LV on total GM volume, and
reported a significant correlation with regional T1 and T2 LV in 3 and 4 out of 26 WM
regions, respectively (r-values ranging from -0.49 to -0.50, p<0.001)°%.

Of the seven longitudinal studies available, four did not find an association between global
GM atrophy progression and global WM lesion measures. When considering Gd-enhancing
lesion measures obtained at baseline, one study found a significant association (standardized
£=-0.28, p=0.04) (follow-up time four years)*>*, while three others did not find that global



e25,e26 €26

GM atrophy progression related to either the presence , number
enhancing lesions (follow-up time ranging from one to two years).
Three out of five studies with a follow-up period between one to four years, observed
significant associations between longitudinal changes in T1°% and T2¢2*¢*7¢28 LV and GM
atrophy progression (p-values ranging from 0.0004 to 0.03). Of note, in one of these studies,
the association was only present in the patient group treated with fingolimod (r=-0.43,
£=0.03), and not in the group treated with natalizumab®?®. Lastly, two studies did not observe
significant associations with global GM atrophy progression, neither for increasing T1¢!4,
T2°14¢2% nor Gd-enhancing®** LV (follow-up time ranging from 12 to 24 months).

or volume®'* of Gd-

CGM in RRMS

A majority of cross-sectional studies (14 out of 19) considering global WM LV found
significant associations. Negative correlations between T2 LV and total cortical volume were
reported in five studies (r-values ranging from -0.245 to -0.48, p-values ranging from <0.0001
to 0.05)%¢15¢30-¢32 Eyrthermore, global cortical thickness was also found to associate with
global WM LV (r-values ranging from -0.294 to -0.55, B-values ranging from -0.03 to -0.357,
p-values ranging from <0.001 to <0.05)¢!7:¢3033-¢35,

A total of six studies explored global T136<37 and T2¢!6:¢19:¢30.36-¢38 Jegions and their
relationship with regional cortical volume, with the most consistent and strongest associations
in areas in the frontal, temporal, cingulate and insular cortex (p-values ranging from <0.001 to
<0.05). A similar pattern of associations was seen for cortical thickness measures, with
cortical thinning in temporal, frontal, parietal and cingulate cortex (p-values ranging from
<0.0001 to <0.05)30:35,¢39,

Although the majority of studies describing cortical measures found significant relationships
with WM LV, five studies did not, either for cortical volume®?!**9¢42 or cortical thickness®.
The four studies assessing cortical volumes®2!*4*-¢42 included a relatively low number of
patients (between 26 and 51), compared to the studies observing significant associations with
LV.

In two of the eight cross-sectional studies considering regional distribution of WM lesions,
the associations with cortical volume were weak or non-significant®?***, However, the other
six publications demonstrated results suggestive of an anatomical or structural relationship
between lesion location and regional cortical volume®**** and thickness®®<33-¢46:47,

Three out of five longitudinal studies considering global WM lesion measures and cortical
atrophy found significant relationships between them. The only study analysing baseline WM
lesion measures found that baseline T2 LV (annual additional volume loss 0.052% per cm? of
T2 LV, p<0.0001) and Gd-enhancing lesion number (annual additional volume loss of
0.046% for each additional Gd-enhancing lesion, p=0.0102) were significant predictors of on-
study total cortical volume loss®®. In the four studies assessing changes in global WM
measures, two found an association between increasing lesion volumes®2”**8 or numbers®*®,
and regional volume loss (p<0.01)**” and cortical thinning (p=0.040)*** (follow-up time
ranging from 1 to 2 years).

These results were in contrast to the third study considering global WM measures, in which
the change in T2 LV did not associate with the change in cortical volume over the two-year
follow-up®*?. There were no apparent systematical differences in methodology or clinical
characteristics between studies where associations were present and studies where
associations were absent. Lastly, one study assessed atrophied T2 LV (described in previous
section), and found no association with baseline cortical volume, or volume change®'’.

Two studies assessed the relationship between regional WM LV and cortical atrophy, both by
visual inspection. One of them observed that the increase in T2 LV over the follow-up
spatially coincided with areas of cortical decrease®’, while the other study did not®!.



DGM in RRMS

With the exception of one study®~, all 17 cross-sectional publications reporting on global
WM LV and DGM, found significant associations between the two. Three studies evaluated
DGM volume as a whole (B-values ranging from -0.258 to -0.49, p-values <0.0001 to
0.04)°17e49¢53 while the remaining evaluated the various structures separately. Thalamic
volume correlated negatively with T196¢37 and T2¢30.636-¢38.¢40e41 1 v/ in seven studies (r-
values ranging from -0.407 to -0.81, p-values ranging from <0.05 to <0.00001), and an
additional three studies reported significant associations in regression analyses (p-values
ranging from <0.0001 to <0.05)'4<55 Lastly, one study found that surface displacement of
the thalamus and other DGM structures associated with T2 LV (p=0.01)**. Other DGM
structures repeatedly showing significant associations with WM LV were the caudate nucleus
(p-values ranging from <0.0001 to <0.05)2c19:e36-e38.c41,e42.e35.56 1yy;tamen (r-values ranging
from -0.176 to -0.57, p-values ranging from <0.00001 to <0.05)°>¢30:36-¢38.¢33.¢35 "and globus
pallidus (p-values ranging from <0.0001 to <0.05)2e30.¢38.¢54.e35

While two cross-sectional studies, one of which only conducted a qualitative evaluation by
visual inspection®*, did not find any associations between regional WM lesion and DGM
measures®>>**_ the majority of studies considering these structures did®43-c44e46.54,

All four publications®!%¢48:¢4957 that assessed longitudinal relations between total and regional
DGM atrophy and global WM lesion measures, observed significant associations (p-values
ranging from <0.0001 to 0.0372), and most consistently with thalamic atrophy.

Two studies observed that baseline T2 LV associated significantly with thalamic (r=-0.586,
p=0.027%7, B=-0.058, p<0.0001°*), and DGM (B=-0.053, p<0.0001)** volume loss over 24
months. One of these studies also found baseline Gd-enhancing lesion number to be a
significant predictor of DGM (B=-0.060, p=0.0007) and thalamic ($=-0.039, p=0.0372)
atrophy®. In the third available study, DGM atrophy rates were higher in patients with MRI
activity (new/enlarging T2 lesions or new Gd-enhancing lesions) during the 24-month follow-
up (mean atrophy rate of -0.4.51, p=0.024)**%. Finally, in the one study considering atrophied
T2 LV (described in previous section), a significant association was found for baseline
thalamus volume (r=-0.384), and volume change (r=-0.430, both p-values=0.004)°'°.

e52

SPMS

Eleven cross-sectional and two longitudinal studies reported on patients with secondary
progressive MS (SPMS), five of which explored associations between WM lesions and global
GM volume, while eight and ten studies focused on cortical and DGM measures, respectively.
Four studies considered regional WM lesion measures.

Included studies are described in eTables 1 and 2.

Global GM in SPMS

Three out of four cross-sectional studies showed significant negative associations between
WM LV and global GM volume (r-values ranging from -0.46 to -0.72, all p-values
<0.001)°'%¢5¢ In one paper, T2 LV did correlate with normalized GM volume (r=-0.36,
<0.01), but did not remain as a significant predictor in the final regression model®!’. The one
study considering regional T1 and T2 LV and global GM volume, found no significant
associations®?.

Longitudinally, neither baseline, nor on-study changes in WM lesion measures predicted
changes in GM fraction over the subsequent four-year follow-up of 19 patients with SPMS®*,

CGM in SPMS



The observed relationship between cortical volume or thickness and global WM lesion load in
patients with SPMS was not consistent in the available four studies. Two studies found
significant associations with lower cortical volume, mainly in frontal, temporal, cingulate and
cerebellar regions (p-values <0.001%*° and <0.05°'%). Furthermore, cortical thickness was
evaluated in another two studies based on one and the same study population: neither study
found any significant association between T2 LV and global mean cortical thickness®!”-¢34,

In the four studies investigating regional WM lesions, results were also variable. Measured
qualitatively by visual inspection, one study found that the distribution of T2 lesions were
spatially close to regions with lower GM volume®*, while another two studies found weak®*®
or non-significant®> associations. Lastly, one study observed relatively strong correlations
between lower cortical volume in a given lobe, and T2 LV in the same or adjacent lobes (r-
values ranging from -0.67 to -0.79, p<0.001)°*,

Longitudinally, the only available study assessed atrophied T2 LV (described in previous
section), and combined patients with SPMS and primary progressive MS (PPMS) into one
progressive MS group (PMS) of 42 patients: no relation to either baseline cortical volume or
volume changes were found (follow-up time five and a half years)°'°.

DGM in SPMS

In the six cross-sectional publications that considered global WM lesions, results were
somewhat conflicting. Two studies found no associations with lower DGM volume®!<%3,
the other four however, T1° or T2°!7 LV associated significantly with both total DGM
volume (r=-0.65°7, B=-0.385°"7 and -1.11°%, p-values ranging from <0.001 to 0.04), and
separate DGM structures like the hippocampus®>?, thalamus and caudate nucleus®® (r-values
ranging from -0.69 to -0.88, p-values ranging from<0.001 to 0.018). Two out of four studies
that included results for regional WM LV or distribution, and the relationship with DGM
volume, showed significant associations (r-values ranging from -0.64 to -0.87, p<0.001%,
average standardized p=-0.264, p<0.05%%). Two studies did not find such associations®**
There were no apparent systematic methodological or clinical differences in the discrepant
studies, neither for those assessing global nor regional WM lesions.

As described in the above section, the only identified longitudinal publication studied
atrophied T2 LV in PMS, and found no relation to baseline thalamus volume or volume

change®!”.

in

PPMS

The relationship between WM lesions and various GM measures in patients with PPMS was
assessed in 11 cross-sectional studies, and longitudinally in two studies. Three studies
performed analyses involving global GM volume, while cortical and DGM measures were
each considered nine studies. Three studies considered regional WM LV or distribution.

Included studies are described in eTables 1 and 2.

Global GM in PPMS

The cross-sectional associations between WM lesion load and global GM volume in patients
with PPMS were variable. One study reported a significant correlation (r= -0.68, p<0.001)
with T2 LV, but in a multiple regression model the association with global GM volume was
no longer significant®!’. In the other available study, no significant associations were found
between GM volume and either T2, T1 or gadolinium-enhancing lesion volumes or
numbers®>’.

In the available longitudinal study, no association was found between baseline WM lesion
measures, and GM volume change over 12 months®'”.



CGM in PPMS

Cross-sectional results for global WM lesion measures and cortical GM volume or thickness
in patients with PPMS were divided. Three studies found associations between T1°¢! and
T23440 LV and total (r=-0.508, p<0.05)**! and regional (r-values ranging from -0.605 to -
0.85, p-values ranging from <0.001 to <0.01)**° cortical volume and total cortical thickness
(standardized p=-0.425, p<0.05)®**. In the three studies with non-significant results, no
associations were found for either cortical volume®!*%? or thickness®!’.

Out of three publications assessing regional WM lesion measures, one found a significant
association between cortical volume and regional WM lesion measures in anatomically
connected areas (r-values ranging from -0.83 to -0.91, p<0.001)°*°, while in the other two the
associations with cortical thickness or volume were weak®*® or absent®*, Again, there were no
apparent systematic methodological or clinical differences in the studies observing significant
and non-significant observations, and in all studies the number of included patients were
relatively low (between 18 and 31).

Only one longitudinal study was identified (described in previous section), finding no
associations between atrophied T2 LV and baseline cortical volume, or volume change®'?.
DGM in PPMS

All but one®> of the six cross-sectional studies reporting on the relationship between global
WM lesions and DGM volume observed significant associations. In PPMS patients,
correlations were significant for both DGM volume as a whole (r-values ranging from -0.651
to -0.71, p-values ranging from <0.001 to <0.01)°!7*®!and for the separate structures. The
most consistent association with global WM LV was seen for the thalamus®®2, for both T2 (r-
values ranging from -0.48 to -0.94, p-values ranging from <0.001 to <0.05)4%:61:¢63 and T1
LV (r-values ranging from -0.44 to -0.554, p-values ranging from 0.002 to <0.05)%!*63, Of
note, in the only study with absent associations®>®, 25 patients with both SPMS and PPMS
were pooled in a combined PMS group.

Three cross-sectional publications analysed regional WM lesions and the relationship with
DGM volume. Lower thalamus volume were related to T2 LV in all lobes analysed in one
study (r-values ranging from -0.85 to -0.93, p<0.001)**°, and another study found that regional
T2 LV was a significant factor in multiple regression models for the nucleus accumbens,
hippocampus and globus pallidus, but not for amygdala, putamen or thalamus (average
standardized p=-0.438, p<0.05)**¢. The third study conducted a qualitative analysis by visual
inspection, and found no spatial correspondence between T2 lesions and lower DGM
volume®®.

Lastly, only one longitudinal study was available (described in previous section), and for both
baseline thalamic volume and volume change, no relation to atrophied T2 LV was found®'°.

Results for mixed MS groups

In a mixed MS patient group, i.e., comprising different disease types but studying the entire
patient group as a whole, 32 publications assessed the cross-sectional, and 9 the longitudinal
association between WM lesion measures and GM volume. In this section, studies including
patients with CIS in the total patient population are also considered. The follow-up time in the
longitudinal studies ranged from two to five and a half years.

Global GM volume and its relation to WM lesions was described in 13 studies, CGM volume
or thickness was considered in 17, and DGM volume in 23 studies. Associations with regional
WM lesions were reported in eight studies in total.

Included studies are described in eTables 1, 2 and 3.



Global GM in mixed MS groups

In all but one of the nine available cross-sectional studies, global WM lesion measures were
consistently associated with global GM volume in patients with MS. Significant correlations
were found in seven studies (r-values ranging from -0.43 to -0.63, p-values ranging from
<0.001 to 0.016)°16c17:¢65¢69 "and two studies observed WM LV as a significant predictor of
global GM volume (r=-0.52°'7, $=-0.226°'" and -0.27¢!, p-values ranging from <0.01 to
<0.001). In all of the above studies, patients with RRMS made up the majority of the mixed
MS groups. Patients with or without Gd-enhancing lesions however, did not exhibit different
GM volumes®*.

One cross-sectional study reported results on regional WM LV, and observed significant
correlations between total GM fraction and regional T2 and T1 LV in 9 and 5 out of 26
regions, respectively (r-values ranging from -0.24 to -0.45, p<0.001)*%.

The four available longitudinal studies considering global GM atrophy and global WM lesion
measures load reported mainly absent associations. In the three studies assessing baseline
WM lesion measures, changes in GM volume were not associated with the presence of Gd-
enhancing lesions®®, T1 LV or abnormal WM fraction®®® (follow-up period ranging from
two to five and a half years). However, in one of these studies, baseline global GM volume
correlated significantly with variation in abnormal WM fraction over the 2-year follow-up
(r=-0.180, p<0.001)**. Lastly, in the one study assessing T2 lesion shrinking over a three-
year follow-up, this did not relate to changes in global GM volume®®’.

CGM in mixed MS groups

The majority of studies, i.e., ten out of twelve studies considering cortical volume or thickness
and global WM lesion measures in MS, found significant associations between the two. T2
LV was associated with lower GM volume in the cerebellar cortex, temporal lobe and the pre-
and postcentral gyrus in the frontal and parietal lobe in two studies (both p-values
<0.05)°'%°3, One study using estimated regional cortical, DGM and brainstem volumes in an
event-based model to determine the sequential occurrence of atrophy, observed that the event-
based model stage at baseline was related to the T2 LV (p<0.001)°"!. Five studies found a
significant association between global WM LV and both global (p-values ranging from
<0.001 to <0.05)¢!7e34<70275 and regional cortical thickness (p-values ranging from 0.007 to
<0.05)°74¢73<77_Lastly, one study found that global T2 LV correlated significantly with
cortical surface area (r= -0.62, p<0.05)"2.

In two publications, one of which all included patients were treated with natalizumab, cortical
thickness and/ or volume did not associate with either global T2 LV< or the presence of Gd-
enhancing lesions®®,

Associations between regional WM lesion measures and cortical atrophy were reported in five
available studies. One study found that regional T2 LV in the left and right frontal, temporal,
parietal, and occipital areas were associated with lower cortical thickness in widespread
bilateral cortical regions (p<0.05)"’, and another study observed that LV in connected WM
tracts was a significant explanatory variable of cortical thickness (average standardized p=-
0.116, p<0.05) in 28 out of 34 areas®*. In the three remaining publications, associations
between regional WM lesion measures and cortical volume or thickness were weak (r=-0.267,
p<0.01)** or non-significant®®<’s,

Four publications explored the longitudinal relationship between global WM lesion measures
and cortical atrophy, and none of them observed significant associations. No relations were
found between the presence of Gd-enhancing lesions at baseline®®* or changes in T2 LV¢”7,
and changes in cortical volume®®* or thickness (either global or regional)**<”’ (follow-up time
ranging from 3 to 4 years). In one study using an event-based model (described in the above
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section); the rate of increase in T2 LV over the mean follow-up of 2.4 years did not associate
with the rate of change in the event-based model stage®’!. Assessing atrophied T2 LV
(described in previous section), associations with baseline cortical volume or volume change
were not found®!°.

One of the four longitudinal publications also considered regional T2 LV, and found that
changes in left temporal and occipital T2 LV associated negatively with cortical thinning in
the left temporal, parietal and occipital areas (p<0.05)<7’.

DGM in mixed MS groups

Seventeen studies considered the cross-sectional relationship between global WM lesion and
DGM measures in patients with MS; as many as 14 observed significant associations. Global
T1°% and T2°'7 LV was significantly associated with total DGM volume (r=-0.70°'7,
standardized p=-0.407°'7 and -0.41°*, p-values ranging from <0.001 to 0.02) as well as with
the separate structures. A total of ten publications reported significant associations between
global WM LV and thalamic (r-values ranging from -0.36 to -0.77, p-values ranging from
<0.0001 to <0.05)c16:653:635.¢76,680,e81,e83-e85 o q pulvinar nucleus (p<0.05) volume®”>,
Associations were also seen for caudate nucleus (p-values ranging from <0.01 to
<0.05)°165573<76 pytamen (p-values ranging from 0.003 to <0.05)33:33:69.¢73 apq
hippocampal volume (r-values ranging from -0.46 to -0.56, all p-values=0.008)2,
Furthermore, global T2 L'V was associated with a more advanced event-based model stage, as
referred to in the above section regarding cortical GM atrophy in MS patients (p<0.001)<"!.
As opposed to the results listed above, two studies did not observe significant associations
between WM LV and lower GM volume either in the caudate nucleus’”® or in any other DGM
structure®’*. Furthermore, the presence of Gd-enhancing lesions did not correlate with total or
regional DGM volume®*,

Of the available studies analysing the cross-sectional relationship between regional WM LV
and DGM volume, three found significant (p-values ranging from 0.02 to <0.05)%46:<73<78 or
near significant associations®?><30,

Only one out of three studies®!®***<"! reporting on the longitudinal relationship between DGM
atrophy and global WM lesion measures in MS patients found a significant association: in this
study, atrophied T2 LV correlated significantly with baseline thalamic volume (7=-0.620,
=0.003) and thalamic volume change (»=-0.672, p=0.003)°!°. The presence of Gd-enhancing
lesions at baseline did not associate with changes in total or regional DGM volume over a 3-
year follow up, in patients treated with natalizumab®®*. Furthermore, the rate of change in the
event-based model stage was not related to the rate of increase in T2 LV,

Two longitudinal studies considering regional WM lesion measures and DGM atrophy were
available, and both found significant associations. One study found that over a 12-month
period, new, chronic enlarging and chronic shrinking T1 lesion number along the optic
radiation was related to reduced ipsilateral lateral geniculate nucleus volume (p-values
ranging from 0.0001 to 0.0056)*°. The second study assessed regional DGM atrophy over
five years, and its association to percentage lesion disruption, i.e., the percentage of normative
data-base derived connected tract streamlines that passes through a given lesion mask and are
considered disrupted. When controlling for T2 LV, tract disruption could predict DGM
volume atrophy rate in 5 of 14 regions, but only 1 after correction for multiple comparisons
(p<0.001)%3,

Comparisons between disease phenotypes

Four studies described global GM atrophy, while eleven studies reported results on CGM and
DGM atrophy, each. Five studies considered regional WM lesion measures and their possible
association with GM atrophy.
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The included studies are described in eTables 1 and 2.

Global GM in comparisons between phenotypes

In both available cross-sectional studies, a negative association between global GM volume
and global WM LV was observed in all investigated disease types (RRMS (r=-0.334,
£<0.001°'%, r=-0.57, p<0.01°'"), SPMS (1=-0.460, p<0.001°'°, r=-0.36, p<0.01°'7), PPMS (r=-
0.68, p<0.01°'7)), although one of these found that in multivariable logistic regression, the
association with global WM lesion volume remained only for RRMS (standardized =-0.231,
<0.01), but not SPMS or PPMS®"’.

In the single study assessing regional WM LV, significant associations were only found in
RRMS (r-values ranging from -0.20 to -0.50, p<0.001), but not in SPMS®23,

Longitudinally, the presence of Gd-enhancing lesions at baseline (standardized =-0.28,
p=0.04) and increase in T2 LV during the four-year follow-up (standardized 3=-0.46,
p=0.0004) predicted faster GM fraction change in RRMS, but not in SPMS®?,

In all of the above studies, the RRMS group was considerably larger than the groups
consisting of patients with SPMS or PPMS.

CGM in comparisons between phenotypes

The six available cross-sectional studies found more consistent associations between global
WM lesion load and cortical atrophy in RRMS than the other phenotypes, though the
association was not uniformly present in all phenotypes®*<!6:c17¢31.e34¢40 poyr studies found
that global T2 LV was associated with total cortical volume or thickness in RRMS (r-values
ranging from -0.420 to -0.55°2¢1731 'standardized p=-0.319%** and -0.357°!7, p-values ranging
from <0.0001 to <0.05), while in CIS it was absent®?, in SPMS absent®!7<34 and in PPMS
present (r=-0.43, p<0.05°"7, standardized p=-0.425, p<0.05°*) or absent®'”-*3! (in one of the
studies®!” depending on the statistical analysis used); of note, two of these studies investigated
the same patient group®'”- <34, Except the one study including patients with CIS and RRMS?,
the patient groups were again unbalanced with large RRMS groups compared to groups with
progressive disease types. Regional cortical volumes associated with global T2 LV in both
RRMS and SPMS in one study (all p-values <0.05)°!6, but only in SPMS (r-values ranging
from -0.63 to -0.75), and PPMS (r-values ranging from -0.83 to -0.85), not RRMS, in another
study (all p-values<0.001)°*°,

In the five cross-sectional studies considering regional WM LV, two assessed cortical
thickness, finding the most consistent and widespread associations in RRMS patients (p-
values ranging from 0.0002 to <0.05)*>%*, In CIS®®, SPMS®*® and PPMS®*, the association
was significant only in certain cortical regions. In the three studies assessing cortical volume,
associations were absent in RRMS and SPMS®®, present in RRMS and SPMS (qualitative
association by visual inspection)** and present in SPMS (r-values ranging from -0.65 to -
0.79, p<0.001) and PPMS (r-values ranging from -0.83 to -0.91, p<0.001)%4,

DGM in comparisons between phenotypes

All three cross-sectional studies assessing the relationship between global WM lesion load
and total DGM volume, observed a significant association in RRMS (r=-0.613%% and -0.74°7,
standardized p=-0.407°'7 and -0.49°%*, p-values ranging from <0.0001 to 0.04) while finding it
to be present (r=-0.329, p<0.0001)°? in CIS, absent®> or present (r=-0.65°'7, standardized p=-
0.385°7 and -1.11°%3, p-values ranging from <0.001 to 0.04) in SPMS (in one of the studies®>
depending on the lesion measure), and absent®!’ or present (r=-0.71, p<0.001)°'7 in PPMS
(depending on the statistical analysis used®!”). The two papers considering patients with
RRMS and progressive disease types®!”*>* had unbalanced patient groups with small groups
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of SPMS (53°'7 and 12°53 patients) and PPMS (25 patients®'?) patients. In the six studies
considering regional DGM volumes, global WM lesion measures were, with the exception of
one study®>, consistently related in RRMS (p-values ranging from <0.0001 to
0.04)c216:403355 Eyrthermore, associations were present in CIS (r-values ranging from -
0.218 to -0.328, p-values ranging from <0.0001 to <0.001)%%, absent®!®*>> or present (r-values
ranging from -0.69 to -0.88, p-values ranging from <0.001 to 0.018)*%¢>2 in SPMS, and
absent®> or present (r=-0.94, p<0.001)**° in PPMS.

In the four cross-sectional studies assessing the relationship between regional WM lesion
measures and regional DGM volume, significant associations were absent in RRMS and
SPMS*®3, present in RRMS and SPMS, but absent in PPMS (qualitative association by visual
inspection)®?’, present in RRMS, SPMS and PPMS (standardized B-values ranging from -
0.264 to -0.438, all p-values <0.05)**, and present in SPMS and PPMS (r-values ranging
from -0.64 to -0.87, all p-values<0.001)4.



13

Supplementary eReferences

el.

e2.

e3.

e4.

e5.

e6.

e7.

e8.

e9.

el0.

ell.

el2.

el3.

el4.

els.

elé6.

el7.

Roosendaal S.D, Bendfeldt K, Vrenken H et al. Grey matter volume in a large cohort
of MS patients: relation to MRI parameters and disability. Mult Scler. 2011;17(9): p.
1098-106.

Bergsland N, Horakova D, Dwyer M.G et al. Subcortical and Cortical Gray Matter
Atrophy in a Large Sample of Patients with Clinically Isolated Syndrome and Early
Relapsing-Remitting Multiple Sclerosis. AJNR Am J Neuroradiol. 2012;33(8): p.
1573-1578.

Durhan G, Diker S, Has A.C et al. Assessment of the effect of cigarette smoking on
regional brain volumes and lesion load in patients with clinically isolated syndrome.
Int J Neurosci. 2016;126(9): p. 805-811.

Henry R.G, Shieh M, Okuda D.T, Evangelista A, Gorno-Tempini M.L, Pelletier D.
Regional grey matter atrophy in clinically isolated syndromes at presentation. J Neurol
Neurosurg Psychiatry. 2008;79(11): p. 1236-44.

Labiano-Fontcuberta A, Mato-Abad V, Alvarez-Linera J et al. Gray Matter
Involvement in Radiologically Isolated Syndrome. Medicine. 2016;95(13): p. €3208.
Dalton C.M, Chard D.T, Davies G.R et al. Early development of multiple sclerosis is
associated with progressive grey matter atrophy in patients presenting with clinically
isolated syndromes. Brain. 2004;127(Pt 5): p. 1101-7.

Varosanec M, Uher T, Horakova D et al. Longitudinal Mixed-Effect Model Analysis
of the Association between Global and Tissue-Specific Brain Atrophy and Lesion
Accumulation in Patients with Clinically Isolated Syndrome. AJNR Am J Neuroradiol.
2015;36(8): p. 1457-64.

Jenkins T.M, Ciccarelli O, Atzori M et al. Early pericalcarine atrophy in acute optic
neuritis is associated with conversion to multiple sclerosis. J Neurol Neurosurg
Psychiatry. 2011;82(9): p. 1017-21.

Jehna M, Pirpamer L, Khalil M et al. Periventricular lesions correlate with cortical
thinning in multiple sclerosis. Ann Neurol. 2015;78(4): p. 530-9.

Tavazzi E, Bergsland N, Kuhle J et al. A multimodal approach to assess the validity of
atrophied T2-lesion volume as an MRI marker of disease progression in multiple
sclerosis. J Neurol. 2020;267(3): p. 802-811.

Cacciaguerra L, Pagani E, Mesaros S et al. Dynamic volumetric changes of
hippocampal subfields in clinically isolated syndrome patients: A 2-year MRI study.
Mult Scler. 2019;25(9): p. 1232-1242.

Henry R.G, Shieh M, Amirbekian B, Chung S, Okuda D.T, Pelletier D. Connecting
white matter injury and thalamic atrophy in clinically isolated syndromes. J Neurol
Sci. 2009;282(1-2): p. 61-6.

Chard D.T, Griffin C.M, Parker G.J, Kapoor R, Thompson A.J, Miller D.H. Brain
atrophy in clinically early relapsing-remitting multiple sclerosis. Brain. 2002;125(Pt
2): p. 327-37.

Tiberio M, Chard D.T, Altman D.R et al. Gray and white matter volume changes in
early RRMS: a 2-year longitudinal study. Neurology. 2005;64(6): p. 1001-7.

Dolezal O, Dwyer M.G, Horakova D et al. Detection of cortical lesions is dependent
on choice of slice thickness in patients with multiple sclerosis. Int Rev Neurobiol.
2007;79: p. 475-89.

Grothe M, Lotze M, Langner S, Dressel A. The role of global and regional gray matter
volume decrease in multiple sclerosis. J Neurol. 2016;263(6): p. 1137-45.

Steenwijk M.D, Daams M, Pouwels P.J et al. What explains gray matter atrophy in
long-standing multiple sclerosis? Radiology. 2014;272(3): p. 832-42.



el8.

el9.

e20.

e2l.

e22.

e23.

e24.

e25.

e26.

e27.

e28.

e29.

e30.

e31.

e32.

e33.

e34.

14

Toth E, Szabo N, Csete G et al. Gray Matter Atrophy Is Primarily Related to
Demyelination of Lesions in Multiple Sclerosis: A Diffusion Tensor Imaging MRI
Study. Front Neuroanat. 2017;11: p. 23.

Prinster A, Quarantelli M, Lanzillo R et al. A voxel-based morphometry study of
disease severity correlates in relapsing-- remitting multiple sclerosis. Mult Scler.
2010;16(1): p. 45-54.

Quarantelli M, Ciarmiello A, Morra V.B et al. Brain tissue volume changes in
relapsing-remitting multiple sclerosis: correlation with lesion load. Neuroimage. 2003;
18(2): p. 360-6.

Ceccarelli A, Rocca M. A, Falini A et al. Normal-appearing white and grey matter
damage in MS. A volumetric and diffusion tensor MRI study at 3.0 Tesla. J Neurol.
2007;254(4): p. 513-8.

Sbardella E, Petsas N, Tona F et al. Assessing the correlation between grey and white
matter damage with motor and cognitive impairment in multiple sclerosis patients.
PLoS One. 2013;8(5): p. €63250.

Antulov R, Carone D.A, Bruce J et al. Regionally distinct white matter lesions do not
contribute to regional gray matter atrophy in patients with multiple sclerosis. J
Neuroimaging. 2011;21(3): p. 210-8.

Fisher E, Lee J.C, Nakamura K, Rudick R.A. Gray matter atrophy in multiple
sclerosis: A longitudinal study. Ann Neurol. 2008;64(3): p. 255-265.

Vidal-Jordana A, Sastre-Garriga J, Perez-Miralles F et al. Early brain pseudoatrophy
while on natalizumab therapy is due to white matter volume changes. Mult Scler.
2013;19(9): p. 1175-81.

Vidal-Jordana A, Sastre-Garriga J, Perez-Miralles F et al. Brain Volume Loss During
the First Year of Interferon-Beta Treatment in Multiple Sclerosis: Baseline
Inflammation and Regional Brain Volume Dynamics. J Neuroimaging. 2016;26(5): p.
532-8.

Bendfeldt K, Kuster P, Traud S et al. Association of regional gray matter volume loss
and progression of white matter lesions in multiple sclerosis - A longitudinal voxel-
based morphometry study. Neuroimage. 2009;45(1): p. 60-7.

Preziosa P, Rocca M.A, Riccitelli G.C et al. Effects of Natalizumab and Fingolimod
on Clinical, Cognitive, and Magnetic Resonance Imaging Measures in Multiple
Sclerosis. Neurotherapeutics. 2019;17(1):p.208-217.

Masuda H, Mori M, Hirano S et al. Relapse numbers and earlier intervention by
disease modifying drugs are related with progression of less brain atrophy in patients
with multiple sclerosis. J Neurol Sci. 2019;403: p. 78-84.

Al-Radaideh A, Athamneh I, Alabadi H, Hbahbih M. Cortical and Subcortical
Morphometric and Iron Changes in Relapsing-Remitting Multiple Sclerosis and Their
Association with White Matter T2 Lesion Load : A 3-Tesla Magnetic Resonance
Imaging Study. Clin Neuroradiol. 2019;29(1): p. 51-64.

De Stefano N, Matthews P.M, Filippi M et al. Evidence of early cortical atrophy in
MS: relevance to white matter changes and disability. Neurology. 2003;60(7): p. 1157-
62.

Zivadinov R, Tekwe C, Bergsland N et al. Bimonthly Evolution of Cortical Atrophy in
Early Relapsing-Remitting Multiple Sclerosis over 2 Years: A Longitudinal Study.
Mult Scler Int. 2013;2013: p. 231345.

Calabrese M, Rinaldi F, Mattisi I et al. Widespread cortical thinning characterizes
patients with MS with mild cognitive impairment. Neurology. 2010;74(4): p. 321-8.
Steenwijk M.D, Geurts J.J, Daams M et al. Cortical atrophy patterns in multiple
sclerosis are non-random and clinically relevant. Brain. 2016;139(Pt 1): p. 115-26.



e35.

e36.

e37.

e38.

e39.

e40.

e4l.

e42.

e43.

e44.

e45.

e46.

e47.

e48.

e49.

e50.

15

Charil A, Dagher A, Lerch J.P, Zijdenbos A.P, Worsley K.J, Evans A.C. Focal cortical
atrophy in multiple sclerosis: relation to lesion load and disability. Neuroimage. 2007,
34(2): p. 509-17.

Datta S, Staewen T.D, Cofield S.S et al. Regional gray matter atrophy in relapsing
remitting multiple sclerosis: baseline analysis of multi-center data. Mult Scler Relat
Disord. 2015;4(2): p. 124-36.

Tao G, Datta S, He R, Nelson F, Wolinsky J.S, Narayana P.A. Deep gray matter
atrophy in multiple sclerosis: a tensor based morphometry. J Neurol Sci. 2009;282(1-
2): p- 39-46.

Hasan K.M, Walimuni .S, Abid H, Datta S, Wolinsky J.S, Narayana P.A. Human
brain atlas-based multimodal MRI analysis of volumetry, diffusimetry, relaxometry
and lesion distribution in multiple sclerosis patients and healthy adult controls:
implications for understanding the pathogenesis of multiple sclerosis and
consolidation of quantitative MRI results in MS. J Neurol Sci. 2012; 313(1-2): p. 99-
109.

Narayana P.A, Govindarajan K.A, Goel P et al. Regional cortical thickness in
relapsing remitting multiple sclerosis: A multi-center study. Neuroimage Clin. 2012;2:
p. 120-31.

Ceccarelli A, Rocca M. A, Pagani E et al. A voxel-based morphometry study of grey
matter loss in MS patients with different clinical phenotypes. Neuroimage.
2008;42(1): p. 315-22.

Duan Y, Liu Y, Liang P et al. Comparison of grey matter atrophy between patients
with neuromyelitis optica and multiple sclerosis: a voxel-based morphometry study.
Eur J Radiol. 2012;81(2): p. ¢110-4.

Prinster A, Quarantelli M, Orefice G et al. Grey matter loss in relapsing-remitting
multiple sclerosis: a voxel-based morphometry study. Neuroimage. 2006;29(3): p.
859-67.

Kuceyeski A.F, Vargas W, Dayan M et al. Modeling the relationship among gray
matter atrophy, abnormalities in connecting white matter, and cognitive performance
in early multiple sclerosis. AJNR Am J Neuroradiol. 2015;36(4): p. 702-9.

Riccitelli G, Rocca M.A, Pagani E et al. Mapping regional grey and white matter
atrophy in relapsing-remitting multiple sclerosis. Mult Scler. 2012;18(7): p. 1027-37.
Riccitelli G, Rocca M.A, Pagani E et al. Cognitive impairment in multiple sclerosis is
associated to different patterns of gray matter atrophy according to clinical phenotype.
Hum Brain Mapp. 2011;32(10): p. 1535-43.

Steenwijk M.D, Daams M, Pouwels P.J et al. Unraveling the relationship between
regional gray matter atrophy and pathology in connected white matter tracts in long-
standing multiple sclerosis. Hum Brain Mapp. 2015;36(5): p. 1796-807.

Bergsland N, Lagana M.M, Tavazzi E et al. Corticospinal tract integrity is related to
primary motor cortex thinning in relapsing-remitting multiple sclerosis. Mult Scler.
2015;21(14): p. 1771-80.

Damasceno A, Damasceno B.P, Cendes F. No evidence of disease activity in multiple
sclerosis: Implications on cognition and brain atrophy. Mult Scler. 2016;22(1): p. 64-
72.

Gaetano L, Haring D.A, Radue E.W et al. Fingolimod effect on gray matter, thalamus,
and white matter in patients with multiple sclerosis. Neurology. 2018;90(15): p.
el1324-e1332.

Battaglini M, Giorgio A, Stromillo M.L et al. Voxel-wise assessment of progression of
regional brain atrophy in relapsing-remitting multiple sclerosis. J Neurol Sci.
2009;282(1-2): p. 55-60.



e51.

e52.

e53.

e54.

e55.

e56.

e57.

e58.

e59.

¢60.

e61.

e62.

e63.

e64.

e65.

€66.

e67.

16

Bendfeldt K, Blumhagen J.O, Egger H et al. Spatiotemporal distribution pattern of
white matter lesion volumes and their association with regional grey matter volume
reductions in relapsing-remitting multiple sclerosis. Hum Brain Mapp. 2010;31(10): p.
1542-55.

Sicotte N.L, Kern K.C, Giesser B.S et al. Regional hippocampal atrophy in multiple
sclerosis. Brain. 2008;131(Pt 4): p. 1134-41.

Kalinin I, Makshakov G, Evdoshenko E. The Impact of Intracortical Lesions on
Volumes of Subcortical Structures in Multiple Sclerosis. AJNR Am J Neuroradiol.
2020. doi: https://doi.org/10.3174/ajnr.A6513

Magon S, Chakravarty M.M, Amann M et al. Label-fusion-segmentation and
deformation-based shape analysis of deep gray matter in multiple sclerosis: the impact
of thalamic subnuclei on disability. Hum Brain Mapp. 2014;35(8): p. 4193-203.
Pontillo G, Cocozza S, Lanzillo R et al. Determinants of Deep Gray Matter Atrophy in
Multiple Sclerosis: A Multimodal MRI Study. 4JNR Am J Neuroradiol. 2019;40(1): p.
99-106.

Hasan K.M, Halphen C, Kamali A, Nelson F.M, Wolinsky J.S, Narayana P.A.
Caudate nuclei volume, diffusion tensor metrics, and T(2) relaxation in healthy adults
and relapsing-remitting multiple sclerosis patients: implications for understanding
gray matter degeneration. J Magn Reson Imaging. 2009;29(1): p. 70-7.

Talmage G.D, Coppes O.J.M, Javed A, Bernard J. Natalizumab stabilizes physical,
cognitive, MRI, and OCT markers of disease activity: A prospective, non-randomized
pilot study. PLoS One. 2017;12(4): p. €0173299.

Furby J, Hayton T, Altmann D et al. Different white matter lesion characteristics
correlate with distinct grey matter abnormalities on magnetic resonance imaging in
secondary progressive multiple sclerosis. Mult Scler. 2009;15(6): p. 687-94.
Sastre-Garriga J, Ingle G.T, Chard D.T, Ramio-Torrenta L, Miller D.H, Thompson
A.J. Grey and white matter atrophy in early clinical stages of primary progressive
multiple sclerosis. Neuroimage. 2004;22(1): p. 353-9.

Sastre-Garriga J, Ingle G.T, Chard D.T et al. Grey and white matter volume changes in
early primary progressive multiple sclerosis: a longitudinal study. Brain. 2005;128(Pt
6): p. 1454-60.

Galego O, Gouveia A, Batista S, Moura C, Machado E. Brain atrophy and physical
disability in primary progressive multiple sclerosis: A volumetric study. Neuroradiol
J. 2015;28(3): p. 354-8.

Sepulcre J, Sastre-Garriga J, Cercignani M, Ingle G.T, Miller D.H, Thompson A.J.
Regional gray matter atrophy in early primary progressive multiple sclerosis: a voxel-
based morphometry study. Arch Neurol. 2006;63(8): p. 1175-80.

Mesaros S, Rocca M.A, Pagani E et al. Thalamic damage predicts the evolution of
primary-progressive multiple sclerosis at 5 years. AJNR Am J Neuroradiol.
2011;32(6): p. 1016-20.

Ciampi E, Pareto D, Sastre-Garriga J et al. Grey matter atrophy is associated with
disability increase in natalizumab-treated patients. Mult Scler. 2017;23(4): p. 556-566.
Fisniku L.K, Chard D.T, Jackson J.S et al. Gray matter atrophy is related to long-term
disability in multiple sclerosis. Ann Neurol. 2008;64(3): p. 247-54.

Fragoso Y.D, Wille P.R, Abreu M et al. Correlation of clinical findings and brain
volume data in multiple sclerosis. J Clin Neurosci. 2017;44: p. 155-157.

Sanfilipo M.P, Benedict R.H, Sharma J, Weinstock-Guttman B, Bakshi R. The
relationship between whole brain volume and disability in multiple sclerosis: a
comparison of normalized gray vs. white matter with misclassification correction.
Neuroimage. 2005;26(4): p. 1068-77.



e68.

€69.

¢70.

e71.

e72.

e73.

e74.

e75.

e76.

e77.

e78.

e79.

e80.

e8l.

e82.

e83.

e84.

e85.

e86.

17

Tedeschi G, Lavorgna L, Russo P et al. Brain atrophy and lesion load in a large
population of patients with multiple sclerosis. Neurology. 2005;65(2): p. 280-5.
Zimmermann H, Rolfsnes H.O, Montag S et al. Putaminal alteration in multiple
sclerosis patients with spinal cord lesions. J Neural Transm. 2015;122(10): p. 1465-
73.

Calabrese M, Atzori M, Bernardi V et al. Cortical atrophy is relevant in multiple
sclerosis at clinical onset. J Neurol. 2007;254(9): p. 1212-20.

Eshaghi A, Marinescu R.V, Young A.L et al. Progression of regional grey matter
atrophy in multiple sclerosis. Brain. 2018;141(6): p. 1665-1677.

Hier D.B, Wang J. Reduced cortical surface area in multiple sclerosis. Neurol Res.
2007;29(3): p. 231-2.

Muhlau M, Buck D, Forschler A et al. White-matter lesions drive deep gray-matter
atrophy in early multiple sclerosis: support from structural MRI. Mult Scler.
2013;19(11): p. 1485-92.

Pareto D, Sastre-Garriga J, Auger C et al. Juxtacortical Lesions and Cortical Thinning
in Multiple Sclerosis. AJNR Am J Neuroradiol. 2015;36(12): p. 2270-6.

Sailer M, Fischl B, Salat D et al. Focal thinning of the cerebral cortex in multiple
sclerosis. Brain. 2003;126(Pt 8): p. 1734-44.

Shiee N, Bazin P.L, Zackowski K.M et al. Revisiting brain atrophy and its relationship
to disability in multiple sclerosis. PLoS One. 2012;7(5): p. €37049.

Tsagkas C, Chakravarty M.M, Gaetano L et al. Longitudinal patterns of cortical
thinning in multiple sclerosis. Hum Brain Mapp. 2020;41(8): p. 2198-2215.

Sepulcre J, Goni J, Masdeu J.C et al. Contribution of white matter lesions to gray
matter atrophy in multiple sclerosis: evidence from voxel-based analysis of T1 lesions
in the visual pathway. Arch Neurol. 2009;66(2): p. 173-9.

Bermel R.A, Innus M.D, Tjoa C.W, Bakshi R. Selective caudate atrophy in multiple
sclerosis: a 3D MRI parcellation study. Neuroreport. 2003;14(3): p. 335-9.

Deppe M, Kramer J, Tenberge J.G et al. Early silent microstructural degeneration and
atrophy of the thalamocortical network in multiple sclerosis. Hum Brain Mapp.
2016;37(5): p. 1866-79.

Hasan K.M, Walimuni L.S, Abid H et al. Multimodal quantitative magnetic resonance
imaging of thalamic development and aging across the human lifespan: implications to
neurodegeneration in multiple sclerosis. J Neurosci. 2011;31(46): p. 16826-32.
Longoni G, Rocca M. A, Pagani E et al. Deficits in memory and visuospatial learning
correlate with regional hippocampal atrophy in MS. Brain Struct Funct. 2015;220(1):
p. 435-44.

Louapre C, Govindarajan S.T, Gianni C et al. Heterogeneous pathological processes
account for thalamic degeneration in multiple sclerosis: Insights from 7 T imaging.
Mult Scler. 2018;24(11): p. 1433-1444.

Mehndiratta A, Treaba C.A, Barletta V et al. Characterization of thalamic lesions and
their correlates in multiple sclerosis by ultra-high-field MRI. Mult Scler. 2021
Apr;27(5):674-683

Rocca M. A, Mesaros S, Pagani E, Sormani M.P, Comi G, Filippi M. Thalamic
damage and long-term progression of disability in multiple sclerosis. Radiology. 2010;
257(2): p. 463-9.

Fuchs T.A, Carolus K, Benedict R.H.B et al. Impact of Focal White Matter Damage
on Localized Subcortical Gray Matter Atrophy in Multiple Sclerosis: A 5-Year Study.
AJNR Am J Neuroradiol. 2018;39(8): p. 1480-1486.



e87.

e88.

e89.

€90.

18

Pongratz V, Schmidt P, Bussas M et al. Prognostic value of white matter lesion
shrinking in early multiple sclerosis: An intuitive or naive notion? Brain Behav. 2019;
9(12): p. e01417.

Lee H, Nakamura K, Narayanan S et al. Impact of immunoablation and autologous
hematopoietic stem cell transplantation on gray and white matter atrophy in multiple
sclerosis. Mult Scler. 2018;24(8): p. 1055-1066.

Tedeschi G, Dinacci D, Comerci M et al. Brain atrophy evolution and lesion load
accrual in multiple sclerosis: a 2-year follow-up study. Mult Scler. 2009;15(2): p. 204-
11.

Fox J, Kraemer M, Schormann T et al. Individual Assessment of Brain Tissue
Changes in MS and the Effect of Focal Lesions on Short-Term Focal Atrophy
Development in MS: A Voxel-Guided Morphometry Study. Int J Mol Sci. 2016;17(4):
p. 489.



‘467 0-=1) 1D (50°0>d ‘807 0-=1) B2Ie d0BJINS “QWN[OA “BAIR Q0BJINS PUB SSIUNOIY} ur) “re

Ireq [e011100 pUB AT 7] U99M)dq UOIIR[1I0D JUBIIUSIS uoIs9[ ZI [eqo[D ‘ounjoA [eqo[3 ‘D [ed1}10)D) 0€ 19 yaprepey-v
SINYY

(9)

9107

QUIIPIN e

W(§¥0°0>d “6%°0-=1) AD Pue ‘(020°0>d ‘95°0-=1) AIND “aumn[oa "WN[OA [BQO[S ‘D [EO1IOD) 19 BpIIqNAUO]
Ieq pue AT 71 U99M]dqQ UOTR[OIIO) JAT)ESOU JUROIJTUSIS uorso[ I [eq0[D "owInjoA [eqo[S ‘IND [e10L L1 -oueiqe|
‘(9a13u 213do) y3ug|
uoIs9[ 71, [euoiday
‘AT 7l ureiqooym 1o ATzl (uonerper ondo) suorsof
MO ‘YP3u9] uoIs9] 91U odo pue SSAUNOIY) JO dWN[OA 7], JO 90uasaid [euo13oy
QuLIED[BILId U99MIOQ UOTJRIJOSSE JUBOIIUSIS ON| SUOIS[
71 Jo 2ouasaid [eqoin (89)
“esnumoau ondo yym syudned ur  (uonerper ondo) swnjoA 1102 ‘Anergassq
“(¥£0°0=d ‘7" T=1) suoIsa] 1, MO Pue (070 0=d ‘84'T=1) UOISO] T, [BUOITOY (%1100 SansoamaN
SUOISO[ 7L, UTeIq 9[oym JO 29uosaxd ot [jim pajeroosse “QWINJOA surreoeorsad) ssowory) pue [oandN
ne  Apueoyruis d10M SAWNJOA [B11109 duLed[edL1ad 1omo uoIsa[ 7.1 [eqo[D JWIN[OA [BUOIAI ‘|ND) [BI11I0)) 8T [ “Ie 10 sunjuap
"«(100°0>) N TeoRI000We e (z1d)
ur AT 1.L £q paure[dxa sem ownjoA orwe[ey) “QWINJOA “(snurerer) 6007 ‘TOS 10NN
PoOD) Ul 9JUBLIBA ) JO %,/ ‘[Opow uoIssaigor asimdals e uj uoIs9[ 1I [euoidoy awnjoA [euordar ‘WO doog T r“1e 19 Aaudyg
"AND ()
[2qO[3 pue AT ]I U99MIdq UOIIRIIOSSE JUBOIUSIS ON 8007 ‘Aneryossg
QuN[oA (££0°0=d mwm.oummv sndwesoddiy 3ansoanaN
o1 pue (Y31 L£0"0=d pue (Jo1) 020'0=d ‘05 0=4) -awnjoa -awnjoA [euo1dal ‘WO dodg [oanaN
poon  TWE[ey) [BIE]Iq YIIM PIJeIdosse A[oAnesou sem AT [L uorse 11 1eq0[D "ownjoA [eqo[S ‘IND [eI0L ¥ r “Te 19 A1uayg
'Seale 9soy)
ur AJND Pue AT 7L U99M)9q UONR[III0D JUBOIUSIS ‘awnjoA [euorda1 ‘D dooq (£9)
ou nq ‘syuened S1) Surjows-uou ur uey) syudned S1DH *QWIN[OA [BUOIFAI ‘IND) [BO1}10)) 9107
Sunjows ur o JY31I pue BIIE SUIQUINIIL [ ‘X0 ouIn[oA ‘awInjoA [8qo[3 ‘D [e91}10)D) ‘1950.aN3N [ Juy
e Ie[[9Q2109 }JO] o) UI dwn|oA 1yS1y A[juesrjrusdig uorso[ 1 [8q0[D "owINjoA [2qo[S ‘IND [e10L IS “Ie 39 ueyanq
SID
20U2P1ND () (Jau1-2)
Jo Gyvny synsay  aunspaui U01Sa] M a.unsvaut Aydo.yp o spuov g UMY

SOIPN)S [BUOI}OIS-SIAIPN)S [BUOIIIIS-SSO.1)

61

SAIPN)S [BUOT)OIS-SSOID JO SONSLIBjoRIRy)) * d[qe L2 [epudurdiddng



*,SUOIS9[ Jo11)s0d

IM PJR[91I09 SUTUUIY) [8o1109 JoLvsod ueyy
SUOISQ] JOLIDIUE Y)IM SIOUI PAJB[ILIOd SUIUUIY) [BO1)10D
JoLojue Jey) pamoys dewr A)ISuop uoIso] 95eIoAe Uy

W(S0°0>d Ie ‘T'91- 03 L'T[- WOy

Surduer sanfea-7 ‘.wod 1ad ww £(°() 03 £(°() SSO[ 93rI0AR)
suo13al [eo1)100 uoneroosse [ejaLied pue [erodwoy
‘Teruoxyaid ‘sniAS ojen3urd [eI1dye[iq “°3-9 ‘[opow
90BJINS AU} UT SIONIIA [[B JSOW[E UL Y} YA PIJRIOOSSE

sem AT INM [89O[3 “‘A[[euoi3ay ",90ueLIBA O} JO %8¢ QuwIn[oA (s€d)
10y Bununodoe ‘AT NM JO (o 1od 1) ur ww €0 uoIsa] A\ [euoISoy *SSQUIIY} L007
Jo ssof a8e10Ae uR M (1000°0>d ‘€°ST-=7) J3D UBdW “QWN[OA [euOI3I ‘IND [BI1}I0)D) ‘98ewII0ININ
e pue AT A [B9O[S US9M)3q UOT)BIOOSSE JUBIIJTUSIS UoTS9] JNA [8QO[D  "SSOUWOI) [eqO[S ‘ND) [801310)) STh “Ie 39 [LeyD
"(100°0>4 “100°0=S) AT TL TW 1242
10J €00°0- AQ PaseaIdp JND TOpOW Iedul] [e1ouss € uy
W(§65°0=d ‘601°0=4) AT SUIOULHUI-PD i1 JOU -awnjoa (€19)
nq (100°0>d ‘9TL'0-=4) AT TL Pue (9000=¢ ‘STS"0 UOISa] utoueyud (AD1 7007 ‘uredg
areq -=1) AT L PUe JIND U99412q UONL[OLI0D JUBdYIUTIS -PD pue ZL ‘L.L [8901D 01) uonorly [eqo[3 ‘D [BI0], 9¢ “Ie 39 prey)
(179)
"INSLAW SWNJOA D “QWINJOA aWINJOA [eqO[S ‘ND [BO1II0D) L00T ‘[oINdN [
aej  Aue pue A7 7L [€10} USIM}Sq UOT)B[OLIOD JUBIIJTUSIS ON uoIsa[ z1 [8q0[D "QwInjoA [8qo[3 ‘IND [eI0], 7€ “Ie 19 318D
(€€9)
W(#00°0=d ‘1€0-=1) “aunjo 0107 ‘A3o[0.anaN
poon 3D UBSW pue AT 7L US9M)Sq UOTJB[1LI0D JuedljIusig uoIso 7 [BqO[D  "SSOWOIY) [qO[S ‘D [€O1310) 001  “Ie 39 3sdaqee)
‘[opows uoissaigal ojdnnui [eury ur SSAUNOIY}
OINd Jo 10301paxd Juesyusis e jou AT ZL LSO
(8700 01 $00°0 woiy Surduel sanjea
-d) 18D 2y Jo syred oS1e] Suore Aiqeqoid uorso|
puE SSaUNOIY} DA U9IMIAq UOIR[ALIOD JUBDIIUSIS
‘(16L°0=d ‘6£0°0-=1) BaIE 90BJINS ‘(30en *(X91109 J030W (Lpd)
DINd YN Jou Inq “(220°0=d ‘LTE 0-=1) SSAWIIY} [eurdsoon10o) awnjoA Arewnid) vore ooepIns pue ST10T “IBPS N
e DIAd PUe AT 2L LSD U99M}aq UOT)B[A1I00 JuedljTugIg UOISI[ 7] [BUOISOY  SSQUNOIY) [BUOISAI ‘IND) [BO1}I0)) IS  “Ie 39 pue[sdig
“esownoA (0 0>d ‘L0t 0-=4) ‘awnjoA [euoidal ‘WO deaq 0€9)
snwefey) pue (50°0>d ‘014'0-=4) dO (50°0>d ‘80+°0 "BaIe 90BINS PUE SSAWNOIY} 6107
-=1) wowend (50" 0>d ‘G 0-=1) [eo1100 pue ‘(50 0>d ‘QuINJOA [BUOISAI ‘IND) [BI1}I0)D) ‘[o1pRI0.INdN

0c¢



‘sojod Terodwo) Uy 91095 0EYD pue AJND

IOMO] [BUOITAI UdOMIOQ UONB[ILIOD JUBIIFIUSIS ON
“pUWIN[OA

(8T°0=+4) suaqunooe snafonu pue (9z°0=4) d9 (92" 0=4)
ND “(8¢°0=1) uowreind “(0¢'0=+) Iuwre[ey) [e1oeiq

pue 21008 0)BY)) U0IM)q UOIIR[1I00 JUBOIUSIS

" AJND I0MO] PUB 21008 0B [BUOISI UOIMIIQ PUNO

“(orsewr

AewiIouqe A\ 91
y3nouyy ssed jey uoigal
JAID & 03 Sunoouuod
sjoe1) Jo a3ejuosrad

ay)) 2103s (0DrYD)

‘owinjoA [euordal ‘D deaq

(€$9)
ST0T “UNCV

1neq SEM UOIIR[1I0D JUBOYIUSIS OU ‘SUOISAI ND 98 JO MO  AJANOdUUO)) Ul d3UBY)  “OWNJOA [RUOISAI ‘|N[D) [BII1I0)) 121 “Ie 39 DSy
*d8euoorod
aunjoA (7Z0'0=d ‘S1 ¢ 0-=1) X91109 [erodwdy
pue (200'0=d ‘L0t 0-=4) dIe SuquINOdL (€00 0=

S6€°0-=1) dO “(10000°0>d ‘Y6t (0-=1) uoweind "(ADI J0) a5euaorad

“(100°0=d ‘9t 0-=1) NO “(10000"0>d *695 0-=1) ownjoA [euo13ar ‘D deaq (8£9)

snwerey) (1000°0>d ‘615 0-=¢) wnyeLys sndiod pue A “QWN[OA ‘(ADI Jo) o3ejuoorad 10T ‘S [0aMdN

Imej 7L [qO[S usamjaq uone[arIod pajsnipe-ade juesryrudig uoIsa[ 1 [8q0[D awnjoA [euoI3ar ‘D [8d110)D) ¥S [ “Ie 39 uesey

(959)

"(500°0=d “(sneponu 6007 ‘SuiSeury

“78%°0-=1) 98eju0o1ad swnjoa N pue oFejusorad ‘(AD1 Jo) o3ejusorad ayepned) (AD] Jo) aSejuoorad uosay use\

e AT Z1 12q0[S U9aM}oq UOT)E[OII0D JUBOTUSIS  OWIN[OA UOISI[ 7 [8qO[D awnjoA [euor3ar ‘W0 dea 43 [ “Ie 39 ueseqy
* QUWIN[OA

(000°0=d 469" 0—=+) snuwre[ey) Jysur pue (100"0=d ((10)]

‘965" 0—=+) snweey Yoi (610°0=4 ‘60t 0—=~) ND “owN[oA "awnjoA [euo1gar ‘WD doaq T10T ‘101peY ¢

e JYSLI oY) pue AT 7L US9M}I3q UOI)B[ALI0D JuedijTugIS uoIs9[ ¢ [BqQO[D  OWN]OA [BUOISAI ‘IND) [BO1}I0)) 9z JIng “Je )’ uenq
W(L00°0=d LT 0=cd)

AD IOMO[ 1M PRJBIOOSSE sem AT 71 [€103 19YSIH (S19)

L00T ‘[01q0amaN

W(100°0=d ‘8%"0=1) AD PU (£00'0=d ¥"0=1) AIND ‘oummn[oA "aWN[OA [8QO[S ‘IND [EO1IOD Ay I

e pue AT ¢ [2q0[S U9aM}aq UOT)E[OII0D JUBIIJTUSIS uorsa[ I [8q0[D "QwINjoA [eqo[3 ‘IND [e10L, 152 “Ie 39 [ezajoq
S0'0>d 1V
W(691°0+=4 1L ‘LT1°0+=+TL) QWn[oA
sndwreooddiy yym Ajoanisod pejea1109 AT 11 pue 7L
".Sown[oA (601 0-=1:7 1) erepSAuwe
pue “(€S1°0-=411 ‘9%1'0-=47L) P[onu [e1das “(101°0

=411 0T1"0-=47L) SMIAS [ejuoxy J0LIJuL “(€L1°0 (9£9)

=411 ‘881°0-=:TL) NO “(9L1'0-=L1.L ‘€61°0-=£T1) “OuWIN|oA ST0T ‘pirosiaQ

uoweind ‘(gL' 0-=1: 11 ‘T6b 0-=1:7L) Shwefey) pue uoIsa] Suroueyua ‘awnjoA [euordal ‘D dooq Je[ay J9[3S NN

mej AT L Pue g U99m}aq UOIR[AII0) dAT)ESOU JUROIJTUSIS -pD pue 7L ‘TL1BQO[D  "OWNJOA [RUOISAI ‘AD) [BO1}I0) ¥26 “Ie 39 eneq

T¢



Jorradns 131 (84" 0-=1) SNIAS 9je[nuIo Y[ “e[nsul

(€4°0-=1) Wl Pue (6€°0-=1) WS ‘N (£5°0-=1) Yol (2 2)]
pue (86°0-=1) 1311 9y} JO PeIY Y} Ul AJND JOMO[ pue ‘uonnqLusip owin[oA [euoIdal ‘D deaq 10T “1BPS N
areq uonnqLISIp UOIS9| 7], U99M)q UOIIR[LI0 JUBIYIUSIS UOIS9[ 7] [BUOISOY  "OWNJOA [BUOISAI ‘|AD) [BO11I0) 8L 1 39 1931y
]
“uonodeIy 4SO Ul 9SeaIour ‘(JAME A%eNoM
Surpuodsariod ym “(100°0>d Yy 0-=4 79'0-=4) = ADI/INME) INM (ADI ‘d3ewrioanay “re
neJ  JINAEB M Apuedijiudis pajeroosse JND [8qO[S Jomo] [ewLIouqe [euondeIj 01) uonodely [eqo[3 ‘D [e10], 0S 19 N[[PueIEN()
"AD [euOISaI @)
JOMO] PUB AW\ B U99MIO( UOIJBIDOSSE JUBIIIUSIS ON 9007
(S0°0>d) awnjoa ND ‘(JNMEB) ‘awn[oA [euordal ‘WD deaq ‘98ewIoININ
aeq JYSLI JOMO] PUB N A\ B U99M)OQ UOTIRIDOSSE JUBIIJIUSIS A\ [BULIOUQE [BQO[D)  "QWIN[OA [BUOISAI ‘I\D) [BI1}I0)) 1S “Ie 39 J1surig
+(50°0>d [e) e[nsut
pue ‘(0'5=7) X91109 J0j0uW ‘(98°6=7) LIAS 9e[n3uId (56°S
=7) A3 Jedwesoddryered ‘(07 L=7) speay drepned oy}
ur AJND M PIJRId0SSe A[9ANRSoU A[jueolIudis AT 7L
“own[oA [euoIgdal ‘D doaq (619)
"(100°0=4) AIND [€q0I3 "OWN[OA  "AUM[OA [BUOITAI ‘D) [€91110) 010 ‘1S N
Ie JOMO[ pue A 7L U99MIdq UONRIJOSSE JRIUI] JUBDIJIUSIS uorIs9[ 71 [eq0[D ‘owIn[oA [eqO[3 ‘D [BI0], 8C1 RLAEREINIRE
AT (10000>d
“(o1) 67°0-=t “(ys1) ¢'0-=4) TL Pue (1000°0>d (JoI)
€€°0-= ‘(S G¢"0-=1) [.L PUE X3}100 dqO[ [eIu0y
Jouadns [e193R[1q AU} 10J USIS SUONEB[ALIOD }S9FUO0NS
o) YA ‘L€ PUB '] Y30q UI SBIIER [BO11I0D [RUOIFDI pue
AT T1 pue [ Ud9M)dq SUONR[ILIOD dJRIOPOW 0O JBIA (6€9)
“ssawjoIyy T10T ‘U
‘A1 CL pue [ [ pue “QWIN[OA [euoI3a1 ‘D [eo110)) AgewIoINAIN
aeq 3D [2qQO[3 UBIW UIIMIOQ SUON)B[ILIOD JUBOIJIUTIS ON  UOISO[ 7] PUe [ [BqO[D  °SSAUOIY} [8qO[S ‘IND [BO1}10)D) 0ST  “Ie 39 euefeaeN
"AT 2L 1231d1900 (31M PajeId0Sse 919m sjuduwdde|dsip
ooegms ou dIYM ,(10°0=d) AT ¢, [erdLied pue
[euoxy Aq uoALIp Afurews a10m (65" €= bt S=(¥11°¢)A)
wnyeLns pue ([4'¢=7 ‘91 s=(+11°¢)d) dO (65 €=
‘PP S=(P11°€)d) Snweey) ur s)ULIdJL[dsIp paAIasqO
W(1T€=191°0=(p11 “awn[oA
‘©)d) dD PUe (6L°7=! ‘b1 T=($11 ‘€)d) Wnjerns UOIS3[ 7, [BU0ISY (7))
(Tre=? ‘1€ T=(p11 “€)d) snwefey) ay) jo juswose[dsip "own[oA Y107 ‘NGH
aeq 90BJINS 0} paje[al AppueolIudis AT 1 [8q0[D uors9[ 7.1 [eq0[D -adeys [euordar ‘WD doog ST “Ie 39 U0\

[44



‘669°0-=1) udwend (50°0>d ‘p$§ 0-=1) snweeyy
“(10°0>d “159°0-=1) AINOA ‘(S0°0>d ‘805°0-=1) AD

"awInjoA

‘awnjoA [euoidal ‘WO deaq
‘awn[oA [eqo[3 ‘D doaq

QWN[oA [UOISAI ‘D) [BI11I0D)

(199)
S10¢
[ [0IPBI0ANIN

1004 pue AT L U99MIOQ SUONB[OIIOD 9AJeSoU JuedjIuSI§  UOISI] 7T Pue [ 1, [8qO[D ‘awInjoA [eqo[3 ‘D [e0110)D) 61 e 39 033180
SINdd
W(100°0>d ‘TS 0=, TL'0="1 TL 0~ :g pazipIepue)s)
JIND JO 21B[o1100 UOISI] JuBdIUTIS ATUO )
sem AT [ ‘sisATeue uorssax3ar ojdnnuw osimdos e uf
‘.Jopow uorssa13ax oydnnu
eul AT (100°0>d “TL0-=%) 1L Pue (100°0>d ‘69°0
-=91) 71 pue JIND U99M)9q SUOIIRIOOSSE JUBIIJIUTIS
(859
wAT(100°0>d “TL 0-=1) [L Pue (100°0>d ‘0L 0-=1) “own[oA (ADI 6007 19 NN
e 7L Pue D Ud9MIOq SUONEB[OLIOD 9ANE3oU JuedIuSIS  UOIS9| I Pue |, [8qo[D 0}) uonoely [eqo[3 ‘AD [eI0L L11 “Ie 39 Aqany
SIAAS
(819)
L10T ‘YeuroIndN
W(120°0>d “T€0-=4) AIND ‘aunjoa yuoay
Ireq pue AT 7L U99MI9Q UONBIOOSSE 9AN)E3OU JUBdIJIUSIS uoIs9 ZI [eqo1D ‘owIn[oA [eqo[3 ‘D [e10L, 4 “le 32 oL,
W(€T°0-=1) eare
JeuryIojud pue (g 0-=£) 9[nqo] [eorred JoLIOJUI (H€°0
-=1) SnIAS [erodwo) [ppiw (¢4 (-=4) SIAS den3urd
“(87°0-=1) erep3Awe ‘(17°0-=1) suod ‘(¢4 0-=1) uowend
“(S€°0-=1) ND “(19°0-=+) Snwe[ey} oY) Jo Swn[oA
IOMO] PUR AT [ ] U09M)9q UOIIR[OLIOD JUBIIUSIS
(ST 0-=1) X01109 JB[NSUI
pue (¢°0-=1) BaIe [RUIYIOND ‘(£7 (0-=1) 9[nqO][ [eroued
JOLIdJUI “(£€°0-=1) SIAS [erodwo) o[ppIw (/" (0-=1)
snIA3 9yen3uId ‘(G4 0-=1) e[epSAwe (g (-=1) udwend (L€d)
(1€0-=0) ND (96°0-=1) snweey) 2y} JO daWN[OA “QWIN[OA ‘awn[oa [euordal ‘WO deaq 6007 ‘IS [0IMAN
Ireq IOMO] PUB AT 7L U99M)9q UONR[O1I00 JUBOIIUSIS  UOIS9[ ¢ PUe [ [BQO[D  "dWIN[OA [eUOISAI ‘D) [BO1}I0)) 88 r“rePoel
((48)]
‘awnjoa (ADI €102 uUQ SO1d
neq JIND Pue AT 71 U99M)9q UOTIB[ALIOD JUBDIJIUTIS ON uoIso[ Z1 [eqo[D 01) uonodeyy [eqo[3 ‘D [e10], 9¢  “Ie 19 e[Pp.leqs

W(r$°0-=1)
snIAS 1e11d1000 J[ppIw JYo[ pue (L4 (-=1) SNIAS [eIU0I}

€¢



(100°0>d “S6°CT=4 "0950"0=SW ‘0950"0=SS)
ALY uo (. orwerey) 19ije) 109339 1soyJ1y puods
) pey AT 1 ‘[opou Ieaul] [e1dud3 9)BLIBAIUN © U]

‘AT
SuIsea1our YIMm Id[[BWS SI SWN[OA drwefey} uo joedwr

SANE[21 31} ING ‘ALY Y 10MO[ U} ‘AT TL A IoySIy (08°)

oy o't [ TW]ATZLO'80] £691°0-8200" =[%]ALY) (or1) sWwad 9107 ‘ddepy

paurquod sdnois juoned oy ur AT 7L owmnjoa  (snwereyl) (AD] Jo) oSeusorad (Z1) SID ureag wing

e  pue A Y ueamidq Aouspuadop orunirie3of e sem 1oy, uoIs9 ZI [eqo[D ownjoa [euordal ‘WD doaq a1 “le 33 addaq
(1€) SWds

(zh) SWad (0Ld)

W(£0°0=€ ‘€6€°0 “awIn[oA (0D SID  L00T ‘TomaN ¢

neq -=1) AT Z1 PUB [} UdaM)2q UOIIB[ALI0D JUBdIJIUTIS uoIsd[ 7 [BQO[D  SSAWAI) [BqO[S ND [BI1I0)D) €8 “Ie 19 3sduqee)

(6L3)

(8) SNdS €007

"AT(€20=d) Tl 10 (zg'0=4) “own[oA ‘(snoponu ajepnes)  (91) SIWIY ‘odasoanaN

e [ PuUBOWN[OA N U9IMIO(Q UONB[ILIOD JUBOIIUSIS ON  UOIS?[ 7] PUe |, [BqO[D wnjoaA [euordar ‘N0 doaq ¥T “I& 39 PuLIg

SIN

‘SUOIZaI ND(J 10 [BO11100 110 AUe [im J0u (799)

nq ,(£00°0=d ‘S6" =2 €68 ‘S[OX0A JO IoquInu) Iwefey) 9002

110q JO 19[oNU JOLIAJUE 3} UT AJAD [8I0] I0MO] PU. AT “QUWIN[OA ‘awnjoA [euordar ‘D doo ‘[0INJN oIy

mej gl 10YSIy uoom)oq punoj 9Iom SUOT)BIOOSSE JUedIJTUSIS UoIS9[ 7 [BQO[D  "OWNJOA [BUOISAI ‘IND) [BI1IO)) 1€ “Ie 39 dndag

‘sasATeue UOISSAIZAI Ul AT “JoquInu uoIs[ (6S9)

1110 Z1 pue JIND Udom)oq UOHBIOOSSE JUBIIJTUSIS ON Suroueyuo-po [8qO[D 007

“QWINJOA ‘dewrtoanaN

“Ioquinu uoIs9| JuIdUBYUI-pL) 10 AT SuroueyuI-po uoIs9] Jurouryud ‘(ADI “le 19

Ireq ‘AT ZL PUB JIND U99M19q UOTIR[Q1I0D JUBIIUSIS ON -pD pue ZL ‘1L [8q0[D 0}) uonodely [qO[3 ‘AD [BI0L €y  eSLLIBD-dI)SES

w(200°0=4 “v¥'0-=1) AT 1L Pue (100°0=¢ (€99)

‘84°0-=1) AT CL PUE SWN[OA ShUIE[eY) Ud9M)dq Punoy QuIn[oA ‘(snwrereyy) 1102 “UNCV

Ireq 9JoM SUOIIR[A1I0D QAIRIOU JUROIIUSIS ‘QUI[oseq }y  UOIS?[ I, Pue [, [eq0[D wnjoa [euordar ‘WD deaq ¥S I 39 SOIESIIA!

wun[oA (10°0>d ‘969°'0-=1) uewreind pue (50'0>d
°£96°0-=1) snwerey) ‘(10°0>d ‘0£9°0-=1) AINOA
puUe AT 7L U99M19q SUONB[ILIOD 9ATNE3IU JUBdIJIUSIS

wunfoa (10°0>d ‘§09°0-=+4)
snIA3 1enuad-axd pue (50 0>d ‘S64°0-=1) dD (10°0>d

ve



‘AT TL 19YSTY HIM AJUBDITUSIS Pojeroosse (€1) SIS
QUINJOA OTWe[eY) JoMO] ‘[opowt uoissaidar oydinw e ug (81) SIWIY
(28] (€89)
o0 1p=d 65 0="24 ‘LL'0="1) AT +TL pue -awnjoA ‘(snwereyy)  SINWY Aed 8107 “IOPS AN
Il  QWNJOA OTWE[BY) USIM)DQ UOTIE[o1I00 Tented jueorjTusig uorsa 471 [8q0[D awnjoa [euordar ‘o deaq 182 “Ie 39 dadeno|
(%L PUE  U22M19q S('0>d J& 21e1 YA ‘100°0>d
£6°0- 01 7'0- woiy Surduel sanjea-.) A[[e1dre[iq ‘peay
[edwesoddry ayj Jo uoial [y 9y} pue ‘wnnoiqns
ot Jo Jred ‘poryqns [y 81938 9y} JO SWN[OA [BI0] pue
A1 ZL PUB ]I, U29M}2q UONEB[ILIOd dANE3U JuedljIugIg
‘ounjoa snduresoddry (s2)
(800°0=d ‘15°0-=1) Y[ pue (800°0=¢ ‘95°0 SIN uStuag
-=1) JYSL pue A'T 71, UdMI0q UOHE[OLIOD JUBdyIuSIg (€2) SWdd (z8d)
woumjoa sndweooddry (€€) SIS ST0T ‘pounyg
(800°0=d ‘9t 0-=1) oI pue (800"0=C ‘€S"0 “aWN[OA ‘(sndureooddiy)  (z7) SIWIY Pnns ureag
e -=1) Y3 pue AT L US9M)Sq UOTJE[ALI0D JuedIUSI§  UOISI| 7], Pue ] [8qO[D awnjoa [euor3ar ‘W0 deaq €01 & 39 TuoSuo|
(TLd)
(6) SIS ~ L00T ‘yd1easdy
(S0°0>d ‘79" 0-=1) BAIE d0RJINS “QWN[OA ‘BAIR (9) SWIY [ed130101NdN
I00g [€91}100 PUE AT 7], U99MI0q UOT)B[AII0d dATIESON uorsa[ 1, [8q0[D 20eJans [eqo[3 ‘AID [8I1I0D) ST e 39 JOTH
(z1) SWdS
(88) SWad (189)
(100°0>d ‘859’ (-=1) SWNJOA Snwe[ey) €0} JO dwnjoa  (snwereyd) (AD] Jo) a8euadrad (6) SID 1107 ‘1S0ININ
Ieq 93ejuoo1ad pue AT 7L U99MIOQ UOT)R[III0D JUBOIIUSIS uoIs9[ Z.L [eqo[D ownjoa [euordal ‘WO deaq 601 r “Je )9 uesey
(999)
(11) SINdd L10T
(€L1) SWHY 9oUdIIS0.IMAN
W(100°0>4) AND “aum[oa (1) s wpp
e pue AT 71 U99M}dq UOIR[AIIOD dAT)ESOU JULdIJTUSIS uorsa[ I [8q0[D "QwINjoA [eqo[3 ‘IND [e10L, G8T [ “Ie 19 osodery
+(1000>4°L9°0
-=1) dnoi3qns (SINJS pue SINYY “9'1) SN deredos
oYy 10J pue (100°0>d ‘LS 0-=+) HOY0d [0y oy}
I0J AT L PUB AJND U39M)3q UOTJR[ALI0D JuedijIugig
W(100°0>d *99°0-=4) dnoi3qns (SIS Pue SINIY 1) (11) SWdS (§99)
SN dreredas au 10y pue ‘(100°0>d ‘€9"0-=+) siuened (AD101)  (€€) SN 8002
J0 (SID yim syuaned Surpnjour) 11070d S[oym o) QWINjoA  uonoely AD [8qo[3 D [eI0L (62) SID ‘[0IN3N uuy
e 10 AT TL PUB JIND U29MIdq UOIIR[QIIO00 JUBDITUSIS uorsa[ I [8q0[D "owInjoA [eqo[3 ‘IND [e10L, €L I 39 nY[TusL

S¢



(61) SIdS

+(100°0>4 09°0 () SIWId (s83)

-=1) AT LL pue (100°0>d ‘GL"0-=) AT TL pue uonoeyy “owN[oA (snuereyy) (ADI 03) uonoely (00) SID 0107 ‘A30101pEy

aeq JIWIE[BY) USOM)AQ UOTIR[LI00 dAe3aU JueoyiudiS  UOIS[ 7L Pue | [8qO[D awnjoa [euoidar ‘WO deaq €L “Ie 39 B0y
‘uo13a1 ND( AUk Ul 90UBdIJTUSIS [oraI J0U PIPp AT 7L
¢89[Nq0] (LO0 0= *€SL"0=;¥) [e1d1000
B pue (0Z0°0=d ‘969" 0=¢¥) [erdtred W3 (¢40°0=d
‘6£9°0=¢¥) [e)UOL JYSLI 3y} 10 PUNOJ SEM SIT])
‘axaydsturay JySir oYy 10, *s2[nqo[ (8€0'0=4 ‘6£9°0=,)
[endro20 | pue (S£0°0=d ‘69" 0=;¥) [eroLred oy
oy repnoned ut (6¢0°0=d ‘949" 0=;) 210ydsiway o]

) Ul I pue AT ZL US9M)Q PUNOJ 9IOM SUOTJBIOOSSE -ownjoA [euordar ‘D doo@  (0%) SINTY L)

JueOIIUSIS ‘SUOISI] [BO1I0oBIXN[ JO SWIN[OA pUR “QWN[OA *SSOUIIY} (16) SID S10T “ANCYV

Ie souasaid oy 103 SUI[[ORUOD ‘SISATRUR JBLIBATINW UQ uoIs9 7L [eqO0[D [euoISa1 ‘D [80110)) 1€l “Ie 39 03aaRg
w(§0°0>d) M Te3rdo00 pue [ejorred ur Ajuretr
‘gare peaxdsopim arow e ur A)jiqeqord uorsa 7 Ym
PaJBIOOSSE Sem dWIN[OA TeuIA[nd JoMOT A [EIUOIJ
ur Ajuewiad Ayjiqeqold uois9] 71, Yim pIjeIoosse sem
awnjoA N Jomo] ‘[opour uorssardar ojdnnw Jeaulf € ug

(S0°0>d) ND pue uowejnd ‘snojonu “QWN[OA

TeurA[nd ‘wN[oqa1d0 X91100 AIOSUISOJBWOS PUE uoIs9 7. [euoISay (891) SINIY (€L9)

‘1030wt ‘A1oyrpne Arewnid ‘[ensia oy) ur AJND [euol3ar ouwIn[oA ‘awn[oa [euordal ‘WO deaq (18) SID €107 “I913S N\

poon JoMO[ im AJyueoiyrudis pajeroosse AT 7L [8q0[D uoIso 7 [Bq0[D  "OWN]OA [BUOISAI ‘D) [BO1}I0)) 6vT “Ie 39 ne[ynA
AT [801H05
10 orwe[ey) YIm 10U Pue (700'0=d YT 0=4 ,-01x1-
01X9'F10 %S6 ‘-01%8°T=F) AT +TL UM Pajeoosse

QwINJOA OTWI[EY}) JOMO] ‘SISATeue uorssarsar oydnnur uy (89)

(62) SWAS 0207

«(100°0>4 9°0-=) -awnjoa ‘(snweren) - (19) SWYA “PPS NI “T¢

Ieq AT 71 UM PJe[o1I0d A[9SIOAUT OWIN[OA OTWR[RY uorsa 471 [8q0[D awnjoA [euorsar ‘o deaq 06 19 BRRIIPUYIIA

.%m‘o 1x8°0=d

‘89°0=;{ PAISN[pe) [9pOW Y} UI PIUTLIAT SI[QRLIBA
K10yRUER[dXD OU) JO QU0 SEM AT 4TI "UONBIND JSBISIP
pue x3s ‘93e ‘ADJ ‘AT [e01100 ‘WD) Jo Apudpuddopur

9¢



(0€) SWdd

(A1 (0¥1) SINAS (892)
“(100°0>4 (TS0~ “€9°0-10%S6 ‘8S°0-=1) AND 01) (JINME) uonoey (ADT (LTh) S S007 ‘A3ojoamadN
neq PUR JINA\B U99M19q UONEB[ILIOD dA1E3U JuedjIugIg JAM [BULIOUQE [BQO[D) 01) uonoely [qO[3 ‘D [BI0L L6S I 39 TYISIPA L,
(8) Sdd
"AD [eqo[3 10 usurend yIm J0u g *,PUN[OA (6) SIS (929)
(500°0>d ‘9¢"0-=1) snwefeyy pue (10°0>d ‘TE0 “auIn[oA “owmjoa [euorgar ‘WO doo@  (gh) SN TI0T UO SOTd
e -=1) ND PUe A 7L U99M1dq UONE[ALI0D JuBdIusdIS uoIsa[ 7.1 [eqo[D ‘auIn[oA [8qO[3 D [BO1I0)D) 09 “Ie 39 RIYS
‘urelq oy} ur a1oymAue suoisa[ [ [ Jo
souosald o) pue A [eNd1000 U9IMIAq UOTJEIOOSSE ON
“QWIN[oA NOT Ym pajerdosse ‘Kemuyed (9) SINdd
o1do 9y} 9pISING 10 UIYIIM IOYII ‘SUOISI] N A TOYI0 ON ‘(snoronu je[noTUS3 [BId1R]) (S) SINdS (8L9)
w(20°0=d ‘8T 0=cd “€T°9T=d) YO Y Ul SUOIS| “own[oA awmjoa Jeuorsar ‘WO deoq  (87) SINIY 600
1.1 Jo oouasaid pue swnjoa NOT udomioq ‘oroydsiwoy  uorso| Suroueyud-po) pue *(x9)100 1831d1990) (2o SO ‘[0andN Yyaay
neq 191 J0u Inq Y311 AY) Ul UOTJBIDOSSE JULOYIUSIS [ [ JO 2oudsaid [euoi3oy QWIN[OA [BUOIAI ‘N[O [BO11I0)) 19 “Ie 39 andag
(299)
(9) SINdS $00T
W(10°0>d) (£5°0-=1) AT TL PUe “(9%°0-=1) AT “oWN[OA (s¢) sSwad ‘dfewromaN
e 1L Pue AJND [8qO[S U29M}2q UONB[ALIOD JUROYIUSIS  UOISI[ ¢ PUe [ I [qO[D “ouIN|oA [8qO[3 ‘IND [8I0L 187 “Ie 39 odijyueg
+(S0"0>son[eA-d [[8) 210W 10 [WI 0T JO AT CL B
yum syuoned ur judsard AJuo sem Suruury) x93109 I0j0W
Inq ‘sjonuod o} paredwod udym SuruUIy) [EON)I0O UlRIq
o[oyM pasealour pet AT Z1 YSIY pue Mo[ qioq gim
sjuoned ‘AT [L 19MO[ yiim sjudnied 10J uo9s jou sem
[oIym ‘seare [eiodwo) pue [e)uolj ul A[UIeW ‘S[OJU0d
Ayyreay 0y pasedwod uaym Suruuryy (8913109 JUBOIUSIS
PIMOYS 9IOW 1O [W € JO AT [.L © YIM sjudned
=AT[1000=d “SSoUNOIY) (6) SIS (sLd)
P0'81=(65°1)d] L Pue [€00=d ‘L19=(65"1)4] "aumnjoa [euorBar ‘WO [eoni0)  (11) SINII €007 ‘urexg
Ieq L PUe 43D U99M19q UONBIOOSSE JUBOYIUSIS  UOISS] 7L PUB [ [ [BQO[D  'SSOUIY) [8QO[S ‘D [BO1I0D) 0t “Ie 39 J31es
(0S) SWdd
(521) SINdS (19)
W(100°0>d 6§°0=cd ‘LT0-=4'W0q) AWD  (sisk[eue [eonsyess 10y (LS9) SIWad 1107
Jo sojqeteA-IYIA ATojeue]dxa jueolIuSIs o1om A ¢l POULIOJSULI)-S0[) SOWN[OA (s6) SID CI9PS NN “Te
Ieq pue ] So7 ‘sesAJeue uoissaigor ojdnnw ojeredos uf  UOISI[ 7] Pue [ I [eqO[D "QwIN[oA [8qO[3 ‘D [BI0L LT6 19 [BEPUISO0Y

LT



JOJIp 10U PIP AD "UBIPAU MO[Oq AT TL UIM 380U} 0)
paredwods sownjoA (10°0>d ‘1 0=ddS ‘L9 ¢-) uoweind
pue ‘($00°0>d ‘€1°0=Ads ‘0L ¢-) sndweooddry
“(L00°0>d $0"0=adsS ‘05°T-) dO (100°0>d

118) (61°0=AdS “%ct'+-) snwefeyy (¢1°0=dds
%€L°S7) ND “(16°0=A4dS ‘%L6"¢-) DA Jomo[

poon  pey (TW 6f'ty) UBIPAW dA0Qe AT TL YN sjudned S1D

‘SuoIs9 Juroueyuo

-pD Jo douasaid [eqo[H
“Ioquunu pue

QWINJOA UOIS? 7L [8qO[D

‘awnjoa [euordar ‘WD deaq (LL1) (29)
"awn[oA [eqo]3 ‘D oo SINYY Al1ed 7107 “UNIV
"WIN[OA [BQO[S ‘LD [BO1OD) (T19) SID  “Ie 19 pue[sdiag

"W(10°0>d) (9LT 0-=1) snwe[eqy/erjsues

[eseq 1o110)s0d 3J9] pue (£97°(-=1) [IUOI] [€}1qI0

[erpaw JySLI oy} Ul JIND M doueosijiuSis payoeordde
AT 11 1euoi3ar ‘syuoned SN [[& 10J SBAIYM ‘SUOITAI
97 91 JO Aue J0J JUBOYIUSIS 10U A19M (JIND [10) 10J
Sur[jonuod) JND [euoISal pue AT I [eUOISAI U0aMIdq
suone[a1109 ‘syuarred SINIS Pue WA ‘SN 1B 10

‘dnoi8 SINdS

Y} Ul JUBDIJIUSIS 2I9M SUONEB[ALI0 ON “»(100°05d
‘0S°0- 03 £¢°0- woty SurSues sanjea-1) syuoned SN
10§ suo13al ¢ pue ‘syuoned SIA [[e 10} Suo13a1 g ur
punoj a1om (JIAD [euo13al 10 Sul[[onuod) JIND [0}
pue AT [L [BUOISAI U99M)Oq SUOIIR[OLIOD JUBIJIUSIS

'siuoned SINS

10J U93S 919M SUONB[ALI0D JuedlIuSIS ON “»(100°05d

‘610~ 03 070~ woij Surduel sanjea-4) A[oanoadsar

‘syuaned SIARTY pPue SIA [[& 10J SUOIFaI 97 JO ¢ pue ¢ ul

punoj a1am (JIND [euoiFal 10} ul[[onuod) JIND [BI10}

Ireq pue AT ZL [eUOI3aI U09M)aq SUOIIL[1I0D JUBIJIUTIS

"QWIN[OA UOISI]

7L pue ] [euoidoy

“(ADT 03) uonoey

awnjoA [euordar ‘WO doog
‘(ADI 01) uonoey (€29)
JWNJOA [BUOIFAI ‘|ND) 8913100 110T
‘(AD1 o)) uonoey () SNAS  ‘SBuidewroanay
owm[oA [eqo[8 ‘ND [B10L,  (L9) SINYY [ “[& 39 Ao[muy
sadyouayd aseasip usam)aq uosrredwo)

(810°0=d) suorso[ [eurds o]qe300)0p

OU pue SUOISY| [B1qaI M sjudned 03 paedwod
sownjoa uowreind 1981e] APuedrjIuSIs pojensuoOwop
suors9] Jeurds Ajyueurwopald yim syuaned

w(€00°0=d
$L9°0-=1) uonoeyy udwend pue (910'0=d ‘9.5"0
J1004d -=1) JIND PUe AT 7L U99MIdq UONR[ILIOD JUBOIIUTIS

QuINjoA

uoIsa] 71, [eq0}D

‘(uowreind) swnjoa pue (AL (699)
03) uonoely [euorsar ‘WO deaq (€) SIS STOT ‘wisuer [,
(AL () SWIA [eanay r “Te

0}) uonaely [qO[3 ‘ND [BI0L L€ 19 UBULIdWIWIZ

8¢



(€6°0- 01 $9°0- woly Jurduel sonjeA-I)

pasATeue saqoj [[e Ul AT L O} PAJBIOOSSE sem AJNDA
Iomo] o[Iym “(16°0- 03 §9°0- wolj SurSuer sonjeA-1)
S2qO[ JUedk[pe 10 dWES Y} UM AT 7L 0} POIL[1I0d
SeM 0qO] USAIS € Ul AND 19MO] ‘SINdd PUB SIS Ul

*SINdd (a4 sjuened
ur wnjoaA (¢8'0-=1) snIA3 [enuooaid jy3u pue (¢80
-=1) sn1A3 [edweooddiyered 139 ‘(y6°0-=1) Snwefey)

1J9] PUB AT 7L U99M}aq UOHE[1I00 dAIRTAU JueolIuSIS

SIS Unm suaned ut {(88°0- 03 £9°(- woy SurSues
Son[eA-.) SN[NOI[[0D JOLIDJUI pue JoLadns [e1dje[iq pue
snA3 jedweooddryered [ersrefiq ‘oynqoj [eorred JoLoyur
1391 ‘snIAS [ejuoIy S[ppIW [BISIR[Iq ‘N ‘TUIR[ey) oY) Ul
AJAD IoMO] pue AT 7], U99M10q UOT)E[OII0D JURdITUSIS

WSINIY YA sjuened
ur snurefey) (18°0-=4) Ya[ pue (0L 0-=4) W31y u
nej  AJAND IoMo[ pue AT 71 U9aM)9q UOIIB[ALIOD JuBdIJIUFIS

QuIN[0A
UoIs9[ I, [eU0I3ay
QWIN[OA

uorss[ 71 18qo1D

owin[oA [euoldal ‘D deaq
"OWIN]OA [BUOISAI ‘D) [BO1110))

(81) SIdd
(L7) SINdS
(92) SINYY

(82) SID

(0vd)
8007
‘98ewIoININ

“18 39 I[[21BIR)D

(6190~ 03 957" 0- WO} SuISuel SON[BA-I) SOWN[OA
(100°0=4) erep3&we pue (1000 0>d [[€) SUSqUINOOE
snaponu ‘sndweosoddiy ‘snwepey) ‘go ‘uoweind

‘ND ‘ANDA 1810} ‘ADN :PIsA) 2INSLIW dWIN[OA

JND AI0A9 pue AT 7] U99M)9q PUNOJ 9I0M SUOIR[ILIOD
Suons 03 3sopour ‘SIAY A[1eo yim syuoned ug

W(62€°0- 01 81°0- woxy

Surduelr sanjea-1) sswnjoa (100 0=d) sndweooddry pue
‘(1000°0>d [re) snwefey) ‘N ‘NOQ 18103 pue AT L
U9aMJOq PUNOJ AI3M SUOTJB[ALIOD ‘S[D) Yim sjuanjed uf

*SUOISI FurouLYuUI-po

Jo 2ouasaid pue suoIsd[ g, JO Iquunu oY) 10 PIPIAIP
uaym sdnoi3qns 2y USIMIAQ PUNOJ AIIM INSBIWL
awnjoA JND AUe U S99UIJJIp ou ‘syuaned SO uf

"onjeA UeIpaW
A} M0[2q 10 9A0QE AT L UM sjuoned STD usamidq

6¢



J[ppiw 2y} Jo red [er3sol Y X109 [erodwd) o[ppIw
1J9] ‘9011100 [ejarred Jouadns [e1dje[lq ‘sniAS [endiooo
[eI91e] Y9 Xa1109 [en3ul] Yo ‘snounoaid [e1de[iq

J10J PUNOJ 919M SUOTIR[ILIOD ‘SIARY Ynm sjuaned uf
"(€00°0=9)

X109 [ejuoty JoLodns WS oy pue (9940 0=A)

X9}109 9)e[nuI0 JoLIRjUE 3 JO 1aed [epned o)

ur )0 [PIm pajeroosse sem o, TI-Ad ‘stuened 1O uf
:SOSATRUR OSTMXOMIA

WD PP PIJRIaLIod TT-Ad

-NON @1 Jou TT-Ad 2 Joyieu ‘S1) Y sjuaned uf
‘J0u

PIP TT-Ad-NON 23 1nq «(S10°0=4 ‘€67 0-=1) WO PiM
Apueoy1ugis paje[ol10d TT-Ad ‘SINYY Y sjudnjed uy

1D YIM )R[QLI0D
10U PIP % T1-Ad ‘Stuoned Jo 110409 2Iud Y} U]
"SID yia syuoned

9WINJOA UOISJ] [B10} 0]
9ATR[AI (TR[NOLUAALId]
-uou pue Je[noLudALIRd)
o3ejuoorad swnjoa
uoIs9[ 7L [euoidoy
‘(renoryuaALad-uou pue

(6)
S10T

urjouIng L(s10°0=4 ‘567°0-=1) SINIY Yum syuoned ur  Je[nornuoAriod) swnjoa 'ssowoIy) feuordar  (69) SINYY ‘[0aN3N uuy
Iej 3D UBdW PUB 9% TT-Ad USIMIOq UOT)E[OII0D JUBIIJTUSIS uoIsa[ 7], [euoidoy pue [eqo[3 ‘D [eO1I0D) (16) SID “Ie 39 euydp
(500> 118) (#8'6 0} 69"t WLy FurSuer
sonjea-], yead) dnoi3 juoned ojoym oy ur suor3ar
ANDJ PUB IB[[2qa130 ‘OTWe[ey) ‘[BO1I00 pue ‘(L['9 0}
L1°S woxy Surduer sanjea- yead) SINS yuam syuoned
ur suorgax oje[nSurd pue [erodwd) Ie[[0qa1dd ‘(1711 03
7Ly woxj Suiduer sonjea- I, yead) SR s sjuoned
ur SuOISoI Je[[0qoIod PUE [8013100 SNOLIBA ‘Sne[ey)
Uﬁm ATCTL :ookﬁun— —UEEOM mEOﬁNMQOwwN uﬁmo@mﬁwwm .OE—‘:O>
TeuorSa1 ‘IND Ie[[0qa1a))
+(100°0>4 118) (09%0-=1) SIS PUe (€€ 0-=1) "awnjoA [euo1ar ‘D dooq (919)
SN Wim syuoned “(416°0-=4) siuoned [[e ut AT CL "PWIN[OA  "OWN[OA [eUOISal ‘WD [B01I0D  (0S) SIS 9107 ‘[04naN
Iej pue AJND [B10) Udam)aq dIysuorje[al ISI9AUI JuedlyIusdIg uoIsa[ z.1 [8q0[D ‘own[oA [eqo[3 ‘WD 1810, (€91) SINIY r “Ie 39 ypoan
(1£9)
‘pUNOJ SEA UOTIB[LI0D €007
ueoyrugs ou ‘syuened SN UL “(100°0>d ‘L0 “aunjoa (ST) SINdd ~~ “ASojoanay “e
ey -=i) AD I PAJR[OIIod AT 7L ‘SIARY YN sjudned uf UoIsa[ 71, [8q0[H "UWN[OA [EqO[S “IND) [8d1110)) (S9) SINMY 19 oueja)S o

100°0>4 IV

(013



‘SINdS

"oum(oA (y0°0=d ‘LT 0=4S

‘LS°0-=¢ pazipiepuess ‘L7 0=;) uoweind pue (40" 0=d
TTO=4S ‘6¥°0-=¢ paziprepuess ‘64" 0=,) INODA

LM PIIBIOOSSE ‘AT [BO11I0D IO [ J0U pue ‘AT L A[UQ
'SINTY

“dnoa3 siyy ur AT

71, 103 SUOIRIN0SSE ON "H< SSH YHM 3SOY} UI SUIN[OA
(€0°0=d ‘1€'0=4S “vL'0-=g PIZIPIEPUEIS ‘GG’ 0=7)
snwepey) pue (z00'0=¢ ‘T¢'0=4S ‘6L'0-=g pozipiepuels
‘LL°0=2d) DA YHM PIeIoosse sem AT 1.1

*dnoi3 s1yy ur AT 1L 10J SUOIIBIOOSSE

ON "0'F> SSAH YA 9SOy} Ul (SSWNJOA ISYI0 Y}
Joououng) (10°0=d ‘cT'0=4S ‘09°0-=yg pozipiepueis
‘€ 0=¥) SWN[OA SNWL[RY) (IIM PIJRIOOSSE SEM AT ZL
:SSAd £q pareredog

‘SIBAA G< UOTJBIND JSLISIP B

s dsoyy ut (100°0=d ‘L1°0=4S “¢9"0-=gd paziprepue)s
“1L°0=¢¥) SWN[OA O YNM PIJBIOOSSE SEM AT [ L
*SIBOA

G> uoneINp 9SLISIP B YIM 9SOT[} Ul ‘Qunjoa (0 0=d
TE0=AS ‘LL'0-=g pozIprepuess ‘7¢"0=,3) wmpiyed
pue (20"0=d ‘1€’ 0=HS ‘6L 0-=¢ PIZIpIEpULIS ‘9¢ 0=,)
uawreind ((0"0=d ‘7€ 0=4S ‘0L 0-=¢ pazipIepuels

7€' 0=cd) DA YNM PIRIoOSse sem AT ZL

:uorjeInp aseasip Aq pajeredag

w(20°0=d

‘T°0-=( pezIpIepuels ‘76’ 0=;3) AT [EO10D pue

71.Jo yuopuadopur ‘AT [ L £q parorpaid sem AINOA

reg ssiuened S [TV
'(96£0°0

01 7000°0 Wwo1j Surdues sonjea-d) snik3 [ejorred JoLoful

JYSLI pue X9)109 [ejuol) Jorradns Y9 ‘sniAS [ejuoly

QuIN[0A
uotse] 71, pue 11 [eq0[D

‘(ADI Jo) 93euso1od ownjoa
[euoi3a1 pue 1810} ‘IO doaq
‘(ADI Jo) 23ejudorad
wnjoa [eqo[3 ‘D deaq

($) SWdd
(21) SINdS
(¥S) SWad

1L

(€99)
0207 “UNLV
“Ie 39 uruirey|

123



‘[[e e [9poW 9y} Ul SOLNOW JUISeI OU 919M 919U}
‘SINA'S 10 9[IyM ‘[opOu oY} UT OS[e SEM WM VN Ul

Vd ‘SINYY Pue S [[B 10 "SINdS Ut 3ou ng “,(50°0>d
‘ST 0-=g poziprepuels) SN Pue (10°0>4 ‘61¢°0-=¢
paziprepues) SINIY “(100°0>4 ‘LT 0-=¢ pozIpIepue)s)

e
10 YImuoag
pue ¢10¢
‘INGH “T®

10 [IMueds)
MO[oq

PaISI] SAIpMYs
ur se dnoi3
juoned Jweg

SIALITe Ut 43D [eqO[S 10J (UONEID0SSE dANETOU (S7) SWdd (r£9)

© [)IM) [0POW ) 0) PAINGLIUOD AT T, ‘XS pue o3e Swn[oA (€5) SIS 9107 ‘ureag

e Joj pajoa1iod sisAjeue uoissarSar oydnnw osimdols e uf UoIS9[ 71 [BqO[D  "SsauyoIy) [eqO[S ‘D [eo110)  (OET) SN “Te 19 Y[imuaxg
w(810°0=4 "69°0-=1) Aydone [y) pue AT TL Usomdq

UOTJB[O1I00 JUBOIJIUSIS € sem o101 ‘spuoned SINJS U] ‘(suor3aiqns (79)

‘sownjoa [edweooddiy feuor3aigns 10 QuIn[oA syt pue sndweooddry) (11) SINAS 8007 ‘ureag

e [e10) IM Pore[oLIod Jou sem AT zL ‘siuoned S U] uoIs9[ 71 [eqo[D ownjoa euordar ‘NO dood  (€£7) SINIY “Ie 33 31021S
‘sjuoned SINdd U Punoj Jou Sem UONBIOOSSE
ong "Ud9s SEA SOINJONLS 9SAY) 0) PAJOSUUOD
A[[eorwojeue 9q 0} umouy 1o 3so[o A[eneds suor3ax

Ul AJND 19O pue SaImjonns YA\ Ul SUOISa[ 71 9[qIsia “(dey Liqiqeqorg (z0) SINdd (s$?)

JO uonnqIISIp [890J oY) UdOMIOq (uonoadsur [ensia uorso) dew Kouonbaiy ‘awnjoa [euordar ‘D deaq (62) SINAS 1102 ‘IN9H

1004 £q) 9oudpuodsa1iod e ‘syuoned SINIS pue SIAY Ul UOIS9[ 7] [BO0  "OWINJOA [BUOISAI ND [eon1o)  (77) SINYY ‘I 39 1[I
‘punoj Jou sem uoneId0SSe siy) ‘dnoid
SIANd Y U] ", dnois yudned SN oy ut (100°0=4
L0V €-=1 “0S¥0-=¢ peziprepuels) 4O pue (100°0>d
‘600" ¥-=7 ‘20§ 0-=¢ poziprepue)s) uowreind (900 0=d
‘8€6°C-=1 ‘1 1#°0-=¢ poziprepuels) NO (£000=d ‘v1T'€
-=1 ‘¢St 0-=¢ pazipiepue)s) snweey) ul pue ‘sjuoned
SIA TTe I (100°0>d ‘80€ #-=7 18%"0-=¢ PozipIepue)s)
dD pue (20'0=d ‘L9¢'T-=1 ‘8LT 0-=4 pozipiepueis)
woweind “(600°0=¢ ‘969'C-=7 ‘6L T 0-=¢ PozIpIepue)s)

ND “(200°0=d “€8€ ¢-=1 ‘Lt¢"0-=¢ pozipIepueis) (4]

snwiefey) Ul SWNJOA J9MO[ Jo 10301paxd Juspuadopur (SINd) SIN (sS9)

ue seM AT 7L ‘POPN[OUI OS[B d19M YA PAIUBAPE WOIJ “QWIN[OA QAIssa1301g 6107 UNCYV

Ieq s10jowered [BINJONISOIOI YOIYM UI SUOISSOITAI uf uoIsa[ 71 [eq0[D ownoa Jeuordor ‘ND deag  (ZS) SINYY I 33 o[[puog

10U PIp AT 2L M9 “(+0°0=d ‘¥’ 0=AS 1T T-=¢
paziIpIepuess ‘[8°0= ) AINOQ WM PJeIoosse AT [L

[43



'SINS Ul AT TL PUe 41D uoomieq

uone[aLI09 oy} uondaoxs 9]0s I} St PIM (50 0>d

[1e ‘€4"0-=1 :SINdd ‘SS°0-=1 ‘SN “€¥°0-=1 :SAL [[&)
WO pue (100°0>4 [1e “1L°0-=1 :SINdd ‘$9"0-=1 :SINdS

‘NgH “Te

19 fimueals)
aAoqe

PaISI] SAIpMyS
ur se dnoi3
juanyed oweg

“bL'0-=1 'S “0L°0-=" ‘SN T®) AWDA “(10°0>4 T1e 1)
‘89°0-=1 :SINdd ‘9€0-=1 ‘SINdS ‘LS 0-=1 :SINIY ‘TS0 "awn[oA [eqo[3 ‘D dea ($2) SINdd y10¢
-=1:SIN [18) AJAND 10} sdnoi3 [[e ur Juedrjrugis o1om xas QWIN[OA  “SSAUNDIY) [BQO[3 ‘D) [BO1II0)) (€S) SINS  “Te 39 ASojo1pey
Ie pue o5e 10J P3OaLI0d AT 71 YIM SUOHE[OLIOD [eraed uoIs9[ 71 [8q0[D ‘own|oa [eqo[3 ‘WD 1810, (0€1) SINIY B [ITNIERIN
S0°0>d TV
"(8€t°0-=g pazipIepue)s “Fae) spopowr
¥ 1e ur Jojorpaid juedyyTugis e sem A pue ‘yuesiyIugis
a1om snurefeyy pue uoweind ‘efepSAwe 103 sfopow o)
1dooxa sjepout [[e ‘SN Ul (49T 0-=¢ pozipiepuels
“8Ae 1/ ur 10jorpard yueoyrusis A7) SINAS PUe (6+€°0
-=g paziprepue)s ‘SAe ¢/ /9 ur 10301pa1d JueolIugis A7)
SINYY Ul JuedlIuSis a10m AND( 10§ S|opow £ [V
.x:ON.OuHm_ A.VHON
pazipiepuels "SAe) s[opow ¢-g ut 103o1paxd juedrjiugis “KSoro1pEy
B SB AT I UeorjIuSTs o1om s[opowt / SINdd “Ie
up “(120°0-=g pazipIepuels) spour [ A[uo ut 10jorpaid 10 Y[1MU9)g
JUBOIJTUSIS B SB AT UIM ‘JUBDIJTUSIS 9JOM S[opout pue 9107
8 SINAS Ul "(L81°0-=¢ pazIpIepue)s ‘Fae) s[opow jsow ‘urerg ‘e
ur 10301paxd JueolIUSIS © sem A pue JUedIIuSIs a1om 10 Yimusa1g)
3D [eUOITAI JOJ S[OPOW ¢ JO 97 ‘syuanred SIARY U] Mmo[aq
pue I0A0
.HOuoEuD.HQ Se VA4 INM VN 1981} uedwr papnjout PaIsI sarpnys
sosATeue UoISsaI3aI [V (91 [ 0-=¢ pozipiepuels ‘Sae) ur se dnois
SUOI3aI ¢ JO IO |7 UI S}OLI} PAJOSUU0d Ul AT 7L Aq Eowg oweg
paure[dxo sem Y1) 1oMmo[ Iy (Z€€ 0-=¢ pazipiepuels
‘3Ae) suo13a1 / Jo o £ ur AIND Iomo] paurejdxa ‘own[oA [euoidar ‘WO deaq (57) SINdd (949)
S10BI) N A POIOSUUOD U AT 7L JeY} Pamoys sosAjeue QuwIn[oA *SSQUIIY} (€9) SINAS S107 ‘INdH
neq uo1ssa13a1 zeaur] [euor3al ‘dnoid SN Sjoym ay} 10,4 uoIs9[ 71, [euo1soy [euoI3a1 ‘D [eo110)  (0€T) SINIY  “Te 39 q1Mudag
‘(¥107
‘A3o101pEy

€¢



‘Teudrew [eluowd[ddns 1o oponae [eurdLio paysiqnd ur papraoid jou (sojewinsa [eAIdIuL 10/pue jutod <3-9) s[relop [eousnels [y ,

B[S} ‘[, ‘SuiSewr oourUOSAI

onjouSew ‘TYIA ‘O0USIJJIP JO J0IId pIepue)s ‘(S 1011 piepue)s ‘S ‘arenbs ueow ‘sl {sarenbs UOIBIAOD JO swnS ‘S ¢9Jel AIQA0ISIP IS[e]
A ‘oreds snyess Aijiqesip papuedxa ‘SSOH ‘@ourlsIp [eIpel ‘QY (X910 10jow Arewid ‘OIAJ S10en Teurdsoontos ‘18D ‘uonerper ondo YO

¢] SIUOWWE NUIOD ‘) ‘OWN[OA JIWE[RY} SAIIR[AI ‘A [ {SNO[ONU Je[NoIuas [eIoje] ‘NDT ‘snojonu ajepned ‘N ‘snpijred snqojs ‘4o ‘Adonosiue
[euonoeyy ‘v {1opew aym Surreddde feuiou ‘M VN SUONIRIY J01JBW 9)IYM [BULIOUQE ‘JINAEB SUONJel) Joyew Aei8 ‘JIND ‘pInyj [euldsorqorsd
‘S SSAUDIY) [BOTMOD I QUWINJOA UIRIQ [810) ‘A ‘QUWN[OA [BIURIDRIIUI ‘A ‘QUWIN[OA [BII)I0D PIZI[RULIOU ‘AN SQUWINJOA [BIIM0D ‘AD
‘own[oa Japew Ae13 doop ‘AJND( ‘ownjoa 1o1ew AeI3 ‘AJND Peo] UoIS] Je[noIuoALIdd “TT-Ad OQWN[OA UOISI] ‘AT ‘WNIUIOPES ‘pD) SISOII[OS
ordnmu aarssar3ord ‘SN ‘s1s01910s adnmnuu aarssaidord Arewnad ‘SN (S1501919s oidnnuu 9A1ssa1301d A18pU00IS ‘SINJS <SISOI[IS opdnnuw

Sumruai-guisdear ‘SINYY OWOIPUAS paje[ost A[[eorurdo ‘S “1opew Aeid doop ‘WD (1onew L. ‘ND (1o1eW AIYM INM SUOIBIAIQQY

‘(JueolJIUSIS I0AJU) S[OpOW Y] JO

Aue u1 papnjour jou sem AT 71 ‘SINdd Ui syuaned ug
(O pue

AND Sundrpaid sjopow ut Judsqe) (100°0>d “S8€°0
-=( pazipiepueis) AIND( 10J AJuo 103o1paid Juedryiugis
® Se paurewal AT L ‘SINAS yim syuaned 10,4
W(10°0>d 118 LS€"0-=¢ pazipIrepuels 41D

‘LOY0-=g pazIpIepue)s :AINDA ‘1€T 0-=¢ pazIpIepue)s

"AND) SR WA syuaned pue (10°0>d 112 ‘9170 (9102
-=g pazipiepuels Y1) ‘L0 0-=g pazipiepuels AINDA ‘A3o101pEy
‘97T 0-=¢ pazipiepuels : AJND) dnoi3 jusned [e10) “Ie

ay) ur i) pue AJNOJ ‘AIND Joj 10301paxd juedrrugis 10 Y[1MUu29)g
B paurewar A ¢ ‘sosATeue uorssaigor ojdnnur uy pue 10T

143



SINI

“Joquinu uoIs9[ Juroueyu-poH

JATIB[NWUND 1O ‘AT SUIOUBYUI-PD) IO 7], Ul S93uLYS 10 punoy
QIOM SUONBIV0SSE Yons ON (9€0°0 0} £10°0 woij Juiduer
sonjea-d) a3ueyo SWN[oA SIWeey) pue NO ‘[eo13100

‘JND [8qO[3 pue SUOIS9 ¢, SUISIB[US/MAU JO Joquunu
QATJB[NIUND [B)0) d) UIIMII] SUOIIRIIOSSE JUBDIJIUSIS

(@B uLYd dwn(oA (810 0> [[) orure[eyy pue (100°0>d
[T®) 1891109 Ul 3sour oy} passaidord suorss] Suroueyuo
-pD pue zJ], JO IdquInu SUI[aseq 1SAYSIY oy} YIm sjudned

(810°03d 11e) Joqunu UoIS9| JUIdUBYUL-PL) PUE 7], pue
AT TL duI[oseq Y)m pajerdosse d3ueyo dWN[oA snuweey)
pue (620°0=d) Joqunu uoIss] SUIDURYUI-PL) JUI[OSBq
ym pajeroosse sem dgueyo AINOJ ($00°05d [[8) SuoIsa|

*SUOIS9]
Suroueyua-po

Jo oouasaid 1eqoin
“Ioquinu

uoIsa] Suroueyuad
-PD pue L [eq0[D
-o3ueyd a3ejuoorod

‘a8ueyo
a3ejuoorad swnjoA
[euoi3ar ‘O deaq

‘o3ueyo
a3ejuoorad ownjoa

[eqo|3 ‘D doa
a3ueyo

a3ejuoorad ownjoa
[2q0[3 ‘D [89110D

Suroueyuo-po) Jo 90ussald oy St [[om Se ‘IoquInu pue AT OWNJOA PUB SWN[OA “o3ueyo s1eok § (15))
uroueyua-po pue Z 1 QUIOSEq YIM PIJLIOOSSE Sem dZueyd uoIs9[ uroueyud a8ejuao1ad owinjoA S10T “ANCYV
poon QWIN[OA [91}J00 pue A [eqo[S ‘poriad dn-mof[oy oy 10AQ -pD pue ¢ [eqO[D [eqoI3 ‘IND [e10L 012 b LEERELTA R LYY
“IoquInu
wAT uoIs9 Suroueyud
(L£00"0=d ‘08T 0-=1) TL PUe (9240'0=d ‘TLOE0-=1) 1L Ul PO [290[D (s189£ 9-9'C
saSueyo Yym A[oAneSou poje[a1109 aueyd a8eiuadiad JIND -a8ueyd dWNjoA -a8ueyo agejusorad :o8uer) s1eak ¢ (99)
*a8ueyo a8ejud01d JIND YIM 9JB[21109 JOU PIP SUOISI| pue SWNJOA UOIS| (ADI 031) uonoeIy 007 ‘ureag
pooDH Surouequa-py JO Ioquinu pue ‘AT g1 PUe [ durjeseq ¢L pue [ 1 1eq0[D [8Q0I3 ‘D [e10], 8¢ “I¢ 39 uojeQ
SID
(Gipigorva)/
a1y
dn-mojjo,y
20U2P1AD 24NSDIU 2UNSVIUL (fa1-2)
Jo &ypny synsay uo1sa] Wm Aydo.yp o (u) spuanvg U212 f2Y

S3IpN)S [eUIpNISUOT|

13

SoIpNYs [eUIpNIIZUO] JO SONSLIANOEIRYD) T I[qB L [erudwdddng



(120°0=d ‘¥8°¢

-€€°0°1D %S6 ‘60 7=¢) orex Aydone orwerey) pue (110°0=d
89°€-05°0:1D %S6 ‘60°7=9) INOA “(++00°0=4 ‘80°€-190:ID
%56 ‘S8 1=¢g) Suruuryy (851105 Jo 10)o1pa1d A[Uo oY} sem
dn-Mo[0} oy} I0A0 SUOISI] 7], SUISIE[US/MOU JO Q0UISqY

“Aydoxe D [€10} 0] USIS JOU SeM UOT)ORIIUI

Tefrunts *(£L90°0=d ‘6L ¢=4) Aydone snweeyy pue (00 0=d
‘¢ ¢=/) SuruuIy) [eO1I00 IOW PAMOYS ANAIOE YA M
dnois oy a1oym ‘poriad YuOW-7 oY) JOAO JWNJOA SNWR[EY)
pue 1) 10J dwn Aq dnois 10J 39930 UOIOBIAIUT JUBIIJIUSIS

*SUOIS9]
*SUOIS[ Suroueyua-po
Suidiejuo/mou noy)im syudned oy paredwoos ‘sojer Aydone Jo oouasaid [eqoin -ore Aydone swnjoa
[8O11102 10 snweley) 10u Inq (470 0=d ‘v v=4 ‘(WW 7L TF “Pqunu Teuordar ‘WO deaq SIBOA 7 (849)
1S - Jo ayex Aydone ueowr) sajer Aydone O paseatout uoIs9] Juroueyuo -ayer Aydoxye ssauyoIy) 9107 “19[9S NN
Irej  pey suolsa] SuUBYUI-pO) 10 7], SWISIR[Ud/MIU (IIM Sjudned -pD pue ¢z [eqO[D [8q03 ‘AD [B91I0D) r  “Ie 39 ouddsewre(q
"SSO[ AJAID JUBOIJIUSIS JO SedIe
ynm (uonoadsur [ensia Aq) de[IoAo A[eorwojeue Jou pIp
so3ueyo AT jueoyrudis jo seare ‘dnois juoned owes oy Uy
(sypuowt
'SSO[ D) [e913109 -a8ueyd 6°0F :dS) Jeok | (1s9)
)M 9JB[21I09 JOU PIP (SNJT) UONQLISIP UOTSI A M QWINJOA UOISI] “93ueyo swnjoA 0107 ‘WIH
100d  ouraseq ‘(sy=u) AT L pue [ 2aissar3oid yum sjuoned up  Z L pue [ [euordoy [euoI3aI1 D [8INI0) 68 “Ie 39 IpRJpuUdyg
‘(p=u) uapInq uoIS|
Sursearour Jnoym syuanjed Ul punoj a1om saueyd AND ON
(10°0>d [1e) snoundaid pue snoun “JoquInu
2} ‘X21109 [ejoLred pue [BIUOIJ ‘WIN[[2GIAI ‘X01100 [erodurd) uoIsa] z1 [eqo[D ‘93ueyo swnjoA (syyuowr
oy “‘oern3uro Jor1d)sod pue JOLIdJUR Y} UL SSO] JND) [euoI3ax -o3ueyo [euoISaI ND [BO1I0D)  6°0F :(S) 18IA | (L)
pue ‘Aydone JND [eqo[3 Juedryrusis pamoys (Gy=u) dn QUIN[OA UOISI[ -o8ueyd ownjoA 6007 ‘9SewoanaN
1eq -Mo[[oJ Jeak | J0Ye AT T PUe [ L SUISealoul yim sjuoned ¢Lpue [ L [eqo[D [290[3 ‘D [eI0]L, 68 “Ie 32 IpIRJpPUIY
(s189K §'f
'SSO] AD JUBOIJIUSIS -7 :o8uer) s1eok ¢ 0S9)
yim seare opis3uole paounouold aiouwr (uonoadsur *a3ueyo SWN[oA "93ueyo swnjoA 6007 ‘19S 10NN
1004 Jensia Aq) pareadde s1eak ¢ 10A0 AT T UI 9SEQIOUT Y, uoIsa zJ, [euoIday [eUOI3aI ‘IND) [BO1I0D 65 I “Ie 39 mnsenegq

9¢



(9) SWHd

(L89)

*dn-mo[[0J JO sIedk ¢ pue JedA | InOqe I9)e ‘AJND -a3ueyo ownjoA -93ueyd swnjoA (08) SID 610 ‘Aeydg urexg
Ieq ur sa3ueyod Y)IM PIJBIOOSSE 10U SEM FUDJULIYS UOISA] 7. uorsa z.I [eqo[D [eqo[3 ‘IND [e10L ad! “[e 39 Zjeaduog
SN
98ueyd
o3ejuoorad JND 301pad j0u PIp suoIsa] SurouLRYUL-PL) JO
Joqunu pue AT g1 QUI[aseq ‘S[apoul uoIssaIdar asimda)s uf “Joquinu
uoIsa] Suroueyud
"SUOIS9[ -pD 1eq0[D Teof | (099)
SuroueyUI-pO) JO IOqUINUT 10 ‘AT 7I, QUI[OSEq OIS [IM QwnjoA  “dSUBYO UOT)ORI) JWIN[OA S007 ‘urexg “[e
aeq punojy a19m a3ueyd JIND I0J SUOIIBIDOSSE JUBDIJIUSIS ON| uorsa 7.1 [eqo[D eqo[3 ‘IND [e10L I€ 19 B3LLIBD-21)SBS
SINdd
“SUOIS9|
*JIND ul sa3ueyo Surouequa-po
J10J PUNOJ 21om s10301pa1d ou ‘SIsAJeue UOISSaIZaI Ieaul] € UJ Jo 2ouasard [eqo[n (s79)
“Ioquinu S1B9K 7 €10T
‘porrad dn-morjoJ Y3 1940 aZueyd JND Ul IQJJIp Jou pIp uoIso[ Suroueyuo  "9SUBYD UONORIJ JWN[OA ‘IS N “T8
Irej  ‘uI[oseq Je suols?] SUIDUBYUI-PO) INOYIIM PUE ‘THIM SHUed -pD pue ¢ [eqO[D [eqo[3 ‘D [B10L 6€ 19 vURPJIOL-[EPIA
"98ueYd AND JO 9A1dIpaId j0u “SUOIS9|
Sem JUI[aSeq J& SUOISI SUIDURYUI-PO) JO JIQUINU PASLIIIU] Suroueyua-pH 929)
Jo 2ouasard [eqo[n 910¢
dn “1Pqunu a3ueyo syjuouwr G| ‘BurdewrioandN
-MO[[0] J& 10 JUI[aSk( JB SUOIS| Suroueyua-po) Jo douasaxd uoIs9] Jurouryud 93erjuoorad swnjoA rewe
poon 1] Jo sso[pIe3al ‘dn MO[[0] Y} JOAO PIsEaIdP AIND -pPD [eqO[D [eqo[3 ‘D [B10L 8 19 vURpJIOL-[EPIA
W(LT0°0=d “¥r€ 0=2a “(snuerety) S1aK §°] (Lsd)
‘986°(0-=1) dn-MO[[0J Y} IOA0 SSO[ SWNJOA JIWE[eY} “QWN[OA 98ueyo owinjoA LT0T 9uQ SO'1d
100g pue AT 7L QUI[9SEq U2M}9q UONB[ALIOD JUBIYIUTIS uorsa z.I [eqo[D Teuor3ai1 ‘O doaq ST “Ie 39 9ewye ],
“Ioquinu
uoI1s9] SurouByu-po
pue z1 ‘11 [eqo[D (829
(€0°0=d ‘S{'(-=1) STBIK OM]} I9)Je 93 ueyo dWINjoA a3ueyo s1eok ¢ 610C
A8ueydo AJND 25eIu01ad YIIM PIJR[AIIOD AT L PASEAIOUl  UOISO] SUIOuBYUI-pH 93ejuoorad swnjoA ‘sopnaderdayloanaN
Ieq ‘(qewnzifejeu jou ynq) powrjo3ulj Y parean sjuaned uy pue z1 ‘1.1 1eq0[D [eqO[3 ‘AD [e10L SS “[e 39 Bso1Zaag
"AIND Teak | (679
1810} 913 Jo 9rex Aydosye pazijenuue oY) YIm APuedrjIusis -a3ueyo dwnjoA -orel Aydone swnjoa 6107 ‘IS 01NN
aeq 9182110 J0U PIp dNn-MO[[0J dY} IOA0 AT 7L Ul 23ueyd oy, uorsa[ z.I [eqo[D [eqo[3 ‘IND [e10L 67 r “Te 39 epnsey

LE



"puNoj 9I9M SUONJBIOOSSE JUBDIUTIS OU ‘ST pue SINJ Ul

a8ueyo AD 10 ‘AD durdseq pue AT 7L porydone usomiaq

punoj a19M suonerosse oN “w(400°0=d ‘0 0-=1) a3ueyo

awn[oA srwefey) pue ($00°0=d ‘¢8¢’0-=1) SWN[OA JIWE[EY)

Ieq QuIaseq UM PAJEIOOSSE sem AT 7 porydone ‘SIAY Ul

-a8ueyd dwnjoA
uoIs9[ 71 18qo1D

QUWINJOA pue dWINJOA

[euo1da ‘N0 doaq (¢y) SIWd
-a8ueyo a3ejuoorad ($8) SWIY
QWIN[OA PUE SWIN[OA (02 SID
189013 ‘D 180110 LTI

(019
0207 ‘101mdN
[ “I& 19 1ZZeAe],

a8ueyd JIND Jo s10301paId JuedJIugIs o1om
soSueyo Apnys-uo 1o S)USWAINSLIW-[YJA dUI[oseq ou :SINJS

*¢S189A 4 19A0 d3ueyo o3ejudorad
JIND JO $AJRI 191813 YIM PAJeIo0sse a1am (4000 0= ‘9F"(

*SUOIS9|
Suroueyua-poH
Jo douossaid [eqoiH

(s1e0k g€
:o3uer) sieak

-=¢ pazipiepue)s) AT ¢, Sulsealour Apnis-uo pue (y('0=d "ogueyd (L7) SIS (48]
‘87°0-=¢ PIZIpIepue)s) QUI[ASkq Je SUOISI] SUIOUBYUS  SWIN[OA PUB SWN[OA  "9FUBYD UOIORIJ SWIN[OA (9¢) SINMY 8007 ‘01NN
poon -pD Jo doussaid oy ‘sfopowr uorssaxdar ofdnnur ut (SN uorsoy I 189010 Teqo1S ‘D [e10L (L) SID uuy “Je 39 JYsL
sadfyouayd aseasip usamiaq suosriedwo)

(Stpuowr 9z-47

(000°0=C ‘081 0-=1) dn mo[jo] 1ok 7 oy} SuLnp JINME -93ueyo :o8uer) s1edk g

ur 28ueyd pue JND UI[OSBq UdIM)OQ UOIIB[ALIOD JUBIJIUTIS uonoely a3ejudordd ‘o8ueyo

pue (ADI 01) uonoeyy dFejuddId (65) SWdS (689
"dn mojjoy 180K 7 oY) SuLmp D Ul 05UBYD  UOLORL} UOISO] A pue (AD] 01) uonoey (807) SWIY 6007 “19S NN
poon puE auI[aseq Je JIAME U09MI0q UOT)B[OII0) JURIITUSIIS ON [ewIouqe [eqO[D) eqo[S ‘D [e10L 192 ‘& 39 TYISapa,

(s182K°601-61
:08uer) s1edk G'g

"LOSH®/VI “ogueyd (L) SWdS (889)
19)Je sIedk GG Jo uoneinp dn-mo[[of Uedw 9y} IOA0 QuIN[oA a3ejuoorad swnjoa (1) SN 810 ‘IS
Ie  SSol AJND Jo 103o1pald juedyyrusis e Jou sem A [ I, ouljoseq uoIs9[ 1, [eqo[D [2qo[3 ‘D [eI0L 61 JNA “T€ 39 997
*510301pa1d JUBdIJIUTIS [[B 1M
suorsd] 1L (1000°0=d 99'0=DNV ‘I+'C1=40) SunjuLIys
o1uoIyd pue (9500°0=¢ ‘6S'0=D0NV ‘06 [=40) Suisre[ud Teof |
o1uoIyd (9000°0=4 ‘$9°0=DNV ‘10" [=4d0) MU Jo 1oquinu
oy ‘uonerper ondo oy Suore roquinu uoIs| [erdre[isdl pue (1) SNdd
uonONPAI SWN[OA N JO SISA[eUE UOISSaIZa1 o1ISISO[ & U] (#) SINdd
(91) SIS
‘uonerper ondo ayy Suore s1oqUINU UOISI| ‘(sn9ponu dyenotued (69) SINIY (069)
1oy31y s sdnoi3 ur 1oySIy sem syjuow g1 I10A0 NOT “Rqunu [e103e]) 93URYO SWIN]OA Q) SID 9102 ‘1S [OIA

1004 Ul 9SLAI00p WN[0A )M sjuoned Jo Aouanboiy aAne[ar Ay,

uorIs9 [ I, [euordoy

[euoi3ar ‘O deaq 6

[ yug “[e 32 xoq

(s1wak5'¢-6C
:o3uer) s1eak ¢

8¢



‘[euojew [eyudwolddns 1o dronae reurdLo paysiqnd ur papraoid jou (sojewsd feardiul Jo/pue jurod ©3-9) s[rejop [eonSHEls [N ,

"uoneIAdp prepuess ‘(S ‘dew Ajiqeqoid uois9] ‘N ‘FurSewn 2ourU0SAI d13ouUSeW ‘YA ‘uorejue[dsuen [[90 wa)s sno3ojone

pue uongqeounwwl ‘[ HSHe/V] {[eAISIUI 2OUIPLUOI ‘[ DAIND Y} JOpUN BAIR D)V ‘0N SPPO YO Sno[onu 21e[norusg [e1ole] ‘NDT ‘uonoely
IOJJBW 9JIYM [BULIOUQE ‘JIN B ‘UOIIORIY o)W AIS ‘ JIAD {SSOUDIY) [BO13I0D ‘U3 SOWIN[OA [BIUBIOBNUL ‘A D] ‘OWN[OA [BIILI0D ‘A D) ‘OWN[OA Jd)jBWL
Ke13 doap ‘AJND( ‘ownoA 1djjewt AeI3 ‘AND OWN|oA UOIS| ‘AT ‘wnrurjopes ‘po) ‘s1so1o[os ajdnnu daIssardord-gursdear ‘SINGY <SISOID[OS
ordnnuw aa1ssa1301d ‘SN <s15019[0s ojdinw aarssasdord Arewnad ‘SNdd s1solafos oidnnu oArssarord A1epuodas ‘SNGS ‘S1soo(os idnnw

Sumrual-guisdear ‘SINYY QWOIPUAS Paje[ost A[[eorur[do ‘S[) “1opew Aeid doop ‘WD 1onew Aei3 ‘D (1o1eW UM INM SUOIRIAIQQY

‘uo1ssa13o1d aseasip noym syuaned ur 10
‘@8ueyo AD 10 ‘A durjeseq pue A g1 porydone usamioq
PUNOJ 9IOM SUONEINOSSE ON +(£00°0=C ‘7,9 0-=1) d3ueyd
awmnjoA oruwre[et) pue (00" 0=d ‘079" (-=£) SWN[OA OIWE[EY}
surjeseq M ApueoyIusis paje[ariod A7 ¢ parydone

‘dn-mof[oJ oy} JoA0 uorssai3ord aseasip ym syuoned uf ‘(snwrerey)) (s1eak 6 0F

93ueyp oFeusdrod :ds) steak g

6¢€



-d [[e) WN[OA [891100 10J (SE0°0 "890°0°TD %S6)
76070 pue snurefe) 10§ (140°0 “9L0°0:1D %S6)
8S0°0 “AIDA 10J (LEO0 “0L0°0TD %S6) %E£S0°0
sem AT gL dul[aseq Jo ;o 19d sso[ swnjoa
93ejuoo1ad [eUONIPPE [ENUUER [RUIPMISUOT

(1000°0>4 118) AT TL JO (wd 12d 1ayfews

‘(snuwrepeyy)

93ueyd swnjoa pue
JwinjoA Jeuor3ar ‘O deog
*a8ueyo Swn[oA pue

WO (901°0- “YT1°0- 1D %S6) ST1°0- Sem awn[oA “Toquunu swnjoa [eqo[3 ‘WD deag S1BOA (6+9)
snwefey) pue (6£7°0- ‘8LT°0- 1D %S6) 85T°0 uoisa] Suroueyua-po [eqo[H *98Ueyo SWN[OA pue 8107 ‘AB0j0.maN
poon - sem SWN[oA ND(J ‘OUI[SE] JE [BUOIIIS-SSOI) "QWIN[OA UOISI[ 7] [BQO[D)  SWN[OA [BqO[S ‘D) [BO110D) $90C “[e 39 ouejoRn)
SINYA
*a8ueyd awnjoA [edwedsoddiy yym
918]01109 J0U PIP AT JO soSueyo :[eurpmiSuo]
qe(§0°0>d) T puow
puUE OUI[OSEq JB SWINJOA SNIAS 9)ejudp oI pue
AT Suoueyue-po) USIMIOq UOHE[OLIOd JANISO]
"a+(100°0-$0°0 woyy Surduer sanjeA
-d) ¢ JyuowW pue QUI[Oseq JB JWNJOA SNIAS 9)eIUdp
[e1078[1q JOYSIY YiIm PAIL[21I00 AT 1 PUe L
‘PUNOJ IOM S}NSAI Je[IWIS ‘AT [ L 104
"4+(S0°0-10°0 woy SuiSuer sanjea-d)
¥¢ pue [ yiuout 1e [le} oy} Jo p[oyqns [y ayp ut
pue {(S0°0-100°0 woij SurSuer sanjea-d) ¢ ypuowr (119)
Je pue ouIfaseq Je ‘A[[e1de[Iq ‘wnnoiqns Y} ur -03ueyo ownjoA “(sndureooddry) SIedA ¢ 610T
swnjoa Jedwesoddiy 1omof pue AT zI [eroerisdr pUE SWIN[OA UOISI] Suoueyuo o8ueyo swnjoa pue CI9IS NN “Te
Ieq U99M}0q UOTIR[ILI0D JUBDIJIUSIS :[BUONIIS-SSOID) -po pue 7], ‘11 [euoiSoy  dwnjoa [euoidal ‘O deog G¢ 19 eaIdNZEIIE)
SO
(G111qv11D4)
/outl]
20U2P1ND dn-mojjo,y
Jo (fa1-2)
ayonQ synsay 2.msvaut U015a] WM aunsvauwl Aydo.ygn pyo — (u) spuayvg 20Uy

SIIPN)S [BUIPN)ISUO] PUE [BUOI)IIS-SSOI))

ov

SOIPN)S [UIPMIITUO] PUB [BUOI)OIS-SSOIO JO SONSLIvORIRYD) *€ d[qe 9 [epudwdiddng



‘(Jeuor3ax
pue [€103) 3D Y)IM JO ‘OUWINJOA ]ND) JE[[9qa10
pue wojsurelq ‘(Jeuoi3al pue [eJ03) NOH [eo1I09

‘awnjoA [euoidal ‘o deoq
‘awnjoA [eqo[3 ‘D deaq
"SSOWYOIY) PUB SWINJOA
[euoI3aI ‘D [BONI0)

‘[€)0) PUB JUI[ISEQ JB SUOISI] SUIOUBUI-PD) 'SSOUOIY) pue s1eok ¢
Jo 2oudsard 2y} u2aM}0q UOTIR[ILI0D JURIIIUSIS ON awn[oA [8qo[3 ‘AD [BI1I0D)

IND -03ueyo uonoely 93eIUSoI0d (2) SINdS ($99)

Ut I9JJIP 10U PIP QUI[9SEQ 1 SUOISI] SUIoURYUd “SUOIS9[ pue (AD] 01) uonoey (9¢) SN LI0T “IdPS ININ

nej -pD MoyMm 10 y)im syudnied :[euonoss-ssor)  Suroueyua-po) Jjo 2dudsaid [eqon QwN|0A [BqO[3 ‘ND [8I0], 8¢ “1e 39 idwer)

SN
*7 Tedk pue ourjoseq 1o ‘7 Jedk pue [ 1eak
‘] Teak puUB JUI[ISBQ UAIM]Aq JOU ‘A D) Ul dFURYD
a8ejuao1ad oy 03 paje[a1 AjJuedlIuSIS Jou sem
AT ¢l w 98ueyd a3ejuoorad oy, :;[eurpmiSuo|

(z£9)

(1000°0>4 ‘8T°0=4S “aSueyo s1eok 7 €107

‘6€°1-=¢) AD au1aseq pue A 7], dul[aseq -a3ueyo oFejuoorod swnjoa ownjoa 93eusorod pue ‘yuy IS INA

e U90M)2q UOTIB[OIIOD JUBIIUSIS ([BUOT)OIS-SSOID) PUE SWNJOA UOTSA[ 7], [BqO[D)  WNJOA [2qO[S JAD) €010 OET  “Te )3 AOUIpEAIZ
*dn-mo[[0J oy} I9A0 AT Aue Ul soFueyd
10 ‘QUI9seq JB AT SUIDUBYUI-PO) YIM PIIB[ILI0D
JOU 219M JIND Ul soFueyd :[eurpmSuo|

‘AT "o3ueyd  (Sypuow 87-€7

Suroueyud-po yym jou Inq A1 (220'0=4 ‘96%°0 uonoely dwn[oA a8eudorad  :o3uel) S1aK 7 (¥19)

-=1) 1L Pue (Ly0°0=d ‘8¢t '0-=1) L Pue JIND "9SuBUD SWN[OA PUE SWIN[OA UOISI] pue (AD] 01) uondely S007 ‘A3010anaN

aeq U99M)9q UONR[A1I0D JUBDIIUSIS :[BUONOIS-SSOI)  Suroueyue-po pue ‘gL, ‘1.1 [8qO[D awnjoA [8qo[3 ‘D [BI0L 02 & 39 oLIdqL],

W(100°0>4

[1€) 2uI[aseq Je suoIs9] Juroueyua-po) Jo douasaid
o Jo sso[predar ‘Aydone NOHJ pue [BO11I0

Jo J0301pa1d JuedrjIuTIS B sem A 7 duljeseq
"AwnoA [801100 103 (Z010°0=4 ‘1100

‘780°0°1D %S6) 9+0°0 pue snwefey) 10§ (7L£0°0=d
‘20070 9L0°0:1D %S6) 6£0°0 ‘DA 10F (L000 0=d
‘ST0°0 “760°0:1D %S6) %090°0 Sem durjaseq

J& UoIS9] SUIOURYUS-PD) [BUOLIPPE oD 10] SSO[
ownjoa 93euad1ad [euonippe [enuuy “(1000°0>

v



.(S0°0>d &) SuoI3al [ed511109 [e1de[Iq
peaxdsopim Ul 30 JoMO] YIIM PIJBIOOSSE d1oM

seare [e31d1ooo pue ‘Jejorred ‘erodwo) ‘feyuoiy (c0'zF :as)
W31 pue o[ ay) ul AT 7, [euordar ‘Afrefiuns s1eak 9¢'y
(50°0> 1 “(o1oudstway Jop) S TFYT Y
- pue (a1oydsruay JYSL) 9¢" [FO0 H-= Sonjea *a3ueyd dwn[oA (21) SINdd
-} UBQW) X0)10J d[oym 3 A[Jeau Ul A[[eoLowAs puE QWNJOA UOISI 7] [RUOISY *a3uBYD SSOUOIY) [BO1}I0D (15) SINS (LLd)
suoISa1 ur Y30 9FeIOAR ) YIIM POIRIJOSSE *oSueyo swnjoa puB SSOUNOIY]) [BI11I0D (081) SINYYI 0207 ‘WIH
poon KJoAne3ou sem AT 71, [8qO[D) :[BUOIOIS-SSOID) puB SWNJOA UOISI] 7], [2q0[D [euo13a1 D [8O1I0) €T “Ie 39 seydes],
‘suostredwod
ardnnur 10§ uonoe10d 1Y (000 0=4 ‘SL0'0=,1)
1 A1uo Inq “,(+€0°0 0 000°0 woij Jurduer sanjeA
-d 6100 01 §10°0 woy Juruel ;) SuoI3al1 4|
Jo g ur ger Aydone WD 101paid pnos uondnisip
198D ‘AT 7L 10J Surjjonuo)) :[eurpmisuo|
‘suosLIedwoos a[dnnu 10§ UOIOLI0D
19)3e ouou Inq ,(6+0°0 03 +10°0 Wwoiy Surduer
son[ea-d ‘G700 01 8§00°0 Wwoy Surguer ) suorgar
#1 JO 1IN0 ¢ ur dwnjoA JND( 191pa1d AJuo pinoo ‘poydnuIsIp pa1dpIsuod (s1eok £ 0F
uondnisip joen ‘AT ¢ 1of Surjjonuo) (000 0=4 QI pue YSEW UOISI| USAIS :ds) s1eak ¢
118 “€05°0 03 8010 woy Suiguer ) pajoipaid oy y3nouay ssed jey) soUIjWRINS
9q p[nod suoi3a1 JNO( 1 JO 1o ¢] ‘[opow Ay 10BI) P21O2UUOD PIALIDP (L) SINdd
03 uondnisip joen SuIppy “(610°0 03 000°0 WOI}  3skq-ejep dABWLIOU JO d3ejuadiad (6€) SINAS
Surduer sanjea-d ‘86170 01 80 ( woy Surduer oy ‘uondnisip joe1) 93eIU0I0J #11) ST (989)
2d) SuoI3a1 1 JO 1Mo Z[ Ul dWnjoA WO 10J *o8ueyo SwnjoA -o8ueyo swnjoa pue (91) SID 8107 AUNILY
e 10301paxd Juedrjudis € sem AT 7 {[BUOOIS-SSOID) puE SWN[OA UOISA] 7] [BqO[D  wnjoA [euoidar ‘ND doog 9L1 “Ie 39 syanyg
(s18ak
(Aydoxye L6 1F :dS)
AT T Ul 2SeaIdUI JO )l ) PUB W) JIAO JO 99U21INY90 Jo douanbas s1eak ¢
93e)s [opow Paseq-JudAd A} Ul dFueyD JO eI AY) QUIULI2IOP O} ‘[opoul Paseq
U99M)2q UORIOOSSE JUBDIIUSIS OU :[eurpmisuo| -JUSAD UR UI PIsn SAWN[OA ) (sz1) SINdd
"03ueyo OWN[OA pue (821) SINdS
+(100°0>d ‘11°0= g pazipIepue)s) ourjaseq sumjoa [euorsar ‘WO doo@  (80L) SINII (1L9)
18 AT 71 pue 93e)s [9powl PIseq-JudAd Ay} -93ueyd JWN[OA  "d3UBYD SWN[OA PUB SWNJOA (€52) SID 8107 ‘ureag
Ieq U92M12q UOTIRIDOSSE JUBDIJIUSIS :[BUON)OIS-SSOI) puE SWN[OA UOIS] 7] [BqO[D [euo13a1 ‘D [BO1I0D) At “Ie 39 1ySeysy

‘porrad Aprys 189A-¢ o) 19A0 [N UI SOFUBYD
o} JO AUE YJIM PIJRIOOSSE JOU SeM JUI[ASeq
1€ suoIs9] Suroueyua-po) Jo doudsaid ;JeurpmISuo

[474



"Aprys [eurSLIo sy Ul 4 2G1 Ul Jeq J0[0d UI PIjedIpul saguer oyl sueurreadg

‘Terrdewr [eyuswd[ddns Jo oponue [eurduio paysiqnd ur papraoid jou (sajewnss [eAldjul Jo/pue jurod ©3-9) s[relap [eansuels [nyg ,

“IOLId pIepue)s ‘g ‘UONRIAJD plepue)s ‘(IS <] sruowwre

nuIod ‘1) ‘uonoelj 191ew AeI3 D SSOUNOIY) [BOIHOD “UYID) QWN[OA [BIUBIOBIUL ‘A D] OWNJOA [BO1I0D ‘A D) {Iopewl AeI3 doop ‘AD( own[oA
uoIs9 ‘AT ‘wniuropes ‘po ‘s1so1d[os ojdnnw aassaiSord Arewnad ‘SN (S1s01o]os sjdnntu oAIssai3ord L1epuodes ‘SINJS ‘S1solafos odnnw

Sumuai-Suisdeal ‘SIANY ‘OWOoIpuAS paje[ost A[[edruld ‘S0 ‘opew Aei3 doap ‘IND( (Tonew Aei3 ‘AD (IoneW 9IYM AM SUONBIAIQQY

(50°0>d

118 “#$"0-60"0FL6'"€- 0} 90" ¢- woly Sursues sonjea
-3 ueowr) suor3a1 [e3rdiooo pue [ejorred ‘reroduwd)
[e1areqiq ur aSueyd Y3 pue AT ¢L [e1dooo oy
ur soSUBYD UOMIOq UMOYS OS[ SeM UOTIBIOOSSE
Ane3au v *(60"0>d T18) (1T 0FEY v-=onjea-)
ueowr) snounodxd pue (S¢"0FLy f-=on[eA-) Ueou)
SNAUND o] oY) Ul Y3 ul oFueyd yim AjoAnesou
pajeIoosse A Z1, Ul seSueyd [erodwo) o]
QW) J9A0 3D UT SOSUBYD YIIM JBIOOSSE

10U PIp AT ¢ 1803 ut saguey) :[eurpryiSuo]

1314



44












European Radiology (2022) 32:3576-3587
https://doi.org/10.1007/500330-021-08405-8

NEURO ®

Check for
updates

The effect of gadolinium-based contrast-agents on automated brain
atrophy measurements by FreeSurfer in patients with multiple
sclerosis

Ingrid Anne Lie'® . Emma Kerklingh? - Kristin Wesnes'># . David R. van Nederpelt? - Iman Brouwer? -
@ivind Torkildsen'3 - Kjell-Morten Myhr' . Frederik Barkhof?* - Lars Bg' - Hugo Vrenken?

Received: 11 June 2021/ Revised: 7 September 2021 / Accepted: 12 October 2021 / Published online: 3 January 2022
© The Author(s) 2021

Abstract

Objective To determine whether reliable brain atrophy measures can be obtained from post-contrast 3D T1-weighted images

in patients with multiple sclerosis (MS) using FreeSurfer.

Methods Twenty-two patients with MS were included, in which 3D T1-weighted MR images were obtained during the

same scanner visit, with the same acquisition protocol, before and after administration of gadolinium-based contrast agents

(GBCAs). Two FreeSurfer versions (v.6.0.1 and v.7.1.1.) were applied to calculate grey matter (GM) and white matter (WM)

volumes and global and regional cortical thickness. The consistency between measures obtained in pre- and post-contrast

images was assessed by intra-class correlation coefficient (ICC), the difference was investigated by paired t-tests, and the
mean percentage increase or decrease was calculated for total WM and GM matter volume, total deep GM and thalamus
volume, and mean cortical thickness.

Results Good to excellent reliability was found between all investigated measures, with ICC ranging from 0.926 to 0.996,

all p values <0.001. GM volumes and cortical thickness measurements were significantly higher in post-contrast images by

3.1 to 17.4%, while total WM volume decreased significantly by 1.7% (all p values <0.001).

Conclusion The consistency between values obtained from pre- and post-contrast images was excellent, suggesting it may be

possible to extract reliable brain atrophy measurements from T1-weighted images acquired after administration of GBCAs,

using FreeSurfer. However, absolute values were systematically different between pre- and post-contrast images, meaning
that such images should not be compared directly. Potential systematic effects, possibly dependent on GBCA dose or the
delay time after contrast injection, should be investigated.

Trial registration Clinical trials.gov. identifier: NCT00360906.

Key Points

o The influence of gadolinium-based contrast agents (GBCAs) on atrophy measurements is still largely unknown and challenges
the use of a considerable source of historical and prospective real-world data.

o [In 22 patients with multiple sclerosis, the consistency between brain atrophy measurements obtained from pre- and post-contrast
images was excellent, suggesting it may be possible to extract reliable atrophy measurements in T1-weighted images acquired
after administration of GBCAs, using FreeSurfer.

o Absolute values were systematically different between pre- and post-contrast images, meaning that such images should
not be compared directly, and measurements extracted from certain regions (e.g., the temporal pole) should be interpreted with caution.
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Abbreviations

BBB Blood-brain barrier

CNR Contrast-to-noise ratio

CR Contrast ratio

EDSS Expanded Disability Status Scale

FFE Fast field echo.

FLAIR Fluid-attenuated inversion recovery
FLIRT FMRIB s Linear Image Registration Tool
FSL FMRIB Software Library

GBCAs Gadolinium-based contrast-agents

GM Grey matter

1cC Intra-class correlation coefficient

IQMs Image quality metrics

LST Lesion segmentation tool

mL Millilitres

mm Millimetre

MPRAGE  Magnetization-prepared rapid gradient-echo
MRI Magnetic resonance imaging

MRIQC MRI Quality Control Tool

ms Millisecond

MS Multiple sclerosis

RRMS Relapsing—remitting MS

SD Standard deviation

SNR Signal-to-noise ratio

SPMS Secondary progressive multiple sclerosis
SPSS Statistical Product and Service Solutions
T Tesla

T1 Inversion time

TE Echo time

TR Repetition time

WM White matter

Introduction

Grey matter (GM) atrophy measured on MRI in persons with
multiple sclerosis (MS) reflects irreversible neuroaxonal loss and
neurodegenerative changes in the CNS [1]. The degree of GM
atrophy has been shown to consistently correlate with physical
[2, 3] and cognitive [4] disability, and is regarded as a promising
neurodegenerative biomarker. Furthermore, as the demand for
neuroprotective interventions increases, GM atrophy is an easily
available outcome measure [5-7].

There are a number of available methods and software
to measure GM atrophy. Although FreeSurfer requires sub-
stantial processing time, making it less suitable for clinical
practice, it is one of the most commonly used automated
methods in research, especially for cortical parcellation and
thickness estimation. FreeSurfer is publicly available and
widely validated [8—12], and in the body of literature on

GM atrophy in MS, many key papers have used FreeSurfer
[13-15].

Due to the high tissue contrast [16—18] in unenhanced
three-dimensional (3D) T1-weighted images, this image
type is commonly used by brain segmentation software and
required by FreeSurfer, as well as other software with simi-
lar purposes. However, unenhanced 3D T1-weighted images
are not mandatory in suggested standardised brain MRI
protocols for MS [19] and may not be routinely included.
Instead, post-contrast T1-weighted images are often pri-
oritised, especially in clinical settings. In case of ongoing
inflammation, the intravenously administered contrast agent
leaks into the brain parenchyma in locations where the
blood-brain barrier (BBB) is disrupted [20]. These post-
contrast images are valuable both in baseline and follow-up
examinations, as they can unequivocally detect lesions with
active inflammation [19].

The contrast agent used is almost universally gadolin-
ium-based, consisting of a central paramagnetic Gd** ion
chelated to a carrier molecule to prevent the toxicity of
free Gd**, while still maintaining its paramagnetic proper-
ties. Gadolinium-based contrast agents (GBCAs) shorten
both the longitudinal (T1) and transverse (T2) relaxation
times [21], leaving areas in which GBCAs accumulate as
bright or hyperintense compared to surrounding tissue on
T1-weighted images.

The use of GBCAS has increased over the last three dec-
ades [22], making up a considerable source of historical
and prospective real-world data. However, the value of such
data for brain atrophy measurements depends on our ability
to correctly interpret the data in automated image analy-
ses. The influence of GBCAs on atrophy measurements is
still largely unknown and has previously been investigated
in only a few studies using different image analysis tech-
niques [23, 24]. In this study, our aim is to validate the use
of post-contrast T1-weighted images for volume and cortical
thickness measurements and to provide guidelines on how
to interpret results from clinically relevant and commonly
considered measures. To do so, total WM and GM volume,
total deep GM and thalamus volume, and mean cortical
thickness measures were obtained in pre- and post-contrast
images by FreeSurfer and compared.

Materials and methods
Participants

The patients included in this study participated in a 10-year
follow-up visit following a multi-centre, randomised,
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placebo-controlled trial of -3 fatty acids in MS (the
OFAMS-study), which has previously been described in
detail [25]. A total of 85 of the 92 persons with relaps-
ing—remitting MS (RRMS) [26] originally enrolled in the
OFAMS-study participated in the 10-year follow-up visit
and underwent clinical, biochemical, and radiological exam-
inations at their local study site.

The study was approved by the Regional Committee
for Medical and Health Research Ethics in Western Nor-
way Regional Health Authority (clinical trials.gov, identi-
fier: NCT00360906). All participants gave their written
informed consent.

MRI data and analysis
MRI data acquisition

Imaging at the 10-year follow-up visit was performed at
the different study sites, on a 3-Tesla (T) MRI scanner if
available, alternatively using a 1.5 T MRI scanner, with
a standard head coil. The acquisition included a post-
contrast sagittal 3D T1-weighted sequence; acquisition
details across sites are provided in Table 1. Furthermore, a
sagittal T2-weighted 3D fluid-attenuated inversion recov-
ery (FLAIR) sequence was acquired according to locally
optimised protocols. The full MRI protocol provided to
the study sites is available in eAppendix 1. The study sites
were encouraged to include the same 3D T1-weighted
sequence before contrast-agent administration, if possible.
For the present study, only the subset of the participants
who underwent 3D T1-weighted MR imaging both before
and after injection of GBCAs, during the same scanner
visit, and with the exact same acquisition protocol, was
included.

Table 1 Details on MRI acquisition per protocol

MRI data processing

Lesion segmentation and lesion filling Lesion segmenta-
tion was done on FLAIR images using lesion segmenta-
tion tool (LST) (version 2.0.15; http://applied-statistics.
de/lst.html) [27]. The lesion probability map in FLAIR
space was brought to T1-weighted space by FLIRT linear
registration of the FLAIR image to the T1 image, using 7
degrees of freedom, correlation ratio as the cost function,
and trilinear interpolation. Afterwards, a threshold of 0.1
was used to binarise the lesion probability map. To opti-
mize the lesion filling, gadolinium-enhancing regions (both
lesions and other regions) were first removed, by applying
an upper-intensity threshold at the 98" percentile. Next, the
FMRIB Software Library (FSL) (version 5.0.10; http://www.
fmrib.ox.ac.uk/fsl) was used to fill in lesional voxels in the
T1-weighted images using the lesion_filling tool [28], and
these filled lesions were pasted into the original post-con-
trast 3D T1-weighted images.

Morphological reconstruction Cortical reconstruction and par-
cellation for cortical volume and thickness measurement and
subcortical segmentation were performed with FreeSurfer, a
freely available software package for academic use, available
through online download (http://surfer.nmr.mgh.harvard.edu/).
The findings presented here were obtained using FreeSurfer
version 7.1.1; highly comparable findings obtained using Free-
Surfer version 6.0.1 are presented in Table el. The technical
details of FreeSurfer procedures have been previously described
[29, 30] and briefly summarised in eAppendix 2.

Quality control was performed by visual inspection, and any
segmentation errors were recorded for each patient. In cases
where only specific anatomical regions were incorrectly

Protocol (number
of patients)

1(3) 2(3) 303

403) 505 6(2) 7(3)

Scanner Siemens Aera Siemens Skyra Siemens Avanto

Field strength 15T 3T 15T

3DT1 sequences ~ MPRAGE MPRAGE MPRAGE

TR (ms) 1940 2300 2200

TE (ms) 2.69 2.32 2.82

TI (ms) 976 900 900

Flip angle (°) 8 8 8

Voxel size 1.00x0.98x0.98  0.9x0.94x0.94 1.00x0.98x0.98

Head receiver coil Unknown Unknown HE1-4

GBCA Gadoterate meglu-  Gadoterate meg-  Gadoterate meg-
mine lumine lumine

Siemens Aera Philips Achieva Siemens Prisma Philips Achieva

15T 15T 3T 15T

MPRAGE FFE MPRAGE FFE

2200 7.6 1800 7.1

2.67 3.75 228 22

900 900

8 8 8 8

1.00x0.98x0.98 1.00x0.98x0.98 1.00x0.50%0.50 1.00x 1.00
x1.00

HE1-4 SENSE-head-8 Unknown SENSE-head-8

Gadoteridol Unknown Gadoterate meglu-  Unknown

mine

Abbreviations: TR, repetition time; TE, echo time; 77, inversion time; ms, millisecond; mm, millimetre; MPRAGE, magnetization-prepared rapid
gradient-echo; FFE, fast field echo; GBCA, gadolinium-based contrast agent
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segmented, we chose to not apply any corrections for these
errors in our analyses.

The Desikan-Killiany atlas [31] was used to extract cor-
tical thickness measures (mean cortical thickness, left and
right hemisphere) and to study regional differences in corti-
cal thickness between pre- and post-contrast images, across
subjects, by creating a heat map. Furthermore, total cerebral
GM and WM volume and total deep GM and thalamus vol-
ume (left and right hemisphere) were obtained.

MRI quality control tool To investigate potential root causes
of any observed segmentation differences, both pre- and
post-contrast T1-weighted images were analysed using
the MRI Quality Control Tool (MRIQC) [32]. MRIQC is
an open-source software and extracts no-reference image
quality metrics (IQMs) from structural and functional MRI
data [32]. Using a segmentation into GM, WM, and CSF by
FSL-FAST [33], MRIQC calculates tissue-specific signal-
to-noise ratio (SNR) values as well as the contrast-to-noise
ratio (CNR) between GM and WM. Additionally, based on
these values obtained from MRIQC, the contrast ratio (CR)
between white and grey matter was also calculated.

Statistical analysis

Statistical analyses were performed using the Statistical
Product and Service Solutions (SPSS) for macOS (Ver-
sion 25; SPSS). Data were visually and statistically exam-
ined using the Kolmogorov—Smirnov test for normality. To
assess the agreement between volume and thickness meas-
urements obtained before and after GBCA administration,
the intra-class correlation coefficient (ICC) was determined,
based on a mean rating (k=2), consistency, two-way mixed
model. Scatterplots were created to visualise the agreement.
To assess whether any systematic differences in structural
measurements or IQMs were present between pre- and post-
contrast measurements, paired t-tests were performed. Fur-
thermore, boxplots were made to illustrate any differences,
and Bland—Altman plots were created to identify fixed or
proportional bias [34]. As an exploratory analysis, paired
t-tests were used to investigate a possible systematic differ-
ence between field strengths (1.5 and 3 T).

Results

Pre- and post-contrast T1-weighted images were obtained
with the exact same acquisition protocol in a total of 23
patients. One patient was excluded due to a large image
artifact, causing segmentation errors. Table 2 provides an
overview of the demographic and clinical characteristics of
the patient group.

Table 2 Demographic and clinical characteristics

Age in years, mean (SD) 50.5 (7.83)

Sex, female, N (%)

Disease duration, mean in years
(SD) / median (range)

EDSS, mean (SD) / median (range)

Disease phenotype (N)

15 (68.2%)
13.8 (3) /13 (12-25)

29(1.2)/2.5(1-6)

RRMS (21), SPMS (1)

Site 1 (3), Site 2 (3), Site 3 (3),
Site 4 (8 (2 scanners)), Site 5
(2), Site 6 (3)

Study site (number of patients)

Abbreviations: SD, standard deviation; EDSS, Expanded Disability
Status Scale; RRMS, relapsing-remitting multiple sclerosis; SPMS,
secondary progressive multiple sclerosis

Quality control of FreeSurfer segmentations

All 22 pairs of pre- and post-contrast T1-weighted images
finished the fully automated FreeSurfer pipeline (i.e., no
hard failures). The most common soft failures (i.e., failures
that do not disrupt the pipeline, but may need modification)
are summarised in Table 3.

Volume and cortical thickness measurements
before and after administration of GBCAs

The mean values of MRI measurements obtained before
and after GBCAs are summarised in Table 4 and Fig. 4.
Briefly, a mean increase in GM volumes and cortical thick-
ness measures were observed in post-contrast images, while
a mean decrease was observed in total WM volume. The
results of the exploratory analysis subdivided according to
field strength are presented in Table e2, showing no clear
systematic differences between field strengths.

Consistency of measurements obtained
before and after administration of GBCAs

A high degree of reliability was found between the meas-
urements obtained pre- and post-contrast, for all volumes
and cortical thickness measures assessed. All ICC values
(Table 4) were above 0.92, with the lowest values in the
thalami, and above 0.96 for all larger structures, all p val-
ues <0.001. The consistency between the measurements is
demonstrated in Fig. 5.

Difference in measurements
before and after administration of GBCAs

GM volumes and mean cortical thickness were significantly

higher after administration of GBCAs, in all investigated
structures (Table 4, Figs. 4 and 5).
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Table 3 Summary of the most common soft failures

Description

Frequency

The pial surface (representing the border between cortical GM and
CSF) or the border of segmented deep GM structures, expanding
into extraparenchymal tissue, including components of dura or blood
vessels as part of the cortex or deep GM structures (Figs. 1b and 2)

The pial surface failing to follow the white surface, causing “looping”
errors (Fig. 1a) and subsequent incorrect enlargement of the cortical

volume and thickness

The constructed surface border between WM and GM (the white sur-
face) failing to follow the intensity gradient correctly in the temporal
poles, resulting in a suboptimal segmentation (Fig. 3)

Found in all scans, both pre- and post-contrast, but more frequently and
to a more severe degree in post-contrast images

Found in all scans, both pre- and post-contrast, but more frequently and
to a more severe degree in post-contrast images

Found to a moderate degree in two post-contrast images, and to a minor
degree in a total of eight patients, in the post-contrast image in all
eight, and in the pre-contrast image in three of those eight

Abbreviations: GM, grey matter; CSF, cerebrospinal fluid; WM, white matter

Fig. 1 Post-contrast
T1-weighted MRI, showing the
border between WM and GM
(white surface) (yellow), and
the border between GM and
CSF (pial surface) (red). a Axial
slice showing a moderate pial
surface “looping error” (white
arrow). b Sagittal slice showing
a typical skull stripping failure;
a moderate error of the pial
surface expanding into the dura
and the sagittal sinus (white
arrow)
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Fig.2 Tl-weighted MRI, showing the segmentation of the left Thala-
mus in pre- and post-contrast images, in two different patients (sub-
ject E3 (a—d) and subject C1 (e-h)). a-d Axial slices demonstrating
the typical quality of thalamus segmentations. In post-contrast images
(c—d), the medial border of the left Thalamus is slightly overesti-
mated (arrow) compared to pre-contrast images (arrowhead) (a-b),
most likely due to hyperintense signal from extraparenchymal struc-

Figure 6 shows heatmaps visualising the difference in
cortical thickness between pre- and post-contrast images,
demonstrating the general increase in thickness measured
in post-contrast T1-weighted images. However, in a few
exceptions, most prominently the temporal pole, the para-
hippocampal, and the entorhinal gyrus in the temporal lobe,
cortical thickness decreased.

Fig.3 Pre-contrast (a—c) and
post-contrast (d—f) T1-weighted
images obtained from the same
patient (subject A3) in the same
MRI session. b and e show the
white surface, which is the bor-
der between white and grey mat-
ter as automatically constructed
by FreeSurfer (yellow). ¢ and

f show the pial surface, which

is similarly the automatically
constructed border between grey
matter and cerebrospinal fluid
(red), derived from the white
surface. The figure demonstrates
a typical failure of moderate
degree, where the white surface
fails to include parts of the
temporal poles in the post-
contrast image (e) (arrow), with
subsequent mistakes in the pial
surface (f) (arrowhead)

tures in the midline. e-h Axial slices demonstrating a more severe
overestimation of the medial border of the left Thalamus (arrow) in
post-contrast images (g—h) compared to pre-contrast images (arrow
head) (e—f). Again, the segmentation of the medial border is overes-
timated due to inclusion of extraparenchymal hyperintense structures,
in this case, the internal cerebral vein)

While GM volumes and cortical thickness measurements
were higher after administration of GBCAs, total WM vol-
ume was significantly lower. Figure el in the supplementary
material shows the constructed Bland—Altman plots, reveal-
ing systematic differences, but no proportional bias.

IQMs are reported in Table 5. The CNR was not sig-
nificantly different between pre- and post-contrast images.
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Table 4 MRI measurement values

MRI measure Mean value Mean value Mean difference® (SD) Percent increase/ ICC (95% confidence interval)
pre-contrast post-contrast decrease (SD)
(SD) (SD)
Total grey matter volume (mL) 602.53 (62.42) 620.33(59.97) 17.80 (16.20)** +3.06 (2.79) %  0.982 (0.957-0.993)
Total white matter volume (mL) 457.06 (63.05) 448.70 (59.25) —8.36(7.35)** —1.74(1.48) %  0.996 (0.991, 0.998)
Total deep grey matter volume 51.57 (5.90) 54.73 (5.61) 3.16 (2.04)** +6.33(4.43) % 0.968 (0.922-0.987)
(mL)
Left thalamus volume (mL) 6.47 (0.93) 7.58 (1.09) 1.10 (0.48)** +17.39 (8.46) % 0.940 (0.855-0.975)
Right thalamus volume (mL) 6.37 (0.99) 7.12 (0.92) 0.75 (0.50)** +12.52(9.04) % 0.926 (0.823-0.969)
Mean cortical thickness left hemi- 2.32 (0.16) 2.49 (0.15) 0.17 (0.06)** +7.38(2.78) % 0.964 (0.913, 0.985)
sphere (mm)
Mean cortical thickness right 2.33(0.14) 2.49 (0.14) 0.16 (0.05)** +7.13(2.61) % 0.961 (0.906, 0.984)

hemisphere (mm)

Abbreviations: SD, standard deviation; /CC, intra-class correlation coefficient for consistency; mL, millilitres; mm, millimetre
# Paired t-test
"p<0.001

Tissue-specific SNRs were significantly lower in post-con-  Discussion
trast images, for both GM (p <0.01) and WM (p <0.0001).
The CR between WM and GM was significantly higher in - Our results demonstrate that using FreeSurfer, reliable

post-contrast images (p <0.006). GM volume- and cortical thickness measurements may be
a b
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Fig.4 Boxplots of MRI measurements obtained before (yellow) and after (red) GBCA administration, in mL (a, ¢, d) and mm (b)
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Tabl'e 5 Image quality 'melrics Image quality metric Mean value pre-contrast Mean value post-con- Mean difference® (SD)
obtained by MRI Quality (SD) trast (SD)
Control Tool

CNR 3.23 (0.56) 3.25 (0.40) —-0.1(0.52)

SNR GM 10.89 (2.81) 9.02 (2.50) 1.87 (2.14)*

SNR WM 18.01 (3.72) 16.24 (3.56) 1.77 (1.64)%**

CR 0.39 (0.08) 0.45 (0.08) —0.05 (0.08)*

Abbreviations: SD, standard deviation; CNR, contrast to noise ratio; SNR, signal to noise ratio; GM, grey
matter; WM, white matter; CR, contrast ratio

# Paired t-test
“p<0.01, ¥¥%p <0.0001

To our knowledge, this is one of the very few studies
investigating the effect of GBCAs on volume measures in
MS patients and the first using FreeSurfer. In our study,
when investigating the consistency between the measures
obtained before and after administration of GBCAs, a good to
excellent [35] reliability was found between all investigated
measures. This is in agreement with previous studies
investigating the whole brain [36], upper cervical cord area
[37], and GM and WM measurements [23] using SIENAX
[23, 36], volBrain, and FSL-Anat [23] and may imply that
reliable atrophy measurements acquired from post-contrast
images are possible across segmentation techniques.

Consistently, total GM, deep GM, and thalamic volume
were between 3.06 and 17.39% higher in post-contrast images,
and the same tendency was found for mean cortical thickness.
Simultaneously, total WM volume was 1.74% lower in post-
contrast images. The differences were systematic across all
investigated measurements and exhibited no proportional bias.
Inspecting cortical segmentations in more detail, we produced
heatmaps highlighting within-subject cortical thickness
differences in smaller cortical regions (Fig. 6). While smaller
regions almost inevitably produce more variability than the
larger regions that were the main focus of this work, these
inspections showed that cortical thickness overestimation was
a brain-wide phenomenon and that the overestimation in post-
contrast images was not tied to large errors in any specific
region but instead occurred throughout the brain.

These systematic differences in measured volumes and
cortical thicknesses between pre- and post-contrast images
mean that they should not be compared directly. Another study,
using synthetic tissue mapping to measure brain tissue fractions
[24], found a 1.1% increase in total WM fraction and an 0.7%
decrease in GM fraction, in post-contrast images. Due to the
methodological differences between that study and ours, it is
difficult to assess the reason for the discrepancy in findings.

We could not identify any definite reason for the differ-
ences between pre- and post-contrast images. However,
when visually inspecting images separately, some recurring
soft failures in the FreeSurfer pipeline were found: First, the
pial surface often expanded into extraparenchymal tissue,
including components of dura or blood vessels as part of
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the cortex (Fig. 1b). These errors have been shown in areas
where the dura or other structures like venous sinuses, lie
tangentially in close proximity to the cortex or deep GM
structures, leading to larger thickness and volume variability
(Fig. 2) [38]. In the FreeSurfer processing stream, the failure
to remove enough extraparenchymal tissue happens in the
preliminary skull stripping step [39] and the accuracy of the
pial surface can be improved by manually erasing the incor-
porated dura or blood vessels before rerunning analyses [40].

Another recurring soft failure concerned the pial surface. In
the surface-based cortical reconstruction, the border between
white and grey matter (the white surface) is delineated,
following T1 intensity gradients. The pial surface is then
grown from the white surface, which serves as a reference
point [41]. In all images, but more frequently and severely in
post-contrast images, the pial surface failed to follow the white
surface, causing “looping” errors (Fig. 1a) and a subsequent
incorrect enlargement of the cortical volume and thickness. To
improve pial surface accuracy, it is recommended to check for
any mistakes in the white surface, and possibly apply manual
edits before rerunning analyses [40].

Although most cortical regions demonstrated an increase
in cortical thickness in post-contrast images, there were a
few exceptions, particularly in the medial part of the tem-
poral lobe. In the entorhinal and parahippocampal gyrus, as
well as in the temporal poles, the measured cortical thick-
ness was in some patients thinner after GBCA administra-
tion. These regions have in common that they are relatively
small and structurally complex, and on visual inspection of
the errors, the constructed white surface did not correctly
follow the intensity gradients, causing considerable errors
in the white surface, and subsequently the pial surface, leav-
ing out parts of the temporal pole (Fig. 3). Challenges in
reconstructing parts of the temporal cortex are consistent
with previous studies [31, 38, 40, 42], leading to increased
variability of the local cortical thickness measurements [38].

The soft failures in the FreeSurfer pipeline occurred more
often in post-contrast images in our data. This may be caused by
the higher intensity in extraparenchymal structures in close prox-
imity to the cortex or subcortical structures, causing disturbance
and challenges in correctly separating different tissue types.
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Skull stripping errors and other soft failures could in
some selected regions be identified as the direct cause of
increased cortical thickness or GM volume in post-contrast
images. It is however uncertain if these errors can explain
the systematic increase in almost all GM structures and the
overall decrease in WM volume. Even in the absence of
active lesions and GBCA leakage through disruptions in
the BBB, GBCAs can still be expected to be present in the
brain capillary network [24]. This presence may shorten the
overall T1 relaxation time in all tissues, and possibly also
affect intensity borders. In our MRIQC analyses, there was
no difference between pre- and post-contrast images CNR,
indicating that the separation of GM and WM tissue dis-
tributions was similar in pre- and post-contrast images. It
should however be noted that extracting reliable noise esti-
mates from parallel imaging is challenging.

Systematic effects dependent on the type of GBCA used,
dosage, and delay time after administration are likely. In
the data retrospectively used in the present study, these
factors were not standardised, nor always stated, making
them difficult to correct for. To further conclude on the reli-
ability of post-contrast measurements, it is necessary for
future research to investigate the possible systematic effects
dependent on these variables.

This study is not without limitations. For a multicentre
study, the number of patients included was limited, and
patients were scanned on different scanners with varying
sequence parameters and field strength. Furthermore, some
details of the MRI protocol that may affect brain measurements
(e.g., head coils [43, 44]) were in some cases neither stated nor
retrospectively retrievable, making it difficult to evaluate the
effect of these factors. Nonetheless, because the effect of field
strength on atrophy measures has been studied before [45],
we explored the results for 1.5 T and 3 T scanners separately.
No systematic differences between the two field strengths
regarding the different variabilities in the pre- and post-
contrast images emerged, which could be due to small patient
numbers and variable acquisition settings. Considering all
these aspects, the fact that consistency between measurements
before and after GBCA administration was observed across
the different scanners, suggests that this behaviour is largely
systematic. Future studies should investigate the effect of field
strength and those of other aspects of image acquisition more
systematically. Image analyses in this study were performed by
FreeSurfer, while there are multiple other software packages
that have been used in the MS literature. To focus the present
work, we chose FreeSurfer because it allows both volumetric
and cortical thickness measurements and has been widely used
before in MS [46-50].

Finally, we did not perform any pre-processing to remove
high-intensity regions (except for those in WM lesions,
filled in the lesion filling process) from the post-gadolin-
ium T1-weighted images. Future work should investigate

whether removal or replacement of those regions, perhaps
similar to the procedure followed as part of the lesion-filling
process in the present work, could reduce the observed over-
estimation of grey matter.

Conclusion

This study has demonstrated that reliable atrophy measurements
may be obtained by FreeSurfer from post-contrast 3D
T1-weighted images. A good to excellent consistency was
observed between all investigated GM and WM measurements
derived from images acquired before and after GBCA
administration. However, due to the systematic overestimation
of the GM in post-contrast images, measurements acquired
from pre- and post-contrast images should not be compared
directly, and measurements extracted from certain regions
(e.g., the temporal pole) should be interpreted with caution.
Furthermore, possible systematic effects dependent on GBCA
dose and delay time after injections should be investigated.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00330-021-08405-8.
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Table el. MRI measurement values obtained by FreeSurfer v.6.0.1

Table el. MRI measurement values obtained by FreeSurfer v.6.0.1

MRI Mean Mean Mean Percent ICC (95%
measurement value value difference * | increase/decrease | confidence
pre- post- (SD) (SD) interval)
contrast | contrast
(SD) (SD)
Total grey 602.49 | 624.40 +21.91 +3.69 (2.64) % 0.985 (0.965-
matter volume | (64.13) | (65.60) (15.57)*** 0.994)
(mL)
Total white 45428 | 441.17 -13.11 -2.86 (1.64) % 0.996 (0.990-
matter volume | (61.60) | (59.54) | (7.94)*** 0.998)
(mL)
Total deep grey | 51.14 55.36 +4.22 +8.58 (6.14) % 0.942 (0.859-
matter volume | (5.86) (5.53) (2.68)*** .976)
(mL)
Left Thalamus | 6.44 7.89 +1.44 +22.90 (11.06) 0.880 (0.711-
volume (mL) (0.87) (1.02) (0.62)*** % .950)
Right 6.26 7.33 +1.07 +17.67 (10.07) 0.896 (0.749-
Thalamus (0.89) (0.99) (0.58)*** % 957)
volume (mL)
Mean cortical | 2.35 2.58 +0.23 +9.60 (1.91) % 0.984 (0.962-
thickness left 0.17) (0.18) (0.04)*** 0.993)
hemisphere
(mm)
Mean cortical | 2.35 2.60 +0.25 +10.74 (2.73) % | 0.971 (0.930-
thickness right | (0.17) 0.17) (0.06)*** 0.988)
hemisphere
(mm)

Abbreviations: SD = standard deviation, ICC = intra-class correlation coefficient for
consistency, mL = millilitre, mm = millimetre

2 Paired t-test
*#%p<0.0001




Table e2. MRI measurement values obtained from 1.5 and 3.0 T scanners.

Table e2. MRI measurement values obtained from 1.5 and 3.0 T scanners.

Field 1.5 T (17 patients) 3.0 T (5 patients)
strength
MRI Mean Mean Mean Mean Mean Mean
measure value pre- | value difference®® | value value post- | difference®®
contrast post- (SD) pre- contrast (SD)
(SD) contrast contrast | (SD)
(SD) (SD)
Total grey | 593.44 616.75 23.32 633.46 632.48 -0.98 (7.35)
matter (63.46) (63.76) (13.73)** (52.95) (48.78)
volume
(mL)
Total white | 459.22 451.68 -7.55 449.71 438.60 -11.11
matter (65.22) (62.34) (6.88)** (59.39) (52.16) (9.04)
volume
(mL)
Total deep | S1.11 54.05 2.93 53.14 57.07 3.93 (3.45)
grey matter | (6.16) (6.04) (1.50)** (5.20) (3.26)
volume
(mL)
Left 6.48 7.49 1.02 6.47 7.87(0.72) | 1.41 (0.34)*
Thalamus (0.94) (1.18) (0.49)** (1.00)
volume
(mL)
Right 6.27 6.90 (.88) | 0.64 6.72 7.84 (0.70) | 1.12 (0.53)*
Thalamus (1.01) (0.45)** (0.92)
volume
(mL)
Mean 2.28 2.45 0.18 2.46 2.60 (0.05) | 0.14 (0.04)*
cortical (0.15) (0.15) (0.06)** (0.04)
thickness
left
hemisphere
(mm)
Mean 2.28 2.46 0.17 247 2.60 (0.04) | 0.14 (0.03)*
cortical (0.14) (0.14) (0.06)** (0.04)
thickness
right
hemisphere
(mm)

Abbreviations: MRI = magnetic resonance imaging, T = tesla, SD = standard deviation, mL =
millilitres, mm = millimetre.

2 Paired t-test




®The results of the performed t-tests for each field strength are viewed as exploratory and
should not be directly compared, as patients were only scanned on one scanner. Furthermore,
at total of 5 different 1.5T scanners, and 2 different 3T scanners were used.

**p<0.001, *p<0.01



Figure el. Bland-Altman plots, illustrating a systematic difference in global (A) and regional

(B) MRI measurements, but no proportional bias.
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eAppendix 1 - MRI protocol

Magnetic field strength: Preferably 3 Tesla (T) if available, alternatively 1,5 T

Standard head coil

Positioning: supine

Protocol for MR cerebrum

(Siemens Prisma 3T indicated in brackets; for other configurations, see ADNI/Helse Vest

protocols in links below)

1. Localizer
(Prisma: 3 slices, gap 20%, sagittal (SAQ), field of view (FOV) 300mm, matrix
(M)=256x256, echo time (TE)/ repetition time (TR)=4/8.6 ms, flip angle (FA) 20, Avg 2)

2. Alternatively quick T2 transverse (TRA)/SAG recording to localize corpus callosum
(parameters of choice)

3. Echo planar (EP) diffusion-weighted imaging (DWI), TRA, 5Smm slice/ 20 % gap,
resolution: (e.g., 1.5T 1.6x1.6x5 mm3)

Angled after the anterior and posterior part of corpus callosum/the hard palate. b= 0, 1000.
Apparent diffusion coefficient (ADC) map.

(Prisma: Resolve, TRA, 28sl, gap 30 %, FOV 220mm, TE/TR=54/3700ms, M=160x160,
4mm).

4. T2 3D fluid-attenuated inversion recovery (FLAIR) SAG resolution: 1x1x1mm3.
Reconstructed in three planes with 0% gap. Alternative to 3D is 2D recording: 2D coronal
(COR) FLAIR and SAG T2 FLAIR
(Prisma: Space-IR, SAG, 192 sl, FOV = 256mm, TE/TR = 386/5000ms, M=256x256)

5. T1 3D magnetization prepared rapid gradient echo (MPRAGE) SAG resolution:
Ix1x1mm3. Reconstructed in three planes with 0 % gap. Recordings are done 5 minutes
after intravenous contrast injection. (I possible also the same T1 recorded before
intravenous contrast injection for optimal segmentation) (Prisma: MPRAGE, SAG,
TE/TR/TI=2.28/1800/900 ms, M=256x256, FA=8)

6. Ifavailable 3T MRI; diffusion tensor imaging (DTI) recording: standard echo-planar-
imaging DTI (b=0,1000), 6-64 directions, e.g., 5 b=0 and 25 directions b=1000.

Links for protocols:

Helse Vest RHF (the Western Norway Regional Health Authority): https://helse-
vest.no/seksjon/radiologiske-prosedyrar/Documents/MR %20nevro/MR %20ms.pdf
ADNI (Alzheimer’s Disease Neuroimaging Initiative):
http://adni.loni.usc.edu/methods/documents/mri-protocols/




eAppendix 2 - Summary of FreeSurfer procedures

FreeSurfer uses a combined volume-based and surface-based approach to automatically
segment the brain and to calculate volume and average cortical thickness in defined regions of
interest. Included in the preprocessing steps are removal of non-brain tissue, registration of
the structural volume with the Talairach atlas, assigning neuroanatomical labels to cortical
and subcortical regions [1], intensity normalization, tessellation of the white/grey matter
boundary, automated topology correction and surface deformation routines to optimally create
white/grey and grey/cerebrospinal fluid surface models. These surface models are inflated and
then registered to a spherical atlas, to match individual cortical folding patterns to cortical
geometry across subjects, based on gyral and sulcal structure [2]. The closest distance from
the white/grey boundary to the grey/cerebrospinal fluid boundary at each surface’s vertex is
defined as the thickness. Lastly, the final cortical and subcortical GM volumes are
automatically assigned neuroanatomical labels based on probabilistic global and local spatial
information estimated from a manually labelled training set [1,3].
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ABSTRACT

Background The predictive value of serum
neurofilament light chain (sNfL) on long-term prognosis
in multiple sclerosis (MS) is still unclear.

Objective Investigate the relation between sNfL levels
over a 2-year period in patients with relapsing-remitting
MS, and clinical disability and grey matter (GM) atrophy
after 10 years.

Methods 85 patients, originally enrolled in a
multicentre, randomised trial of w-3 fatty acids,
participated in a 10-year follow-up visit. sNfL levels
were measured by Simoa quarterly until month 12, and
then at month 24. The appearance of new gadolinium-
enhancing (Gd+) lesions was assessed monthly between
baseline and month 9, and then at months 12 and 24. At
the 10-year follow-up visit, brain atrophy measures were
obtained using FreeSurfer.

Results Higher mean sNfL levels during early periods
of active inflammation (Gd+ lesions present or recently
present) predicted lower total (3=—0.399, p=0.040)
and deep (B=-0.556, p=0.010) GM volume, lower
mean cortical thickness (B=—0.581, p=0.010) and
higher T2 lesion count (3=0.498, p=0.018). Of the
clinical outcomes, higher inflammatory sNfL levels

were associated with higher disability measured by the
dominant hand Nine-Hole Peg Test (3=0.593, p=0.004).
Mean sNfL levels during periods of remission (no Gd+
lesions present or recently present) did not predict GM
atrophy or disability progression.

Conclusion Higher sNfL levels during periods of active
inflammation predicted more GM atrophy and specific
aspects of clinical disability 10 years later. The findings
suggest that subsequent long-term GM atrophy is mainly
due to neuroaxonal degradation within new lesions.

INTRODUCTION

The pathological mechanisms in multiple sclerosis
(MS) are highly complex, affecting both white
matter (WM) and grey matter (GM) structures
throughout the central nervous system.' Inflamma-
tory and neurodegenerative processes both seem to
play arole in disease progression and disability accu-
mulation,”™ but there is large variability between

WHAT IS ALREADY KNOWN ON THIS TOPIC

= There is increasing evidence to support the
use of serum neurofilament light chain (sNfL),
as a marker of acute inflammatory axonal
damage, to monitor short-term disease activity,
treatment response and disability progression
in multiple sclerosis (MS). However, whether
sNfL levels also predict disease progression and
neurodegeneration over several years, and even
decades, is less clear.

WHAT THIS STUDY ADDS

= We found that higher sNfL levels measured
during periods of active inflammation predicted
lower total grey matter (GM) volume, deep
GM volume and cortical thickness and higher
T2 lesion count after 10 years in patients
with relapsing-remitting MS (RRMS). Higher
sNfL levels were also associated with higher
disability measured by the dominant hand Nine-
Hole Peg Test.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE AND/OR POLICY

= As long-term atrophy progression in patients
with RRMS seems to be driven by focal
inflammatory damage, measuring sNfL levels
during relapses may be a way to quantify
the extent of ongoing axonal injury, possibly
indicating the risk of future disease progression.
This added information may support clinicians
in subsequent monitoring and treatment
decisions.

patients and disease phenotypes.* This pathophys-
iological and clinical heterogeneity underlines the
need for robust biomarkers predicting future clin-
ical disability. At the same time, this heterogeneity
poses a challenge in developing such markers, as
they should reliably capture and differentiate the
various ongoing disease processes.®
Neurofilaments  are  proposed  candidate
biomarkers, reflecting axonal injury.® These proteins
are major components of the axonal cytoskeleton

BM)
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and are released into the extracellular fluid when neuroaxonal
damage occurs.® The neurofilament protein consists of multiple,
differently sized subunits, of which the neurofilament light chain
(NfL) assay is the most widely researched.” NfL levels can be
determined in blood serum or plasma, and serum NfL (sNfL)
levels strongly correlate with CSF NfL levels.® The suggested
dynamic equilibrium between the two body fluids makes NfL
a candidate biomarker, because reliable measurements can be
obtained by venepuncture, rather than the more invasive lumbar
puncture.

Elevated sNfL levels have been shown to reflect acute axonal
damage during active inflammation,” and increasing evidence
support the use of sNfL to monitor short-term disease activity,
treatment response and disability progression.’” Whether sNfL
levels also predict disease progression and neurodegeneration
over several years, and even decades, is less clear.® 1°'% Asso-
ciations between sNfL and long-term disability progression
are not consistent,”” '* and although some studies have found
higher sNfL levels to be associated with brain'* ** ' and GM
atrophy,’’™"” studies with extensive follow-up time are few,
especially studies considering GM atrophy.'” ' Clarifying the
properties of NfL as a predictor of long-term neurodegenera-
tion is further complicated by the dynamic nature of MS patho-
physiological processes: elevated NfL levels during periods
with active inflammation mainly reflect the extent of ongoing
acute axonal damage, rather than any simultaneous neurode-
generative processes.”’ Furthermore, inflammatory activity and
axonal damage persist several months after the appearance of
a gadolinium-enhancing (Gd+) lesion, causing a prolonged
elevation of the NfL level.” If and how this variability affects
the relation between NfL levels and long-term future disability
and brain atrophy is not clear.'?'” As one patient with relapsing-
remitting MS (RRMS) may experience periods of both remission
and active inflammation, attempts to separate and explore the
predictive value of sNfL levels during these periods may clarify
pathophysiological disease mechanisms, and be of clinical rele-
vance (eg, deciding optimal timepoints for SNfL measurements).
By separately analysing sNfL levels obtained during, and outside
of episodes of evident inflammatory activity (ie, Gd+ lesions)
over a 2-year period, the present study aims to investigate how
periods of acute disease activity compare to more silent periods
in RRMS in predicting clinical disability and GM atrophy,
measured after 10 years.

MATERIALS AND METHODS

Participants

The included patients originally participated in a multicentre
trial of w—3 fatty acids in MS (the OFAMS Study), which has
previously been described in detail.*!

In the trial, 92 patients with RRMS were followed over 24
months, for the first 6 months randomised to either m—3 fatty
acids monotherapy or placebo. Starting at 6 months, both treat-
ment groups received additional treatment with subcutaneously
administered interferon beta-1a, 44 ug, three times weekly for
the remaining 18 months of the trial. Patients attended regular
follow-up visits for biochemical, radiological and clinical
examinations, including the Expanded Disability Status Scale
(EDSS), timed 25-foot walk test (T25FW), the dominant and
non-dominant hand Nine-Hole Peg Test (D9-HPT and ND9-
HPT) and the Paced Auditory Serial Addition Test (PASAT). All
available patients in the OFAMS Study were invited to a 10-year
follow-up visit, of which 85 (929%) accepted.?? All biochemical,
radiological and clinical examinations from the OFAMS Study

were repeated at their local study site, with the addition of the
oral Symbol Digit Modalities Test (SDMT). Between the OFAMS
Study and the 10-year follow-up visit, the participants had
received treatment and monitoring as advised by their treating
neurologist as part of routine care.

Serum sampling and analysis

Serum samples collected during the OFAMS Study were stored
at —80°C. As previously described,?® sNfL levels were measured
in duplicates, from samples collected at baseline (BL) and at
months 3, 6, 9, 12 and 24, using a Simoa assay and according to
the manufacturer’s instruction (Quanterix, Billerica, USA).

MRI data and analysis
The OFAMS Study
During the trial, patients underwent MRI imaging at BL, monthly
for the first 9 months, and thereafter at month 12 and 24. MRI
was performed at each study site using a 1.5 Tesla (T) MRI
scanner with the standard head coil. After intravenous injec-
tion of gadolinium-based contrast agent, the imaging protocol
included a 2D sagittal fluid-attenuated inversion recovery
(FLAIR) (resolution: 0.98x0.98x1mm?, echo time (TE)/repe-
tition time (TR)=100/6000-10000 ms, number of excitations
(NEX) 2, slice thickness 4mm), 2D axial T1-weighted images
(resolution: 0.49x0.49x1mm’, TE/TR=10-20/500-750 ms,
NEX 2, slice thickness 4 mm) as well as sagittal 3D T1-weighted
spoiled gradient echo (Fast Field Echo (FFE)/Fast Low Angle
Shot (FLASH)) images (resolution: 0.98%0.98x1mm®, TE/
TR=4.6/20 ms, flip angle 25°, NEX 1, slice thickness 1 mm).
Blinded assessment of the T2 and Gd+ lesion count (LC) at
BL, and the appearance of new Gd+ lesions was conducted by
two experienced neuroradiologists.

The 10-year follow-up visit

Imaging was performed at the different study sites, on a 3T MRI
scanner if available, alternatively using a 1.5 T MRI scanner,
with a standard head coil. The following MRI sequences
were acquired: a T2-weighted 3D sagittal FLAIR (resolution:
1x1x1mm?’, TE/TR/inversion time (TI)=386/5000/1.65-2.2
ms) and a postcontrast T1-weighted 3D sagittal magnetization
prepared rapid gradient echo sequence (resolution: 1x1x 1 mm?,
TE/TR/T1=2.28/1800/900 ms, flip angle 8°).

Lesion segmentation and morphological reconstruction

A detailed description of these methods has recently been
described** and is available in online supplemental appendix 1.
Briefly, on images obtained at the 10-year follow-up visit, lesion
segmentation was done on FLAIR images using Lesion Segmen-
tation Tool (V.2.0.15; http://applied-statistics.de/Ist.html),” and
morphological reconstruction was performed with FreeSurfer
(V.7.1.1; http://surfer.nmr.mgh.harvard.edu/) on T1-weighted
images.

Calculation of sNfL levels

Mean sNfL levels were calculated, for each patient, for three
different settings: ‘overall mean sNfL level’, from all samples
collected between BL and month 24; ‘mean inflammatory sNfL
level’, from samples collected within 2months after the pres-
ence of a Gd+ lesion, or less than 2 weeks before the appearance
of a Gd+ lesion (if collected more than 1week after last MRI
scan); and ‘mean non-inflammatory sNfL level’, from samples
collected more than 2months after the appearance of a Gd+
lesionand more than 2weeks before the appearance of a new
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llustrated examples of time periods where the collected serum neurofilament light chain (sNfL) levels are defined as ‘inflammatory” or ‘'non-

inflammatory". The timelines represent the MRI visits during the OFAMS Study; visits with a new gadolinium-enhancing lesion are marked with a lightning
symbol. sNfL levels collected during periods marked in red are defined as inflammatory and levels collected during periods marked in blue are defined as
non-inflammatory. With sNfL levels collected approximately at baseline, month 3, 6,9, 12 and 24; patient 1 has two inflammatory (included in the analysis
requiring at least two measurements, excluded from the analysis requiring at least three measurements) and four non-inflammatory sNfL levels (included in
both analyses); patient 2 has three inflammatory (included in both analyses) and three non-inflammatory sNfL levels (included in both analyses); and patient
3 has two inflammatory (included in one analysis) and four non-inflammatory (included in both analyses) sNfL levels.

Gd+ lesion (if collected more than 1week after last MRI scan).
Examples of sNfL measurements defined as inflammatory and
non-inflammatory are visualised in figure 1. In each patient, the
mean inflammatory and non-inflammatory sNfL level was calcu-
lated separately for (1) at least two and (2) at least three measure-
ments, when available. Measurements defined as inflammatory
or non-inflammatory did not have to be collected at consecutive
timepoints. The findings presented here were obtained using the
mean of at least three measurements, highly comparable findings
using the mean of at least two measurements are presented in the
online supplemental tables 1 and 2.

Statistical analysis

Statistical analyses were performed using R software (V.4.0.5).
Thalamus volume and mean cortical thickness in the left and
right hemisphere were averaged.

To correct for the different study sites and scanner variability,
the relationship between overall mean sNfL level and clinical
and MRI atrophy measures was investigated by a linear multi-
level regression model, corrected for age, sex, disease modi-
fying therapy (DMT) use, estimated total intracranial volume
(eTIV) (eTIV only included in analyses regarding MRI volume
measures), fraction of MRI scans with new Gd+ lesions (fGd+),
BL T2 and Gd+ LC, with study site entered as a random effect.

Between the OFAMS Study and the 10-year follow-up visit,
patients underwent therapeutic interventions that varied both
between and within patients, in potency, duration and time. A
nominal variable was created based on the category (similar to
those proposed in a recent study?®) of DMT(s) used during the
follow-up: (1) only used platform compounds (interferon beta
and glatiramer acetate preparations), (2) ever used oral thera-
pies (teriflunomide, dimethyl fumarate, fingolimod) and (3) ever
used high efficiency monoclonal antibody therapies, chemother-
apies or haematopoietic stem cell therapy.

For the relation between mean inflammatory and non-
inflammatory sNfL levels and clinical and MRI atrophy measures,
linear regression models were used, as entering the study site

as a random effect did not improve the model. The first model
(model 1) included mean inflammatory sNfL level, f{Gd+, age,
sex, DMT use, eTIV, BL T2 and Gd+ LC as independent vari-
ables; the second model (model 2) included non-inflammatory
sNfL level, age, sex, DMT use, ¢TIV, BL T2 and Gd+ LC. Lastly,
a modified version of model 1 was used in two exploratory anal-
yses: the first with the mean cortical thickness in the precentral
gyrus as the dependent variable, and the second including MRI
atrophy measures obtained at month 24 (available in a subset
of patients) as a covariate. All independent variables were first
entered as covariates and removed by backward elimination if
not significant to the model. In case of missing observations,
patients were excluded from the respective analyses. Assump-
tions for linear regression were checked for each final model;
if the assumptions were not satisfied, log-linear transformation
was performed (eg, logT25FW). The outcome measure EDSS=4
was investigated by logistic regression. Lastly, the Benjamini-
Hochberg method®” was used to control the false discovery rate
(FDR) for multiple hypothesis testing. FDR controlling was
performed for the main predictors (overall sNfL, inflammatory
sNfL, non-inflammatory sNfL and fGd+) separately, including
analyses with both MRI and clinical outcome measures.

RESULTS

Patient characteristics

Of the 85 patients who participated in the 10-year follow-up
visit, 78 had serum samples available for sNfL measurement and
were included in this study. The mean follow-up time from BL
to the 10-year follow-up visit was 12.0 years (£0.6). Table 1
summarises clinical and MRI characteristics of the included
patients.

Overall mean sNfL level

Overall mean sNfL level did not predict any long-term MRI or
clinical outcome measures, or change in clinical measures from
month 24 to the 10-year follow-up (table 2).
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Table 1  Demographic, clinical and radiological characteristics

N Baseline Month 24 10-year follow-up visit
Age in years, mean (SD)/median (range) 78 50.05 (8.4)/50.0 (31-70)
Sex, female, N (%) 78 51 (65.4%)
Time since diagnosis, mean in years (SD)/median (range) 78 14.6 (3.4)13.7 (11.0-26.1)
Disease phenotype (N) 78 RRMS (78) RRMS (78) RRMS (71), SPMS (7)
Type of DMT used during follow-up (N) 78 Only platform compounds* (23), ever used oral therapiest (32), ever used high efficiency
monoclonal antibody therapies, chemotherapies, or HSCT# (23).
Study site (number of patients) 78 Site 1 (3), site 2 (16), site 3 (3), site 4 (2), site 5 (1), site 6 (5), site 7 (8), site 8 (13), site 9 (3),
site 10 (6), site 11 (2), site 12 (12), site 13 (4).
EDSS, mean (SD)/median (range) 78176177 1.9 (0.8)/2.0 (0.0-4.0) 2.1(1.2)/2.0 (0.0-5.0) 2.8(1.6)/2.5 (0.0-8.5)
Mean sNfL level§ (pg/mL), mean (SD) 78 34.8(14.3)
Mean inflammatory sNfL level§ (pg/ml), mean (SD) 32 455 (21.3)
Mean non-inflammatory sNfL level§ (pg/mL), mean (SD) 40 30.2 (9.5)
fGd+, mean (SD) 78 0.32 (0.26)
Number of MRI scans with new Gd-enhancing lesions, mean (SD)/ 78 3.7 (3.1)3.0 (0-11)
median (range)
Total GM volume (mm?), mean (SD) 65 630134.461 (52 453.119)
Total WM volume (mm?), mean (SD) 65 448155.938 (50 676.88)
Total deep GM volume mm?), mean (SD) 65 55726.031 (5291.634)
Thalamus volume (mm?), mean (SD) 65 7786.642 (982.467)
Mean Cth (mm), mean (SD) 65 2.538 (0.128)

*Interferon beta and glatiramer acetate preparations.

tDimethyl fumarate, teriflunomide, fingolimod.

+Natalizumab, rituximab, alemtuzumab, mitoxantrone, haematopoietic stem cell therapy.

§Mean sNfL levels measured from serum samples collected from baseline to month 24.

Cth, cortical thickness; DMT, disease modifying therapy; EDSS, Expanded Disability Status Scale; fGd+, fraction of MRI scans with new Gadolinium-enhancing lesion; Gd,
Gadolinium; GM, grey matter; HSCT, haematopoieticstem cell therapy; RRMS, relapsing-remitting multiple sclerosis; SNfL, serum neurofilament light; SPMS, secondary progressive
multiple sclerosis; WM, white matter.

Table 2 The association of overall mean sNfL level with MRI atrophy and clinical measures at the 10-year follow-up, with a random intercept for
study site, corrected for age, sex, DMT use, eTIV, BLT2LC, BL Gd+ LCand fGd+

MRI/clinical measurement N B Std. B 95% CI P value* Marginal R? Conditional R?
Total GM volume 65 -471.6 -0.147 —1236.446 to 293.239 0.514 0.385 0.607
Total WM volume 65 -110.9 -0.030 —945.240 to 723.354 0.920 0.380 0.380
Total deep GM volume 65 -78.12 -0.221 —162.299 to 6.054 0.429 0.423 0.513
Thalamus volume 65 -12.778 -0.203 —29.365 to 3.808 0.487 0.276 0.501
Mean Cth 65 -0.002 -0.255 —0.004 to 1.069x10~ 0.782 0.308 0.584
logLesion volumet 68 -2.830x107* -0.001 —0.006 to 0.006 0.989 0.351 0.499
Lesion count 68 0.112 0.086 —0.046 t0 0.270 0.488 0.272 0.430
EDSS>4% 77 0.000 1.000 0.952 to 1.052 0.985

logT25FWt 72 -0.001 -0.158 —0.004 to 0.001 0.470 0.096 0373
logChange in T25FWt 70 -0.001 -0.129 —0.003 t0 3.932x107* 0.581 0.062 0.258
logD9-HPTt il 0.002 0.263 —4.058x107° to 0.004 1.000 0.309 0.348
logChange in D9-HPTt 69 -0.001 -0.076 —0.005 to 0.003 0.735 0.195 0.229
logND9-HPTH 70 -0.001 -0.073 -0.002 to 0.001 0.670 0.278 0.368
logChange in ND9-HPTt 68 -0.004 -0.234 —0.009 to 3.350x10~" 0.550 0.170 0.239
PASAT 72 0.088 0.112 —0.085 to 0.260 0.550 0.189 0.247
Change in PASAT 70 0.038 0.063 —0.082 t0 0.157 0.738 0.143 0.431
Oral SDMT 67 0.110 0.128 —0.094 t0 0.314 0.563 0.222 0.434

Marginal R%: variance explained by fixed effects.

Conditional R%: variance explained by both fixed and random effects.

*Adjusted p values after controlling the false discovery rate (FDR) for multiple hypothesis testing.

tDependent variable log transformed due to non-normality (log-linear transformation).

+Analysed by logistic regression, regression coefficient (B), odds ratio (Std. B) and 95% Cl of odds ratio reported.

B, beta; BL, baseline; Cth, cortical thickness; D9-HPT, dominanthand Nine-Hole Peg Test; DMT, disease modifying therapy; EDSS, Expanded Disability Status Scale; eTIV, estimated
total intracranial volume; fGd+, fraction of MRI scans with new Gadolinium-enhancing lesion; Gd+, gadolinium-enhancing; GM, grey matter; LC, lesion count; ND9-HPT, non-
dominant hand Nine-Hole Peg Test; PASAT, Paced Auditory Serial Addition Test; SDMT, Symbol Digit Modalities Test; sNfL, serum neurofilament light chain; Std, standardised;
T25FW, timed 25-foot walk; WM, white matter.
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Table 3 Model 1: The association of inflammatory sNfL level and fGd+ with MRI atrophy and clinical measures at the 10-year follow-up, corrected

for age, sex, DMT use, eTIV, BLT2LC and Gd+ LC*

Mean inflammatory sNfL level fGd+ Full model
MRI/clinical measure N B Std. B 95% Cl Pvaluet B Pvaluet R’adj. P value
Total GM volume 25 —-850.8 -0.399  -1580.218 to -121.416 0.040 91552.9 3400.111 t0 179705.771  0.065 0.504 <0.001
Total WM volume 25 NS NS
Total deep GM volume 25 —-140.31 -0.556  -228.417 to -52.198 0.010 NS 0.341 0.004
Thalamus volume 25 NS NS
Mean Cth 25 —0.003 —0.581 —0.005 to —0.001 0.010 NS 0.308 0.002
logLesion volume# 28 NS NS
logLesion count$ 28 0.004 0.498 0.001 to 0.007 0.018 NS 0.220 0.007
EDSS=4§ 31 NS NS
logT25FW# 30 NS NS
logChange in T25FW# 30 NS NS
logD9-HPT# 29 0.004 0.593 0.002 to 0.006 0.004 NS 0.411 0.001
logChange in D9-HPT# 29 NS NS
logND9-HPT# 29 NS NS
logChange in ND9-HPT# 29 —0.006 —0.498  —0.010 to —0.001 0.024 NS 0.399 0.002
PASAT 28 NS NS
Change in PASAT 28 NS NS
Oral SDMT 28 NS NS

*Non-significant covariates removed from final model by backward elimination.

tAdjusted p values after controlling the false discovery rate (FDR) for multiple hypothesis testing.

+Dependent variable log transformed due to non-normality (log-linear transformation).
§Analysed by logistic regression.

adj, adjusted; B, beta; BL, baseline; Cth, cortical thickness; D9-HPT, dominanthand Nine-Hole Peg Test; DMT, disease modifying therapy; EDSS, Expanded Disability Status Scale; eTIV, estimated total
intracranial volume; fGd+, fraction of MRI scans with new Gadolinium-enhancing lesion; Gd+, gadolinium-enhancing; GM, grey matter; LC, lesion count; ND9-HPT, non-dominant hand Nine-Hole

Peg Test; PASAT, Paced Auditory Serial Addition Test; SDMT, Symbol Digit Modalities Test; sNfL, serum neurofil

Mean inflammatory sNfL level

The results of the linear regression model including inflamma-
tory sNfL and fGd+ as predictor variables (model 1) are shown
in table 3.

Higher mean inflammatory sNfL level predicted lower total
GM (standardised B=-0.399, p=0.040) and deep GM (stan-
dardised B=-0.556, p=0.010) volume, lower mean cortical
thickness (standardised B=-0.581, p=0.010) and higher
logT2LC (standardised B=0.498, p=0.018) (figure 2). Of all
the clinical outcomes, higher mean inflammatory sNfL level
was associated with a higher score (higher disability) on the
logD9-HPT (standardised p=0.593, p=0.004) and a lower
increase (less disability accumulation) in the logND9-HPT score
(standardised p=—0.498, p=0.024) between month 24 and the
10-year follow-up.

Fraction of active MRI scans was not a significant predictor in
any of the models (table 3).

Exploratory analyses

In a subset of patients, inflammatory sNfL levels were not asso-
ciated with any MRI measurement obtained at the 10-year
follow-up, after correcting for MRI atrophy measurements
obtained at month 24 (online supplemental table 3).

Higher mean inflammatory sNfL levels and D9-HPT scores,
but not ND9-HPT scores, were significantly associated with
lower cortical thickness in the left and right precentral gyrus
(online supplemental table 4).

Mean non-inflammatory sNfL level

The effect of mean non-inflammatory sNfL level on MRI and
clinical measures at the 10-year follow-up is shown in table 4.
The mean non-inflammatory sNfL level was not associated with
any of the MRI measures. For the clinical measures, higher levels

light chain; Std, fardised; T25FW, timed 25-foot walk; WM, white matter.

were solely associated with a higher SDMT score (better atten-
tion score) at the 10-year follow-up (standardised f=0.473,
p=0.003).

DISCUSSION

We found that higher mean sNfL level, measured over a 2-year
period in patients with RRMS, was not associated with MRI
or clinical measures after 10 years. However, when separately
assessing mean sNfL levels measured during periods of active
inflammation, higher levels associated significantly with lower
total GM and deep GM volume, lower cortical thickness, higher
T2 LC and higher disability measured by the D9-HPT. Lastly,
sNfL levels during remission were not associated with long-
term atrophy or disability progression. These findings suggest
that sNfL levels during active inflammation may better predict
atrophy and disability progression than overall mean sNfL and
sNfL levels during remission.

Inflammatory sNfL levels were analysed in samples collected
during periods with focal active inflammation, reflecting the
extent of acute axonal damage.” The association with GM
atrophy measured after 10 years, implies that the delayed neuro-
degeneration in certain GM regions is at least partly secondary
to focal inflammatory damage, most likely through anterograde
or retrograde neuroaxonal degeneration along WM tracts.”® An
alternative hypothesis could be that the association is based on
pseudoatrophy following resolved inflammatory activity, but as
pseudoatrophy is shown to mainly affect the WM, this seems
less plausible. Elevated NfL levels predicting secondary neuro-
degeneration have been suggested in previous works,'”*” finding
an association between higher sNfL levels and atrophy progres-
sion in deep GM over a S-year'” and 6-year' follow-up period.
Our study supports this further, by assessing inflammatory sNfL
levels separately and finding that the associated GM atrophy
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Figure 2 Scatterplots illustrating significant associations between mean inflammatory sNfL level (pg/mL) and (A) total GM volume (mm?), (B) mean
cortical thickness (mm), (C) total deep GM volume (mm?) and (D) total T2 lesion count (N). The Y-axis is transformed to logarithmic scale to illustrate the
absolute lesion count. Cth, cortical thickness; GM, grey matter; sNfL, serum neurofilament light chain.

was located in deep GM and the cerebral cortex, areas known
to be highly interconnected through various WM circuits,> 3>
therefore susceptible to degradation.®® ** When correcting for
MRI atrophy measures at month 24, associations with inflamma-
tory sNfL levels were no longer significant. This may imply that
the atrophy progression develops relatively early in the disease
course. However, this exploratory analysis was conducted in
only a subset of patients, and should in future works be repeated
in larger cohorts.

We found that higher sNfL levels were associated with a higher
score (higher disability) on the logD9-HPT. This result is partly
in line with a previous study, showing that the patient group with
prominent spinothalamic atrophy progression had higher sNfL
levels and developed motor disability faster than the groups with
atrophy progression in other regions.'” The difference between
groups was most evident when assessing walking speed (T25FW)
and finger dexterity (9-HPT)." Hypothetically, the associated
disability progression may result from acute disruption of crucial
WM tracts (ie, the corticospinal tract) and secondary upstream
neurodegeneration in connected GM areas (ie, the primary
motor cortex).”* In our study, higher inflammatory sNfL levels
were also associated with a lower change (less disability accumu-
lation) in the logND9-HPT. While this finding does not coin-
cide with the suggested hypothesis, the analysis may have been
influenced by statistical power-issues and outliers. Furthermore,
in an exploratory analysis (online supplemental table 4), lower
cortical thickness in the precentral gyri was associated with both
higher inflammatory sNfL levels and higher disability measured
by the D9-HPT, but not by the ND9-HPT.

We found no associations between sNfL levels and EDSS.
In previous research, the relation between sNfL and EDSS
progression over 10 years or more is variable,”® '* ' suggested
to be influenced by the difference in disease severity between
cohorts.'’ Our study of a limited number of patients, with rela-
tively low overall disability progression (namely: up to EDSS
2.8), may be affected by the known low sensitivity to change in
EDSS,* especially for lower scores.

A higher fraction of MRI scans with new Gd+ lesions was not
a significant predictor in any of the models. Compared with the
results seen for inflammatory sNfL, this lack of significant asso-
ciations may be due to the less sensitive fractional measure used,
based on dichotomised values. Nevertheless, the discrepant
results for the two predictors may also mean that future neuro-
degeneration and disability depend on the extent of axonal
damage and location of an episode with a new Gd+ lesion(s),
more than the frequency of such episodes.

Except for a positive relationship between non-inflammatory
sNfL level and oral SDMT, none of the models for this predictor
were significant. This may be influenced by statistical power
issues and outliers, as the sample size was small (40 patients),
with small overall variability in sNfL levels. As only patients
with at least three samplings of non-inflammatory sNfL levels
available were included, analyses may also be subject to selec-
tion bias, selecting patients with an overall less active disease
course (none of the patients had at least three non-inflammatory
and inflammatory measurements available). However, repeating
the analyses including patients with a minimum of two non-
inflammatory sNfL levels, and subsequently patients with periods
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Table 4 Model 2: The association of mean non-inflammatory sNfL level with MRI atrophy and clinical measures at the 10-year follow-up, corrected

for age, sex, DMT use, eTIV, BLT2LC and BL Gd+ LC*

Mean non-inflammatory sNfL level Full model

MRI/clinical measure N B Std. B 95% Cl P valuet R? adj. P value
Total GM volume 36 NS

Total WM volume 36 NS

Total deep GM volume 36 NS

Thalamus volume 36 NS

Mean Cth 36 NS

logLesion volumet 36 NS

Lesion count 36 NS

EDSS=4§ 40 NS

logT25FW# 38 NS

logChange in T25FW# 38 NS

logD9-HPT# 38 NS

logChange in D9-HPT# 38 NS

logND9-HPT# 37 NS

logChange in ND9-HPT# 37 NS

PASAT 40 NS

Change in PASAT 40 NS

Oral SDMT 35 0.548 0.473 0.196 to 0.900 0.003 0.380 <0.001

*Non-significant covariates removed from final model by backward elimination.

tAdjusted p values after controlling the false discovery rate (FDR) for multiple hypothesis testing.

+Dependent variable log transformed due to non-normality (log-linear transformation).
§Analysed by logistic regression.

adj, adjusted; B, beta; BL, baseline; Cth, cortical thickness; D9-HPT, dominanthand Nine-Hole Peg Test; DMT, disease modifying therapy; EDSS, Expanded Disability Status Scale;
eTlV, estimated total intracranial volume; Gd+, gadolinium-enhancing; GM, grey matter; LC, lesion count; ND9-HPT, non-dominant hand Nine-Hole Peg Test; PASAT, Paced
Auditory Serial Addition Test; SDMT, Symbol Digit Modalities Test; sNfL, serum neurofilament light chain; Std, standardised; T25FW, timed 25-foot walk; WM, white matter.

of both remission and active disease (35 patients), yielded the
same results. The results are also in line with a recent study
finding no association between NfL level and disease progres-
sion in natalizumab-treated patients, after correcting for MRI
activity.'> From these findings, the authors hypothesised that the
sensitivity of NfL is too low to capture more subtle neuroaxonal
damage not associated with active inflammation.

The findings in our study may have clinical relevance. Long-
term outcomes were independently predicted by sNfL levels
during inflammatory episodes, and not by the frequency of such
episodes during the first 2 years. Hence, measuring sNfL levels
during relapses may be a way to quantify the extent of ongoing
axonal damage, possibly indicating the risk of permanent
disability, either caused by direct axonal damage during active
inflammation, or by the delayed secondary neurodegenerative
process affecting GM in connected regions. This added informa-
tion may support clinicians in subsequent monitoring and treat-
ment decisions. Furthermore, the addition of sNfL to treatment
response scoring tools*® *” could possibly increase their predic-
tive value, and should be assessed in future studies.

Correcting for DMT use did not change the associations
between sNfL levels and long-term outcomes. However, use of
high efficiency therapies (indicating disease activity) over the
follow-up was independently associated with disability accumu-
lation measured by the 9-HPT (results not shown). As patients
were treated similarly until the conclusion of the OFAMS
Study (first treatment naive, then treated with interferons), this
suggests that potent treatment during the first years after diag-
nosis is important for long-term prognosis, especially in patients
with high disease activity.

This study has limitations, the main challenges and suggestions
for future research are summarised in table 5. There is a degree

of uncertainty in defining sNfL levels as ‘inflammatory’ or ‘non-
inflammatory’. Regarding different lesion types, we focused on
their relation with Gd+ lesions, as these are strongly associated
with active inflammation and NfL release,'’ and can be tempo-
rally identified with great certainty. However, at BL, month
12 and 24, there was no MRI scan available from the previous
months to decide on recent inflammatory activity, and spinal
lesions were not accounted for. After a Gd+ lesion, increased

Table 5 Current research challenges and suggestions for future
research

Research challenges Suggestions for future research

Clarify the temporal relation between p. prospective studies

sNfL levels and new, enlargingand sy fficient sample size

diminishing lesions, for example, > Extensive follow-up time

» T2 hyperintense lesions » Frequent follow-up visits, including:

» T1 hypointense lesions Imaging techniques suited for analyses
» T1 Gd+ hyperintense lesions of longitudinal lesion and atrophy

» GM lesions progression.

> Spinal lesions > Statistical analyses correcting for known
Clarify the temporal relation risk factors and modulators of disease
between sNfL levels and GM atrophy progression:

progression, for example, Baseline and on-study lesion activity.

» Global brain GM atrophy Previous and on-study therapeutic

» Regional brain GM atrophy interventions.

» Spinal atrophy Genetic and environmental risk factors.
Clarify the value of sNfL as an Comorbid conditions.

independent predictive biomarker of ™ Consider using z scores for sNfL derived
from a healthy control group or a

long-term prognosis. o
reference database.”.

Establishing sNfL reference values.

Gd+, gadolinium-enhancing; GM, grey matter; sNfL, serum neurofilament light
chain.
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sNfL levels may persist for up to 90 days,” and a previous study
on this patient cohort found elevated sNfL levels up to 1 month
before and 2months after the appearance of Gd+ lesions,”
indicating that the windows for defining a sNfL measurement
as inflammatory or non-inflammatory in the current study may
be too narrow and too wide, respectively. Non-inflammatory
measurements are at highest risk of misclassification, ideally
collected with a wider interval between new lesions, to ensure
the levels are not influenced by inflammatory damage. These
considerations underline the need to clarify the relationship
between the temporal dynamics of NfL levels and the evolution
of lesions. With the available data in this cohort, our definitions
were set to maximise the contrast between inflammatory and
non-inflammatory periods, while still maintaining an acceptable
group size. Despite these uncertainties, the associations with
long-term outcomes found in this study were clearly different
between the two measurements, substantiating the sensitivity of
the set definitions. Moreover, the patterns of significant asso-
ciations were similar when analysing mean inflammatory and
non-inflammatory sNfL levels calculated from only two or more
measurements, also including patients (35 patients) with both
inflammatory and non-inflammatory sNfL levels during the
2-year follow-up.

GM volumes were measured cross-sectionally from data
collected at the 10-year follow-up visit and month 24, limiting
our ability to conclude on longitudinal atrophy progression.
When correcting for atrophy measures obtained at month 24,
the associations with GM atrophy after 10 years were no longer
significant. This analysis may have been underpowered due to
the small sample size, so further investigations in larger patient
populations, with regular and more frequent follow-up visits,
may clarify the temporal relation between inflammatory WM
damage, sNfL levels and GM atrophy. Additionally, future studies
should consider the effect of lesion volume and lesion volume
change, preferably over longer time periods. In this study, we
corrected for Gd+ andT2 LC at BL, as we deemed BL volume
measures too unreliable to include, due to the quality of the MRI
data (eg, partial brain coverage, large slice thickness, 2D images).

Lastly, atrophy measurements were obtained from postcon-
trast images, which is not the standard approach for FreeSurfer.
However, recent work has shown excellent consistency between
values obtained from precontrast and postcontrast images.>*

Conclusion

Higher sNfL levels during early periods of active inflamma-
tion, but probably not during remission, in patients with RRMS
predicted GM atrophy and specific aspects of clinical disability
10 years later. The findings suggest that subsequent long-term
GM atrophy is mainly due to neuroaxonal degradation induced
by acute inflammation.
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2021;49:102790.

Lie IA, et al.J Neurol Neurosurg Psychiatry 2022;93:849-857. doi:10.1136/jnnp-2021-328568

857

"JybLAdoo Aq pajosjold “1aJoluoy sSSPl uabiag
1 19%9101|qIqSIBYSIOAIUN e 20T ‘|12 Joquisldas uo /wod g duul/:dpy wouy papeojumoq "2g0z dunf | uo 8968ze-1z0z-duul/iog || 01 se paysiiand ysil :Aeiyohsd Binsoinap [0IneN



BM]J Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Neurol Neurosurg Psychiatry

Appendix 1

Lesion segmentation. Lesion segmentation was done on FLAIR images using lesion

segmentation tool (LST) (version 2.0.15; http://applied-statistics.de/lst.html)[1]. To optimise
lesion filling, gadolinium-enhancing regions (both lesions and other regions) were first
removed, by applying an upper intensity threshold at the 98" percentile. Next, the FMRIB

Software Library (FSL) (version 5.0.10; http://www.fmrib.ox.ac.uk/fsl) was used to fill in

abnormal voxels in these preprocessed T1-weighted images using the lesion_filling tool[2].
Then only the filled lesion voxels were pasted back into the original post-contrast 3D T1-

weighted images to create the final lesion filled images.

Morphological reconstruction. Cortical reconstruction and parcellation for (local) cortical
volume and thickness measurement and subcortical segmentation were performed with
FreeSurfer version 7.1.1, a freely available software package for academic use, available
through online download (http://surfer.nmr.mgh.harvard.edu/). The technical details of

FreeSurfer procedures have been previously described|3, 4].

Quality control was performed by visual inspection, discarding cases with large segmentation
errors. In cases where only specific anatomical regions were incorrectly segmented, we chose

not to apply any manual corrections for these errors in our analyses.

The Desikan-Killiany atlas[5] was used to extract cortical thickness measures (mean cortical
thickness, left and right hemisphere). Furthermore, total cerebral GM and WM volume, total
deep GM and thalamus volume (left and right hemisphere) were obtained. Because of
frequent suboptimal segmentation of the temporal pole, this region was excluded when

calculating the total GM volume.

Lie IA, et al. J Neurol Neurosurg Psychiatry 2022;0:1-9. doi: 10.1136/jnnp-2021-328568
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Supplemental Table 2. The association of mean non-inflammatory sNfL level calculated
from at least two measurements with MRI atrophy and clinical measures at the 10-year
follow-up, corrected for age, sex, DMT use, eTIV (MRI volume measures), BL T2LC and BL
Gd+LC.

Supplemental Table 2. Model 2: The association of mean non-inflammatory sNfL level with MRI atrophy
and clinical measures at the 10-year follow-up, corrected for age, sex, DMT use, eTTV, BL T2LC and BL

Gd+LC
Mean non-inflammatory sNfL level Full model
MRYI/ clinical N B Std. B 95% conf. interval p-value* R’adj.  p-value
measure
Total GM 59 NS
volume
Total WM 59 NS
volume
Total deep GM 59 NS
volume
Thalamus 59 NS
volume
Mean Cth 59 NS
logLesion 60 NS
volume®
Lesion count 60 NS
EDSS>4¢ 67 NS
logT25FW® 64 NS
logChange in 62 NS
T25FW"
logD9-HPT® 63 NS
logChange D9- 61 NS
HPT®
logND9-HPT® 62 NS
Change in ND9- 60 NS
HPT
PASAT 65 NS
Change in 63 NS
PASAT
Oral SDMT 60  0.446 0.389 0.168, 0.724 0.002 0.321 <0.001

“ Non-significant covariates removed from final model by backward elimination.

b Dependent variable log transformed due to non-normality (log-linear transformation).

¢ Analysed by logistic regression.

*Adjusted p-values after controlling the False discovery rate (FDR) for multiple hypothesis

testing.

Lie IA, et al. J Neurol Neurosurg Psychiatry 2022;0:1-9. doi: 10.1136/jnnp-2021-328568
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Abbreviations: sNfL=serum neurofilament light chain, eTIV=estimated total intracranial
volume, DMT=disease modifying therapy, BL=baseline, Gd+=gadolinium-enhancing,
LC=lesion count, N=number, B=beta, Std=standardised, GM=grey matter, WM=white
matter, NS=not significant, Cth=cortical thickness, EDSS=expanded disability status scale,
T25FW=timed 25-foot walk, D9-HPT=dominant hand 9-hole peg test, ND9-HPT=non-
dominant hand 9-hole peg test, PASAT=paced auditory serial addition test, SDMT=symbol

digit modalities test.

Lie IA, et al. J Neurol Neurosurg Psychiatry 2022;0:1-9. doi: 10.1136/jnnp-2021-328568
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Supplemental Table 4. Multiple linear regression with cortical thickness of the left and right
precentral gyrus as dependent variables, mean inflammatory sNfL level, D9-HPT, change in
D9-HPT, ND9-HPT and change in ND9-HPT are included as independent variables in
separate models, all corrected for age, sex, DMT use, BL T2LC, BL Gd+LC and fGd+.

Supplemental Table 4. The association of mean inflammatory sNfL level, D9-HPT and ND9-HPT with
mean cortical thickness of the precentral gyri at the 10-year follow-up, corrected for age, sex, DMT use, BL
T2LC, BL Gd+LC and fGd+.

Cortical thickness left precentral gyrus

Independent variable N B Std. B 95% conf. p-value*  R? adj. p-value
interval

Mean inflammatory 25 -0.006 -0.498 -0.010, 0.015 0.216 0.011

sNfL level -0.001

D9-HPT 66 -0.011 -0.426 -0.018, 0.001 0.169 <0.001
-0.005

Change in D9-HPT 62 NS

ND9-HPT 64 NS

Change in ND9-HPT 62 NS

Cortical thickness right precentral gyrus

Mean inflammatory 25 -0.006 -0.488 -0.010, 0.013 0.206 0.013

sNfL level -0.001

D9-HPT 66 -0.010 -0.410 -0.016, 0.001 0.276 <0.001
-0.005

Change in D9-HPT 62 NS

ND9-HPT 64 NS

Change in ND9-HPT 62 NS

% Non-significant covariates removed from final model by backward elimination.

*Adjusted p-values after controlling the False discovery rate (FDR) for multiple hypothesis
testing.

Abbreviations: sNfL=serum neurofilament light, BL=baseline, Gd+=gadolinium-enhancing,
LC=lesion count, fGd+=fraction of MRI scans with new Gadolinium-enhancing lesion, D9-
HPT=dominant hand 9-hole peg test, ND9-HPT=non-dominant hand 9-hole peg test,
DMT=disease modifying therapy, N=number, B=beta, Std=standardised, conf=confidence,

adj=adjusted.
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Abstract

Background and Objectives

The relationship between smoking, long-term brain atrophy, and clinical disability in patients
with multiple sclerosis (MS) is unclear. Here, we assessed long-term effects of smoking by
evaluating MRI and clinical outcome measures after 10 years in smoking and nonsmoking
patients with relapsing-remitting MS (RRMS).

Methods

We included 85 treatment-naive patients with RRMS with recent inflammatory disease
activity who participated in a 10-year follow-up visit after a multicenter clinical trial of 24
months. Smoking status was decided for each patient by 2 separate definitions: by serum
cotinine levels measured regularly for the first 2 years of the follow-up (during the clinical
trial) and by retrospective patient self-reporting. At the 10-year follow-up visit, clinical tests
were repeated, and brain atrophy measures were obtained from MRI using FreeSurfer.
Differences in clinical and MRI measurements at the 10-year follow-up between smokers and
nonsmokers were investigated by 2-sample t tests or Mann-Whitney tests and linear mixed-
effect regression models. All analyses were conducted separately for each definition of
smoking status.

Results

After 10 years, smoking (defined by serum cotinine levels) was associated with lower total white
matter volume (B = —21.74, p = 0.039) and higher logT2 lesion volume (f = 0.22, p = 0.011).
When defining smoking status by patient self-reporting, the repeated analyses found an addi-
tional association with lower deep gray matter volume (f = —2.35, p = 0.049), and smoking was
also associated with a higher score (higher walking impairment) on the log timed 25-foot walk
test (B = 0.050, p = 0.039) after 10 years and a larger decrease in paced auditory serial addition
test (attention) scores (B = —3.58, p = 0.029).
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Glossary

BBB = blood-brain barrier; BL = baseline; EDSS = Expanded Disability Status Scale; eTIV = estimated total intracranial
volume; GM = gray matter; MS = multiple sclerosis; PASAT = paced auditory serial addition test; RRMS = relapsing-remitting
MS; SPSS = Statistical Product and Service Solutions; T2SFW = timed 25-foot walk test; VD = vascular-disease; WM = white

matter.

Discussion

Smoking was associated with brain atrophy and disability progression 10 years later in patients with RRMS. The findings imply that
patients should be advised and offered aid in smoking cessation shortly after diagnosis, to prevent long-term disability progression.

Smoking is a known negative prognostic factor in patients with
multiple sclerosis (MS), associated with higher disability' and
higher risk of conversion to progressive disease phenotypes."”
The causal relationship between these associations is not clear,
and several pathophysiologic mechanisms have been proposed,
for example: cigarette smoke triggering a proinflammatory
cascade, inducing autoimmunity and heightened inflammatory
activity; facilitating entry of immune cells to the CNS by dis-
ruption of the blood-brain barrier (BBB); epigenetic changes;
and direct neurotoxicity due to mitochondrial damage.>*

Studies examining the relation between smoking and inflammatory
disease activity have reported inconsistent findings. Although some
studies found smoking to be associated with higher relapse rates’®
and lesion loads,"*” 2 studies using cotinine, an alkaloid metabolite
of nicotine,® to define smoking status, did not>1°

In MS, smoking has cross-sectionally been shown to be associated
with lower total brain volume,"*''""* but longitudinal relationships
have been less well studied and with varying results."””” Further-
more, few studies have considered the relation between smoking
and gray matter (GM) atrophy, again with conflicting results.*' ">

To better understand the possible adverse prognostic effects
of smoking in MS, we aimed to investigate the relation be-
tween smoking and long-term brain lesion load, atrophy, and
clinical outcome measures, first by comparing smokers and
nonsmokers, defined by both patient self-reporting and coti-
nine levels, and second by studying a possible dose effect,
using mean cotinine levels in smoking patients with MS.

Methods

Participants

The patients included in this study participated in a 10-year follow-
up visit, after a multicenter trial on w-3 fatty acids in MS (the
OFAMS-study). In the original trial, a total of 92 patients with
relapsing-remitting MS (RRMS) were followed up for 24 months;
a detailed description of the study is provided elsewhere."* During
the OFAMS study period, patients attended regular follow-up
visits at their local study site, undergoing biochemical, radiologic,
and clinical examinations, including the Expanded Disability Sta-
tus Scale (EDSS), timed 25-foot walk test (T2SFW), the

Neurology: Neuroimmunology & Neuroinflammation

| Volume 9, Number 5 |

dominant hand and nondominant hand 9-hole peg test, and
the paced auditory serial addition test (PASAT). Ten years after
the trial concluded, all available (87) participants were invited to a
follow-up visit, of which 85 accepted.® At the 10-year follow-up
visit, the patients repeated the radiologic and clinical examinations.
Between the OFAMS-study and the 10-year follow-up visit, the
participants had received routine clinical treatment and care.

Standard Protocol Approvals, Registrations,
and Patient Consents

The OFAMS-study and the 10-year follow-up were approved
by the Regional Committee for Medical and Health Research
Ethics in Western Norway Regional Health Authority
(OFAMS:-study: clinicaltrials.gov, Identifier: NCT00360906).
All participants gave their written informed consent.

Cotinine Measurement

Serum samples were stored at —~80°C until analysis and per-
formed simultaneously for all samples from each patient. As
previously described,' serum cotinine levels were measured
by liquid chromatography tandem mass spectrometry at
Bevital AS (Bergen, Norway). Laboratory technicians were
blinded to patient clinical status. Serum cotinine levels were
analyzed from samples collected during the OFAMS-study at
baseline (BL) and months 6, 12, 18, and 24.

Definitions of Smokers and Nonsmokers

The effect of smoking status on long-term MRI and clinical
outcome measures was analyzed using 2 definitions (described
below) of smoking status separately: by (1) serum cotinine levels,
with the findings presented in the main text and (2) patient self-
reporting, with the findings presented in the supplemental material.

Smoking Defined by Cotinine Levels

Cotinine levels >85 nmol/L indicate recent tobacco use'® and
are regarded to distinguish tobacco users from nontobacco
users in the general population.17 Patients were categorized
into 2 groups according to serum cotinine level: smokers were
defined as patients with serum cotinine level >85 nmol/L in
>60% of the samples and nonsmokers were defined as pa-
tients with serum cotinine levels <85 nmol/L in >60% of the
samples. Based on previous studies not finding nicotine or
smokeless tobacco to be associated with MS disease

)

progression,'®'® patients who at the 10-year follow-up visit

September 2022 Neurology.org/NN



Figure 1 Flowchart lllustrating the Classification Process According to the 2 Definitions of Smoking
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reported “snuff” use (oral tobacco), but no smoking for the
past 10 years, were defined as nonsmokers (Figure 1).

Smoking Defined by Patient Self-Reporting

At the 10-year follow-up visit, patients answered a question-
naire about habits of tobacco use, including smoking and snuff
use. Patients who reported to have smoked regularly within
the past 10 years were defined as smokers while patients who
did not report regular smoking, or reported only snuff use
(6 patients), were defined as nonsmokers (Figure 1).

Risk Factors and Presence of Peripheral,
Cardiovascular, or Cerebrovascular Disease
Vascular risk factors and established peripheral, cardiovascu-
lar, and cerebrovascular disease are independently associated
with brain imaging changes.”® As smoking is a known risk
factor for such conditions,*’ patient-reported hypertension,
dyslipidemia, hypercoagulable disorder, and symptomatic
cardiovascular or cerebrovascular disease and/or events was
designated as a dichotomous vascular disease (VD) factor and
included as a covariate in the final analyses.

MRI Data and Analysis

The 10-year Follow-up Visit

Imaging was performed at the different study sites, on a 3
Tesla (T) MRI scanner if available, alternatively using a 1.5T
MRI scanner, with a standard head coil. The acquisition
protocol included the following MRI sequences: a T2-
weighted 3D sagittal fluid attenuated inversion recovery
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(FLAIR) (resolution: 1 x 1 x 1 mm3, echo time (TE)/
repetition time (TR)/inversion time (TI) = 386/5000/
1.65-2.2 ms) and a postcontrast T1-weighted 3D sagittal
magnetization-prepared rapid gradient echo sequence (reso-
lution: 1 X 1 x 1mm3, TE/TR/TI = 2.28/1800/900 ms, flip
angle 8°). Acquisition details across sites are presented in
eTable 1, links.lww.com/NXI/A728.

Lesion Segmentation

Lesion segmentation was performed on FLAIR images using
lesion segmentation tool (version 2.0.1S; applied-statistics.
de/Isthtml).** To optimize lesion filling, gadolinium-enhancing
regions (both lesions and other regions) were first removed, by
applying an upper intensity threshold at the 98th percentile.
Next, the FMRIB Software Library (version 5.0.10%) was used
to fill in abnormal voxels in these preprocessed T1-weighted
images using the lesion_filling tool.>* Then, only the filled lesion
voxels were pasted back into the original postcontrast 3D T1-
weighted images to create the final lesion filled images.

Morphological Reconstruction

Cortical reconstruction and parcellation for (local) cortical
volume and thickness measurement and subcortical segmen-
tation were performed with FreeSurfer version 7.1.1, a freely
available software package for academic use, available through
online download.”® The technical details of FreeSurfer proce-
dures have been previously described.***” The use of Free-
Surfer on postcontrast 3D T1-weighted images as applied here,
was recently validated.*®
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Table 1 Demographic and Clinical Characteristics

BL 10-y follow-up visit BL 10-y follow-up visit

Smoking status defined by cotinine level Nonsmokers (37) Smokers (47)

Age in y, mean (SD) 37.5(6.8) 49.4 (6.9) 37.9(9.7) 49.7 (9.7)

Sex, female, N (%) 22 (59.5) 32(68.1)

Time from diagnosis, mean iny (SD) 2.8(3.5) 14.8 (3.6) 2.2(3.0) 14.3 (3.1)

Disease phenotype (N) RRMS (37) RRMS (35), SPMS (2) RRMS (47) RRMS (42), SPMS (5)

EDSS, mean (SD) 1.8(0.8) 2.6 (1.6) 2.0(0.9) 2.9(1.6)

Mean cotinine level (SD)? 850.6 (454.5)
Smoking status defined by patient self-reporting Nonsmokers (36) Smokers (48)

Age iny, mean (SD) 37.5(7.6) 49.4(7.7) 37.9(9.2) 49.7 (9.2)

Sex, female, N (%) 22(61.1) 33(68.8)

Time from diagnosis, mean in y (SD) 2.8(3.6) 14.9 (3.7) 2.3(3.0) 14.3 (3.1)

Disease phenotype (N) RRMS (36) RRMS (35), SPMS (1) RRMS (48) RRMS (42), SPMS (6)

EDSS, mean (SD) 1.8(0.8) 2.6 (1.6) 2.0(0.9) 2.9(1.6)

Abbreviations: BL = baseline; EDSS = Expanded Disability Status Scale; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple

sclerosis.

2Mean serum cotinine level calculated from measurements obtained from BL to month 24.

Quality control was performed by visual inspection, discarding
cases with large segmentation errors. Minor to moderate seg-
mentation errors of specific anatomic regions were found in all
scans and are previously shown to occur more frequently and to a
more severe degree in postcontrast images.28 As these errors were
so commonly occurring, mostly with the same effect (over-
estimation of GM volume/cortical thicknesszs) , we chose to not
apply any manual corrections for these errors in our analyses.

The Desikan-Killiany atlas® was used to extract cortical thickness
measures. The mean cortical thickness of the left and right hemi-
sphere was averaged to calculate the overall mean cortical thick-
ness. Furthermore, total cerebral GM and white matter (WM)
volume and total deep GM and thalamus volume (average of left
and right hemisphere) were obtained. Because of frequent sub-
optimal segmentation of the temporal pole (previously found in a
minor to moderate degree in almost 50% of postcontrast scans™*),
this region was excluded when calculating the total GM volume.

Statistical Analysis

Statistical analyses were performed using Statistical Product
and Service Solutions (SPSS) for macOS (Version 25; SPSS,
Chicago, IL) and R software (V.4.0.5).

Kolmogorov-Smirnov tests and visual inspection of the his-
tograms were used to assess the normality of the variables.

The primary outcome measures were MRI and clinical mea-
surements obtained cross-sectionally at the 10-year follow-up
visit and the difference in clinical measurements from month 24
to the 10-year follow-up.
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As a first exploratory analysis, the difference in outcome
measures between smokers and nonsmokers was analyzed by
2-sample t tests for normally distributed variables; otherwise,
Mann-Whitney tests were used.

The relationship of smoking status and mean cotinine level
with MRI and clinical outcome measures was then further
investigated by a linear mixed-effect regression model, cor-
recting for age, sex, vascular disease, estimated total intracranial
volume (eTTV) (eTIV included as a covariate in analyses re-
garding brain volume measurements), BL EDSS, and time from
diagnosis. To correct for scanner variability, MRI scanner was
entered as a random effect. Assumptions for linear regression
were checked for each final model; if the assumptions were not
satisfied, log-linear transformation was performed (e.g, logT2
lesion volume). For variables with values below 1, a constant
was added before log transformation.

Data Availability
Data not provided within this article may be shared (anony-
mized) by request from a qualified investigator.

Results

Patient Characteristics

We included the 85 patients who participated in the 10-year
follow-up. Each patient was classified as a smoker or non-
smoker, by the 2 different definitions of smoking: (1) by
cotinine levels measured during the OFAMS-study and (2) by
retrospective patient self-reporting at the 10-year follow-up
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Table 2 MRIand Clinical Measures in Smokers and Nonsmokers (Defined by Cotinine Level) at the 10-Year Follow-up Visit
and Change in Clinical Measures Between Month 24 and the 10-Year Follow-up Visit

MRI/clinical measure Nonsmokers (mean, SD) Smokers (mean, SD) Mean difference 95% CI p Value
Total GM volume (mL) 643.62 (55.76) 621.83 (47.51) 21.785 -3.220, 46.791 0.087
Total WM volume (mL) 465.33 (54.98) 435.76 (42.33) 29.577 5.961, 53.192 0.015
Total deep GM volume (mL) 57.73 (4.98) 54.59 (5.50) 3.139 0.586, 5.691 0.017
Thalamus volume (mL) 8.08 (1.02) 7.67 (1.00) 0.41 -0.08, 0.90 0.096
Mean Cth (mm) 2.55(0.13) 2.52(0.12) 0.03 -0.03, 0.09 0.329
T2 lesion volume (mL)? 3.11(3.07) 6.63 (9.68) 0.014
T2 lesion count 19.70 (7.61) 21.62 (9.85) -1.918 -6.115, 2.278 0.365
EDSS? 2.5(1.5) 2.0(1.6) 0.306
Change in EDSS® 0.5(2.0) 0.0(1.13) 0.505
T25FW? 3.88(1.29) 4.43 (1.47) 0.031
Change in T25FW? -0.01 (1.30) 0.31(1.23) 0.202
D9-HPT? 20.02 (6.59) 21.31(5.68) 0.167
Change in D9-HPT? 2.41(3.11) 3.11 (4.65) 0.480
ND9-HPT? 20.68 (6.59) 23.23(7.27) 0.130
Change in ND9-HPT? 3.14 (4.80) 4,08 (6.11) 0.307
PASAT 49.06 (8.40) 45.11 (10.68) 3.95 -0.43,8.32 0.077
Change in PASAT -3.91(7.20) -7.26 (6.70) 3.35 0.13,6.57 0.042

Abbreviations: Cth = cortical thickness; D9-HPT = dominant hand 9-hole peg test; EDSS = Expanded Disability Status Scale; GM = gray matter; ND9-HPT =
nondominant hand 9-hole peg test; PASAT = paced auditory serial addition test; T25FW = timed 25-foot walk; WM = white matter.
@ Difference analyzed by Mann-Whitney U test, median, and interquartile range reported.

Bold text indicates statistically significant p values.

(Figure 1). Samples available for cotinine analyses were
missing for one patient, and another patient did not complete
the questionnaire concerning tobacco use, leaving 84 patients
to be classified as smoker or nonsmoker by each definition.
Including the 2 patients missing either cotinine measurements
or the questionnaire, 9 patients were classified differently
based on the 2 definitions. Forty-seven patients were smokers
and 37 nonsmokers defined by cotinine levels. By patient self-
reporting, 48 patients were smokers and 36 nonsmokers. Of
the 48 smokers defined by patient self-reporting, 47 reported
to smoke 10 years ago. Additional patient self-reported
smoking habits are listed in supplemental eTable 2, links.lww.
com/NXI/A728.

The mean follow-up time from the BL and month 24 visit to
the 10-year follow-up visit was 12.0 (+0.6) and 10.0 (+0.6)
years, respectively. Table 1 summarizes the clinical charac-
teristics of the included patients.

Difference in MRI and Clinical Outcome

Measures Between Smokers and Nonsmokers
The results of the exploratory t tests are shown in Table 2
(smoking defined by cotinine levels) and supplemental eTable 3,
linksIww.com/NXI/A728 (smoking defined by patient self-
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reporting). In brief, total WM (p = 0.015) and deep GM (p =
0.017) volumes were significantly smaller, and total T2 lesion
volumes were significantly larger (p = 0.014) in smokers defined
by cotinine level (figure 2). For the clinical measures, smokers
had a higher score (more disability) on the T2SFW test (p =
0.031) after 10 years and a larger decrease in attention scores
measured by the PASAT test (p = 0.042) between month 24 and
the 10-year follow-up visit (figure 3). The results were similar for
smoking defined by patient self-reporting (eTable 3).

Smoking Status and Long-term MRI and Clinical
Outcome Measures

The results from the linear mixed-model investigating the
relationship between smoking and long-term MRI and clinical
measures are shown in Table 3 (smoking defined by cotinine
levels) and supplemental eTable 4, links.lww.com/NXI/A728
(smoking defined by patient self-reporting). Smoking defined
by cotinine level was associated with lower total WM volume
(B = —21.74, p = 0.039) after 10 years and with higher total
logT?2 lesion volume (f = 0.22, p = 0.011). Similar results were
found for smoking defined by patient self-reporting (eTa-
ble 4), additionally associated with lower deep GM volume
(B=-2.35,p=0.049) after 10 years. There were no significant
associations between smoking and clinical disability when
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Figure 2 Distribution Plots of MRI Measurements at the 10-Year Follow-up Visit in Nonsmokers and Smokers
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defined by cotinine levels (Table 3), but when defined by
patient self-reporting, smoking was associated with a higher
score on the logT2SFW test (B = 0.050, p = 0.039) after 10
years and a larger decrease in PASAT scores (p = —3.58, p =
0.029) (eTable 4).

Dose-Effect Relationship on Long-term MRI and
Clinical Outcome Measures

The results from the mixed-effect model assessing the relation
between mean cotinine levels in smokers (defined by cotinine
level) and MRI and clinical outcome measures are shown in
supplemental eTable S, links.lww.com/NXI/A728. In a bi-
variate model, higher cotinine levels were significantly asso-
ciated with lower mean cortical thickness, but not after
adjusting for age, sex, VD, BL EDSS, and time from diagnosis.

Discussion

We found that patients with MS who smoked had lower total
‘WM and deep GM volumes and higher T2 lesion volumes after
10 years. Smokers also accumulated more disability and incurred
a larger decrease in attention scores measured by the T2SFW
and PASAT test, respectively. The results obtained by defining
smokers by cotinine levels collected during the initial 2-year
period were highly comparable with those obtained when de-
fining smokers by retrospective patient self-reporting. Further-
more, the associations were still significant when correcting for
vascular risk factors and established cardiovascular disease. These
findings suggest that smoking has a negative long-term influence
on prognosis and disease progression in patients with MS.

The association between smoking and higher lesion load is
partly in line with previous research,"” supporting the notion
that smoking could heighten inflammatory activity.” However,
smoking and increased lesional activity have not been consis-
tently related,”°
the same patient cohort as in this current work. In the previous
study, no association was found between tobacco use (defined
by cotinine levels) and the occurrence of new or enlarging
lesions during the trial period of 24 months.'® The discrepant
findings in this same study population may be a result of the

as also shown in a previous study investigating
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different outcome measures used, that is, lesion volumes vs the
less sensitive dichotomous measure of new or expanding le-
sions present or not present, especially considering the more
limited follow-up time of 2 years. Moreover, it is unknown how
smoking may affect pathologic processes within the occurring
lesions. Lesions with persistent subtle inflammation, called
chronic active or smoldering lesions, are associated with low-
grade BBB leakage,®" higher atrophy rates,” and have been
shown to develop in patients with RRMS and slowly expand
over years.z'3 In this study, we were unable to investigate
whether smokers had a higher fraction of smoldering lesions,
but testing that hypothesis could provide insight to the dis-
crepant associations found for the occurrence of new lesions
and total lesion volume and to the overall worse prognosis seen
in smoking patients with MS.>

After 10 years, we found that deep GM and total WM volume
were lower in patients who smoked. Previous longitudinal
studies on smoking/nonsmoking patients with MS have
mainly assessed whole-brain atrophy and have not reported
consistent results."”® Cross-sectional studies assessing GM
atrophy showed a similar lack of consensus.*'"'* In studies
investigating non-MS populations, smoking is associated with
atrophy most evidently in the frontal and temporal lobe,
cingulate gyrus, and the cerebellum®***
with subcortical GM are more variable.>**** Furthermore,
neither studies on MS nor those on non-MS populations have
found smoking to be related to lower WM volume.®”! /133334
In early MS, atrophy in the deep GM has previously been
shown to develop at a relatively high rate®>*¢ compared
with other GM regions, and to be closely related to WM
lesions.>**’ Although the causal mechanisms are still not

while the associations

sufficiently clear, a spatiotemporal relationship between WM
lesions and subsequent deep GM atrophy progression
through neuroaxonal degradation®® seems likely, explaining at
least part of the neurodegenerative process. Together with the
higher lesion volume, our findings of lower deep GM and total
WM volumes in smoking patients with MS may suggest that
the pathologic changes are driven by increased inflammatory
damage in the WM, followed by secondary degeneration in
regions either consisting of WM or highly connected through
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Figure 3 Distribution Plots of Clinical Measurements in
Nonsmokers and Smokers
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WM tracts.®® The hypothesis that the main neurodegenera-
tive pathway in MS is driven by neuroaxonal injury has also
been proposed in a recent study, which observed higher levels
of neurofilament light chain in smokers.*’

Although not significant after correcting for age, sex, vascular risk
factors, BL EDSS, and time since diagnosis, our initial bivariate
analysis found that higher cotinine levels in smokers were associ-
ated with lower cortical thickness after 10 years. This is similar to
previous literature on non-MS populations, finding a dose-
dependent relationship between smoking and cortical atrophy.***"
The different smoking-associated atrophy patterns seen when
comparing smoking and nonsmoking patients with MS (lower
deep GM and total WM volume), and cotinine levels in smoking
patients (lower cortical thickness), may suggest that smoking af-
fects atrophy progression both through MS-specific disease
mechanisms and directly in a dose-dependent manner. It is,
however, important to highlight that our sample size for the dose-
effect analyses was small and that the current data did not allow us
to investigate these possible mechanisms directly.

At the 10-year follow-up visit, smokers had a higher degree of
walking impairment measured by the T25FW test, indicating
higher risk of disability accrual. The lack of association be-
tween smoking defined by cotinine levels and change in EDSS
score over the follow-up has previously been reported in this
current patient population.'® In our study, we confirmed this
finding, for both definitions of smoking. The results are partly
in line with previous research, much of which reported a
relation between smoking and higher EDSS or Multiple
Sclerosis Severity Score in cross-sectional analyses,"® but
more variably longitudinally."****** A possible cause of the
inconsistent results for EDSS is the known low sensitivity to
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change for this measurement,** suggesting that more target-
ing tests should be used to capture disability progression in
specific functions. Overall, the associations with disability
accrual were modest in our study, and after correcting for
relevant covariates, it was only found for one of the 2 defi-
nitions of smoking (patient self-reporting). In future studies,
these longitudinal relations should be further investigated in
larger patient populations.

In our study, patients who smoked also had a higher decrease in
the PASAT score from month 24 to the 10-year follow-up. This
finding is in line with previous studies, where smokers tended
to perform worse cognitively.*”*> Attention, information pro-
cessing, and working memory are cognitive domains com-
monly affected in patients with MS,* but impairment on these
domains has also been shown in smoking non-MS pop-
ulations.>* This may imply that smoking patients with MS are at
additive risk of developing cognitive impairment, through
mechanisms specific to both MS and smoking. This suggests an
important clinical consequence to minimize long-term GM
atrophy and clinical decline; people with MS who smoke
should be encouraged and assisted to quit smoking.

Our study is not without limitations. Brain atrophy and lesion
load were measured cross-sectionally at the 10-year follow-up
visit. In future research, long-term measurements should be
corrected for values at baseline if available, or be investigated
by longitudinal analyses, to conclude on atrophy progression
in smoking patients with MS.

Obtaining volume and cortical thickness measures in post-
contrast images by FreeSurfer is not the standard approach.
Recent work using data from a subgroup of this patient cohort
has demonstrated excellent consistency between values
obtained from precontrast and postcontrast 3D T1-weighted
images,”® although minor to moderate segmentation errors,
especially in the temporal lobe were more common in post-
contrast images. In this current study, we did not apply
manual corrections for these errors, and the volume of the
temporal lobe was excluded from the total GM volume to
limit the possible bias introduced by the larger variability in
measurements extracted from this region. In future studies,
corrections of these segmentation errors should be consid-
ered, especially if evaluating regional atrophy measures.

Owing to its stability in plasma over time (half-life of ap-
proximately 20 hours), cotinine has become the preferred
biomarker to quantify long-term nicotine exposure.® How-
ever, the use of cotinine levels as a proxy for smoking is
potentially biased by other sources of nicotine. This is an
important limitation because neither nicotine nor smokeless
tobacco have shown to induce inflammation in MS' or in-
crease the risk of the disease.'® In our study, patients who at
the 10-year follow-up reported use of smokeless tobacco (e.g,
snuff) exclusively (4 patients) were, therefore, classified as
nonsmokers, regardless of their measured cotinine levels.
Furthermore, the results obtained by defining smoking by
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Table 3 Effect of Smoking Status (Defined by Cotinine Level) on MRI and Clinical Measures at the 10-Year Follow-up Visit
and Change in Clinical Measures Between Month 24 and the 10-Year Follow-up Visit

MRI/clinical measure N Beta St. Error 95% ClI p Value
Total GM volume (mL) 67 -12.025 9.419 -29.349, 5.299 0.208
Total WM volume (mL) 67 -21.739 10.254 -40.599, -2.880 0.039
Total deep GM volume (mL) 67 -2.109 1.127 -4.183, -0.036 0.068
Thalamus volume (mL) 67 -0.352 0.221 -0.758, 0.054 0.118
Mean Cth (mm) 67 -0.031 0.025 -0.076, 0.015 0.214
LogT2 lesion volume (mL)? 64 0.224 0.084 0.069, 0.379 0.011
T2 lesion count 64 2.095 2.302 -2.163, 6.352 0.368
EDSS 67 0.140 0.289 -0.396, 0.676 0.630
Change in EDSS 65 -0.234 0.301 -0.792,0.324 0.441
LogT25FW? 66 0.012 0.024 -0.032, 0.056 0.622
LogChange in T25FW? 64 0.013 0.020 -0.024, 0.051 0.511
LogD9-HPT? 64 0.035 0.023 -0.007, 0.078 0.130
LogChange in D9-HPT? 62 0.044 0.049 -0.047,0.135 0.377
LogND9-HPT? 64 0.022 0.021 -0.017, 0.061 0.300
LogChange in ND9-HPT? 62 0.064 0.062 -0.051, 0.179 0.310
PASAT 64 -2.572 2167 -6.581, 1.436 0.242
Change in PASAT 62 -2.654 1.565 -5.543, 0.236 0.097

Abbreviations: Cth = cortical thickness; D9-HPT = dominant hand 9 hole-peg test; EDSS = Expanded Disability Status Scale; GM = gray matter; ND9-HPT =
nondominant hand 9-hole peg test; PASAT = paced auditory serial addition test; T25FW = timed 25-foot walk; WM = white matter.
2 Dependent variable log transformed because of nonnormality (log-linear transformation).

Bold text indicates statistically significant p values.

cotinine levels were comparable with those using patient self-
reporting to define smoking habits. The associations with
MRI atrophy and clinical measures were somewhat stronger
when using the definition based on patient self-reporting,
most notably for clinical disability. This may be explained by
this definition also capturing patients who smoked regularly in
time periods during the follow-up, after the 2 years of the
clinical trial. In this study, serum cotinine measurements were
not available after the first 2 years of follow-up or at the 10-
year follow-up visit. In future works, the effect of cotinine
levels measured regularly over a longer follow-up period
should be explored, especially to determine the effect of
smoking duration and cessation. Nevertheless, the overall
comparable results suggest that serum cotinine levels provide
an objective and reliable option for defining smoking habits
and especially to investigate dose-dependent relationships.

Several comorbid conditions may independently influence
brain tissue changes (including gray and WM atrophy and
localized WM hyperintensities)* and can be caused or ex-
acerbated by smoking.”' We attempted to limit the effect of
these complex interrelations by correcting for vascular risk
factors and established cardiovascular and cerebrovascular
disease. MS disease-related factors, such as disease-modifying
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therapies, are also likely to affect brain atrophy. In this data set,
however, this was not possible to statistically consider because
the patients had used a variety of therapies at different times
and duration over the follow-up.

Smoking was associated with lower deep GM and total WM
volume and higher T2 lesion volume after 10 years in patients
with RRMS. Patients who smoked had higher physical and
cognitive disability accrual, measured by the T25FW and
PASAT test, respectively. The findings suggest that smoking
patients with MS should be advised and offered aid in smoking
cessation as early as possible in the disease course.
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eTable 2 Smoking habits of smokers defined by patient self-reporting (N = 48)

Current smoker Yes: 27 (56.3%) No: 21 (43.8%)

Smoking 10 years  Yes: 47 (97.9%) No: 1(2.1%)

ago

Smoking 1-3 days / month  1-2 days / week  3-6 days / week  Daily
frequency 10 years 2 (4.3%) 3 (6.4%) 2 (4.3%) 40 (85.1%)
ago

Daily number of 1-4/ day 5-10/ day 11-20/ day >20 /day
cigarettes 10 years 4 (8.5%) 17 (36.2%) 23 (48.9%) 3 (6.4%)
ago

Abbreviations: N=number, SD=standard deviation



eTable 3 MRI and clinical measures in smokers and non-smokers (defined by patient self-
reporting) at the 10-year follow-up visit and change in clinical measures between month 24
and the 10-year follow-up visit.

MRI/clinical ~ Non-smokers — Smokers Mean 95% conf. p-value
measure (mean, SD) (mean, SD) difference interval

Total GM 643.48 620.84 22.64 -2.26,47.53 0.074
volume (mL) (57.41) (45.45)

Total WM 469.65 433.78 35.87 12.68, 59.07 0.003
volume (mL) (55.90) (39.83)

Total deep 58.09 (4.88) 54.37 (5.33) 3.73 1.22,6.23 0.004
GM volume

(mL)

Thalamus 8.09 (0.98) 7.66 (1.01) 0.42 -0.06, 0.91 0.086
volume (mL)

Mean Cth 2.55(0.13) 2.53(0.13) 0.02 -0.04,0.09  0.424
(mm)

T2 Lesion 3.06 (3.28) 6.61 (8.71) 0.021
volume

(mL)'

T2 Lesion 19.56 (7.73)  21.70 (9.70) -2.14 -6.34,2.06 0314
count

EDSS! 2.5(1.0) 2.5(2.0) 0.419
Change in 0.50 (1.50) 0.50 (1.13) 0.474
EDSS'

T25FW'! 3.88 (1.13) 4.48 (1.32) 0.005
Change in -0.13 (1.11) 0.43 (1.33) 0.021
T25FW!

D9-HPT! 20.13 (6.18)  21.15(5.59) 0.351
Change in 3.10 (2.72) 2.82 (5.90) 0.700
D9-HPT'

ND9-HPT!  20.71(3.92)  22.40(8.35) 0.100
Change in 1.80 (3.78) 4.09 (6.36) 0.069
ND-9HPT'

PASAT 49.30(7.84) 4528 (10.91) 4.02 -0.41,845  0.075
Change in -3.47 (6.68) -7.39 (7.03) 3.92 0.67,7.17 0.019
PASAT

!Difference analyzed by Mann-Whitney U test, median and interquartile range reported.
Abbreviations: SD=standard deviation; conf=confidence; GM=gray matter; mL=milliliter;
WM=white matter; Cth=cortical thickness; mm=millimeter; EDSS=expanded disability status
scale; T25FW=timed 25-foot walk; D9-HPT=dominant hand 9-hole peg test; ND9-HPT=non-
dominant hand 9-hole peg test; PASAT=paced auditory serial addition test.
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eTable 4 The effect of smoking status (defined by patient self-reporting) on MRI and clinical
measures at the 10-year follow-up visit and change in clinical measures between month 24 and
the 10-year follow-up visit.

MRI/clinical N  Beta St. Error 95% confidence p-value
measure interval

Total GM volume 66  -11.002 9.700 -28.825, 6.820 0.263
(mL)

Total WM volume 66  -24.918 10.563 -44.326, -5.510 0.023
(mL)

Total deep GM 66  -2.349 1.163 -4.485,-0.213 0.049
volume (mL)

Thalamus volume 66  -0.305 0.227 -0.723,0.112 0.186
(mL)

Mean Cth (mm) 66  -0.020 0.025 -0.067, 0.027 0.443
LogT?2 Lesion 63 0208 0.087 0.047, 0.368 0.022
volume (mL)'

T2 Lesion count 63  1.969 2.390 -2.448, 6.385 0.415
EDSS 66 0.195 0.288 -0.338,0.727 0.502
Change in EDSS 64  -0.064 0.312 -0.641,0.513 0.838
LogT25FW! 65  0.050 0.024 0.007, 0.094 0.039
LogChange in 63  0.040 0.020 0.002, 0.078 0.056
T25FW!

LogD9-HPT! 63 0.014 0.024 -0.031, 0.058 0.567
LogChange in D9- 61  0.033 0.051 -0.061, 0.126 0.525
HPT!

LogND9-HPT! 63  0.029 0.021 -0.010, 0.069 0.172
LogChange in 61  0.120 0.062 0.005, 0.234 0.062
ND9-HPT!

PASAT 63  -2.970 2.205 -7.045,1.105 0.185
Change in PASAT 61  -3.575 1.577 -6.482, -0.667 0.029

"Dependent variable log transformed due to non-normality (log-linear transformation).
Abbreviations: N=number; St= standard; GM=gray matter; mL=milliliter, WM=white matter;
Cth=cortical thickness; mm=millimeter; EDSS=expanded disability status scale;
T25FW=timed 25-foot walk; D9-HPT=dominant hand 9-hole peg test; ND9-HPT=non-

dominant hand 9-hole peg test; PASAT=paced auditory serial addition test.



eTable S Dose-effect relationship between mean cotinine level in smokers and MRI and clinical measures at the 10-
year follow-up visit and change in clinical measures between month 24 and the 10-year follow-up visit.

MRI/clinical measure N Beta St. Error 95% confidence interval p-value
Total GM volume (mL) 36 -0.023 0.017 -0.053, 0.007 0.211
Total WM volume (mL) 36 -0.006 0.018 -0.038, 0.026 0.741
Total deep GM volume 36 -0.003 0.002 -0.006, 0.001 0.238
(mL)

Thalamus volume (mL) 36 -0.001 3.994%10*  -0.001, 3.147*10° 0.119
Mean Cth (mm) 36 -6.990%107 5.019%10°  -1.582*10%, 1.839*10% 0.182
LogT2 Lesion volume 34 1.593*10* 1.622%10*  -1.241*10%, 4.426*10* 0.341
(mL)'

T2 Lesion count 34 0.008 0.005 3.991%10%, 0.016 0.085
EDSS 36 1.147*10* 3.907*10*  -0.001, 0.001 0.773
Change in EDSS 35 -2.540%10* 3.897%10*  -0.001, 4.287*10* 0.523
LogT25FW! 35 -3.500%10°¢ 3.851%10°  -7.102*10%, 6.401*10° 0.929
LogChange in T25FW' 34 -2.270*10° 2.141*%10°  -6.007*10, 1.472*10°° 0.305
LogD9-HPT! 33 -4.750*107 3.925%10°  -1.158*10%, 2.079*10° 0.245
LogChange in D9-HPT' 32 -1.028*10* 6.805*10°  -2.207*10*, 1.509*10% 0.153
LogND9-HPT! 33 -1.990*10- 3.789*10°5  -8.586*107%, 4.597*107 0.606
Log(llhange in ND9- 32 -1.032%10* 9.993%10°  -2.763*10%, 6.988*10% 0.319
HPT

PASAT 34 -0.007 0.004 -0.014, 1.642*10* 0.106
Change in PASAT 33 -0.001 0.003 -0.006, 0.004 0.771

"Dependent variable log transformed due to non-normality (log-linear transformation).
Abbreviations: eTTV=estimated total intracranial volume; N=number; St= standard; GM=gray
matter; mL=milliliter; WM=white matter; Cth=cortical thickness; mm=millimeter;
EDSS=expanded disability status scale; T25SFW=timed 25-foot walk; D9-HPT=dominant
hand 9-hole peg test; ND9-HPT=non-dominant hand 9-hole peg test; PASAT=paced auditory

serial addition test.
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