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Abstrakt

Ukel. Analyzovat zmény v mozku s pouzitim kvantitativni multiparametrické MR v
longitudinalnim sledovéni pacientl s roztrouSenou skler6zou (RS) a korelovat kvantitativni

parametry MR s klinickym stavem a biochemickymi markery oxida¢niho stresu.

Metodika. Byly pouzity pokroc¢ilé MR techniky, kvantitativni mapovani susceptibility
(QSM) k méteni ukladani zeleza v mozkovych strukturach a volumometrické zpracovani MR
obrazii. Do studie byla zafazena kohorta nové diagnostikovanych pacientt s RS (n=103). Na
zacatku onemocnéni byla provedena vysetfeni MR, klinického stavu a biochemickych
markerd oxida¢niho stresu v mozkomisnim moku a séru. Dalsi vySetteni MR a zhodnoceni

klinického stavu bylo provedeno za 2 roky. Stejné byla vySetiena kohorta zdravych kontrol.

Vysledky. U nové diagnostikovanych RS pacientll v porovnani se zdravymi subjekty jsme
zjistili atrofii thalamu a putamen a zvySeny obsah Zeleza v ncl. caudatus a globus pallidus,
zvySenou koncentraci markerti peroxidace lipidii a redukcei peroxidi v mozkomisnim moku.
Po 2 letech u RS pacientt dochézi k excesivni atrofii thalamu a bilé hmoty a akumulaci zeleza
ve striatu, globus pallidus v porovnani se zdravymi subjekty. Nezaznamenali jsme vyvoj
klinickych marker v prvnich 2 letech progrese RS. Nenasli jsme biochemické prediktory
akumulace Zeleza v mozku, markery oxida¢niho stresu nebyly pfesvédCiveé asociovany s
longitudinalnim vyvojem MRI ndlezu. Hladina neurofilament v séru a likvoru v dobé

diagndzy predikovala atrofii thalamu a Ubytek bilé hmoty u RS pacienti.

Zavéry. Nase zjisténi ukazala, Ze jiz u noveé diagnostikovanych pacientti s RS dochazi k vétsi
akumulaci Zeleza a atrofii mozku v porovnani se zdravymi subjekty, coZ se dale zvyraznilo
po 2 letech sledovani. To naznacuje, Ze mozek pacienti s RS, ackoliv dobfe 1é¢enych, starne
rychleji, a Ze MR muze slouZit jako citlivy marker pro sledovani a detekci ¢asné progrese
onemocnéni. Prokazali jsme prediktivni hodnotu hladin lehkych fetézcli neurofilament v
mozkomi$nim moku a séru, které¢ predpovidaly budouci ubytek mozkové tkané€, naopak se
nepotvrdil pfedpoklad, Ze oxidacni stres hraje vyznamnou roli v ¢asné progresi onemocnéni

u lé¢enych pacientli s RS.

Klicova slova: magneticka rezonance, roztrousena skleroza, oxidativni stres, invalidita



Abstract

Purpose. To analyze brain changes using quantitative multiparametric MRI in a longitudinal
study of patients with multiple sclerosis (MS) and to correlate MRI quantitative parameters

with clinical status and biochemical markers of oxidative stress.

Methods. Advanced MRI techniques were used, including quantitative susceptibility
mapping (QSM) for measuring iron deposition and volumetric processing of MRI images. A
cohort of newly diagnosed MS patients (n=103) was included. MRI, clinical evaluations, and
biochemical markers of oxidative stress in cerebrospinal fluid and serum were assessed at

disease onset and after 2 years. A cohort of healthy controls was also examined similarly.

Results. In newly diagnosed MS patients compared to healthy subjects, thalamus and
putamen atrophy, increased iron content in the caudate nucleus and globus pallidus, elevated
concentrations of lipid peroxidation markers, and reduced peroxides in cerebrospinal fluid
were observed. After 2 years, MS patients exhibited excessive thalamus and white matter
atrophy and iron accumulation in the striatum and globus pallidus compared to healthy
subjects. No significant development of clinical markers was observed in the first 2 years of
MS progression. Biochemical predictors of brain iron accumulation were not found, and
oxidative stress markers were not convincingly associated with longitudinal MRI findings.
However, serum and cerebrospinal fluid neurofilament levels at diagnosis predicted thalamus

atrophy and white matter loss in MS patients.

Conclusions. Our findings suggest that newly diagnosed MS patients already exhibit greater
iron accumulation and brain atrophy compared to healthy subjects, which further intensifies
after 2 years of follow-up. This indicates that the brains of MS patients, even those well-
treated, age faster, and that MRI could serve as a sensitive marker for monitoring and
detecting early disease progression. We demonstrated the predictive value of neurofilament
light chain levels in cerebrospinal fluid and serum for forecasting future brain tissue loss,
whereas the hypothesis that oxidative stress plays a significant role in early disease

progression in treated MS patients was not confirmed

Keywords: magnetic resonance imaging, multiple sclerosis, oxidative stress, disability
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GRE gradient echo

HAE 4-hydroxyalkenal

isoPG isoprostan 8-iso-PGFa,

LPO peroxidace lipida (lipid peroxidation)

MDA malondialdehyd

MNI Montreal Neurological Institute

MR magnetickd rezonance

MS multiple sclerosis

MTI magnetization transfer imaging

NGAL neurofilni gelatinaza asociovana s lipokalinem
OHdG 8-hydroxy-2-deoxyguanosin

PGF2a prostaglandin F2a

PPB parts per billion

PPRS primarné-progresivni forma roztrousené sklerozy
PRDX2 peroxiredoxin2

QSM quantitative susceptibility mapping

RIS radiologicky izolovany syndrom

RMSE Root Mean Squared Error

ROI region of interest

ROS reactive oxygens species

RRRS relaps-remitentni forma roztrouSené sklerdzy
RS roztrouSena skler6za

SPM12 Statistical Parametric Mapping

SPRS sekundarné-progresivni forma roztrousené sklerdzy
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SWI susceptibility weighted imaging

TE echo time
TI inversion recovery
TR repetition time
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1 Uvod

Tato prace se zaméfuje na roztrousenou sklerézu (RS), jeji charakteristiky na MR
vySetieni mozku, vyvoj MR parametri v ¢ase v korelaci s funkénim postizenim a
biochemickymi markery oxidativniho stresu, neurondlniho postizeni, a reparacnich
mechanismi. Na MR jsou pro RS typické 1éze v bilé hmoté, které by mély splitovat tzv.
McDonaldova kritéria s progresi v prostoru a ¢ase. Zndmkou neurodegenerace je atrofie
mozku a jednotlivych mozkovych struktur a akumulace Zeleza. Ubytek mozku, $edé a bilé
hmoty a mozkovych struktur, 1ze méfit na MR naslednym volumetrickym zpracovanim MR
obrazii. MR také disponuje pokrocilymi technikami, kterymi lze stanovit zelezo v mozku in
vivo, pfedevsim Zelezo vazané ve formé ferritinu a hemosiderinu, zasobnich bilkovin zeleza.

Magnetickd rezonance pienesla obor radiologie od vyhradné¢ anatomického
zobrazovani k poskytovani funkénich poznatki o lidském téle. Vzhledem k tomu, ze
technologie magnetické rezonance pokracuje v rozvoji, slibuje dals$i zlepSeni naSeho
porozuméni lidskému télu a zlepSeni péce o pacienty.

V prvni c¢asti prace je pojednano o roztrousené sklerdze, jejich subtypech,
morfologickych nalezech na zobrazovacich metodéach s diirazem na vyvoj koncentrace zeleza
v podkorovych strukturdch mozku, jejich vyvoje a prediktivni schopnosti. V dalsi ¢asti prace
navazuje vlastni vyzkum. Studie zaméfend na podrobnou analyzu vzorcl ukladani Zeleza v
hluboké Sedé¢ hmoté mozkové a v mozkové kiife pomoci regiondlné zaloZenych analyz a
analyzy magnetické susceptibility celého mozku u normdlnich dospélych mladSiho a
sttedniho v€ku s cilem ziskat normalni vzorce ukladani Zeleza v mozku. Dalsi studie se jiz
tykaji specificky pacienti sRS a vyuZzivaji kvantitativni multiparametrickou MR
v longitudindlnim sledovani nové diagnostikovanych pacientd s RS v korelaci s jejich
klinickym stavem a biochemickymi markery. Ve vyzkumu jsme se zaméfili na tlohu ukladani
zeleza v mozku ve vztahu k RS, v souvislosti s neurozdnétem, neurodegeneraci, pochopeni
patogeneze nemoci, jeho potencidlu jako nastroje predikce vyvoje nemoci a sledovani aktivity

onemocnéni.
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1.1 Roztrousena skleroza
1.1.1 Patofyziologie

Roztrousena skleroza je progredujici chronické autoimunitni a neurodegenerativni
onemocnéni. Histopatologicky je toto onemocnéni charakteristické tvorbou 1ézi bilé hmoty,
tzv. demyelinizacnich plak. Typicky se vyskytuje u pacientti mladsiho az stfedniho véku (20—
40 let), pticemz postihuje vice Zeny. Geograficky je nejvyssi vyskyt v populaci severni
Evropy, s poklesem incidence ve statech mirného klimatického pasma, signifikantné mensi
vyskyt je ve statech Asie ¢i Afriky (Govindarajan et al., 2020).

Jedna se o multifaktoridlni onemocnéni, na jehoz rozvoji se podili kombinace faktora
genetickych, imunologickych a enviromentalnich. Vyzkumy naznacuji, Ze urcité genetické
varianty mohou zvys$it nadchylnost k tomuto onemocnéni, zatimco faktory, jako je koufeni,
nedostatek vitaminu D a infekce (napf. Epstein-Barriv virus) mohou pfispét k jeho rozvoji
(Lopez et al., 2021).

V patogenezi hraje roli aberantni imunitni odpovéd’ proti antigentim myelinovych
pochev vlastnim imunitnim systémem. Studie ukazuji, ze aktivované imunitni buniky, véetné
T a B lymfocytl, maji zasadni roli v iniciaci a udrZzovani zanétlivych procestit v CNS
(Govindarajan et al., 2020). Tyto aktivované imunitni buniky spoustéji fetézec reakci, ktery
vede k rozvoji zanétu a nasledné demyelinizaci. Zanik myelinovych pochev narusuje pienos
nervového vzruchu. Jako disledek demyelinizace dochazi ke ztraté axonil, coz vede
k permanentnimu neurologickému deficitu. Na probihajici poSkozeni reaguje organismus
reparacnimi mechanismy, jejichz vysledkem jsou loziska gliozy. Tyto procesy vedou
neodvratné k neurodegeneraci, v¢. atrofie mozkovych struktur. Urcity podil v patogenezi
atrofie mozkovych struktur maji 1 depozita zeleza v mozkovych strukturach (Jhelum et al.,

2020).
1.1.2 Formy RS

Podle priibéhu onemocnéni se RS rozdéluje do nékolika klinickych forem:

e Relaps-remitentni RS (RRRS):
Nejcastéjsi forma RS (85%). Pacientiim s touto formou se stiidaji obdobi relapsu, tedy
klinického zhorSeni onemocnéni, béhem kterého dochazi k manifestaci novych symptomu

nebo zhorSeni zdvaZznosti symptomt jiz existujicich. Tyto relapsy jsou ndsledovany periodami
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parcidlni ¢1 kompletni remise. Asi polovina pacienti s RRRS piejde do sekundarné

progresivni formy.

e Sekundarné-progresivni RS (SPRS):
Predstavuje fazi, kdy dochézi k postupnému zhorseni disability s nebo bez ptipadnych
period relapsu ¢i remise. Piechod do této formy je variabilni a miize se objevit i za nékolik

let po stanoveni diagndzy.

e Primérné-progresivni RS (PPRS):
Tato forma je charakterizovana postupnou progresi onemocnéni od stanoveni
diagndzy, pouze s obasnymi periodami relapsu onemocnéni bez obdobi remisi. Tvoii asi

15% vsech klinickych ptipadi RS.

e Klinicky izolovany syndrom RS (CIS):
Jedna se o prvni epizodu neurologickych symptomd, kterd trva nejméné 24 hodin, a
je zpisobena zanétlivym procesem ¢i demyelinizaci CNS. Progrese do RS je variabilni,
pacienti s MR negativnim nalezem maji Sanci 20%. Pokud je zaroven pfitomen nalez na MR

mozku, riziko pfechodu do klinické formy RS je vyssi v rozsahu 60-80%.

e Radiologicky izolovany syndrom RS (RIS):
Jedna se o nejmirngjsi formu RS, charakterizovanou diseminaci 1ézi bilé hmoty v Case
na MR vySetfeni mozku, nicméné bez anamnézy neurologickych symptoml a
s fyziologickym neurologickym vySetfenim. V pfipadé, Ze dojde k manifestaci

neurologického symptomu, pacient s touto formou RS se pfesouva do formy klinické.
1.1.3 Diagnostika RS

Samotnd diagnostika RS zahrnuje kombinaci neurologického vySetfeni v¢.
zhodnoceni klinického stavu a paraklinickych vySetfovacich metod. V prabéhu let se kritéria
pro diagnostiku RS vyvijela s diirazem na objektivni prokazani diseminace 1ézi v Case a
prostoru. Nejuzivangjsi akceptovana kritéria pro diagnostiku RS jsou McDonaldova kritéria
z roku 2001, revidovana v letech 2005, 2010, s nejnovejsi verzi v roce 2017. Tato kritéria

zahrnuji:
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e Klinicka kritéria
Nejméné dveé separované klinické ataky postihujici rozdilné ¢asti CNS nebo pouze

jedna ataka, pokud je pfitomen jasny ditkaz nové 1éze na nasledujicim MR vysSetieni.

e MR kritéria
Ptitomnost charakteristickych 1¢ézi a jejich diseminace v ¢ase (DIT) a diseminace

v prostoru (DIS).

e Likvor
Vysetteni likvoru ma dopliiyjici charakter, podporuje potvrzeni diagnoézy RS zvlasté
v pfipadech, kdy MR nélezy nejsou jednoznacné. Typicky je nalez oligoklondlnich past, bez

jejich pfitomnosti v séru, coz je dikaz imunologické aktivity v CNS.

e Evokované potencidly (volitelné)

Abnormalni vizualni evokované potencialy mohou podpoftit diagnézu RS.

Ptiklad diagnostického postupu u pacienta se suspekci na relaps-remitentni formu

roztrousené skler6zy na obrazku nize (Obrazek 1).

2 nebo vice relapsi;
klinicky prikaz > 2 lézi nebo
prukaz 1 léze s piijatelnym
prukazem pfedchozi ataky v
anamneze

2 nebo vice relapsii, objektivni
klinicky prikaz alespon 1 léze

Nova diferencialni diagnoza

MR - DIS
nebo dalsi klinicka ataka z
jiné lokalizace CNS

MR - DIS, DIT
Pozitivni nalez v likvoru

Diagnoza RS

Obrazek 1. Diagnosticky algoritmus pfi podezieni na RS.
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1.1.4 Roztrou$ena skler6za v MR obraze

Magnetickd rezonance (MR) hraje zasadni roli v diagnostice a nasledném
managmentu pacientli s RS. Umoziiuje ndm zobrazeni demyelinizacnich plak, poskytuje
cenné informace o jejich lokalizaci a rozsahu postizeni v CNS a miSe, umoznuje sledovani
dynamiky a progrese onemocnéni.

Pro RS jsou charakteristickda demyeliniza¢ni loziska v T2 vazenych obrazech a T2-
FLAIR. Jejich podkladem je primarné demyelinizace, ale ke vzniku 1ézi mohou pfispivat také
dalsi patologické procesy jako je edém, zanét ¢i glioza. Loziska mohou mit rliznou velikost,
od milimetrovych po vétsi tzv. tumoriformni plaky, které se ¢asto inicialné objevuji jako 1éze
solitarni (Obrazek 2), ackoliv pro RS jsou typické 1éze mnohocetné. Prestoze se mohou plaky
vyskytovat téméf kdekoli, nejcastéjSi lokalizace je supratentoridlné, zejména
periventrikularn€, pii postrannich komorach, kde vytvafeji charakteristicky obraz tzv.
Dawsonovych prstil, rozpinajicich se radidln¢ od komor. Tento typicky obraz vznika
z diivodu toho, Ze u RS dochéazi dominantné k tzv. perivenularnimu typu demyelinizace. Dalsi

typické lokalizace jsou uvedeny nize:

e Supratentoridlné (90%)

o periventrikularné (Obrazek 3)

o juxta/subkortikalné (Obrazek 3)

o na callososeptalnim rozhrani (Obrazek 4)
e Infratentoridln¢ (10%) (Obrazek 5)
e Micha

o C micha (Obrazek 6)

o Th micha (Obrazek 7)
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Obrazek 2. Tumoriformni plaka supratentorialné vpravo parietalné na T2-FLAIR v roviné

axialni (a) a sagitalni (b).

Obrazek 3. Mnohocetnd hyperintenzni loziska v typické lokalizaci supratentoridlné

periventrikularné€ a juxta/subkortikalné na T2-FLAIR v roviné axidlni (a) a koronarni (b).
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Obrazek 4. Hyperintenzni loZiska u pacienta s RS v oblasti calloseptalniho

rozhrani na T2-FLAIR.
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Obrazek 5. Infratentoridlni loziska u dvou riznych pacientd s RS na T2-FLAIR v roviné
axialni; vpravo v pontu, v pontinnim pedunklu a v mozeckové hemisfére (a) a viceCetna

v oblasti pontu oboustranné a soucasn¢ supratentorialné juxta/subkortikalné oboustranné (b).

Obrazek 6. Hyperintenzni loziska v kréni miSe u pacienta s RS. Rozsahlejsi 1éze v trovni C6-

C7 viditelna na T2 v sagitalni rovin€ (a), v axidlni roviné (b) patrna jeji lokalizace v miSe

lateraln€ vlevo.
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Obrazek 7. Hyperintenzni loziska v hrudni miSe u pacienta s RS. Léze v irovni Th5/Th6

viditelny na T2 v roving€ sagitalni (a) a v roviné axialni (b) je lokalizovana vpravo latero-

ventralné.

20



Standardni protokol MR: Pro detekci 1¢ézi jsou soucésti standardniho protokolu
sekvence T2WI a T2-FLAIR, na kterych jsou typicky loziska zvySené intenzity signalu
(Obrazek 8). Nove se doporucuje FLAIR sekvence jako 3D FLAIR.

Obrazek 8. Hyperintenzni loziska na axialnich T2-FLAIR (a) a T2 (b) sekvencich

supratentorialn¢ dominantn¢ periventrikularne.

T1WI slouzi jako piehledové anatomické obrazy, 3D TIWI jsou zékladem pro
volumometrické analyzy obrazii. Hyperintenzni loZziska na T2WI a T2-FLAIR mohou
korelovat s hypointenznimi lozisky na T1WI (tzv. ,,black holes*), které odpovidaji axonalnim
ztratam (Obrazek 9). Miize se u nich objevit periferni lem relativné lehce zvySeného signalu,

vznikajici sekundarné pti peroxidaci lipida a infiltraci makrofagy (Paty et al., 1994).
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Obrazek 9. ,Black holes* — hypointenzni loziska oboustranné pii frontalnich rozich

postrannich komor na T1 v roviné axialni (a), hypointenzni lozisko frontaln¢ subkortikalné

v roving sagitalni (b).

Poskontrastni vysSetieni (T1+Gd): Podéani gadoliniové kontrastni latky by mélo byt
soucasti protokolu u prvniho diagnostického vysetfeni, kdy mize napomoci stanoveni
diagnézy a muize odhalit diseminaci v Case. Pti dalSich kontroldch v tzv. monitorovacim
protokolu se kontrastni latka jiz vétSinou nepodava. Postkontrastni vySetfeni muze
identifikovat aktivni 1éze, u kterych dochazi k syceni z divodu naruSeni hematoencefalické
bariéry. Syceni mize byt riizného charakteru, od teckovitého (Obrazek 11), noduldrniho az
po periferni. Typické byva nekompletni periferni syceni do tvaru podkovy, kdy nesytici se
segment je natocen smérem ke kortexu (Obrazek 10). V 90% ptipadii dochazi k vymizeni
postkontrastniho syceni do 6 mésict, k tomu napoméha i 1é¢ba kortikosteroidy (Katz et al.,

1993).
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Obrazek 11. Priklad teckovitého syceni 1éze. Hyperintenzni lozisko v axialni roviné na T2-

FLAIR (a) a postkontrastni syceni loziska T1 Gd+ (b).

Obrazek 10. Priklad nekompletniho periferniho syceni tumoriformni plaky do tvaru podkovy.
Hyperintenzni loZisko vlevo v oblasti pontinniho pedunklu, na T2-FLAIR (a), postkontrastni

syceni loZiska v T1 Gd+ (b) v axialni roviné.

23



DWI: Demyeliniza¢ni plaky mohou vykazovat zvySenou restrikci difuze na DWI, v¢.
1ézi aktivnich, nicméné¢ tento nalez by se nemél pouzivat jako biomarker aktivity onemocnéni

(Obrazek 12).

Obrazek 12. Lozisko v levém pontinnim pedunklu s restrikci difuze na periferii loZiska.

Hyperintenzni signal na periferii na DWI (a) korelovano s poklesem signalu na ADC mapé

(b) v axialni roving.

Ke zvézeni jsou sekvence DIR (Double Inversion Recovery), které potlacuji signaly
ze dvou ruznych typl tkani, z mozkomisSniho mozku a z bilé hmoty, nebo sekvence SWI,

které jsou citlivé k hemoragiim, vizualizuji zily a depozita Zeleza a jsou zadkladem pro QSM.

Pokrocilé techniky zobrazeni: Nékteré studie pracuji s pokrocilymi technikami
zobrazeni. Mezi n¢ se fadi napt. MTI (Magnetization Transfer Imaging), poskytujici ndm
informace o obsahu myelinu. Funkéni MR, spektroskopie a kvantitativni mapovani
susceptibility (QSM) pfinaseji cenné informace o mikrostrukturach tkdni, funkc¢nich ¢i

metabolickych zménéch.

1.1.5 MR kritéria pro diagnézu RS

Pti klinickém podezieni na RS je MR diileZitou souc¢asti na cesté ke stanoveni findlni

diagnézy. MR zobrazeni je souc¢asti McDonaldovych kritérii, demonstruje diseminaci lozisek
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v prostoru a diseminaci v Case. Zaroven je diilezitou tlohou MR 1 vylouceni ev. jin¢ho

onemocnéni, které by mohlo byt pfi¢inou klinickych symptom.

e Diseminace v prostoru (DIS):
o >1 T2 hyperintenzni 1éze
o vnejméné ve 2 z nasledujicich 4 oblasti (Obrazek 14):
= periventrikularng,
= sub/juxtakortikdIné
* infratentoridlné
= vmiSe
e Diseminace v ¢ase (DIT)
o bud nové T2 hyperintenzni loZisko nebo postkontrastné sytici se loZisko na
nasledujicim MR vysSetteni (Obrazek 13).
o nebo soucasné pfitomny
= asymptomatické postkontrastné sytici se 1éze

= anesytici se léze
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Obrazek 14. Hyperintenzni loziska supratentorialn¢ periventrikularné a juxtakortikalné na
T2-FLAIR v fezu koronarnim (a) a lozisko na rozhrani prodlouzené michy a C michy na T2

STIR v roving sagitalni (b). Pacient spliiuje kritéria diseminace v prostoru.

Obrazek 13. DIT — MR vysetfeni pacienta s RS (a) a stejného pacienta s odstupem 6 mésict

od predchoziho vysetteni (b). Na sekvencich T2-FLAIR v axiélni rovin¢ je za 6 mésict patrna
progrese poctu lozisek supratentoridlné periventrikularné a juxta/subkortikélné. Pacient

spliiuyje kritérium diseminace v Case.
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1.2 Zelezo v lidském organismu
1.2.1 Funkce Zeleza v lidském organismu

Zelezo je stopovy prvek, ktery hraje nezastupitelnou roli ve fungovani lidského téla.
V lidském organismu se nachazi v nékolika forméch, které maji specifické funkce. Zelezo je
soucasti hemoglobinu, proteinu ¢ervenych krvinek, jehoz ukolem je navazat a transportovat
kyslik ke tkdnim. Soucasn¢ se podili na transportu elektronid v mitochondriich, buné¢éné
organele zodpovédné za tvorbu energie ve formé ATP pii bunééném dychani. Dale je
zabudovan do svalového proteinu myoglobinu, funguje jako kofaktor enzymi v rtiznych
biochemickych reakcich jako je syntéza DNA & metabolismus aminokyselin. Zelezo se
spolupodili na syntéze myelinu a neurotransmitert v¢. dopaminu, serotoninu i
noradrenalinu. Také ma esenciélni roli ve fungovani imunitniho systému.

Zelezo je z potravy absorbovano v duodenu a hornim jejunu ve formé hemového a
non-hemového zeleza. Odsud se dostavad do krevniho ob&hu, kde se vdze na transportni
glykoprotein transferin. Cirkulaci ve vazbé na transferin je transportovano do orgéand, kde
probiha erytropoéza, tzn. do kostni dfené, jater a sleziny, k erytroidnim buiikdm pro syntézu
hemoglobinu. Mimoto je v téchto organech skladovdno ve vazbé na protein ferritin, ze
kterého se pfi pottebé uvolnuje (Hurrell & Egli, 2010).

Lidsky organismus ma pfisné regula¢ni mechanismy pro udrzeni homeostazy Zeleza.
Deficience Zeleza mize vést ke staviim jako je anémie nebo naruSeni riiznych fyziologickych
funkci. Nadbytek na druhou stranu pfispiva k oxidativnimu stresu a poSkozeni tkani
(Katsarou & Pantopoulos, 2020).

Pokud dojde ke zvySeni podilu volného Zzeleza, at uz zdavodu poskozeni
protektivnich molekul ferritinu, kde je Zelezo uloZeno jako tzv. bezpecné zelezo, nebo
vycerpanim kapacit ferritinu, projevi se toxicita zeleza a jeho role v oxidacnim stresu
(Kruszewski, 2003). Volné Zelezo se podili na tvorbé volnych kyslikovych radikalti (ROS) a
tim padem 1 oxidativnim poSkozeni bunéénych komponent. V tzv. Fentonové reakci se
peroxid vodiku (H202) rozklad4 na hydroxylové radikaly (OH ¢). Dvojmocné Zelezo (Fe %"
slouZzi jako katalyzator pro tuto reakci, jako vedlejsi produkt reakce vznika Zelezo trojmocné
(Rovnice 1) (Fenton, 1894). Haber-Weiss reakce je dalsi biochemicky pochod podilejici se
na tvorbé ROS, probiha mezi superoxidovym aniontem (O2e-) a ionty kovu, obvykle Zeleza
(Fe 2+), za tvorby hydroxyperoxidu (HOOe). Hydroxyperoxid (HOOe<) nasledné
disproporcionuje na peroxi vodiku (H202) a hydroxylovy radikal (OHe¢) (Rovnice 2) (Kehrer,

2000; Koppenol, 2001). ROS mohou iniciovat peroxidaci lipidl, fetézovou reakci, ktera

27



poskozuje bunécné membrany a vede k apoptoze bunck. Dale se ROS podili na oxidacnim
poskozeni DNA, coz muze vést k mutacim a genové nestabilité. ROS se podili na oxidaci
proteinti a tim ovliviuji jejich funkci, ndsledkem cehoz dochézi inaktivaci enzymd,
chybnému skladani proteintl, jejich agregaci, coz ptispiva k bunécné dysfunkci (Kajarabille
& Latunde-Dada, 2019). Organismus je vybaven mechanismy antioxidacni
obranyschopnosti. Nadmérné mnozstvi volného Zeleza vSak miize tyto buné¢né antioxidanty,
jako je napft. glutathion, vyc€erpat a tim snizit schopnost buiiky neutralizovat ROS a snizit

dopady oxidac¢niho stresu (Hayes & McLellan, 1999).

Rovnice 1.

Fentonova reakce:  Fe2+ + H202 -> Fe3+ + OH- + OHe

Rovnice 2.

Haber-Weiss reakce: O2e- + Fe2+ -> HOOe
HOOe -> H202 + O2e-

1.2.2  Zelezo v mozkové tkani

Hematoencefalicka bariéra, tvofend endotelidlnimi bunkami mozkovych kapilar, je
pro transferin nepropustna. Tyto endotelialni buniky na svém povrchu exprimuji transferinové
receptory, které usnadiiuji pfestup Zeleza do mozkové tkané (Connor & Benkovic, 1992). Pies
tyto receptory Zelezo vstupuje do mozku tzv. endocytdézou (Rouault & Cooperman, 2006).
Ve formé ferritinu je Zelezo ulozeno dominantné v astrocytech, odkud je podle potieby
nasledné uvolilovano (Dringen et al., 2007).

Zelezo vykazuje nerovnomérnou distribuci v mozkové tkani, s vysokymi hladinami
v oblastech hluboké Sedé¢ hmoty, tzn. v bazalnich gangliich v€. ncl. rubber. Vyskytuje se
hlavné v organickych zasobnich formach jako je ferritin a hraje zasadni roli v syntéze DNA,
tvorbé myelinu a metabolismu neurotransmiterii (dopamin, serotonin, nor epinefrin a
epinefrin) (Gerlach et al., 2000).

V mozku je Zelezo distribuovano do riznych bun¢k, véetné neuroni a glii, a je klicové
pro jejich rust, vyvoj a funkci. Tato distribuce je ovlivnéna faktory jako jsou pocty
transferinovych receptorti na membranach bunék, coz je spojeno s metabolickymi potfebami
téchto bunck. (Beard et al, 2009). Nejvyssi koncentrace Zeleza byla prokazana

v oligodendrocytech, gliovych buiikkdch zodpovédnych za tvorbu myelinu. Proto porucha
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homeostazy zeleza ovliviiuje produkci myelinu, tim mize hrat zdsadni roli v patogenezi
demyeliniza¢nich onemocnéni.

Koncentrace zeleza v mozkové tkani kolisa s vékem, zvysuje se v pribéhu vyvoje,
poté dosahuje faze platd a nasledné klesa. Tyto zmény jsou pozorovany v riznych oblastech
mozku a jsou spojeny s funk¢énimi zménami v CNS (Roskams & Connor, 1994) .

Uloha Zeleza v neurologickém vyvoji je kriticka, protoZe jeho nedostatek v détstvi
muze vést ke kognitivnim a psychomotorickym poruchdm (Sadrzadeh & Saffari, 2004)

Abnormalni metabolismus zeleza v mozku se podili na patogenezi riiznych
neurodegenerativnich onemocnéni, krom¢ RS 1 na rozvoji Parkinsonovy a Alzheimerovy
choroby. Zvysené hladiny Zeleza ve specifickych oblastech mozku jsou spojeny s témito

stavy, coz naznacuje souvislost mezi dysregulaci zeleza a neurodegeneraci (Gerlach et al.,

1994).
1.2.3 Mg¢fteni obsahu zeleza v mozku pomoci MR

Magneticka rezonance se stala klicovym nastrojem v oblasti neurologie a neurovéd,
poskytujici neinvazivni a detailni pohled na struktury a funkce mozkové tkané. Zvlasté
dilezitym aspektem vyzkumu v této oblasti je analyza distribuce Zeleza v mozkovych
strukturach, coZ je umoznéno rozvojem novych MR technik v prib&hu poslednich desetileti.
Porozuméni role zeleza v mozkové tkani mulze pfispét klepsi diagnostice a 1écbé
neurologickych onemocnéni a oteviit nové perspektivy pro vyzkum CNS.

Mezi klinické a vyzkumné aplikace patfi diagnostika a monitorovani
neurodegenerativnich onemocnéni. Techniky hodnoceni koncentrace Zeleza v mozkové tkani
jsou klicové ve studiich patofyziologie neurologickych onemocnéni a ve vyvoji
terapeutickych strategii. Zobrazeni zeleza mize byt pouzito pro hodnoceni u¢innosti 1écby,
zv1asté u onemocnéni spojenych s abnormalni akumulaci zeleza.

Zelezo ovlivituje MR obraz svymi paramagnetickymi vlastnostmi. V p¥itomnosti
vnéj$itho magnetického pole se neparové elektrony v molekuldch a atomech obsahujicich
zelezo orientuji v jeho sméru, vytvareji doCasnou magnetizaci a ovliviluji magnetickou
susceptibilitu, coz ma dopad na lokdlni magnetické pole v téle. To muze vést k artefaktliim na
MR obrazech, zejména ve tkanich s vysokym obsahem Zeleza, jako jsou krevni hematomy.
Zeleto také ovliviuje T2*-relaxacni ¢as, coz ma za nasledek snizeni signdlu na T2*-vazenych
obrazech (Schenck, 2003).

Kromé konvencnich MR metod se dnes pouZivaji dal$i moderni nekonvenéni MR

techniky. Patfi sem 1 techniky, které stanovuji Zelezo v mozku in vivo, pfedevSim
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ve ferritinu a hemosiderinu, paramagnetickych zasobnich bilkovin zeleza. Tyto metody

vykazuji rliznou trovni tkanového kontrastu a senzitivity, nejvice se dnes pouziva QSM.

1.2.3.1 T2*-vazené obrazy

Tato metoda vyuziva rychlé relaxace T2* signdlu v pfitomnosti zeleza €i jinych
paramagnetickych latek. Zelezo zpiisobuje nehomogenity magnetického pole, coz vede ke
zkraceni relaxace T2*. Pouzivd se gradient-echo (GE) nebo echo-planar imaging (EPI)
sekvence. Kombinaci téchto sekvenci a rychlych ziskavacich ¢asii je mozné zachytit rychle
relaxujici signal a vytvotit T2*-vazené obrazy (Obrazek 15). Tyto metody jsou uzitecné pro
zobrazeni Zelezitych 1ézi a hematomi. Nevyhodou je niZsi rozliSeni obrazli a citlivost na
artefakty jako jsou napf. pohybové artefakty. Navic jsou nachylné k efektu SWI, coz miize

vést k deformacim obrazii v blizkosti oblasti s vysokym obsahem zeleza (Schenck, 2003).

Obrazek 15. Demyeliniza¢ni 1éze bilé hmoty s pfiznakem tzv. centralni
zily na T2 FLAIR (a) a T2 GRE (b) v axiélni rovin€ (nahote) a v detailu
(dole).
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1.2.3.2 Tkanova relaxometrie

Metoda méfi relaxacéni Casy T1 a T2 v tkdnich obsahujicich Zelezo a umoziuje
kvantitativni analyzu obsahu Zeleza. Pro méfeni relaxacnich Casi se pouzivaji rizné
sekvence. Tato metoda je vhodna zejména pro vyzkum a umoziuje kvantifikaci obsahu zeleza
v tkanich (Deoni, 2010). Vysoka magnetickd susceptibilita Zeleza zkracuje transverzalni
relaxacni Cas a indukuje snizeni signalu v T2 vazenych obrazech v mistech bohatych na
zelezo. Tkanovy kontrast v T2 vazenych obrazech je ovlivnén ale také naptiklad obsahem
vody nebo myelinu. Vztah mezi relaxatnim casem a koncentraci Zeleza byl ovéfen i na
preparatech postmortem (Langkammer et al., 2010). V této studii byla méfena koncentrace
Zeleza kratce postmortem na prepardtech mozku fixovanych ve formalinu technikou
MR relaxometrie a poté bylo stanoveno zelezo histochemicky pomoci spektrometrie.
Analyza prokazala, ze méfeni relaxace T2 a predev§im T2* (resp. inverzni R2, R2*) mize
byt pouzito jako senzitivni a linearni stanoveni koncentrace zeleza v mozku. Korelace vysly
1épe pro méfeni T2*, ktera je robustnéj$i metodou, citlivéjsi ke zménam koncentrace zeleza

v mozku véetné rozdila v bilé hmoté.

1.2.3.3 Susceptibility-weighted imaging (SWI)

SWI lze pteloZit jako zobrazovani magnetické susceptibility. SWI vyuziva data o
magnitudé i fazi v GRE sekvenci ke zdlraznéni rozdili v magnetické susceptibilité a
poskytuje detailni vizualizaci zilnich struktur, krvaceni, ukladani mineralti v mozkové tkani
(zjm. zeleza). SWI je vysoce citlivé na paramagnetické a diamagnetické latky, které generuji
ruzné fazové posuny. Vyhodou je vysoky kontrast pro Zelezo, detailni zobrazeni malych 1ézi

a kapilarnich struktur, v¢. vaskularnich anomalii, hematomti (Obrazek 16). Nevyhodou je

vvvvv
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Obrazek 16. Demyeliniza¢ni 1éze bilé hmoty s tzv. pfiznakem centralni
zily na T2 FLAIR (a) a SWI (b) v axidlni roviné (nahote) a v detailu
(dole).

1.2.3.4 Quantitative susceptibility mapping (QSM)

Kvantitativni susceptibilni mapovani (QSM) je technika, kterd umozZiuje méfit
absolutni koncentrace Zeleza a dalSich latek v tkanich. Tato technika poskytuje kvantitativni
informace o magnetickych vlastnostech tkan¢ na zakladé zmén susceptibility. Produkuje
susceptibilni mapy, které jsou nezavislé na orientaci tkani k hlavnimu magnetickému poli
(Schweser et al., 2011). Jde o pokrocilé postprocesingové zpracovani, které podobné jako
SWI vyuzivd fazové informace trojdimenziondlnich gradientnich sekvenci (3D-GE)
k mapovani magnetickych vlastnosti tkédni (de Rochefort et al., 2010). Nedavno
publikovana postmortem validacni studie prokéazala, ze susceptibilita v centralni Sedé hmoté
vysoce koreluje s koncentraci Zeleza. V této studii zkoumali vztah magnetické susceptibility
mozku a koncentrace zeleza na nefixovanych (in situ) postmortem mozcich 13 subjekth
s vyuzitim MR a spektrometrie. Byla nalezena velmi silnd korelace mezi chemicky

stanovenou koncentraci zeleza a magnetickou susceptibilitou ve strukturach Sedé¢ hmoty (rs =
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0,84, p <0,001), v bilé hmot¢ byl korelacni koeficient mnohem mensi (rs = 0,27, p <0,001).
Pribeh kiivky celkové linearni korelace byl v souladu s teoretickymi ivahami o magnetismu
ferritinu podporujici teorii, Ze vétSina zeleza v mozku se vaze na proteiny ferritinu. Ze studie
vyplynulo, Ze Zelezo je dominantnim zdrojem magnetické susceptibility v centralni Sedé
hmot¢ a mize byt stanoveno pomoci QSM. V regionech bilé hmoty je stanoveni Zeleza
pomoci QSM méné piesné, susceptibilita je zde vice komplexni, protoze na hodnotach
susceptibility se podili také ubytek myelinu — protismérny piispévek diamagnetickych
vlastnosti myelinovych nervovych vldken (Langkammer et al., 2012). N¢které in vivo studie
demonstrovaly, ze QSM je ve strukturach centralni Sedé¢ hmoty ke zménam indikujicim
depozita Zeleza u pacientli RS, respektive CIS, senzitivnéjsi nez jiné metody (Schmalbrock
et al., 2016; Zivadinov et al., 2012).

Data pro QSM jsou ziskavanad pomoci 3D gradient echo (GRE) sekvence. Tyto
sekvence jsou citlivé na nehomogenity magnetického pole, zplsobené rozdilnou
susceptibilitou tkéni. Primarné ziskané¢ fazové snimky obsahuji informace o lokélnich
deformitdich magnetického pole. Faze tzv. ,unwrappingu®“ koriguje diskontinuity
v puvodnich fazovych obrazech, coz vede k vytvofeni obrazu s kontinudlni fazi. Krok
odstranéni pozadi odd¢€luje lokalni odchylky pole zpiisobené tkdnémi od dalSich zdrojt, jako
jsou nehomogenity pole. Klicovym krokem je dipolova inverze, kterd spociva ve vypoctu
susceptibility tkan€ z lokalnich dat pole. Vysledkem je mapa magnetické susceptibility tkan¢,
poskytujici kvantitativni informace o jejich magnetickych vlastnostech (Schweser et al.,
2016).

QSM je efektivni v detekci a kvantifikaci koncentrace zeleza v mozkové tkani a
poskytuje vylepSeny kontrast pro struktury bohaté na Zelezo ve srovnani s béZnymi MR

technikami (Obrazek 17) (Liu et al., 2015; Wang et al., 2017).

Zpracovani QSM dat je vypocetné narocné a slozité, vyZaduje specializovany
software a odborné znalosti. QSM je také citlivé na rlizné artefakty, vcetné téch z rozhrani
vzduch-tkan, které mohou komplikovat interpretaci vysledki (Wei et al., 2015). Dalsi
omezeni spociva v tom, Ze rozliSeni QSM je limitovano moZnostmi MR skeneru a potfebou
vysokého poméru signdlu k Sumu pro presné méfené faze. V neposledni fad¢ chybi
v algoritmech zpracovani QSM standardizace, coz mize vést k variabilité vysledka v riznych
studiich nebo institucich. Metoda QSM je stale aktivné€ vyvijena, mimo jiné také z divodu,

ze kromé zvysSeného Zeleza prispiva k susceptibilité také snizené mnoZstvi myelinu, piesto je
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QSM metodou dostatecné robustni a vhodnou pro mapovani vysoce paramagnetického zeleza

v mozku, které je hlavnim determinantem mozkové susceptibility.

Obrazek 17. QSM — kvantitativni mapa susceptibility

ukazuje ukladani Zeleza v BG (bazalnich gangliich).

1.2.4  Zelezo v mozku u pacienti s RS

Jiz ptedchozi histopatologické a MR studie prokazaly zmény hladin Zeleza v 1ézich
bilé hmoty a ve strukturdch hluboké Sed¢ hmoty mozkové u pacientli s RS (Stiiber et al.,
2016). To mize znamenat, ze zelezo, jeden ze zakladnich prvkll pro normalni fungovani
bunék, se podili na patofyziologii RS. Abnormality v metabolismu zeleza mohou vést k smrti
neuront a ukladani zeleza v mozku (Stankiewicz et al., 2014).

Fenomén zvySené akumulace zeleza v makrofazich a mikrogliich v ¢asnych stadiich
aktivnich demyeliniza¢nich 1ézich zdlraznuje potencionélni roli Zeleza pii rozvoji RS, jak
bylo prokazano v riiznych histopatologickych a MR studiich (Castellaro et al., 2017). Bylo
pozorovano, ze v demyelinizac¢nich 1ézich jsou pfitomna depozita Zeleza, kterd se primarné

nachdzeji v makrofazich (Tham et al., 2021). Tato depozita tvoti charakteristické Zelezné
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prstence kolem plakt bilé hmoty, skladaji se z makrofagi a mikroglii. Tyto prstence jsou
pozorovany u aktivnich i chronickych 1¢ézi a v pribehu casu velikostné progreduji, dokonce 1
n¢kolik let po jejich vzniku (Dal-Bianco et al., 2021; Y. Zhang et al., 2016). Krom¢ toho je
pfitomnost téchto prstencti s depozity Zeleza v 1ézich bilé hmoty spojena s vy$sim rizikem
progrese onemocnéni u pacientl s klinicky izolovanym syndromem do klinicky manifestni
formy a tato progrese se vyskytuje casto diive (Burgetova et al., 2017; Schweser et al., 2021a).

U RS je progrese 1ézi charakterizovéana vyvijejicim se slozenim fagocytarnich bunék.
Pocate¢ni stadia demyelinizac¢nich 1€zi se vyznacuji pfevazné piitomnosti mikroglii
centralniho nervového systému, zatimco v pozd¢jsSich stadiich dochazi ke znacnému pftilivu
makrofagli odvozenych z perifernich monocyti (Zrzavy et al., 2017). Souasné existuji
dikazy o aktivaci mikroglii v oblastech bilé hmoty, které nejsou dle zobrazovacich ¢i
histopatologickych metod postizeny. Stupeit této mikroglidlni aktivace eskaluje
s postupujicim onemocnénim, coz je fenomén, ktery je vyrazngjsi ve srovndni se zdravymi
kontrolnimi subjekty (Zrzavy et al., 2017).

Oligodendrocyty, které patii mezi energeticky nejaktivnéjsi buniky v mozkové tkani a
které zodpovidaji za tvorbu myelinu, hraji klicovou roli v souvislosti se zapojenim Zeleza do
patogeneze RS. Tyto buriky jsou obohaceny o enzymy nezbytné pro oxida¢ni metabolismus,
pro které je zelezo dllezitym kofaktorem. Pfitomnost vysokého poctu transferinovych
receptor v membranach oligodendrocytli a myelinu poukazuje na moznou cestu akumulace
zeleza, zeyjména v aktivnich demyelinizac¢nich lézich, ve kterych dochazi k poruSeni
myelinového pochev nervovych vldken. Pozoruhodné se zdd, ze poruchy regulace Zeleza
v lézich bilé hmoty a v hlubokych strukturdich Sedé hmoty mozkové maji odlisné
patofyziologické mechanismy (Al-Radaideh et al., 2019).

Vyznamné zmény koncentraci zeleza u pacientii s RS jsou nejvice pozorovany ve
strukturach hluboké Sedé hmoty mozkové, jako je ncl. caudatus, ncl. dentatus a globus
pallidus (Elkady et al., 2017). ZvySena koncentrace zeleza v téchto strukturdch byla spojena
s degeneraci okolni bilé hmoty (Bergsland et al., 2017) a také koreluje s klinickymi pfiznaky,
veetn¢ alterace disability a kognice (Fujiwara et al., 2017; Schmalbrock et al., 2016).
Pokrocilé techniky zobrazeni magnetickou rezonanci vrhly svétlo na tato tvrzeni a prokazaly,
ze rozdily v obsahu a distribuci Zeleza se vyskytuji zfeteln€ napfic jednotlivymi strukturami
Sedé hmoty mozkové (Fujiwara et al., 2017). Nekteré studie naznacuji, ze zjevné zvyseni
hladin Zeleza nemusi nutné znamenat skute¢ny vzestup, ale spiSe se jedna o dusledek celkové
atrofie mozkové tkané, coz vede k relativnimu zvySovani koncentrace Zeleza. V této

souvislosti miize celkovy obsah zZeleza u pacientii s RS zlstat nezménén, nebo muze byt
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dokonce snizen ve srovnani se zdravymi jedinci (Elkady et al., 2017; Taege et al., 2019).
Podstatné sniZzeni obsahu zeleza je Casto pozorovano v thalamu, zejména u pacientl se
sekundarni progresivni formou RS, pficemz tento pokles je Uizce spojen se zdvaznosti
onemocnéni (Burgetova et al., 2017; Elkady et al., 2017; Schweser et al., 2021a).

V kontextu sérovych biomarkerti vétSina studii neprokazala vyznamné zmény
v hladinach zeleza a ferritinu u pacientti s RS. Tito pacienti nicméné Casto vykazuji snizenou
kapacitu pro sérové antioxidanty a zvySené hladiny hydroxyperoxidi. Kromé toho se
objevuje zvySena aktivita enzymil jako je ceruloplasmin, feroxiddza a NADPH oxidaza 5,
které jsou indikatorem probihajiciho oxida¢niho stresu (Dogan & Yildiz, 2019; Siotto et al.,
2019). Vedle téchto ndlezl je patrny vyrazny pokles transferinu a lipokalinu 2 jak v séru, tak
v mozkomisnim moku. Je pozoruhodné, ze u posledné jmenovanych bylo zjisténo, ze maji
silnou korelaci s hladinami Zeleza ve strukturach hluboké sedé¢ hmoty mozkové (Khalil et al.,

2016).
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2 Zmény magnetické susceptibility v podkorovych strukturach
mozku a v mozkové kiiFe v souvislosti s fyziologickym

starnutim

2.1 Uvod

Béhem zivota dochazi v lidském mozku k mikrostrukturalnim zménam, vcetné atrofie
Sedé hmoty, degenerace myelinu nebo akumulaci Zeleza, které 1ze zachytit in vivo riznymi
kvantitativnimi technikami MR (Callaghan et al., 2014; Lorio et al., 2014; Pfefferbaum et al.,
2009; Taubert et al., 2020). Znalost spektra strukturdlnich zmén mozku a souvisejicich MR
parametr asociovanych s vékem je dilezitd pro pochopeni neurobiologie stdrnuti a pro
odliseni fyziologického starnuti od projevii nemoci.

Magnetickou susceptibilitu, coz je charakteristika chovani latky ve vné&jSim
magnetickém poli, 1ze ve tkdnich kvantifikovat pomoci MR techniky zvané kvantitativni
mapovani susceptibility (QSM) (Wang & Liu, 2015). Ackoli magnetickd susceptibilita
mozkové tkané muze byt ovlivnéna myelinem, vapnikem nebo deoxyhemoglobinem, je
prokézano, ze hlavnim determinantem je obsah zeleza v bazélnich gangliich a dalSich
strukturach Sedé hmoty(Langkammer et al., 2015). QSM se proto povaZzuje za métitko obsahu
zeleza v Sedé hmot¢ (Acosta-Cabronero et al., 2018; Dusek et al., 2013).

K akumulaci nehemového zeleza v mozku dochazi béhem normalniho starnuti, a to
heterogenné v urCitych typech bunék a oblastech mozku, jako jsou bazalni ganglia,
hipokampus, motorickd klira, mozeckova jadra a dalsi podkorové oblasti mozku (Burgetova
et al., 2010; Connor et al., 1990; A. Daugherty & Raz, 2013; Schipper, 2012; Ward et al.,
2014). Oblasti s nejvyssimi depozity zeleza jsou globus pallidus, substantia nigra, cervena
jadra a putamen (Ghadery et al., 2015; Hallgren & Sourander, 1958; Ramos et al., 2014).

Zelezo se v mozku podili na fadé dé&t, jako je transport kysliku, oxidativni
fosforylace, syntéza DNA, mitochondridlni dychani, syntéza myelinu, aktivace
antioxidacnich enzymu a metabolismus neurotransmiterti (Ward et al., 2014). Na druhé strané
muZe naruSeni homeostazy Zeleza vést k neurotoxicit¢ mozku, a to riznymi mechanismy,
jako je poskozeni membran, bioaktivace protoxinid, aberantni bunécna signalizace,
bioenergetické selhdni, proteosomalni a mitochondridlni dysfunkce, agregace proteinli a
tvorba inkluzi, elektrofyziologické poruchy a synaptolyza. VSechny tyto faktory se mohou
podilet na apoptoze, nekrdoze nebo specifické bunécné smrti vyvolané zelezem zvané

ferroptdéza (J. Li et al.,, 2020; Schipper, 2004; Ward et al., 2014). ZvySené mnozstvi
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subkortikalniho zeleza je u starsi populace spojeno se snizenim kognitivnich a motorickych
funkci (A. M. Daugherty et al., 2015; Ghadery et al., 2015; Kalpouzos et al., 2017), coz
naznacuje, ze bazalni ganglia mohou byt v pribéhu starnuti zranitelngj$i vici hromadéni
zeleza, coz je vystavuje zvySenému riziku neurodegenerace a/nebo neurozanétu. Pochopeni
vzorcti akumulace Zeleza béhem fyziologického starnuti by tak mohlo pomoci pii identifikaci
osob, které jsou vystaveny vétSimu riziku urychlené neurodegenerace.

Vétsina predchozich studii zkoumajicich akumulaci zeleza béhem normalniho starnuti
byla zaloZena na regionalni analyze oblasti hluboké Sed¢ hmoty na R2* relaxometrii a mapach
magnetické susceptibility (Aquino et al., 2009; Bilgic et al., 2012; Gong et al., 2015; Haacke
et al., 2010; W. Li et al., 2014; M. Liu et al., 2016; Persson et al., 2015) . Analyza celého
mozku, kterd neni omezena na predem definované oblasti, byla pro studium vékem
podminénych zmén magnetické susceptibility, a tim i hladiny zeleza, pouzita jen ve dvou

studiich (Acosta-Cabronero et al., 2016a; Betts et al., 2016a).
Cil prace

Cilem této studie bylo provést podrobnou analyzu vzorcii ukladani Zzeleza
v mozkovych strukturdch u dospélych béhem fyziologického starnuti pomoci voxelové

analyzy na urovni celého mozku.
Hypotéza

Béhem fyziologického starnuti dochdzi u dospélych k akumulaci Zeleza ve

specifickych mozkovych strukturach.

2.2 Material a metodika

Design studie a vybér subjekth

Studie byla prospektivni a monocentrickd. Sbér dat probihal ve VSeobecné fakultni
nemocnici v Praze. Studie byla vedena v souladu s Helsinskou deklaraci (revidovanou v roce
2013) a schvalena etickou komisi VSeobecné fakultni nemocnice v Praze (ID1018/17).
Vsechny vySetfované subjekty podepsaly informovany souhlas.

Magnetickd rezonance mozku byla provedena u 95 zdravych jedinct (57 zen a 38
muzll) ve véku 21 az 58 let (primeér = SD = 37 + 10), ktefi reagovali na ozndmeni
prezentované na 1. Iékatské fakulté¢ Univerzity Karlovy a VSeobecné fakultni nemocnice v

Praze a spliiovali nasledujici kritéria pro zatazeni:
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e ochotni podepsat informovany souhlas v souladu s mistnimi regulacemi;
e vek 18-60 let (zvoleny tak, aby byl srovnatelny s vékem dospélych pacienti

v soubézné probihajici studii s pacienty RS).
Vylucovaci kritéria byla nasledujici:

¢ neschopnost podstoupit vysetieni MR;

e neschopnost byt vysetfen Ctytikrat v pribéhu nasledujicich tii let v 0, 12, 24, a 36
mesici;

e tchotenstvi v dobé zatazeni do studie ¢i v prib¢hu studie;

e jakakoli onemocnéni €i jiné zdravotni indispozice, nebo abnormality mozku na MR,

které¢ by mohly ovlivnit zkoumané mozkové a miSni struktury.
Protokol MR

Vysetfeni bylo provedeno nativné na 3T MR skeneru (Siemens Skyra 3T, Siemens
Healthcare, Erlangen, Némecko) s 32kanalovou hlavovou civkou typu birdcage. Protokol MR
zahrnoval anatomické T1 vazené 3D snimky s magnetizacni ptipravou a rychlym gradientnim
echem (MPRAGE) (T1WI) v sagitdlni roviné s nasledujicimi akvizi¢nimi parametry:
opakovaci €as (TR) 2300 ms; doba echa (TE) 2,96 ms; inverzni ¢as (TI) 900 ms; thel
pieklopeni (FA) 9°; zorné pole (FOV) 176x256x256 mm; prostorové rozlisSeni 1,0x1,0x1,0
mm?® pro anatomické zobrazovani a segmentace, a 3D obrazy s kompenzaci pritoku s
gradientovym echem (GRE) v axidlni roviné s nasledujicimi akvizi€nimi parametry:
opakovaci ¢as (TR) 33 ms; prvni doba echa (prvni TE) 4,5 ms, rovhomérny odstup echa= 5
ms, posledni doba echa (posledni TE) 29,5 ms, pocet ech 6; uhel preklopeni (FA) 18°; zorné
pole (FOV) 195x240x164 mm; prostorové rozliseni=0,94x0,94x0,94mm’ pro QSM.

Akvizi¢ni parametry jsou uvedeny v tabulce (Tabulka 1).
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Tabulka 1: Akvizi¢ni parametry MR

TR TE TI FA FOV prostorové rozliseni
sekvence 3

(ms) (ms) (ms) (%) (mm) (mm”®)
T1

2300 2,96 900 9 176x256x256 1,0x1,0x1,0
MPRAGE

prvni 4,5

T2* GRE 33 18  195x240x164 0,94x0,94x0,94

posledni 29,5
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Zpracovani QSM

QSM byl zpracovan pomoci viceSkalového dipolového inverzniho algoritmu,
implementovaného v softwarovém balicku QSMbox (https://gitlab.com/acostaj/QSMbox)
(Acosta-Cabronero et al., 2018; Milovic et al., 2021). Anatomické snimky TIWI (t;.
MPRAGE) byly ptevedeny do QSM prostoru registraci rigidniho télesa na obraz s velikosti
prvniho echa z pulzni sekvence GRE pomoci nastroje SPM12 (Statistical Parametric
Mapping, www.fil.ion.ucl.ac.uk/spm/software/spm12) (Huhdanpaa et al., 2014). Odstranéni
skeletu lebky bylo provedeno nasobenim binarni mozkovou maskou, generovanou pomoci
SPM a QSMboxu. Koregistrované obrazy QSM a T1WI, zbavené skeletu lebky, byly
nasledné podrobeny automatizované multiatlasové segmentaci na cloudové platformé
(www.mricloud.org) (Mori et al., 2016), vyuzivajici dudlni kontrast (napt. QSM/T1) pro
vymezeni jader hluboké Sedé hmoty mozkové (X. Li et al., 2019). Oblasti zajmu zahrnovaly

nasledujici struktury:

e globus pallidus internus

e globus pallidus externus,

e putamen,

e ncl. caudatus

e thalamus

e pulvinar thalami,

e substantia nigra,

e ncl. rubber,

e ncl. dentatus

¢ ncl. subthalamicus

e celkova bild hmota mozkova.

Segmentované objemy byly nasledné transformovany a poté byly extrahovany stfedni

hodnoty objemové susceptibility jednotlivych ROI (viz vySe). Ilustrace zpracovani dat je

znazornéna na obrazku (Obrazek 18).
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Obrazek 18. Zpracovani MR. Magnitudové (a) a fazové (b) obrazy gradientniho echa;

rekonstruovany obraz QSM (c); koregistrovany T1 vaZeny obraz po odstrannéni kalvy (d);

segmentace mozkovych struktur (e).

Hodnoty magnetické susceptibility z obou mozkovych hemisfér byly zprimérovany.
Dale byly analyzovany jako a) hrubé nekorigované hodnoty a b) hodnoty vztaZené k
prumérné objemové magnetické susceptibilité celkové bilé hmoty mozkové. Segmentace
celkové bilé hmoty byla provedena pomoci automatizovaného algoritmu, coz poskytlo vysoce

reprodukovatelné a nezavislé méfeni pro porovnani.
Zpracovani map T2*

Relaxacni mapy T2* byly vypocteny ze snimkit GRE magnitudy pomoci nelinearni
metody nejmensich ¢tverct zalozené Levenberg-Marquardtove algoritmu, implementovaném
v softwaru MRI Processor (verze 1.1.6, ImageJ 1.51k; T2* hodnoty byly omezeny na 100ms,
maximalni pocet iteraci byl nastaven na 100). Pro analyzu na urovni celého mozku byly

pouzity relaxani mapy T2*.

42



Analyza na arovni celého mozku

Analyza byla provedena podle jiz diive publikované metodiky (Acosta-Cabronero et
al., 2016b). Nejprve byla provedena linedrni predregistrace (antsRegistration) a nelinedrni
transformace (antsApplyTransformation) map magnetické susceptibility a T2* relaxacnich
map do standardniho MNI prostoru (MNI152 ,, JCBM 2009¢ Nonlinear Symmetric*) pomoci
balickiit ANTS (verze 2.1.0) (Avants et al., 2009). Ke kompenzaci mens$ich nesrovnalosti
v registraci byl pouzit stfedni filtr a filtr maximalni intenzity, oba vypocitané pies kouli o
pruméru 3 mm. Tento postup byl vybran na zaklad¢ empirického vizualniho pozorovani a
poskytl nejlepsi vysledky z hlediska nastaveni Sumu a zachovani detailu obrazu - vizudlné
jsme porovnali vystupni obrazy po aplikaci jedenacti riznych kombinaci filtri (medidnovy
sféricky, medianovy kubicky, Gausstiv sféricky) s riznou velikosti jadra. Zvolena kombinace
filtr poskytla obrazy s pfimétenou urovni Sumu a detaill a jevila se jako nejvhodnéjsi postup
pro koregistraci map susceptibility a T2* relaxa¢nich map; medidnovy filtr odstranil pozitivni
1 negativni hodnoty signdlu zptsobené cévami, zatimco sféricky filtr s maximalni intenzitou
(pramér 3 voxely) kompenzoval nedokonalosti v koregistraci uzkych struktur (zejména gyri)
se Sablonou MNI152.

V post-hoc analyze byla vytvofena maska kortikdlnich voxelid, ve kterych byla
zjiSténa vyznamna asociace magnetické susceptibility a véku. Tato maska byla aplikovéana na
anatomickou T1 Sablonou a bylo vybrano devét oblasti zajmu (region of interest - ROI)
(Obrazek 19), které byly manualné segmentovano pomoci ITK-SNAP (www.itksnap.org)
(Yushkevich et al., 2006):

e gyrus precentralis,

e gyrus postcentralis,

e dorzolateralni prefrontalni kortex,

e insularni kortex,

e precuneus,

e okcipitélni kortex,

e okcipito-temporalni kortex,

e cerebellarni vermis (Figure S1).

Pro kazdou z téchto ROI byly ziskdny primérné hodnoty magnetické susceptibility,

které byly nasledné podrobeny dalsi analyze.
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Obrazek 19. Kortikalni oblasti, které vykazuji vyznamnou korelaci mezi magnetickou

susceptibilitou a vékem na zékladnich fezech v transverzalni roviné (a) a na tfirozmérné
rekonstrukci (b) — gyrus precentralis (Cervené), gyrus postcentralis (svétle modrd),
dorzolateralni prefrontalni kortex (zelena), medialni prefrontalni kortex (tmavé modra),

insularni kortex (zluta), precuneus (purpurova).

44



Statistika

Pro hodnoceni regionalnich zmén magnetické susceptibility v zavislosti na véku byla
pouzita jednorozmérnd regresni analyza. Byly testovany linearni, kvadratické a exponencialni
regresni modely. K urceni nejvhodnéjsiho modelu bylo pouzito informacéniho kritéria Akaike
s korekci pro malé velikosti vzorkii (AICc), spolu s hodnocenim koeficientu determinace (R?
a stfedni kvadratickou chybou (RMSE).

V linearnim modely byl regresni sklon vyjadfen v jednotkach part per billion (ppb) na
rok. Statisticka vyznamnost tohoto sklonu byla testovana F-testem.

Exponencialni model byl zaloZzen na principu jednofazové asociace, pficemz byla

pouzita nésledujici rovnice pro modelovani zavislosti susceptibility na véku:

susceptibilita = A* (1 — exp (-B*age)) + C,

kde A, B a C jsou tkanové specifické parametry (W. Li et al., 2014).

Pro korekci pfi testovani vice hypotéz byla pouzita Holm-Bonferroniho metoda.
Statistické analyzy byly provedeny v softwaru Prism 8 (GraphPad Software, San Diego, CA,
USA).

Pro analyzu vztahu mezi zménami magnetické susceptibility a T2* relaxac¢niho Casu
byl pouZit softwarovy balicek SPM12. Vysledné statistické mapy byly generovany s vyuZzitim
definice clusterti a prahovych hodnot P < 0,005 (bez korekce) a P<0,05 (po korekci).

Voxelové mapy sklonii linearni regrese B byly vizualizovany pomoci nastroje
MRIcroGL (http://www.nitrc.org/projects/mricrogl). Anatomicky signifikantni zmény byly
lokalizovéany s vyuzitim tzv. Atlas of Intrinsic Connectivity of Homotopic Areas (AICHA)
(Joliot et al., 2015).
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2.3 Vysledky

Analyza ROI

Akumulace Zeleza se vzriistajicim vékem v bazalnich gangliich roste linearné€. To je
v kontrastu s thalamem, kde byl pozorovan vzor kvadraticky, a s pulvinarem, kde byl

zaznamenan vzor exponencialni (Obrazek 20).
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Obrazek 20. Korelace magnetické susceptibility (ppb) v strukturach hluboké sedi v zavislosti

na veéku véetné regresnich rovnic, 95% intervalil spolehlivosti.

Pti podrobnéjsi analyze struktur hluboké Sed¢ hmoty mozkové jsme zjistili vyznamny
linearni nardst hrubé magnetické susceptibility v nékolika oblastech. Tyto oblasti zahrnovaly
ncl.rubber (B = 1,30, p < 0,001), putamen ( = 0,89, p <0,001), substantia nigra (B = 0,76, p
< 0,001), ncl. dentatus (p = 0,73, p = 0,002), globus pallidus externus (f = 0,62, p < 0,001),
ncl. caudatus (f = 0,46, p <0,001) a subthalamickeé jadro (B = 0,43, p = 0,024). Naopak, efekt
véku nebyl vyznamny pro globus pallidus internus (f = 0,20, p = 0,15). V thalamu bylo
zjiSténo, Ze magnetickd susceptibilita nartstala az do v€ku 40 let, po kterém nasledoval
pokles. V pulvinaru byl naopak pozorovan nariist susceptibility, ktery se od veéku 40 let

ustalil.
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Dale jsme provedli analyzu magnetické susceptibility v mozkové tkdni vztazenou na

hodnoty celkové bilé hmoty mozkové. Tato analyzy pfinesla podobné vysledky (Obrazek 21).

Bylo zjisténo, ze primérnd magneticka susceptibilita v celkové bilé hmoté¢ vykazuje mirny

linearni pozitivni vliv véku (f = 0,03, p <0,002).
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Obrazek 21. Korelace magnetické susceptibility (ppb) v strukturach hluboké Sedi v zavislosti

na veéku veetné regresnich rovnic, 95% intervalli spolehlivosti, s hodnotami normalizovanymi

na susceptibilitu v bilé hmot¢.
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Analyza na drovni celého mozku
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Obrazek 22. Korelace magnetické susceptibility (ppb) v kortikalni Sedi v zavislosti na véku
véetné regresnich rovnic, 95% intervalii spolehlivosti, s hodnotami normalizovanymi na

susceptibilitu v bilé hmoté¢.

Vysledky analyzy na Grovni celé mozkové tkané dokumentujici zmény magnetické
susceptibility vyjadiené v ppb za rok jsou prezentovany na obrazcich (Obrazek 22, Obrazek
23). Mimo struktury hluboké Sedé hmoty mozkové bylo identifikovdno nékolik dalSich
regiont, kde byl pozorovan pozitivni vztah mezi magnetickou susceptibilitou a vékem. Tyto
oblasti zahrnuji precentrdlni a postcentralni gyrus, medialni a dorzolateralni prefrontalni
kortex, superioriorni temporalni gyrus a insulu, zadni ¢asti okcipitalniho gyrus, precuneus,
cuneus, zadni cinguldrni gyrus a linguélni gyrus (p < 0,05). V mozecku byla u vermis a
mozeckovych tonsil pozorovéna vyznamna pozitivni korelace s vékem (p < 0,05). Prostorové
soufadnice a anatomické oznaceni clusteri s vyznamnym vékoveé souvisejicim nartistem

magnetické susceptibility jsou uvedeny v tabulce (Tabulka 2).
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T2* relaxation time decrease [ms per year]

Obrazek 23. Mapa korelacnich koeficienti zmény magnetické susceptibility z analyzy na

urovni celého mozku v zavislosti na véku.

Nekolik regionli naopak vykazovalo snizeni magnetické susceptibility s vékem,
ackoliv byl tento efekt mnohem mensi ve srovnani s oblastmi, kde doSlo k nartstu
susceptibility. Zmény B nebyly vyssi nez -0,2 ppb za rok (p < 0,05). Mezi tyto oblasti patii
rostrum corporis callosi, capsula externa, tectum a tegmentum mesencephali, frontalni a
temporalni subkortikalni oblasti. N&které extracerebralni struktury, plexus choroideus, falx
cerebri, venozni siny vykazovaly pokles magnetické susceptibility s vékem s 8 do -1,0 ppb

zarok (p <0,05).
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Tabulka 2. Oblasti s vyznamnymi zménami T2* relaxacniho Casu v zavislosti na véku.

Cluster volume Peak susceptibility Peak T

MRNI coordinates [rmim]

Peak Structura

Anatomical structures within cluster

[mmd) change [ppbivear] value X ¥ z
10477 1.7 10.7 16 1 -5 Putamen* Right Putamen, Pallidum, Caudate,
Substantia Nigra, Red Nucelus®
10,018 1.5 10.3 -14 1 -4 Putamen* Left Putamen, Pallidum, Caudate,
Substantia Nigra, Red Nucleus®
464 0.8 51 -15 —B0 37 Dentate® Left Dantate*
389 0.7 4.9 15 -58 37 Dentate” Right Dentate®
3.126 0.5 7.0 —41 =11 56 Precentral gyrus Left Precantral gyrus, Paracentral
labube
G685 0.5 4.9 -23 —B8 7 Calcarine gyrus Left Calcarine, Lingual, Fusiform gyri,
Pariestoocelpital sulcus
914 0.4 4.8 —41 =29 4 Superior Temporal Left Superor Temporal gyrus, Posterlor
gyrus Insula
3,628 0.4 6.4 23 -22 63 Precentral gyrus Right Precantral gyrus, Paracentral
lobule
811 0.4 4.8 45 -16 0 Superior Temporal Right Suparor Temporal,
gynus Supramarginal gyrl, Posterior Insula
1,802 0.4 5.0 -8 -35 47 Cingulate sulcus Left Cingulate sulcus, Superior Frontal
gyrus, Paracentral lobule
252 0.3 6.4 29 =54 -16 Fusiform gyrus Right Fusiform, Lateral Occlpital gyr
303 0.3 4.7 5 —B& 30 Superior Occipital Right Suparor Occipital, Calcarine
gyrus gyri, Cunaus
3,779 0.3 6.3 4 =26 [13] Paracentral lobule Right Paracentral lobule, Cingulate
suleus, Suparior fromtal gy
210 0.3 4.7 -25 -76 28 Middle Occipital gyrus  Left Middle Occipital, Angular gyri,
Intraoccipital sulcus
442 0.3 38 13 =30 0 Thalamic pulvinar® Right Thalamus®
485 0.3 5.3 2 -55 -36 Cerabellum Carebeallar vermis
1,503 0.3 5.4 23 11 63 Superior Frontal sulcus  Right Supedor Frontal gyrus and
sulcus, Precentral sulcus
193 0.3 4.9 -4 —81 26 Cuneus Left Cuneus, Calcarine, Superior
Occipital gyri
383 0.3 4.1 35 11 25 Inferior Fromtal gyrus Right Inferior Frantal gyrus, Precentral
sulcus
326 0.3 4.9 -2 —74 34 Parietooceipital sulcus  Left Parietooccipital sulcus, Precuneus
635 02 4.6 45 -25 43 Postesntral sulcus Right Pesteentral sulcus and gyrus
1.241 02 4.7 -33 —4 54 Superior Frontal gyrus  Left Superior Frontal sulcus and gyrus,
Precentral sulcus
427 02 4.2 26 -73 29 Middle Oceipital gyrus  Right Middle Occipital, Angular gyri,
Intraoccipital, Intraparietal sulci
239 D2 3.9 -50 —47 32 Supramanginal gyrus Left Supramanginal, Inferior Parietal gyri
ara 02 4.1 -8 —G6 -58 Cerebellum Left and right Cerabellar tonsils

Post-hoc analyza magnetické susceptibility v kortikalnich oblastech s vyznamnym

vlivem véku ukazala jeji linearni nariist v postcentralnim, dorzolaterdlnim prefrontalnim,

medialnim prefrontalnim kortexu, insule, v kortexu okcipitalnim, precuneu a vermis (f = 0,2,

P <0,001). V gyrus precentralis a temporo-occipitalis magnetickd susceptibilita vykazovala

exponencialni rast s relativné prudkym vzestupem do véku 40 let s ndslednym oplosténim

kiivky (Obrazek 23).
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2.4 Diskuze

V této studii jsme kvantifikovali zmény magnetické susceptibility souvisejici s vékem
ve strukturach hluboké Sedé hmoty mozkové a mozkovém kortexu u kohorty dospélych
zdravych jedincti pomoci analyzy na trovni celého mozku a regiondlni analyzy (ROI).

V ramci nasi studie jsme pozorovali linedrni souvislost mezi vékem a magnetickou
susceptibilitou v rtznych strukturach Sedé hmoty mozkové. Tato souvislost byla zvlasté
vyrazna v n€¢kolika oblastech a to ncl. rubber, putamen, substantia nigra, ncl. dentatus, globus
pallidus externus a ncl. caudatus. Od téchto struktur se lisil thalamus, kde byla pozorovéana
kvadraticka asociace mezi vékem a magnetickou susceptibilitou rostouci pied a klesajici po
dosazeni véku 40 let.

Analyza QSM dale ukézala vyznamnou pozitivni korelaci mezi vékem a magnetickou
susceptibilitou v rozsahlych oblastech mozkové kiry — ve frontdlnich lalocich, v area
Rolandi, v insularnim kortexu, v precuneu a cuneu, v zadnim cingulu a lingudlnim gyru.
Paralelni analyza T2* relaxanich map na trovni celého mozku odhalila obdobny vzorec
zmén magnetické susceptibility v souvislosti s vékem.

Na rozdil od susceptibility, u které jsme prokazali pozitivni efekt stoupajiciho véku
primarné ve strukturach Sedé hmoty mozkové, oblasti, kde bylo zaznamenéno zkracovani T2*
relaxacniho ¢asu v zavislosti na veéku, se piekryvaly jak s Sedou hmotou mozkovou, tak se
paramagneticky ucinek akumulace Zeleza a diamagneticky ucinek myelinu v bilé hmoté
vzajemn¢ vyvazuji, zatimco v T2* relaxanich mapach akumulace Zeleza a zrani myelinu
s postupujicim vékem zplsobuji mistni nehomogenity magnetického pole, coz vede ke
zkraceni relaxacnich ¢asii T2*. Tento efekt byl zv1aste patrny v subkortikélnich oblastech bilé
hmoty, kde je zndmo, Ze k akumulaci Zeleza dochazi.

Srovnani vysledkGi mapovych analyz QSM a T2* ukazuje, ze QSM muze byt
vhodngjsi metodou pro hodnoceni zmén koncentrace Zeleza v souvislosti s vékem
v kortikélnich oblastech.

Je vSeobecné zndmo, Ze proces akumulace Zeleza v mozku v pribéhu Zivota neni
linearni. Zaznamenali jsme, Ze béhem prvnich dvou dekad Zivota dochazi k prudkému nardstu
koncentrace tkanového Zeleza (Hallgren & Sourander, 1958), coZ mé za nasledek zvySeni
magnetické susceptibility, jak jiz bylo popsano v piedchozich studiich (W. Li et al., 2014;
Persson et al., 2015; van der Weijden et al., 2019). Po tomto rychlém nartstu dochéazi ve véku

20-60 let k oplosténi kiivky, v nékterych ptipadech dokonce k jejimu poklesu ve stafi.
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Pro vétSinu struktur hluboké Sedé hmoty mozkové a kortexu jsme ve vékovém
rozmezi 20 az 60 let pozorovali linearni vyvoj hodnot magnetické susceptibility. Zajimavé je,
ze nekteré oblasti, jako je pulvinar, motorické a okcipito-temporalni kiira, vykazovaly v nasi
studii exponencidlni vztah mezi v€kem a magnetickou susceptibilitou. To naznacuje méné
vyraznou pocatecni akumulaci Zeleza v téchto oblastech, nasledovanou postupnym
oplosténym kiivky s piibyvajicim vékem.

Nase zjisténi ukazuji, ze nejvetsi vliv véku na magnetickou susceptibilitu (nejstrméjsi

sklon regresni kiivky) byl zaznamenén v ncl. rubber a putamen. Toto pozorovani je v souladu

2015). Ackoliv ncl. rubber bylo obecné méné zkoumano, v n¢kterych soucasnéjsich studiich,
podobn¢ jako v nasi studii, bylo absolutni zvySeni magnetické susceptibility v ncl. rubber
vys$si nez v putamen (Betts et al., 2016b; Bilgic et al., 2012; Persson et al., 2015).
Pozorovany pozvolny a mirngjs$i vzestup magnetické susceptibility v ncl. caudatus,
post mortem in vitro (Ramos et al., 2014)¢i in vivo (Acosta-Cabronero et al., 2016a;
Burgetova et al., 2010; Persson et al., 2015; Ward et al., 2014).
zmény magnetické susceptibility v souvislosti s vékem (Acosta-Cabronero et al., 2016a;
Gong et al., 2015; Persson et al., 2015) nebo pouze mirnou akumulaci Zeleza v pribchu
starnuti (Bilgic et al., 2012). Metaanalyza, ktera zahrnovala 20 MR studii a ktera odhadovala
obsah Zeleza v ncl. caudatus, globus pallidus, putamen, ncl. rubber a substantia nigra,
zdokumentovala nejniz8i rozdily souvisejici s v€kem u globus pallidus, ackoli byla tato
struktura v absolutnich hodnotach bohat4 na Zelezo (Daugherty & Raz, 2013).Studie, které
zahranovaly kojence, zaznamenaly exponencidlni vzorec se strmé rostouci koncentraci Zeleza
a také magnetickou susceptibilitou od narozeni s naslednym oploSténim kiivky od pocatku 3.
dekady dale (Ghadery et al., 2015; Ning et al., 2019; Peterson et al., 2019; Ramos et al., 2014;
Ward et al., 2014). Tyto studie si vSak nekladly za cil specificky analyzovat trajektorii obsahu
zeleza v globus pallidus béhem dospélého Zivota. Nase vysledky naznacuji, ze diivodem
protichtidnych zjisténi mlze byt rozdilny piispévek globus pallidus externum a internum
v zavislosti na strategii segmentace. Narozdil od vnitini ¢asti, vngj$i ¢ast, kterd ptiléha
k putamen, vykazovala v soucasné¢ studii linedrni narGst susceptibility v prabéhu
fyziologického starnuti. Podobny ucinek byl pozorovan u R2* pii¢né relaxivity v jiné studii,
ktera segmentovala vnitini a vngj$i ¢ast globus pallidus (Betts et al., 2016a). Tyto vysledky

poukazuji na zfetelnou regulaci koncentrace Zeleza v podoblastech pallida a naznacuji, ze
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vnitini a vnéjsi globus pallidus by mély byt pro spravné posouzeni zmén v této struktuie
analyzovany odd¢leng.

Vyzkumy ukazuji, ze thalamus ma celkové nizky obsah Zeleza. Predpoklada se, ze
pfitomnost myelinu v thalamu ma vyznamny vliv na zmény magnetické susceptibility, coz
muze maskovat efekt nizkého obsahu Zzeleza na susceptibilitu této struktury, zejména ve
vztahu k véku (Hagemeier et al., 2013). Zajimavym jevem je pozorovany vzorec, kdy do véku
40 let dochazi k narGstu susceptibility, nasledovanému pozdé¢jSim poklesem, coz
koresponduje s vékem souvisejicimi zménami v koncentraci Zeleza v thalamu, jak bylo
zjisténo v post mortem studiich (Hallgren & Sourander, 1958). Tento jev naznacuje, ze
susceptibilia thalamu je pravdépodobné primarné ovliviiovana mnozstvim zeleza, podobné
jako u bazalnich ganglii.

Na rozdil od nékterych ptedchozich vyzkumu (Persson et al., 2015) jsme v nasem
vyzkumu, stejné¢ jako nékteré dalSi studie, identifikovali pozitivni nartist magnetické
susceptibility s nariistajicim vékem v pulvinaru thalamu. Je jisté zajimavé poukazat na rozdil
mezi pulvinarem a dal§imi thalamickymi jadry. Pulvinar, ackoli je umistén v zadni ¢asti
thalamu, je vizudln€ rozpoznatelny na QSM a vykazuje odlisny vzorec chovani ve srovnani
s ostatnimi thalamickymi jadry. Zhang a kol. (Y. Zhang et al., 2018) poukézali na to, Ze
v medialnich a laterdlnich jadrech thalamu dochazi k bidirektoridlnimu vzorci susceptibility,
zatimco anteriorni jadra a pulvinar vykazuji postupny nartst susceptibility s vékem. Tato
zjiSténi naznacuji potfebu rozliSovat mezi riznymi oblastmi thalamu pfi analyze magnetické
susceptibility, zejména ve vztahu k obsahu Zeleza. Vyzkum tak podporuje teorii, Ze pulvinar
a ostatni thalamicka jadra by méla byt analyzovana oddélené.

Zmény distribuce Zeleza souvisejici s vékem v cerebralnim a cerebelarnim kortexu in
vivo, jsou prozkoumany mnohem méné. Tento fakt muize souviset s komplexnéjsi a
variabilnéj$i anatomii mozkové klry ve srovnani s jadry hluboké Sedé hmoty mozkové. Pro
pfesnou analyzu na trovni skupiny je tieba provést nelinearni transformaci, aby bylo mozné
korelovat odpovidajici oblasti mezi jednotlivymi subjekty.

Mezi dalsi vyzvy patii ztenCeni kortexu a rozsifeni subarachnoidalnich likvorovych
prostor v cerebralnich sulcich jako doprovodny jev mozkové atrofie, kterd doprovazi v urcité
mife 1 fyziologické starnuti. NaSe analyza na urovni celého mozku potvrzuje nalezy
z ptedchozich voxel-based QSM studii, které ukazaly, ze vyvoj kortikdlni magnetické
susceptibility v pribeéhu starnuti je nerovnomérny (Acosta-Cabronero et al., 2016a; Betts et

al., 2016a).
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Nejsilngjsi vliv v€ku byl zaznamenan v oblastech zapojenych do motorickych,
kognitivnich a vizualnich funkci, vCetné area Rolandi, premotorické kiiry, cerebelarniho
vermis, dorzolaterdlniho prefrontdlniho kortexu, insularnich oblasti, precuneu, cuneu,
zadniho cingula a linguélnich a fusiformnich gyrt. Tato zjisténi jsou v souladu s pfimym
méfenim koncentrace Zeleza v post mortem tkanich (Hallgren & Sourander, 1958), coz
naznacuje, ze Zelezo vyznamné prispiva k magnetické susceptibilité v kiie.

Struktury, které akumuluji Zelezo v pribéhu starnuti, obsahuji dopaminergni drahy
zavislé na Zzeleze. Byla vyslovena hypotéza, Ze jak zmény v obsahu Zzeleza, tak zmény
v dopaminergnim pfenosu, mohou byt zodpovédné za zmény chovani béhem starnuti
(Acosta-Cabronero et al., 2016b; Persson et al., 2015)(Steiger et al., 2016).

V bilé hmoté je magnetickd susceptibilita pfevazné ovlivnéna diamagnetickym
myelinem. Bylo zjisténo, Ze trajektorie magnetické susceptibility bilé hmoty prochazi
pocateCnim poklesem, dosahujicim minima mezi 25. a 45. rokem Zivota. Po ném nasleduje
zvyseni, které souvisi s dozravanim a rozpadem myelinu v pribc¢hu normalniho vyvoje
mozku (W. Li et al., 2014).

Zjistili jsme maly, ale statisticky signifikantni pozitivni vliv véku na magnetickou
susceptibilitu celkové bilé hmoty, coz koresponduje s ptedchozi studii (Milovic et al., 2021),
kterd naznacuje, Ze susceptibilita ve vétSiné oblasti bilé hmoty byla za timto minimem ve
zkoumané vékové skuping.

Prostiednictvim QSM analyzy na Grovni celého mozku jsme dale identifikovali oblasti
bilé hmoty s mirnou negativni asociaci mezi v€kem a magnetickou susceptibilitu, coz bylo
doprovazeno sniZzenim T2* relaxacnich Casii v téchto regionech. Jednalo se zejména o
frontotemporalni subkortikalni oblast a rostralni corpus callosum. Tyto nélezy jsou v souladu
s poznatkem, ze myelin v téchto oblastech dozrava v pozdni dospélosti (Branson, 2013).

Tato studie ma nékolik limitaci. Zaprvé, jedna se o prifezovou studii, coZ neumoziuje
pfimou analyzu vyvoje jednotlivych regiondlnich hodnot magnetické susceptibility v pribéhu
starnuti. Pro potvrzeni vztahu mezi starnutim a magnetickou susceptibilitou bude nezbytna
longitudinalni studie.

Vékové spektrum subjektil v rozmezi 20-60 let nezahrnuje adolescenty a seniory,
vysledky tak nelze zobecnit na celou populaci. Primarnim cilem této studie bylo poskytnou
referencni hodnoty pro pacienty s roztrouSenou skler6zou, ale vysledky mohou byt pouZity i
pro jind onemocnéni s poc¢atkem v dospélosti, napt. Huntingtonovo onecmonéni, Wilsonova

choroba nebo neuromyelitis optica (Dezortova et al., 2020; Pudlac et al., 2020).
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Magneticka susceptibilita je pouze zastupnym ukazatelem koncentrace zeleza a je také
ovlivnéna jinymi latkami, jako je napt. diamagneticky myelin. Nicméné¢ jasna shoda hodnot
susceptibility s diive publikovanymi piimo naméfenymi koncentracemi zeleza vSak
poukazuje, ze u struktur Sedé hmoty mozkové je magnetickd susceptibilita dominantné
ovlivnéna koncentraci Zeleza a ti¢inek myelinu je maly.

Tzv. voxel based analyza zahrnuje nerigidni deformaci anatomickych struktur, aby
odpovidala Sablon¢. To je neodmyslitelné spojeno s chybami, které mohou vést s falesné
negativnim asociacim souvisejicim s vékem pro nékteré oblasti mozku.

Zéaveérem, zmeény susceptibility jsou pravdépodobné ovlivnény nejen absolutnim
obsahem zeleza, ale také zménami relativni koncentrace zeleza, které jsou zplsobeny
sekundarné sniZzenim objemu hodnocenych struktur v souvislosti s vékem (Schweser et al.,

2021b). Z této prurezové studie vSak nelze odvodit takto slozité vztahy.

2.5 Zavér

Nase studie ukdzala, Ze se Zelezo ukladd ve specifickych oblastech mozku béhem
fyziologického starnuti na zakladé riznych vzorci. Nejvice akumuluji Zelezo oblasti, které
jsou zapojené do motorickych, vizudlnich a kognitivnich funkei. Linearni vzorec akumulace
zeleza v pribéhu fyziologického starnuti v dospélosti je v bazalnich gangliich a vétSing
kortikalnich oblasti. Na rozdil od toho v thalamu, pulvinarech, precentralnich oblastech a v
okcipito-temporalnim kortexu, sleduje akumulace Zeleza kvadraticky nebo exponencialni
vzorec.

Zmeény obsahu Zeleza béhem starnuti se odliSuji v pulvinaru a ve zbytku thalamu.
Z toho vyplyvé vyhodnost pouziti analyzy na urovni celého mozku se segmentaci subregionti
thalamu a globus pallidus pro spravné stanoveni zmény v akumulaci Zeleza souvisejicich
s fyziologickym starnutim ¢i nemoci.

Stanoveni odchylky zmén koncentrace Zeleza v mozku v priibéhu starnuti by mohly byt
uzite¢né pii odhalovani ¢asnych zmén provézejicich neurodegenerativni a neurozanéltivé

procesy.
Hypotéza

Nase studie ukazala, Ze se Zelezo behem fyziologického starnuti uklada ve specifickych

oblastech mozku, a to na zékladé¢ riiznych vzorcl. Hypotéza byla potvrzena.
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3 Longitudinalni sledovani pacientii s RS se zamérenim na

kvantifikaci biomarkeru oxidac¢niho stresu v mozkomiSnim

r e o0

moku a séru a zkoumani jejich vztahu k mozkové atrofii a

akumulaci Zeleza v mozku na za¢atku onemocnéni a za 2 roky

3.1 Uvod

Velkou vyzvou pro managment pacienti s RS je potieba stratifikace pacientli na
pocatku nemoci a identifikace prediktorti progrese onemocnéni a odpovédi na 1é6¢bu. V CR je
asi 20-25 tisic pacientd, vék pocatku nemoci se pohybuje nejcastéji mezi 20-40 lety, tedy se
jedna spise o mladsi dospelé, kteti jsou pak na 1écbeé dlouhodobé. Piekotny vyvoj moznosti
1é¢by, zejména 1écby biologické, kterd patii mezi 1é¢bu modifikujici onemocnéni vyuZzivanou
k dlouhodobé stabilizaci onemocnéni, cena za terapii a zaroven jeji nezadouci u€inky néas nuti
hledat prediktivni biomarkery progrese onemocnéni, které by umoznily posun

k personalizované a efektivni terapii.
Cil prace

Identifikace biomarkeri pro sledovani a detekci Casné progrese onemocnéni,
stratifikace pacienti s de novo diagnostikovanou RS, identifikace prediktorti progrese
onemocnéni a odpovédi na lécbu s vyuzitim kvantitativni multiparametrické MR pro
longitudinalni sledovani pacientli. V prospektivni studii jsme se zaméfili na kvantifikaci
hladiny biomarkeri oxida¢niho stresu, antioxida¢ni kapacity a stanoveni lehkych fetézct
neurofilament jako markeru neuroaxondlni 1éze v mozkomi$nim moku a séru u pacientli
s nov¢ diagnostikovanou RS a hledali jsme jejich souvislost s mozkovou atrofii a depozity

zeleza v mozkové tkani na pocatku onemocnéni a poté pti kontrolnim vySetfenim za 2 roky.
Hypotéza

Oxidacni stres se podili na bunééném poskozeni jiz v casnych fazich RS, coz se miize
odrazet na zvySenych hladinach biomarkert oxida¢niho stresu v likvoru a séru, a zvySenou
magnetickou susceptibilitou ve strukturach hluboké sedé hmoty mozkové spolecné s atrofii

mozkové tkané.
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3.2 Material a metodika
Design studie a vybér subjekt

Nase studie byla prospektivni, longitudinalni. Sbér dat probihal ve VSeobecné fakultni
nemocnici v Praze. Studie byla vedena v souladu s Helsinskou deklaraci (revidovanou v roce
2013). Tato studie byla schvalena etickou komisi VSeobecné fakultni nemocnice v Praze

(ID1018/17), vSechny subjekty podepsali informovany souhlas.

Prvni ¢asti studie (tzn. baseline vySetieni) se zacastnilo 103 subjektli ve vékovém
rozmezi 33 £+ 9 let. Jednalo se o pacienty, ktefi byli v obdobi srpen 2017-leden 2020 nové
diagnostikovani s onemocnénim RS, pfed zahdjenim 1écby. Tito pacienti podstoupili
komplexni neurologicka vySetfeni, v¢. ur€eni tzv. Expanded Disability Status Scale (EDSS),
MR mozku a odbér a vyhodnoceni markert v likvoru.

Kritéria pro zatazeni do studie byla:
e vék nad 18 let,
e diagnoza RS stanovena na zdkladé McDonaldovych kritérii revidovanych v roce
2017.
Vylucovaci kritéria byla nésledujici:
e dalSi zavazna onemocnéni ¢i jiné zdravotni indispozice nebo abnormality na MR
mozku, které by mohly ovlivnit zkoumané mozkové a misni struktury,

e tchotenstvi v pribéhu studie;

Jako zdravé kontroly byly pouzity dvé skupiny subjektli — jedna skupina pro MR mozku,

druha skupina pro porovnani biochemickych zmén v likvoru.

Zdravé kontroly MR mozku byly pouZity subjekty z pfedchozi studie, ktefi reagovali na

vyzvu 1.LF UK a VFN v Praze, a zaroven spliovaly nésledujici kritéria:

e ochotni podepsat informovany souhlas v souladu s mistnimi regulacemi,

e aby vekove odpovidaly jako kontroly pacientim ve studii RS).
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Vylucovaci kritéria byla nasledujici:

e nemoznost podstoupit vySetieni MR;

e nemoznost byt vySetfen Ctyfikrat v prub¢hu nasledujicich tii let v 0., 12., 24., a 36.
mesici;

e téhotenstvi v pritb¢hu studie;

e jakakoli onemocnéni ¢i jiné zdravotni indispozice, nebo abnormality mozku na MR,

které by mohly ovlivnit zkoumané mozkové a misni struktury.

Z puvodni skupiny 111 subjektti jsme vybrali 99 s vékovym rozpétim, ktery odpovidal
pacientiim s RS.

Pro zdravé kontroly likvoru bylo pouzito 45 vzork pacientli s neurologickym
onemocnénim nezanétlivého charakteru, které byly vybrany z likvorové banky. Skupina
téchto kontrol zahrnovala 37 pacientll s nezanétlivym neurologickym onemocnénim a 8
pacientil, ktefi podstoupili spindlni anestezii pted urologickym zakrokem.

Z ptvodniho poctu 103 pacientd s de novo diagnostikovanou RS, v dal§im pribéhu
studie 26 pacientli nepodstoupilo kontrolni MR vySetteni. Dalsi 3 pacienti byli vyfazeni pro
nekvalitni MR zobrazeni, 3 pacienti vyfazeni pro nejistou diagndézu (susp. spektrum
onemocnéni typu neuromyelitis optica nebo piekryv s nimi) a 1 pacient, protoZe neobdrzel
terapii modifikujici onemocnéni. Pro finalni longitudinalni analyzu ndm zbylo 70 pacientt

(Obrazek 24).

Baseline (n=103)

Bez kontrolniho vysetfeni (n=26)

\ 4

Kontrolni MRI (n=77)

Vylouceno (n=7)

o . Nizkd kvalita MR vysetieni (n=3)
. Nejista diagndza (n=3)
. Bez aktivni 1éCby (n=1

Analyzovano (n=70)

Obrazek 24. Flowchart studie.
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Kontrolni MR vysetteni bylo provedeno v ¢asovém rozmezi duben 2020 — inor 2022.
Casové rozmezi mezi baseline a kontrolnim vySetfenim, které zhruba odpovidalo i trvéni
samotné¢ho onemocnéni, bylo 25,1 mésice (IQR 24,4 — 26,2 mésice). Z celkového poctu 70
pacientil bylo 48 zen a 22 muzl pramérného véku 31 (IQR 26-41) let.

Pacienti v mezidobi absolvovali 1é&bu modifikujici onemocnéni. Casové rozmezi
mezi 1éCbou kortikosteroidy a MR vySetienim bylo u vSech pacientt delsi nez 30 dnt.

Zdravych kontrol bylo 58 taktéz s baseline a naslednym kontrolnim vySetfenim

v obdobném ¢asovém intervalu.

Protokol MR

Vysetfeni bylo provedeno nativné na 3T MR skeneru (Siemens Skyra 3T, Siemens
Healthcare, Erlangen, Némecko) s 20kandlovou hlavovou civkou typu birdcage. Protokol MR
zahrnoval nasledujici sekvence: T1 vazené 3D snimky s magnetizaéni pfipravou a rychlym
gradientnim echem (MPRAGE) (T1WI) v sagitdlni roviné¢ s nasledujicimi akvizi¢nimi
parametry: opakovaci ¢as (TR) 2300 ms; doba echa (TE) 2,96 ms; inverzni ¢as (TI) 900 ms;
uhel pteklopeni (FA) 9°; zorné pole (FOV) 176x256x256 mm; prostorové rozliSeni 1,
0x1,0x1,0 mm® pro anatomické zobrazovani a segmentace, a 3D obrazy s kompenzaci
pratoku s gradientovym echem (GRE) v axidlni roviné s nasledujicimi akvizi¢nimi
parametry: opakovaci ¢as (TR) 33 ms; prvni doba echa (prvni TE) 4,5 ms, rovhomérny odstup
echa= 5 ms, posledni doba echa (posledni TE) 29,5 ms, pocet ech 6; uhel pteklopeni (FA)
18°; zorné pole (FOV) 195x240x164 mm; prostorové rozliseni=0,94x0,94x0,94mm? pro
QSM. Akvizi¢ni parametry jsou uvedeny v tabulce (Tabulka 3).

Tabulka 3: Akvizi¢ni parametry MR

TR TE TI FA FOV prostorové rozliSeni

sekvence 3

(ms) (ms) (ms) (%) (mm) (mm”)
T1

2300 2,96 900 9  176x256x256 1,0x1,0x1,0
MPRAGE

prvni 4,5
T2* GRE 33 posledni 18  195x240x164 0,94x0,94x0,94
29,5

59



Zpracovani MR obrazii

Pro ziskdni map QSM byly vyuzity snimky GRE. Pro tento ucel byl pouzit software
QSMbox (https://gitlab.com/acostaj/QSMbox, ptistup z 20.¢ervna 2022) (Acosta-Cabronero
et al., 2018). Pro zpracovani TIWI (MPRAGE) a jejich koregistraci byly pouzity softwary
Statistick¢ parametrické mapovani (SPM12, verze 7771; http://www.fil.ion.ucl.ac.uk/spm,
zptistupnéno 1.unora 2020) a Computational Anatomy Toolbox software (CAT 12, verze
12.8.1; www.neuro.uni-jena.de/catl12/, zptistupnéno 20.fijna 2020), bézici pod Matlab
v.2022a (The Math Works, Inc., Natick, MA, USA). Nejdiive byly TIWI individualné
zbaveny Sumu, proSly korekci a pomoci CAT12 koregistrovany. Odpovidajici FLAIR snimky
byly nasledné registrovany podle T1WI a 1éze bilé¢ hmoty segmentovany s pouzitim algoritmu
predikce 1ézi v LST toolboxu verze 3.0.0 (www.statistical-modeling.de/lst.html, pfistupny
1.¢ervna 2022) pro SMP. Vyslednd mapa 1ézi byla pouzita jako maska aplikovana na TIWI
snimky (Schmidt et al., 2012). T1WI byly segmentovany pomoci CAT12 k ziskani celkovych
objemu Sedé a bilé hmoty a frakce mozkového parenchymu (BPF). Nasledné byly snimky
QSM pievedeny do prostoru TIWI. Z TIWI byl odstranén skelet lebky pomoci mozkové
binarni masky zalozené na SMPI12, kterd byla vypocitana pomoci softwaru QSMbox.
Koregistrované QSM a T1WI zbavené lebky byly poté vloZeny do plné automatizované
multiatlasové segmentace, vyuZzivajici dvoji kontrast pro vymezeni jader hluboké Sedé hmoty
mozkoveé, implementované v cloudové platformé (www.mricloud.org, ptistupna z 30.fijna
2022) (Mori et al., 2016). Kvalita segmentace byla ovéiena vySkolenym vyzkumnikem, aby
bylo zajiSténo spravné vykresleni struktur. Objemy ncl.caudatus, globus pallidus, putamen,
thalamus, subthalamické jadro, ncl. rubber, ncl. dentatus byly ureny jakou soucet
bilateralnich struktur. Hodnoty magnetické susceptibility byly vztazeny k primérné
susceptibilité¢ celého mozku, aby se predeslo potencionalnim zkreslenim, ktera mohou byt
zpusobena zménami susceptibility souvisejicimi s onemocnénim konkrétnich anatomickych
oblasti nebo chybami pfi manualnim vykresleni sktruktur. K omezeni vlivu zvySené hladiny
zeleza pii souCasné atrofii struktur byla susceptibilita kazdé struktury vypocitdna zvIast
nasobenim jejiho objemu stiedni hodnotou susceptibility (Herndndez-Torres et al., 2019;

Schweser et al., 2021b). [lustrace zpracovani dat je zndzornéna na obrazku (Obrazek 25).
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Obrazek 25. Zpracovani MR.

61




Analyza likvoru a séra

Likvor byl odebran pouze pii baseline vySetieni. Odbér se standardné provadél
z meziobratlovych prostor L5/S1, L4/L5 nebo L3/L4 u pacientl vsed¢ ve vzpiimené poloze
v rannich hodinéach za sterilnich podminek. Byla pouzita 20G atraumaticka jehla. Celkové
bylo ziskano 20ml likvoru. Z tohoto mnozstvi byl Iml pouzit pro rutinni analyzu, ktera
zahrnovala métfeni hladin albuminu a celkové hladiny proteini v CSF, analyzu bilych
krvinek, IgG indexu, oligoklondlnich péasit a poméru albumin v CSF a séru. Soub&zné
s lumbalni punkci bylo odebrano 5ml krve. CSF a sérum byly okamzité centrifugovany pfi
rychlosti 3000 otacek za minutu po dobu 10 minut pii teploté 4°C. Supernatant byl nasledné
rozdélen do alikvot a zmrazen pfi teploté -80°. Pro analyzu CSF a séra byly vzorky po
rozmrazeni znovu centrifugovany a uchovavany na ledu. VSechny vzorky byly testovany

v duplikatech.

Kromé béznych biochemickych parametri se navic stanovovaly hladiny:

e 8-iso prostaglandin F2a (8-isoPG, 8-isoprostan)

e Lipokalin spojeny s neutrofilni gelatindzou (NGAL, lipocalin-2)

e Peroxiredoxin-2 (PRDX2)

e Produkty peroxidace lipidli (malondialdehyd a 4-hydroxyalkenal, MDA +
HAE)

e §-Hydroxy-2'-deoxyguanosin (8-OHdG)

8-iso prostaglandin F2a (8-isoPG, 8-isoprostan) Hodnoty 8-isoPG byly stanoven
imunochemicky nekompetitivni ELISA metodou s biotinylovanou anti-humenni 8-isoPG
protilatkou. Pouzita byla ELISA souprava pro lidsky 8-iso prostaglandin (kat. ¢. MBS
160287, MyBioSource, Inc., San Diego, CA, USA). Rozsah kalibrace byl od 0 do 640ng/l,
pficemz byl linedrnim ve vSech hodnotach.

Lipokalin spojeny s neutrofilni gelatinazou (NGAL, lipocalin-2) Koncentrace
NGAL byly méteny nekompetitivniho ELISA- metodou (kat.¢. MBS5644140, MyBioSource,
Inc., San Diego, CA, USA). Vzorky byly pied analyzou 10x nafedény. Kalibrace se

pohybovala od 0 do 10ng/ml a byla linearni v celém rozsahu.
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Peroxiredoxin-2 (PRDX2): Hodnoty PRDX2 byly stanoveny pomoci nekompetitivni
ELISA metody s biotinylovanou protilatkou pro humannimu PRDX2 (kat.¢. ELH-PRDX2,
RayBiotech, Norcross, GA, USA). Vzorky byly pfed pouzitim 5x nafedény. Kalibrace se
pohybovala od 0 do 12,8 ng/ml. Pro odhad koncentraci vzorki byla pouzita polynomicka
regrese 2.fadu.

Produkty peroxidace lipidi: Testovani bylo provedeno kolorimetrickym testem na
bazi N-methyl-2-fenylindolu (souprava Bioxytech LPO-586, kat. ¢. 21012, OXIS
International, Inc., Foster City, CA, USA). V postupu pro soucasné stanoveni
malondiaaldehydu a 4-hydroxyalkenali (MDA + HAE) byla jako kyselé rozpoustédlo pouzita
kyselina methansulfonova. Vzorky pro test MDA+HAE byly stabilizovany butylovanym
hydroxytoluenem (BHT; 20ul 0,2% BHT bylo pfidano do 200ul CSF bezprostfedné po
odbéri vzorkli, pfed zmrazenim na -80°C). V testu byl jako kalibratorr pouzit
tetramethoxypropan v koncentracih od 0 do 4pumol/l.

8-Hydroxy-2'-deoxyguanosin (8-OHdG): Byl testovdn kompetitivni ELISA
metodou (Biox-ytech 8-OHdG EIA Kit, kat.c. 21026 OXIS International, Inc., Foster City,
CA, USA). Kalibrace byla provedena pro koncentrace 0,5 az 8 ng/ml a byla v tomto rozmezi
linedrni. U pacientd s RS byly vzorky CSF v dostate¢ném mnozstvi pro analyzu 8-OHdG, 8-
1soPG, NGAL a PRDX2 dostupné u 62 pacientt a pro analyzu MDA + HAE u 37 pacientil.

Statistika
Baseline

Statistické zpracovani dat bylo realizovano v softwaru SPSS (IBM, Armonk, NY).
Analyza zahrnovala porovnani dichotomickych a spojitych proménnych. K tomuto ucelu
byly vyuzity rizné statistické testy jako Fishertv test, t-test, Mann-Whitneyho test a
zobecnény linearni model (GLM), v zavislosti na distribuci dat. Pro identifikaci statisticky
vyznamnych odlehlych hodnot byl pouZzit Grubbiiv test s hranici vyznamnosti stanovenou na
p < 0,05. V dalsim kroku byly vypocteny parcidlni korelacni koeficienty. Tyto koeficienty
byly upraveny pro vék a pohlavi a slouzily k posouzeni vztahli mezi biochemickymi markery
a objemy struktur hluboké Sedé hmoty mozkové, jakoz i hodnotami magnetické susceptibility.
Tato analyza byla provedena u nové diagnostikovanych pacientii s RS a porovnavana se
zdravymi kontrolami. Hodnoty p byly upraveny podle véku a pohlavi. P-hodnota pod 0,05

byla povaZovana za vyznamnou.
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Kontrolni vySetreni

Ve fazi prvniho kontrolni vysetieni byla statistickd analyza provedena s vyuzitim
softwaru SPSS 19 (IBM, Armonk, NY, USA) a programovaciho jazyka R (R Core Team,
Vienna, Austria). Pro porovnani proménnych byly aplikovany parovy Wilcoxonlv testu a
Mann-Whitneyho test. Dale byly vypocteny Spearmanovy hodnotni korela¢ni koeficienty,
které byly upraveny s ohledem na vék a pohlavi ucastnikii, aby bylo mozné posoudit vztahy
mezi biochemickymi markery a objemy struktur hluboké Sedé hmoty mozkové a magnetickou
susceptibilitou. Tyto koeficienty byly vypocitiny pomoci funkce pcor v programovém
jazyce R. Pro upravu vysledkli za tcelem omezeni family-wise chybovosti byla pouzita
Bonferroniho korekce, také implementovand v R. Bindrni multivariabilni analyza byla
provedena pomoci doptedného modelu (forward model). Aby bylo mozné efektivné porovnat
kvantitativni analyzu mezi pacienty s RS a zdravymi kontrolami, byly provedeny tpravy pro
kompenzaci rozdili v ¢asovych intervalech mezi zakladnimi a kontrolnimi vySetfenim.

Statistickd vyznamnost byla definovand hranice hodnoty nizsi nez p < 0,05.
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3.3 Vysledky
3.3.1 Baseline
Srovnani MR pacientii s RS a zdravymi kontrolami

Mozkova volumetrie a kvantifikace magnetické susceptibility ve strukturach hluboké
Sed¢ hmoty mozkové jsou uvedena v tabulce (Tabulka 4). Ve srovnani se zdravymi
kontrolami méli pacienti s RS nizsi frakci mozkové tkané (p = 0,001), mensi objem thalamu
(p <0,001) a putamen (p = 0,002) a vyssi hodnoty magnetické susceptibility v ncl. caudatus
(p =0,041) a globus pallidus internus (p = 0,015).

Tabulka 4. Porovnani objemu a susceptibility ve strukturach hluboké mozkové Sedi mezi

pacienty s RS a zdravimi kontrolami.

MS (n =103) MRI Controls (n = 99)
Mean Std. Deviation Mean Std. Deviation p-Value
Sex (male/female) 28/75 38/61 0.090
Age (years) 325 8.0 33.7 8.3 0.305
EDSS (median, IQR) 2 15-25 - - -
Lesion load (cm?) 2.7 5.3 - - -
Lesion count (median, IQR) 7 4-20 - - -
Brain parenchymal fraction (%) 80.3 34 815 2.8 0.001
DGM Volumes (cm3)
caudate 8.0 0.7 8.1 0.6 0.240
GPI 11 0.1 1.1 0.1 0.230
GPE 3.1 0.3 3.2 0.3 0.528
putamen 8.7 0.7 9.0 0.8 0.002
thalamus 96 0.6 9.9 0.6 <0.001
pulvinar 23 0.3 2.5 0.3 <0.001
subthalamic nucleus 0.3 0.1 0.4 0.1 0.310
substantia nigra 1.3 0.1 1.4 0.2 0.163
red nucleus 0.6 0.1 0.6 0.1 0.710
dentate 1.8 0.4 1.8 0.3 0.711
DGM Susceptibilities (ppb)

Caudate 245 58 23.0 47 0.041
GPI 53.1 6.4 50.9 5.7 0.015
GPE 62.8 7.7 62.2 6.8 0.594
Putamen 236 6.7 236 6.1 0.977
Thalamus 09 23 1.0 2.0 0.728
Pulvinar 17.9 52 18.3 5.2 0.582
subthalamic nucleus 419 7.3 43.2 6.9 0.214
substantia nigra 53.4 7.3 522 6.6 0.099
red nucleus 39.2 7.8 39.7 8.1 0.639
Dentate 374 8.6 369 9.8 0.693
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Srovnani biochemickych markeri u pacienti s RS a zdravych kontrol

CSF byl dostupny u 62 nové diagnostikovanych pacienti s RS. Kontrolni skupina byla

star$i ve srovnani s pacienty s RS (33 £ 9 vs. 40 = 12 let, p < 0,001). Pacienti s RS m¢li vyssi
hodnoty 8-OHdG (p = 0,041), PRDX2 (p = 0,015) a lipoperoxida¢nich markerat (MDA +

HAE; p =0,009) ve srovnani se zdravymi kontrolami (Tabulka 5).

Tabulka 5. Srovnani biochemickych markert v likvoru mezi pacienty s RS a zdravymi

kontrolami

MS (1 =62) CSF Controls (n = 45)

Mean Std. Deviation Mean Std. Deviation p-Value
Sex (male/female) 19/43 20/25 0.143
Age (years) 33.3 8.6 40.2 11.6 <0.001
CSF sampling to MRI interval (months) 1.1 3.9 n.d n.d. n.d.
Cerebrospinal Fluid Analysis

0112 0.310 0.026 0.122 1
8-OHdG (ng/mL) (median=0)  (IQR=0t00)  (median=0)  (IQR=0 to ) 0.041
8-is0PG (ng/L) 44 319 13.611 41.071 9.679 0.447
NGAL (ng/mL) 4.366 2.085 4.968 2.226 0.473
PRDX2 (ng/mL) 10.966 2961 9.437 3.945 0.015
MDA + HAE (umol/L) 0.605 2 0.2642 0.448 0.153 0.003
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Korelace mezi biochemickymi markery v CSF a MR parametry

U pacienti s RS byly korelace mezi parametry CSF a MR slabé az stfedn¢ silné.
Z parametric MR s vyznamnymi rozdily mezi skupinami RS a zdravymi kontrolami byly
parametry CSF vyznamn¢ spojeny pouze se zménami magnetické susceptibility ncl. caudatu
a objemu thalamu. Hladina 8-isoPG negativné korelovala s magnetickou susceptibilitou
v globus pallidus externus. Hladina NGAL negativné korelovala se susceptibilitou a objemem

thalamu a susceptibilitou a objemem ncl. dentatus (Obrazek 26).

PRDX2 and thalamus volume PRDX2 and dentate volume
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Obrazek 26. Regresni kiivky ukazuji negativni korelaci mezi PRDX2 a objemem talamu

(vlevo) a objemem dentata (vlevo).

Mezi markery lipoperoxidace a objemem globus pallidus a subthalamichého jadra
byla negativni korelace (Tabulka 6). Zadny z biochemickych markerii nebyl vyznamné

spojen s objemem 1ézi T2, poctem 1ézi nebo EDSS.
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Tabulka 6. Parcialni korela¢ni koeficienty mezi biochemickymi markery a objemy nebo

susceptibilitou hluboké mozkové Sedi.

Structure 8-OHdAG 8-isoPG NGAL PRDX2 MDA + HAE
r p r P r P r P r p
Volume
caudate 0.017 0.895 —0.147 0.271 —-0.170 0.195 —0.236 0.055
globus pallidus int. 0.175 0.181 —0.020 0.879 0.039 —0.005 0.006
globus pallidus ext. 0.195 0.136 —0.199 —0.081 —0.083 0.009
putamen 0.115 0.380 0.022 —0.137 —0.069 0.963
thalamus 0.074 0.57 —0.028 —0.045 0.733 —0.341 0.886
pulvinar thalami 0.129 0.328 0.036 —0.067 0.613 —0.240 0.909
subthalamic nucleus 0.032 0.806 —0.189 0.008 0.950 0.011 0.027
substantia nigra 0.002 0.990 —0.115 —0.145 0.268 —0.112 0.187
red nucleus 0.046 0.724 —0.152 0.25 —0.036 0.786 —0.034 0.081
dentate —0.014 0.916 —0.097 0.471 —0.292 0.023 —0.291 0
Susceptibility
caudate —0.283 0.026 —0.098 0.450 0.009 0.942 —0.042 747 0.200
globus pallidus int 0.029 0.821 —0.141 0.276 0.120 0.352 0.124 0.207
globus pallidus ext —0.037 0.777 —0.276 0.030 0.017 0.894 0.097 0.283
putamen —0.396 0.001 —0.095 0.462 0.031 0.808 —0.058 0.213
thalamus 0.139 0.28 0.103 —0.055 0.669 —0.099 —0.088 .
pulvinar thalami —-0172 0.181 —0.016 —0.129 0.317 —0.245 0.024 0.888
subthalamic nucleus —0.141 0.275 —0.215 . 0.016 0.899 0.092 0.285
substantia nigra —0.101 0.433 —0.107 0.407 0.052 0.686 0.190 0.296
red nucleus —0.309 0.015 —0.075 0.016 0.904 —0.010 ).941 0.295 .07
dentate —0.067 0.604 —0.154 0.231 —0.314 0.013 —0.293 0.021 0.011 0.947

3.3.2 Prvni kontrola

V prubéhu sledovaného obdobi mezi zadkladnim vySetienim a prvnim kontrolnim
vysetfenim byl u pacientd s RS pozorovan pokles frakce mozkové tkané. Byl zaznamenan
statisticky vyznamny pokles objemu jak v celkové bilé hmoté mozkové, tak 1 v Sedé hmotg,
zejména v ncl. caudatus, thalamu, substantia nigra a putamen. Soucasné bylo zjiSt€no
vyznamné zvySené stfedni hodnoty magnetické susceptibility v ncl. caudatus, globus
pallidus, putamen a ncl. dentatus, zatimco v thalamu doslo k poklesu. I po korekci k atrofii
zustaly zmény magnetické susceptibility signifikantni ve vSech jmenovanych jadrech kromé
ncl. dentatus (Tabulka 6). U 19 pacientii doslo ke zvySeni skore EDSS v porovnani s baseline
vySettenim, které bylo provedeno pfed dvéma roky. Binarni multivaria¢ni analyza, zahrnujici
kvantitativni MR a biochemické hodnoty, neposkytla vyznamny prediktivni model pro
pochopeni zmén v EDSS.

Pti longitudinalnim sledovani byly zjiStény podobné zmény v lokalnich objemech a
susceptibilitach u zdravych kontrol, jako u pacienti s RS. Ve srovndni se zdravymi

kontrolami, u pacientii s RS byla zaznamenana vyraznégj$i atrofie thalamu a celkového
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objemu bilé¢ hmoty, stejné jako vyznamné;jsi nartist susceptibility v ncl. caudatus, putamen a

globus pallidus a vyraznéjsi pokles susceptibility v thalamu (Tabulka 7).

Tabulka 7. Zmény objemu a magnetické susceptibility struktur hluboké Sedi mozkové a

celého mozku v porovnani mezi pacienty s RS a zdravymi kontrolami.

MS patients Healthy controls
Change IOR change IOR P
Volume [%]
Caudate -0.82 -2.13t0 0.05 0.4 -0.79t0 0 0.069
Putamen -0.62 -272t0 0.6 -0.56 -1.04to0 -0.16 071
Globuis pallidus -0.01 -1.1to 1.64 0.31 -0.09to 1 0.26
Thalamus -1.52 -242 to -0.41 -0.46 -0.79 to -0.12 <0.0001
Subthalamic nucleus -0.49 -4.18 to0 3.15 0.07 -1.19t0 2.3 0.14
Substantia nigra -1.11 -3.98 to 1.15 -0.25 -1.5t0 0.53 0.16
Red nucleus -0.52 -3.31t0 2.27 0.01 -1.28 to 0.96 0.18
Dentate -0.21 -1.7to 1.21 0.01 -0.67 to 1.15 0.17
Total grey matter -0.59 -1.27 to -0.06 -0.38 -0.65 to -0.19 0.075
Total white matter -0.61 -1.31to -0.11 -0.03 -0.21 to 0.14 <0.0001
Brain parenchymal fraction [%] -0.59 -1.24to -0.16 -0.22 -0.37 to -0.09 0.0004
Susceptibility [ppb]
Caudate 0.53 -0.15 t0 0.98 0.19 -0.06 to 0.4 0.032
Putamen 0.62 0.09to 1.11 0.33 0.08 to 0.64 0.018
Globus pallidus 0.29 02410 1.2 0.04 0.34t0 0.46 0.027
Thalamus -0.25 -0.58 to 0.02 -0.09 -0.22 to 0.05 0.0071
Subthalamic nucleus 0.04 -0.92t0 1.14 0.12 -0.69 to 0.68 0.77
Substantia nigra 0.26 -0.96 to 1.35 0.1 -0.62 to 0.61 0.31
Red nucleus -0.08 -1.04 t0 0.83 0.24 -0.18t0 0.8 0.15
Dentate 0.34 -0.22 to 1.07 0.17 -0.08 to 0.54 0.35
Susceptibility mass [ppb-em?] ¥
Caudate 2.22 -1.84to 6.46 0.79 -1.36 to 2.75 0.16
Putamen 3.94 -0.66 to 7.35 1.88 -0.69 to 4.64 0.066
Globus pallidus 291 -1.64 to 6.79 1.13 -1.03 to 4.71 0.17
Thalamus -2.77 -6.06 to 0.57 -1.02 -2.04 to 0.58 0.0094
Subthalamic nucleus 0.02 -0.55 to 0.46 0.05 -0.29 to 0.48 0.35
Substantia nigra -0.74 2.64t02.36 0.44 -1.24t0 1.77 0.21
Red nucleus -0.29 -0.97 t0 0.79 0.25 -0.25to 0.79 0.012
Dentate 0.61 -1.1to 2.35 1.00 -0.26 to 2.29 0.17

Pti korelaci magnitudy zmén (objem, susceptibilita) u pacienti s RS s urovni
biochemickych parametri zaznamenanych na pocatku studie, byly zjiStény pozitivni asociace
mezi snizeni frakce mozkového parenchymu a ubytkem objemu bilé hmoty a thalamu
s vys8imi hladinami Nfl v mozkomiSnim moku a séru (Tabulka 6). Déle bylo zjisténo, ze nizsi
hladiny PRDX2 v likvoru na zacatku studie byly spojeny s vétSim nartstem magnetické

susceptibility v substantia nigra. Stejné tak niz8i hladiny MDA+HAE v mozkomi$nim moku

69



na pocatku studie korelovaly s vétSim nartistem magnetické susceptibility v ncl. dentantus

(Tabulka 6).
3.4 Diskuze

3.4.1 Baseline

V této studii jsme zjistili, ze pacienti s de novo diagnostikovanou RS vykazuji vyssi
magnetickou susceptibilitu v ncl. caudatus a globus pallidus internus nez u zdravych kontrol,
coz je v souladu s nadmérnou akumulaci zeleza u pacientd s RS. Tito pacienti maji vyssi
hladiny markerti oxida¢niho stresu v CSF, coz koreluje se susceptibilitou a objemem struktur

hluboké §edé hmoty mozkové.

Vybrané markery oxidacniho stresu v CSF

Peroxiredoxiny, presnéji PRDX2. Tento protein je primarn¢ exprimovana
v astrocytech, pficemz jeho vyrazné€jsi pfitomnost byla zaznamendna v okrajovych oblastech
1ézi 1ézich RS (Voigt et al., 2017). V nasi studii bylo pozorovano, Ze zvySené hladiny PRDX2
v CSF u pacientt s RS koreluji se stupném zanétu a oxidacniho stresu. Ackoli PRDX2 ma
ochrannou roli proti oxidacnimu poskozeni neuronti a zanétlivému postizeni, jeho zvysSené
hladiny v CSF miiZou byt vhnimany jako negativni prognosticky marker, odraZejici probihajici
oxida¢ni stres. Negativni korelace mezi PRDX2 a objemem thalamu tak muize indikovat
piispéni oxidacniho stresu k atrofii thalamu u pacientli s RS, coz je také silny prediktor
progrese disability (Solomon et al., 2017).

8-hydroxy-2-deoxyguanosin (8-OHdG). Tento marker je znamy jako hlavni produkt
oxidativniho poskozeni DNA. V nasi studii byly zji$tény vyssi koncentrace 8-OHdG v CSF
u nové¢ diagnostikovanych pacientii s RS, coz podporuje teorii, Ze je oxidativni poSkozeni
DNA spojeno s rozvojem RS.

Isoprostan 8-iso-PGF2a. Tento biomarker slouZi jako indikator peroxidace lipida
(Miller et al., 2014; Mir et al., 2014). Pfedchozi studie jiz zaznamenaly zvySené hladiny 8-
1soPG v likvoru u pacientli s RS, pficemz byla prokézana korelace mezi zvySenymi hladinami
tohoto biomarkeru a stupném zavaznosti onemocnéni (Lam et al., 2016; Mir et al., 2014).
Domnivame se, Ze neprokazéani vztahu mezi hladinami 8-isoPG a dal§imi markery v CSF a
EDSS vnasi studii je pravdépodobné zplsobeno Casnou fazi a velmi mirnym stupném

zé&vaznosti onemocnéni nasi skupiny pacientii RS.
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Lipocalin asociovany s neutrofilni gelatinazou. Tento biomarker hraje roli
v riznych zanétlivych drahach. V nasi studii jsme nezaznamenali vyznamné rozdily
v hladinach NGAL mezi pacienty s RS a zdravymi kontrolami. Byla vSak zjisténa negativni
korelace hladin NGAL s magnetickou susceptibilitou v ncl. dentatus. Tyto rozdilné nalezy
mohou byt disledkem rozdilti v metodach méieni Zeleza. Zvysend magnetickd susceptibilita
u pacientil s RS, ktera se 1i8i od vysledka ziskanych pomoci relaxometrie R2*, miize odréazet
nejen akumulaci Zeleza, ale také demyelinizaci. Tento faktor mize ovlivnit analyzy asociaci
mezi NGAL a dalSimi vySetfovanymi parametry v CSF a Zelezem ve strukturach hluboké
Sedé¢ hmoty mozkové. Kromé toho muze Siroké spektrum ucinkt NGAL pftispivat k jeho
riznym patogenetickym vlivim v zdvislosti na stadiu onemocnéni. Tyto G¢inky zahrnuji
indukci smrti neuronovych bun¢k, modulaci koncentrace Zeleza a jeho ukladani v bunikach,
coz je jeden zrysi neurodegenerace u RS, jak jiz dfive ukéazala nase studijni skupina
(Burgetova et al., 2017; Pudlac et al., 2020) a dalsi (Khalil et al., 2015).

Malondialdehyd i hydroxyalkenaly. Jedna se o markery peroxidace lipida (Ayala et
al., 2014a). Zjistili jsme vyssi hladiny MDA+HAE v CSF u pacientii s RS ve srovnani se
zdravymi kontrolami a souvislost s mensim objemem globus pallidus internus, globus
pallidus externus a subthalamického jadra. Presto jsme v nasi kohorté pacientll s RS nenasli
vyznamnou atrofii téchto struktur. Toto zjiSténi tak miize byt v souladu s prodromalni
neurodegeneraci globus pallidus a subthalamického jadra u podskupiny pacientd s RS se
zvysenou peroxidaci lipidi. Na druhou stranu nebyla pozorovana zadna souvislost mezi
MDA-HAE a hladinami Zeleza, coZ by hovofilo proti teorii, Ze paramagnetické Zelezo mé&fené
pomoci QSM se piimo podili na ferroptoze.

V souladu s pfedchozimi studiemi naSse MR data ukazuji, Ze pacienti s nové
diagnostikovanou RS jiZ maji atrofii thalamu, pulvinaru a putamen (Andravizou et al., 2019).
Ncl. caudatus a globus pallidus vykazuji signifikantné vy$8i magnetickou susceptibilitu u
pacientil s RS, coZ souvisi s akumulaci Zeleza v téchto strukturach (Burgetova et al., 2010).
Déle jsme prokazali, Ze zvySena susceptibilita v globus pallidus u nové diagnostikovanych
RS je fizena zejména zménami ve vnitinim pallidu.

Nase studie ma urc€ité limitace. Zvyseni hladiny 8-OHdG, PRDX2, MDA + HAE v CSF
muze byt také zplisobeno narusenim hematoencefalické bariéry a nejen jejich zvySenym
obsahem v CSF z divodu samotného onemocnéni. Kromé toho jsou zndmy cirkadianni
fluktuace hladin zkoumanych biomarkerit v CSF. Na druhou stranu byly lumbalni punkce
provadény v obdobnou denni dobu, coz by mélo tento uUCinek omezit. Magneticka

susceptibilita je sice markerem koncentrace Zeleza, ale ovliviiuji ji 1 dalsi latky, jako je napf.
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myelin. V neposledni fad¢, ackoliv byl vékovy rozdil mezi pacienty s RS a kontrolami CSF
vyznamny, zadnou vékovou zavislost parametri CSF jsme nezaznamenali, a upravili jsme

statistické analyzy podle v€ku tam, kde to bylo vhodné.
3.4.2 Prvni kontrola

V této longitudinalni studii jsme prokazali vyznamnou atrofii thalamickych jader a
bilé hmoty mozkové, spolu s akumulaci zeleza ve striatu a globus pallidus u pacientti v ¢asné
fazi RS ve srovnani se zdravymi kontrolami. Zadna z tdchto abnormalit nekorelovala
s markery oxidacniho stresu v CSF. Ztrata objemu bilé hmoty a thalamu byla vsak pozitivné
korelovana se zvySenim hladin NfL v CSF a séru pfi baseline vySetieni. Prestoze se celkove
magnetickd susceptibilia na Urovni skupiny neménila, zvySeni magnetické susceptibiliy
v substantia nigra a ncl. dentatus korelovalo s niz§imi zakladnimi hladinami PRDX2 a
produktt peroxidace lipidi (MDA + HAE) u pacientii s RS.
mozkové spolu s atrofii thalamu a striata u pacientii RS mezi baseline vySetfenim a
kontrolnim vySetfenim za 2 roky (Hénninen et al., 2020). Z téchto zmén byla vyznamna
zejména ztrata objemu thalamu a bilé hmoty v porovnani s fyziologickym starnutim. Tato
neurodegenerativni sloZka onemocnéni RS byla jiz dfive povaZovana jako silni prediktivni
faktor pro budouci dysfunkci kognice a disability (Bergsland et al., 2021; Rocca et al., 2021).

Vyznamnym biomarkerem, ktery predpovida atrofii mozkové tkan€ a miize pomoci
identifikovat pacienty s vy$§im rizikem progrese onemocnéni, se ukazal byt NfL v CSF a séru
(Martin et al., 2019; Steffen et al., 2023; Uher et al., 2020; Ziemssen et al., 2022). Konkrétné&ji
byla silna korelace mezi zakladnimi hodnoty NfL a atrofii thalamu, jak jiz bylo popsano diive
(van Lierop et al., 2022). Thalamus je jeden z prvnich mozkovych struktur, kde Ize u pacienti
s RS pozorovat sniZzeni objemu, a jeho atrofie ma silnou klinickou korelaci s prognézou
disability(Hanninen et al., 2020; Zivadinov et al., 2022). Jakimovsky et al. uvedli souvislost
mezi vy$8§imi hladinami NfL a niZsi perfuzi thalamu. Tyto zmény perfuze, stejné jako atrofie,
mohou byt pficteny k patofyziologickym mechanismim RS (Jakimovski et al., 2019).

V rdmci nasi studie bylo pozorovano zvySeni magnetické susceptibility ve strukturach
hluboké Sedé hmoty mozkové u pacienti s RS, nejvice v ncl. caudatus, putamen a globus
pallidus. Tento narist magnetické susceptibility byl vyznamnéjsi nez zmény zaznamenané u
zdravych kontrol béhem sledovaciho obdobi. Toto pozorovani podporuje piredchozi studie o
zvySené magnetické susceptibilit€é nebo zvySeném T2* relaxacnim casu v bazalnich

gangliich, coZ se da interpretovat jako disledek zvySené akumulace Zeleza (Bagnato et al.,
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2011; Hagemeier et al., 2018). Vzestup magnetické susceptibility byl patrny i1 po korekci na
atrofii, coz naznacuje, Zze zvySené hladiny zZeleza nejsou zptsobeny pouze atrofii samotnou
(Schweser et al., 2021b). Nejpravdépodobnéji byl tento jev zplisoben kombinaci influxu
paramagnetického zeleza béhem neurodegenerace a soucasné ztrdtou paramagnetického
myelinu. Histopatologické studie ukazuji, ze Zelezo je primarné ulozeno v oligodendrocytech
a myelinovych vldknech, odkud je uvolnéno pii demyelinizaci (Burgetova et al., 2017;
Langkammer et al., 2012). Naopak v thalamu byl u pacienti s RS zaznamenan pokles
magnetické susceptibility ve srovnéni se zdravymi kontrolami. Tento nélez je v souladu
et al., 2011; Hagemeier et al., 2018).

Vysledky nasi longitudindlni studie nepotvruji hypotézu, ze markery oxidac¢niho
stresu v CSF by mohly predpovidat ztratu objemu nebo akumulaci Zeleza v mozkovych
strukturdch postizenych u pacientll s RS. Piestoze je oxidacni stres obecné povazovéan za
klicovy faktor v demyelinizaci a axonalnim poskozeni u RS, a o¢ekavalo by se, Ze se tyto
zmény projevi zvySenim hladin axntioxidacnich enzymdu, jako je glutathionperoxidaza,
peroxiredoxin nebo zvySené markery peroxidace lipidi (Ghonimi et al., 2021; Haider et al.,
2011; Voigt et al., 2017; S.-Y. Zhang et al., 2020), vnasi studii jsme tuto korelaci
nezaznamenali. V na$i pfedchozi cross-sekéni studii na této kohorté pacientli s RS byly
pozorovany zvySené hladiny PRDX2 v CSF, coz korelovalo s atrofii thalamu. Tento nélez
zdaraznil moznou roli antioxida¢nich cytoprotektivnich enzymu v reakci na zanét (Burgetova
et al., 2022; Uzawa et al., 2020). Nedostatecnd asociace mezi PRDX2 a dalSimi markery
oxidativniho stresu se stupném ztraty objemu struktur mozkové tkané€ v longitudinalni studii
2011; Keles et al., 2001).

Vyznamna asociace mezi markery oxidativniho stresu a magnetickou susceptibilitou
byla prokazéna v substantia nigra a ncl. dentatus. Tyto struktury byly v pfedchozich studiich
o RS zkoumdany pouze okrajove. Je zajimavé, ze bylo popsano nékolik siti susceptibility
v mozkovych strukturach s nezavislou regulaci homeostazy zeleza béhem starnuti, ktera se
1i81 u zdravych jedinci a jedinct s RS (Maciejczyk et al., 2018). NaSe zjisténi, Ze selektivni
asociace mezi markery oxida¢niho stresu a zvySenim magnetické susceptibility, byla
pozorovana pouze v podskupiné struktur hluboké Sedé¢ hmoty mozkové, podporuji teorii, ze
akumulace Zeleza v mozku je fizena né€kolika nezavislymi mechanismy. Zejména negativni
korelace PRDX2 s akumulaci Zeleza v substantia nigra, kterd v§ak v pribéhu dvou let nebyla
vyrazné zvysSena na urovni celé skupiny v nasi studii, je vyznamnym néalezem. V jiné studii
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byla prokazana zvysend akumulace Zeleza v substantia nigra, coz navrhovalo to, ze mize
dochazet k akumulaci zeleza v této struktuie u RS pacientti, kteti maji nizké hladiny PRDX?2
v CSF (Andravizou et al., 2019). PRDX2 je vysoce reaktivni peroxidaza s cytoprotektivni
funkci. V mozku je dominantné¢ exprimovana v astrocytech bilé hmoty, a jeji nejveétsi
koncentrace byly pozorovany v periferii demyelinizacnich 1€zi bilé hmoty (Moezzi et al.,
2022) To naznacuje, ze PRDX2 mulze mit protektivni efekt proti akumulaci Zeleza
v substantia nigra, coz je aspekt, jehoz role v patogenezi RS by mohla byt podcenovana.
Recentni studie navic naznacuji, Ze zejména Unava, ktera je Castym ptiznakem RS, je
specificky asociovana s aktivaci mikroglii v substantia nigra (Singhal et al., 2020) Miizeme
pouze spekulovat o ditvodech, pro¢ ze vSech zkoumanych markerti oxidacniho stresu byla
pouze PRDX2 asociovana s obsahem Zeleza v substantia nigra.

V ncl. dentatus magnetickd susceptibilita negativné korelovala s baseline hladinami
MDA + HAE. Toto pozorovéani je v souladu s dfivéjSimi studiemi, které popisovaly
strukturalni zmény ncl. dentatus u pacientii s RS, v¢etné redukce aferentnich synapsi a reakce
astroglii (Albert et al., 2017)MDA + HAE, jako markery peroxidace lipidd, jsou obzvlast
relevantni v mozkové tkani s vysokou spotiebou kysliku a vysokou koncentraci
nenasycenych mastnych kyselin (Ayala et al., 2014b)Peroxidace lipidd je navic i soucasti
procesu demyelinizace (Ferretti & Bacchetti, 2011). V tomto kontextu je inverzni vztah mezi
zvySenou magnetickou suseptibilitou v ncl. dentatus, kterda muze byt dusledkem jak
akumulace Zeleza, tak nadmérmné demyelinizace, a baseline hladinami MDA + HAE
kontraintuitivni (Ghonimi et al., 2021). Tento nalez naznacuje potiebu dalSich vyzkumu pro
potvrzeni a lepSi pochopeni vztahii mezi peroxidaci lipidl, akumulaci Zeleza, poSkozenim

myelinu a repara¢nimi procesy u pacientii s RS.

Nase studie ma nekolik limitaci. NezjiSt'ovali jsme dynamiku biomarkerti v CSF pfi
kontrolnich vySetfenich v 1é€bé z diivodu neochoty pacientd podstoupit dalS$i lumbélni
punkci. Zaroven se jednd o invazivni vySetfeni, které jsme po pacientech ani vyzadovat
nemohli. Ztrata subjektl ve studii v porovnani s baseline vySetfenim (25%) snizuje
vypovédni hodnotu. Dva roky jsou relativné kratkd doba ke zhodnoceni progrese
onemocnéni. Nemohli jsme identifikovat prediktory disability, jelikoz u sledovanych
subjektii nedoSlo v pribéhu téchto dvou let k vyrazn€jSimu zhorSeni klinického stavu.
Pacienti s RS byli mladsi nez zdravé kontroly. Tato bias je nicmén¢ zmirnéna longitudindlnim
designem studie. V neposledni fadg, casovy interval mezi MR vySetfenim byl u zdravych

kontrol delsi nez u pacientii s RS.

74



3.5 Zavér

3.5.1 Baseline

Jiz pacienti s nové diagnostikovanou RS vykazuji atrofii thalamu, pulvinaru thalamu
a putamen, spolu se zvySenou akumulaci zeleza v ncl. caudatus a glopus pallidus internus.
Ptitomnost zvysenych hladin PRDX2, MDA + HAE a 8-OHdG v CSF mohou naznacovat
roli oxida¢niho stresu v patogenezi RS. Korelace mezi hladinami PRDX2 a sniZzenym
objemem thalamu, stejné jako mezi 8-OHdG a zvysujici se magnetickou susceptibilitou v ncl.
caudatus zdaraziuji souvislost mezi neuroinflamaci, oxida¢nim stresem a ztratou tkané u RS.
Tyto néalezy naznacuji, ze PRDX2 a 8-OHdG mohou slouzit jako biomarkery ve vyzkumu
RS, zejména v kontextu longitudindlnich studiich. Z diivodu potencionalniho vyznamu téchto
biomarkeri oxida¢niho stresu pro predikci a monitorovani pribéhu RS, stejné jako pro

hodnoceni reakce na terapii, je nezbytné provést dalsi vyzkum v této oblasti.
3.5.2 Prvni kontrola

Hladiny NfL (neurofilament light chain) v séru a mozkomisnim moku, které jsou
povazovany za biomarkery axonalniho poSkozeni, mohou pfedpovidat brzky pokles frakce
mozkového parenchymu. Tento pokles souvisi predevsim s atrofii thalamu a ztratou objemu
bilé hmoty. Markery oxidacniho stresu v likvoru nebyly spojeny s tbytkem tkané ani
s poruchami metabolismu Zeleza ve striatu, globus pallidus nebo thalamu, coz naznacuje, Ze
oxida¢ni stres nema v raném stadiu RS u léCenych pacientli primarni roli v progresi
onemocnéni. SniZeni hladiny PRDX2 v likvoru koreluje s akumulaci Zeleza v substantia nigra
a snizené hladiny MDA+HAE v likvoru koreluji s akumulaci Zeleza v ncl. dentatus. Tyto
nalezy poukazuji na rozdilné mechanismy akumulace Zeleza v té€chto mozkovych strukturach,
které mohou byt spojeny s oxida¢nim stresem. Identifikace novych biomarkert aktivity
onemocnéni, které by predikovaly progresi RS, je klicova pro lepS§i porozuméni

patofyziologie tohoto onemocnéni a ma potencial vylepsit strategii 1écby pro pacienty.

Hypotéza

PrestoZze je oxidacni stres obecné povazovan za klicovy faktor v demyelinizaci a
axonalnim poSkozeni u pacientl s RS, vysledky na$i longitudindlni studie ptekvapivé

nepotvrdily hypotézu, ze oxidacni stres hraje vyznamnou roli v ¢asné progresi onemocnéni u
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1é¢enych pacientli s RS a ze markery oxidacniho stresu v CSF by mohly predpovidat ztratu
objemu nebo akumulaci zeleza v mozkovych strukturdch postizenych u pacientii s RS.

Hypotéza byla zamitnuta.
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4 Souhrn

Tato prace se zamétfuje na vyuziti pokrocilych zobrazovacich technik magnetické
rezonance (MR) jako neinvazivnich metod pro sledovani pfirozeného starnuti mozku a
progrese roztrouSené sklerozy (RS) v korelaci s klinickymi a biochemickymi markery.
Vyzkum zahrnuje dvé kohorty: zdravé subjekty a pacienty s nové diagnostikovanou RS, kteti

jsou sledovani longitudinalné.

Vysledky ukazuji, Zze v prabéhu starnuti, stejné¢ jako u pacient s novée
diagnostikovanou RS, dochdzi v mozkovych strukturdch k akumulaci Zeleza a atrofii.
Vyznamné rozdily byly zaznamendny pii srovnani zdravé populace s pacienty s RS, pficemz
tyto zmény vykazuji korelaci s biochemickymi markery oxidativniho stresu a klinickou

progresi onemocnéni.

Nase vysledky ukazaly, Ze jiZ u nové diagnostikovanych pacientli s RS dochazi k vétsi
akumulaci zeleza a atrofii mozku v porovnani se zdravymi subjekty, coz se nadéale zvyraznilo
po 2 letech sledovani. To naznacuje, Ze mozek pacientli s RS, ackoliv dobte 1éCenych, starne
rychleji, a ze MR mize slouzit jako citlivy marker pro sledovani a detekci ¢asné progrese
onemocnéni. Prokdzali jsme prediktivni hodnotu hladin NfL v likvoru a séru, které
piedpovidaly budouci ubytek mozkove tkan¢. Naopak se nepotvrdil predpoklad, Ze oxida¢ni

stres hraje vyznamnou roli v ¢asné progresi onemocnéni u léCenych pacientii s RS.
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Summary

This work focuses on the use of advanced magnetic resonance imaging (MRI)
techniques as non-invasive methods for monitoring physiological brain aging and the
progression of multiple sclerosis (MS) in correlation with clinical and biochemical markers.
The research includes two cohorts: healthy volunteers and newly diagnosed MS patients, who

are followed longitudinally.

The results indicate that during aging, as well as in newly diagnosed MS patients,
there is an accumulation of iron and atrophy in brain structures. Significant differences were
observed when comparing the healthy population with MS patients, with these changes

correlating with biochemical markers of oxidative stress and clinical disease progression.

Our results showed that newly diagnosed MS patients already exhibit greater iron
accumulation and brain atrophy compared to healthy subjects, which became more
pronounced after 2 years of follow-up. This suggests that the brains of MS patients, even
those well-treated, age faster and that MRI can serve as a sensitive marker for monitoring and
detecting early disease progression. We demonstrated the predictive value of NfL levels in
cerebrospinal fluid and serum, which predicted future brain tissue loss. On the other hand, the
assumption that oxidative stress plays a significant role in the early progression of the disease

in treated MS patients was not confirmed.
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Age-related magnetic susceptibility changes in deep grey matter
and cerebral cortex of normal young and middle-aged adults
depicted by whole brain analysis
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Background: Iron scoumulates in brain tissue in healthy subjeces 1|nril|g aping. Char gn:l was to conduct 2
dl:l'l:lll.ﬂl. ml}ﬁ'ﬁl’ 1FF o d:lmh‘n“ ||:|Il'EI'r.|5 m I‘h: I:EIEI:II.'I:I' *EF Fq master iﬂd COortex I:Im'ng m‘s‘m"‘ﬂml
and whole-brain anabses of brain magmetic .'ill'il:EI1II]l\iIiI}'.

Methods: Brain MRI was performed in 95 healthy individuals aged between 21 and 58 years on a 3T
seanmer. MEI pnmml meluded T1 -'u'nghml T1W) m:gn:l:iz:.ﬁnn-'[u':p:ml |.'u|1ll ::qlli:il:iqmuﬂl‘l grudlent
echo images and 3D flow-compensated multi-echo gradient-echo images for quantitative suscepability
mapping ((SM). In the regron-hased analysis, Q5M and T1W images entered an aumomatesd multi-atlas
segmentation pipelme and regional mean balk suscepebilicy values were cabeulated. The whole-brain analysis
included a non-linear ransformation of OSM images m the standard MNI template. For the whole-brain
anabysis voxel-wise maps of linear regression slopes f and P valoes were caleulated. Regional masks of corseal

womels with a s i fi association b L 7 hility and age were created and further anah=ed.
Results: In cortical r:gi ons, the ]\ig}b::t increase of :us-aepnl:llir_v walues with age was found in arcas
mmvolved in motor funcions 1'|'m:oer.|tli|. and [mst:lm‘h'n] aress, premastor oortex), in qig'm'r.i'n.- Fnroesﬁi.ng
[pc\eﬁ'l:lnul COTtEX, SUpeTiT I::rrrrmnl EyTus, mnsmba, precuneus), and visual processing ﬂncl:rpcirul EYTL, cunews,
postETier cingulnrrl. fusiform, calcarine and ]i.'ngnul gyrus). Thalamsc .-:usn:pnhilil}' increased until the foarth
decade and decreased thereafter with the exception of the pobvinar where susceptibility increase was observed
throughout the adult lifespan. Deep grey matter structures with the highess increase of suscepeshility valoes
with age incladed the red nocleus, putamen, substantia nigra, dentate nuclews, external globus pallidus,
candate nuclens, and the subthalamic nudeus in decreasing onder.

Conclusions: Accumulation of iron i basal g:ngﬁn follows o linear Turtern whereas in the t]\:llmu-:,
|||:l.1.'.ilu:r1 lu:\e::nl:ra] cortex, and precuneus, it fedlows a r|||=r|rnn|: or uTHmlmtiul pattern. .{g\e-r:hurl rllnng::
of iron content are different in the |1nl1.'.innl and the rest of the thalamus as well as in internal and external
ghihn: Pa.'lli.dns.. In the cortex, areas imvobved in motor 2nd cogmitive functions and visual processing show the
highest iron increase with aging. We suggest that the departure from normal patterns of regronal brain iron
trajectories during aging may be helpful in the detection of subsde nevrodegenerative and newroinflammatory

FHFDEBEE.

& Chusstieative lisaging in Medieine and Surgeny. All righes reserved. Qe Traging Mol Sarg 2001 | henpedide.dolorg/ 1021037 i 21 -87

98



2 Burgetova el al. Age-relaled magnetic susceplibility changes in the brain

Keywords: Magnedc suscepeihiliny iran; aging; brain; deep grey manter; cerebral cortex

Submitted Jan 23, 2021, .i.Dn:]'ud ﬁt]‘uﬂ:m‘mm:\.pi 19, 021,

dod: 1021037 qime-21-87

View this article ae: hitp./dx doiorg/10.21037/qims-21-87

Introduction

During the lifespan, the human brain undergoes
microstructural changes including grey marer atrophy,
myelin degeneration, or iron accumulation thar can be
picked fn vive by various quantitative MRI rechniques (1-4).
Knowledge abour the spectrum of age-relaved changes in
brain strucrare and associared MR parameters is imporeant
for understanding the neurobiology of aging and for
differentiaring physiological aging from disease.

Magmetic suscepaibility, 2 measure that indicaves the exvent
o which a marerial may be magnetized in external magnetic
field, can be quantified in tssues by a recent MR rechnigue
called quantivative suscepribility mapping (QSM) (3). While
magnetic susceptibility of cerebral tissue may be influenced
by myelin, caleium, or deoxyhemoglobin, it is mainly
determined by ferritin-iron content in the basal ganglia and
other grey marer strucrures (6). ©5M is thus considered as a
surrogate measure of iron convent in the grey marrer (7,8).

Cerebral accumulation of non-heme iron occurs during
normal aging. This increase occurs heterogeneonsly in
certain cell types and brain regions such as basal ganglia,
hippocampus, moror cortex, cerebellar nucled, and other
subcorical brain regions (9-13). Globus pallidus, substantia
nigra, red nuclei, and putamen are regions with the highest
iron deposition {14-16).

Iron is involved in numerows pathways in the brain
such as oxygen rransportation, oxidative phosphorylation,
DMA synthesis, mitochondrial respiration, myelin
synthesis, antioxidane enzyme activation, and merabolism
of neurctransmiteers (13). On the other hand, dismurbance
of iron homeosrasis can lead to brain newroroxicity by
different mechanisms such as membrane damage, provosin
bimactivarion, aberrant cell signaling, bicenergetic failure,
proteasomal and mitochondrial dysfuncrion, provein
aggregation and inclusion formarion, elecrrophysiological
derangements, and synaprolysis, conveying all of these
factors on apoprosis, necrosis or a specific cell death
triggered by iron called ferroprosis (13,17,18). Increased
subcortical iron is associaved with decreased cognitive

and motor functions in the elderly population (1419200

& Cusmiieative Inaging in Medieine and Surgesy. All righes seserved.

suggesting that basal ganglia may be more vulnerable
to iron accumulation throughour aging, exposing
them o an increased risk of neurodegeneration orfand
neursinflammarion. Understanding normal patrerns
of iron accumulation with aging might thus assise in
identifying subjects who are ar greaver risk of accelerared
neurodegenerarion.

The majoriry of previous srudies examining iron
accumubation during normal aging were based on region-of-
interest analysis of deep grey matter on R?* relaxometry and
magnetic susceptibility maps (21-27). Whole-brain analysis,
which is not limired to a priori predefined regions, has
been used only sparsely for smdying age-related changes of
magnetic suscepribility and, by extension, of iron levels (28,29

The ohjective of this study was w conduct a denailed
analysis of iron deposition patrerns not anly in the cerebral
deep grey marter bur also in the cortex by a voxel-wise
analysis of (J5M ar the whole-brain level and uwsing region-
brased analysis.

Methods

The study was conducted in accordance with the
Declaration of Helsinki (a5 revised in 2013). This smdy
was approved by the Ethics Commirtee of the General
University Hospital in Prague (ID1018/17), and all subjecrs
signed informed consent.

Stndy participanis

Brain MRl was performed in 95 healthy individuals
(57 females and 38 males) aged berween 21 and 58 (mean
= 50 = 37210} vears, who responded to an announcement
presented ar the First Faculty of Medicine, Charles
University and General University Hospiral in Prague and
met the following inclusion crireria: (I) willing vo sign an
informed consent in accordance with local reguladons, (I1)
age 1860 years {chosen o be comparable to thar of adult
patients with mulriple sclerosis). The exclusion eriteria
were: ([) unable w undergo MRI examination, (11} unable w
bee examined 4 rimes during the nexr three years ar 0, 12, 24,
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36 months, (I1) pregnancy ar the time of enrollment into
the study, (IV) any diseases, medical conditions, or brain
MRI abnormalites thar could influence the structure of the
brain or spinal cord.

Imaging protocol

The examination was performed on a 37T MRI scanner
(Siemens Skyra 3T, Siemens Healtheare, Erlangen,
Germany) with a 32-channel birdeage head coil. MRI
protocol included T1-weighred 30 Magnetizarion-Prepared
Rapid Acquisiion with Gradient Echo (MPRAGE) images
(T1WT) in sagiteal plane with the following acquisition
parameters: repetition time (TR}, 2,300 ms; echo time
(TE), 2.%6 ms; inversion time (TT) 900 ms; flip angle (FA)
9°; field of view (FOWV) 1762 362 36 mm; sparial resolution
1.0x1.01.0 mm® for anaromical imaging, and segmentation
and 31 Aow-compensated muld-echo gradient-echo (GRE)
images in axial plane (TR =33 ms; first TE =4.5 ms, uniform
echo spacing =3 ms, last TE =29.5 ms, number of echoes
=f; FA =18% FOV =195:240x 164 mm; spatal resolution
=095, 9450094 mm "} for QSN

OSM processing

(J5M was processed by a multi-scale dipole inversion
algorithm implemented in Q5Mbox software package
(heps://gitlab.comfacostaj/QSMbox) (7,30). TIWI
{i.e., MPRAGE) images were transferred into the
(35M space by rigid-body registering vo the first echo
magnimde image from the GRE pulse sequence, using
the SPMI12 (Sravistical Paramerric Mapping) vool, (www.
filion.uclac ukfspmisofrware/spm12) (31) and skull
stripped by multplying with an SPM-based brain binary
mask calculared by Q5Mbox. Co-regisrered skull-
stripped QSM and TTWT entered an auromared mulri-
atlas segmentation pipeline using dual, ie., QSM/TI,
contrast for delineation of DGM nuclei (32) implemented
ar a clond-based platform (www.mricloud.org) (33).
Subsequently, segmented volumes were eroded by one
voxel, and mean bulk suscepribility values of the following
regions of interest {ROI) were extracted: invernal globus
pallidus, external globus pallidus, putamen, caudare
nucleus, thalamus, pulvinar, substantia nigra, red muclens,
dentare nucleus, subthalamic nuclens, and toral white
matter (Fignre 1) Magnetic suscepribilicy values from both
hemispheres were averaged and further analyzed as (I) raw
uncorrected values and (1) values referenced o the mean

B usnneaive lnaging in Modeine and Surgesy. All righes seserved.

bulk magneric suscepribility of the rotal white marrer.
Motably, the roral white marrer was segmented by the
automatic algorithm and its mean bulk suscepribility thus
represents a highly reproducible operator independent

IMEEsrenent.

T2* maps processing

T2* relaxarion maps were ealeulared from muli-echo GRE
magnimde images using non-linear least squares firting
according to the Levenberg-Marquardr algorithm (MRI
Processor v.1.1.6, Image] 1.51k; T2* values were capped ar
100 ms, the maximum number of iverarions was 100, and
forced no hias). T2* relaxation maps were used for whole-
birain analysis.

The analysis was based on a procedure described
previously (28). Briefly, a linear pre-registration
{antsRegiseration) and non-linear transformation
{antsApply Transformation) of suscepribilivy and T2*
relaxarion maps o the standard MNT templare (MNI152
“ICBM 2009 Monlinear Symmerric™) was performed
using ANTS package ver. 2.1.0 (34). To compensate for
a small mismarch in registration, we applied a median
filter followed by a maximum intensity filter, both
calculated across a sphere with a diamerer of 3 mm.
This approach was chosen empirically—we have visually
compared the output images after eleven different
combinations of filters (median spherical, median cubic,
Gaussian spherical) with different kernel sizes applied.
The selected combination of filters vielded images with
a reasonable level of noise and detail and iv appeared
to be the most snitable approach for co-registration of
susceptibiliey and T2* relaxation maps; the median filter
removed both positive and negative signal values cansed
by vessels while the maximum intensity spherical filver
(3 voxels in diamerer) compensated for imperfections in
co-registration of narrow strucrures (especially the gyri) o
the MNI132 remplare.

In a post-hoc analysis, a mask of cortical voxels with a
significant association of magnetic susceptibility and age
was created. This mask was overlaid onto an anaromical T'1
template and nine ROIs consisting of voxels from this mask
were manually segmented using ITK-SMNAP (www.itksnap.
org) (35): precentral gyrus, postcentral gyrus, dorsolateral
prefroneal cortex, medial prefronal corex, insular cortex,
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Figure 1 Mustration of MREI data processing. Example (A) magni

de and (B) raw phase (TE =24.5 ms) GRE images; () recon

tec

(35M mmage and (D) corregistered skall-stripped T1-weighted anatomical mmage that were used for anmmatic multiatlas segmenmtion; (E)

automatscally seg

tirme; (3SM, quantisanve suscepability mapping.

precuneus, occipital cortex, occipito-temporal cortex,

and cerebellar vermis (Figure 51). Individual mean bulk

magnetic susceptibility values from these RONs were

grey

retrieved and further analyzed as described for dee

matrer R0Is (25)

Statistics

Univariate regression analysis for regional age-relaved

retic susceptibility changes was performed with linex
and non-linear {quadratic and exponential) models and
the model with the best fir based on Akaike information
criterion with correction for small sample sizes (AICe), B,
and root mean squared error (RMSE) was selected. For

linear relationships, regression slope (f) was expressed in

& Chussieative lisaging in Medscine and Surpesy. All righes seserved.

ented regions of interest overlaid onto anatomical mmage. pph, parts per bhillion; GRE, gradient recolled echo; TE, echo

parts per billion (ppb)year and irs difference from zern was

tested by the F rese.

The exponential model was based on one-phase
association and the suscepribilicy values were firted with
expl-B*a
+ C, where A, B, and CC are tissue-specific parameters (25).

1

the El;”imil'lg: equation: suscepribility =

Holm-Bonferroni method was applied o correct for multiple
hypothesis testing. Seatistical analyses were carried our using
Prism & ({ i|'1|'|||[:':|-.|..‘!-clfm:ll.':, San Diego, CA, USA)

Whaole-brain analyvses of age-related magr

ic

susceptibility and T2* relaxarion rime changes were
per formed using SPM12. Searistical maps were generated

ition threshold of P<0.005 {(uncorrected)

using a cluster de
and clusterwise family-wise error (FWE}-corrected

threshold of P<0.05. Voxel-wise 1 eSS0

aps of linear reg
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slopes p were visualized using MRIeraGL (hurp/fwww.
nitre.org/projects/mricrogl); anatomical locarions of
significant clusters were retrieved from the Atlas of Intrinsic
Connectivity of Homotopic Areas (AICHA) (36).

Results

ROH-based amalysis

The age-relaved increase of magneric suscepribility in the
basal ganglia followed a linear patrern, but in the thalamus
and pulvinar, it followed a quadratic and exponential
pattern, respectively (Fignre 2, Table 51). Deep grey marer
srruetures with a significant linear increase of raw bulk
magnetic susceptibility included the red nuclens (f=1.30,
P<0.001), putamen (f=0.89, P<0.001), substantia nigra
(B=0.76, P<0.001), dentate nucleus (B=0.73, P=0.002),
external globus pallidus (B=0.62, P<0.001), candare nucleus
(P=0.46, P<0.001), and subthalamic nuclens (f=0.43,
P=0.024). The effect of age was not significant for the
imternal globus pallidus (=020, P=0.15). In the thalamus,
magnetic suscepribility increased umtil the age of 40 vears
and decreased thereafrer. In the pulvinar, suscepribility
increase was followed by a relarive flactening of the curve
from the age of 40 vears onwards. Analysis of magnetic
suscepribility referenced o the roral white marrer value
rerurned similar results (Figures 52,53), whereby mean
magnetic suscepribility in the voral white marer showed a
mild linear positive effect of age (P=0.03, P=0.002).

Whole-brain analyses

Results of the whole-brain Q5M analysis documenting
magnetic susceptibility increase in pph per year are
shown in Fignre 3 and Takle 1. In addivion w deep grey
marrer spructures, multiple corrical regions with a positive
association of magnetic suscepribility and age were
identified in the precentral and postcentral areas, medial
and dorsolaveral prefrontal cortex, superior tempaoral gyrus
and insula, posteriorly in the superior, lareral, and medial
oceipital gyri, precuneus, cuneuns, posterior cingulare,
fusiform, calearine and lingual gyrus (P<0.05, FWE-
corrected). In the cerebellum, the vermis and ronsils showed
a significane positive correlation with age (P<0.05, FWE-
corrected). Spatial coordinares and anavomical labeling of
clusters with significant age-related magnetic suscepiibiliy
increase are lisved in Tabde 1.

Several regions showed magnetic suscepaibility decrease

L1 Insmaging in Med and Surgery. All righes reserved.

with age, although the effect was much smaller compared
o areas with suscepribility increase reaching b not greater
than -0.2 pph per vear (P<0.05, FWE-corrected). These
regions include distincr white marter areas, particularly
the rostrum of the corpus callosum, external capsulae,
mesencephalic tecrum and regmentom, and frontal and
temporal subcortical regions. Several extracerebral regions,
the choroid plexus, falx cerebri, and venous sinnses showed
age-relaved suscepuibility decrease with f up w -1.0 ppb per
year (P<0.05, FWE-corrected).

Post-hoe analysis of magnetic susceptibility in cortical
regions with a significant effect of age showed its linear
increase in the postcentral, dorsolateral prefrontal, medial
prefrontal, insular, oecipital cortices, precuneus, and
cerebellar vermis (f=0.2, P<0.001). In the precentral gyrus
and tempore-occipital gyrus, magneric susceptibilivy
followed a quadratic pamern with a relarively steep increase
until the age of 40 yvears and flarrening of the curve
abierwards (Figure 4.

Resules of T2* analysis are shown in Figure 54 and
“Table 52. The results are similar to (¥SM however, a larger
number of areas correlare with age. Compared 1o 5M,
associations are evident also in the whirte marrer.

Discussion

In this study, we quantified age-relared changes of magnerie
sugcepribility in deep grevy marter strucrures and the
cerebral cortex in a cohort of adult healthy individuals using
whole-brain and ROI-based analyses. We found a linear
association berween age and magnetic susceptibility in deep
grey matter structures including the red nucleus, putamen,
substantia nigra, dentate nuclens, external globus pallidus,
and candare nuclens. In the thalamus, quadratic association
with age was observed with magneric suscepribiliry
increasing before and decreasing after the age of 40 years.
Whale-brain €5M analysis documented thar beyond these
regions, there is a significant positive association berween
age and magnetic suscepribility in extensive areas of the
cerebral cortex—in the froneal lobes, Rolandic area, insular
area, precuneus, cuneus, posterior cingulum, and lingual
gyvrus. Whole-brain T2* analysis showed a similar pattern
of age-related changes. In opposite w suscepribility, which
showed a positive effect of age only in grey marer, areas of
age-related T2* relaxation times shorrening overapped grey
and whire matter strucmires. This is likely cavsed by the fact
that in (M, the paramagneric effect of accumulating iron
and the dianagnetic effect of mamrating myelin counteract

Chusnr Trmarging Mead Saorg 2021 | hepeSda.doiorg/ 1021057 /qins-2 1-87

102



[ Burgelova et al. Age-related magnetic susceplibility ehanges in the brain

Fed nucleus Putamen Substantia nigra
o ¥ =13027K 4 53T ¥ =0B8T17K & 1287 oo ¥ =0.7HEE7K 4 1061

-
g1 * 15
£ E
T 1 10 P
Pl e .
a T T T a T T T
20 40 =) 20 El:} (=] 2 40 &0
Age [years)
Dentate nucleus Extermal giobus palidus Caudate nucksus
200 Y =070 4 B2 68 ¥ =0E225 & 1160 200 Y =0.45847% 4+ 38.49
2 1 1 yod #L T gt 151
2 . _PJ*H-—"'J-
> " - T = -
= N L . .
E 100 R - 1 1
" (LR —,
; T
E = Fa, . . ] B
Oty T a T Oty T T B T I e
20 40 =) 20 a0 5] £
Age [yearsy
Internal globus palidues
¥ =0.20387 & 108.3 P value E
i Red Mucleus 0,001 033
a8 N 4 - 4 - p
= L s
-} 1 -“_ J% S i “Tars Putamen 0,007 EE)
] . T
E Substartia Migra 0,001 R L]
2} Deniate: aooz” oa
T T T
20 a0 ] .
eximmal 0,001 oy
Age (yearsy
Caudabe 0,001 R L]
Thalamus
¥ =0.5817XK - 0.0079°K - 12,08 1 5T agza” 1]
g . GP intemal 018 ooz
a —
£ Pulvinar na 018
B a9
S
E Thadarmus na (]
B -1
1 T T o 1 1 L
20 40 B0 an 40 ]

Age iyears)
Figure 2 Bulk magmetic susceptibility values in ppb in deep gray matter structures as 2 function of age with their respective regressson fits
and coefficients. Blue dotted lines represent 95% confidence bands of the regression fit and red dotted lines represent 954 Tm[ml:lidm
Fn'a‘hl:tinn bansls. Pleaze note different Y-axes range foor thalamms and Fu]-rm:r. F]'r]b, parts 'p-a']nil]lm; GP glrulm: F:ui.dn:, ST, subshalamic
muclens.

B Dussnieatve liaging in Medsine and Surgesy. All righes seserved. Oy frunging Med Sarg 3001 | hepSdedolorg/ 1021037 fqims-21-H7

103



Cuantitative Imaging in Medicine and Surgery, 2021 7

Figure 3 Statistical map of oge-related susceptibility changes in the brain of normal adults represented as mean bulk suscepability

Imcrease in

b per year (thresholded at Pel05 at custer kevel and corrected for family-wise error; initial cduster definition threshold was
set to PoUB)S ancorrected). Z-conrdinate in the MN1 space in [mm] is indicated for each slice. pph, parts per hillion; MNI, Montreal

Meurnbegical Institute.
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Table 1 Clusters with significant sge-related suscepiibility incresse identified by whole brain analysis with corresponding anstomical locations

Clustar volume Paak susceplibility Peak T

MM coordinates [mm)

Paak Struciure Anatomical structures within clusber
[men) change [ppbvyear] value ¥ z
10,477 17 107 16 1 -5 Putamen® Right Putarnen, Palidum, Caudate,
Substantia Migra, Red Nucelus®
10,018 15 103 -14 1 ] Putarman® Left Putamen, Pallidum, Caudate,
Substantia Migra, Red Nuckeus®
digd 08 5.1 -15 60 =37 Dentata” Left Dentata”
H69 o7 48 15 ] =37 Dentata” Right Dertate”
3,126 (15 7.0 -1 -1 56 Precentral gyrus Left Pracantral gyrus, Paracentral
labuba
585 0s 48  -23 B8 7 Calcasine gyris Laft Calearine, Lingual, Fusiiam gyd,
Parietooceipital suicus
814 0.4 48 -1 -2 4 Supesior Temporal Laft Supesior Temporal gyns, Posteror
myrus Insuila
5,628 04 6.4 25 -2z B3 Precentral gyrus Right Precentral gyrus, Pasacentral
Iabule
E11 04 48 a5 -16 ] Supesior Temporal Right Superior Temporal,
yrus Supramarginal gy, Posterior Insula
1,802 0.4 50 -8  -35 47  Cingulate suleus Laft Clngubate sulcus, Supesior Frontal
ayrus, Paracentral lobule
252 03 B4 20 -54  -18  Fusiform gyus Right Fusinmm, Latersl Cccipital gy
303 03 a7 5 -BE 30  Superior Occipital Right Superiar Oezipital, Calearine
yrus Ay, Cuneus
3,779 03 8.3 4 =26 (=] Paracentral bobule RAight Paracentral lobule, Cingutate
sulleus, Superior Wontal gy
210 03 47  -25 -TB 2B Middle Ccoipital gyrus  Left Midells Oeeipital, Angutsr gy,
Intranceipital sueus
442 03 a8 13 -30 0 Thalamic pubinar Right Thalarmus"
185 03 53 2 -55  -38 Cesebelum Cersbelar vermis
1,503 03 5.4 25 1 63 Superior Frontal sulcus  Aight Superior Frontal gyrus and
sulcus, Precentral suleus
193 03 43 -4 -81 26 Cuneus Lelt Cuneus, Calearine, Superior
Cecipital gyl
383 03 a1 a5 11 25  Inferior Frontal gyrus  Right Infesiar Frantal gyrus, Precantral
slleus
328 03 48 -2 =Td 34 Panetooccipital suleus  Left Paristooccipital sulcus, Precunsus
B35 02 4.8 45 =25 43 Pogloentral subsus Right Postoentral sulous and gyrus
1,241 02 a7 -3 -4 54  Superior Frontal gyus  Left Superier Frontal suleus and gyrus,
Prageniral suleus
437 02 42 26 -T3 29 Middle Ccoipital gyrus  Right Middle Occiplal, Angular gy,
Itranceipital, Intrapaetal sue
239 02 38 -50 -47 32  Supramaginglgyns  Left Supramasginl Inferior Paristal gyl
373 02 41 -8 -6E6 -58 Cerabellum Left and right Cerebellar tonsils
*Desep gray matter siruciures.
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each other in the whire marter, while in T2* maps, batch,
iron accumulation and myelin marration with aging, cause
local magnetic field inhomogeneities and thus coneribute
to the shortening of T2* relaxadon times. This effect was
particularly noted in subcortical whire marer regions which
are known to accumulate iron. Comparison of QSM and
T2* map analyses indicates thar the former may be more
suitable for the assessment of age-related iron changes in
the cortical regions.

It is well known thar the trajectory of brain iron
accumulation during the lifespan is not linear. A sharp
increase of tissue iron concentration (15) and subsequenty of
magnetic susceptibilivy (25,27 37) during the first wo decades
is followed by flartening of the curve or even decrease
at old age. Results of this smdy indicare the evolution of
susceptibility values is linear berween the age of 20 and &0
years for most deep grey matrer and cortical strucrures. Iris
likely thar regions thar showed an exponential reladonship
between age and magnetic suscepibility in the current smady,
i.e., pulvinar, movor and occipive-temporal cortices, exhibic
less abrupt initial iron accumulation with flartening of the
curve shifted m an older age.

We found the largest effect of age on magneric
susceptibility (the sreepest regression slope) in the red
nuclens and putamen, which is consistent with previous
studies {11,27,38). The red nuclens has been previously
less investigared and, in some studies, the absolure
magnitude of susceptibiliry increase was higher for the red
nucleus than for the putamen (22,27,29), similarly as in
our smdy. Our observation of milder gradual increase of
magnetic susceptibility in the candare nuclens, substantia
nigra, and dentare nucleus is also concordant with post-
mortem evidence (16) and several previous in vive MRIL
seudies (9,13,14,27,28).

In the pallidum, previous works reported contradicrory
findings including no age-related suscepribility changes
(23,27,28), or mild iron accumulation during aduldwood (22).
A mera-analysis of 20 MRI studies thar estimared iron
content in the candare nuclens, globus pallidus, putamen,
red nuclens, and substantia nigra, documented the lowest
age-relaved differences in globus pallidus although it was
generally rich in iron in absolure value (11). Swdies thar
included infants showed an exponential partern with a
steeply increasing iron concentration as well as magneric
susceptibility from birth and a platean from the 3 decade
onwards (13,14,16,38-40). However, these studies did
not aim at analyzing specifically the pallidal iron convent
wrajectory during the adule lifespan. Our resules indicate

B Cusnieasve Inaging in Medssine and Surgesy. All righes seserved.

that the reason for contradictory findings may be the
differential contribution of external and inrernal globus
pallidus depending on segmentation straregy. In contrast to
the internal part, the exrernal pare, which is adjacent o the
putamen, showed a linear increase of suscepribility during
aging in the current soody. A similar effect was observed for
R2* rransverse relaxiviry in another smady that segmented
internal and exvernal globus pallidus (29). These results
indicate distinct regulation of iron conceneration in pallidal
subregions and suggest that internal and exrernal globus
pallidus should be analyzed separately for proper assessment
of disease-relaved changes in this srucrare.

Thalamus presents an overall low iron content and it was
suggested thar myelin contribures by a large degree w is
susceptibility masking the effect of small age-relaved changes
in iron content {41). On the other hand, the bidirectional
pattern with an initial increase until the age of 40 vears
followed later by a decrease of magnertic suscepribilivy
observed in the current and a previous study (42)
conspicuously matches age-related changes in the thalamic
iron concentration measured in pes sworten tissoe (15). Iris
thus likely thar thalamic suscepribility is mostly driven by
the effect of iron, similarly as in the basal ganglia. Contrary
o some previous smdies (27), we and others have found a
positive age-related magnetic suscepribility increase in the
pulvinar (42,43). It is interesting to point up the differences
berween pulvinar and other thalamic nuclei. The pulvinar,
although being a posterior part of the thalamus, is visually
discernible on ©)5M and behaves unlike other thalamic
nuclei. Zhang ee ol (42) suggests thar in the medial and
lareral nuclei of the thalamus suscepribility follows a
bidirectional pattern while anterior nuclei and pulvinar
display gradual suscepribility increase with age. Overall,
there is converging evidence thar MRI merrics sensitive 1o
iron content should be analyzed separately for pulvinar and
other thalamic nuclei.

Age-related changes in iron distribution in the
cerebral and cerebellar corvex in vive have been much
less investigaved. It may be related to cthe face thar the
cerebral corvex has more complex and variable anavomy
than deep grey marer nuclei and its auromaric analysis
at a group level requires non-linear rransformation o
match corresponding regions among subjects. Furcher
challenges include the thinning of the cortex and
widening of subarachnoid cerebrospinal fluid spaces in
cerebral sulei with cerebral arrophy thar accompanies
aging. Kesulis of the current whole-brain analysis largely

corroborare findings from a single previous voxel-hased
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(SM study in thar cortical magnetic suscepribilicy
evolves unevenly during aging (28,29). The strongest
effect of age was found in areas involved in the mowr
{Rolandic area, premotor cortex, cerebellar vermis),
cognitive (dorsolaveral prefrontal correx, insular region,
precuneus), and visual (cuneus, posterior cingulum,
lingual and fusiform gyri) cortical areas. This is also in
ling with the direct measurement of iron concenrration
in past meorrem tissue (15) which indicares thar iron has
an imporeant contriburion w magnetic susceptibility in
the corex. Owverall, soructares thar accumulare iron with
aging contain dopaminergic iron-dependent pathways and
it was hypothesized thar both, changes in iron content
and dopaminergic transmission may be responsible for
behavioral changes during aging (27,28,44).

In the whire matrer, magnetic suscepribility is predominantly
affected by diamagnetic myelin and ir was previously shown
o follow a wrajectory of initial susceptibility decrease reaching
its minimum berween 25 and 45 years of age, followed by
an increase, consistent with myelin maturation and decay in
the course of normal brain development {25). We found a
small but significant positive effect of age on the magnertic
suscepribility of the waal white mateer, similar o a previous
gruddy (300 suggesting thar suscepribiliry in mose white mamer
regions was beyond s minimum in the examined age group.
Huowever, the whole-beain C)5M analysis revealed white mamer
regions with a small negative effect of age corresponding o
areas with an age-related decrease of T2* relaxation time,
predominantly in the fronto-temparal subeorical areas and
rostral corpus callosum which are regions where myelin
manurates in ke adulthood (45).

In line with previous studies (25,28) which demonstrated
thar the effect of age on magnerdc suscepibility ourweighs
the impact of reference adjustment, we have used raw
unreferenced values for the main analysis in order to avoid
bias introduced by manual reference region placement.
Secondary analysis with magnetic suscepibility referenced
to the mean value of roral white mamer confirmed a
negligible effect of suscepribility adjustment.

This study has several limirations. Firstly, its cross-
sectional namre does not allow direct analysis of individual
regional magnetic susceptibility values evolution throughour
aging. A longimdinal study will be necessary 1o confirm
the relationship berween aging and magnetic suscepribiliny:
Secondly, the age spectrum of participants spanning 20-
il vears does not include adolescents and seniors; the results
are thus not generalizable w these populations. The prinuary
aim of this study was to provide reference values for multdple

O lisaging in Modine and Surgesy. All righes seserved.
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sclernsis patients, bur the results may be as well used for other
diseases with an adult onser, e.g., Huntingron disease, Wilson
disease, or neuromyelitis optica (46,47). Thirdly, magneric
susceptibility is only a surrogare marker of iron concentration
and is also infl d by other sub such as di gnetic
myelin. However, an excellent match of suscepribiliny
values with previously published directly measured iron
concentrations indicates char for grey matrer strucrures,
magnetic susceptibility is dominantdy influenced by iron and
the confounding effect of myelin is rather small. Fourthly,
vioel-based analysis of the brain involves non-rigid warping of
ananoay to march the emplave. This is inherently associared
with registrafion errors thar may lead o false-negative age-
related wssocitions for some brain areas. Lastly, suscepribiliny
changes are presumably influenced nor only by absolute iron
content but also by changes in the relative iron concentration
secondary 1o age-related reductions in volumes of evaluated
structures (48). However, such complex relationships cannot
be inferred from this cross-sectional spady.

In conclusion, we have demonstrated dhar iron sccumulates
in specific brain regions with different pamerns. Regions maost
prone o accumulate iron are the ones involved in the moror,
visual, and cognitive functions. Iron accomulaiion follows a
linear parrern during adul lifespan in the basal ganglia and
mast cortical areas bur in the thalimus, pulvinar, precentral
and occipito-temporal cortices, it follows a quadraric or
exponential parern. Changes in iron content during aging
are different in the palvinar and the rest of the thalamus. We
suggest that whale brain analysis of magneric suscepribiliny
and segmentation of thalamic and pallidal subregions is
beneficial for proper assessment of aging and disease-related
changes in cerebral iron content. Departure from normal
patterns of regional brain iron wajectories during aging
might be belpful in the detection of subtle nevrodegenerative
and nevroinflammarory processes.
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Abstract: Oxidative stress has been implied in cellular injury even in the eardy phases of multiple
sclerosis (MS). In this study, we quantified levels of biomarkers of oxidative stress and antioxddant
capacity in cerebrospinal fluid (C5F) in newly diagnosed MS patients and their associations with
brain atrophy and iron deposits in the brain tssue. Consecutive treatment-naive adult MS patients
(r = 103) underwent brain MEI and CSF sampling. Healthy controls (HC, & = 99) had brain MEL
CSF controls (r = 45) consisted of patients with none-neurointflammatory conditions. 3T ME included
isotropic T weighted (MPRAGE) and gradient echo (GRE) images that were processed to quanti-
tative susceptibility maps. The volume and magnetic susceptibility of deep gray matber (DGM)
structures were calculated. The levels of 8-hydroxy-2-deoxy guanosine (B-0OHAG), B-iso prostaglan-
din Fla (8-isoPG), neutrophil gelatinase-associated pocalin (NGAL), peroxiredoxin-2 (FEDX2),
and malondialdehyde and hydroxyalkenals (MDA + HAE) were measured in CSF. Compared o
controls, MS patients had lower volumes of thalamus, pulvinar, and putamen, higher susceptibility
in caudate nucleus and globus pallidus, and higher levels of B-OHAG, PRDXZ, and MDA + HAE. In
M3 patients, the level of NGAL correlated negatively with volume and susceptibility in the dentate
nucleus, The level of 8-0HAG cormelated negatively with susceptibility in the caudate, putamen,
and the red nucleus. The level of PROX2 correlated negatively with the volume of the thalamus and
both with volume and susceptibility of the dentate micleus. From MRI parameters with significant
differences between MS and HC groups, only candate susceptibility and thalamic volume were sig-
nificantly associated with CSF parameters. Our study shows that incressed oxidative stress in CSF
detected in newly diagnosed MS patients suggests its role in the pathogenesis of MS.

Keywords: multiple sclerosis; magnetic resonance imaging: cerebrospinal fluid; oxidative stress;
peroxiredoxin; neutrophil gelatinase-associated lipocalin

1. Introduction

Multiple sclerosis (MS) is a chronic neurcinflammatory demyelinating disease with
progressive deterioration of disability in the majority of untreated patients. Although the
main pathological mechanism is an aberrant immunological response, there is a complex
interaction of genetic and environmental factors as well as neuroprotective and repair
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mechanisms [1]. Oxidative stress and its modulation have been implied in the formation,
sustenance, and termination of cell injury in M5 [23].

The levels of oxidative stress markers can be estimated in patients from peripheral
blood, cerebrospinal fluid (C5F), or locally by microdialysis. Since CSF is directly connecbed
to extracellular space, its analysis may better reflect homeostasis in the brain microenvironment
compared to peripheral blood analysis [4]. Oxidative stress markers including malondialde-
hyde (MDA, 4-hydroxyalkenals (HAE), isoprostane 8-is0-PGFz (B-isol"G) have been re-
parted to be elevated in CSF of MS patients [1,5]. The 8-hydroxy-2-deoxyguanocsine (8-
OHAG), a product of oxidative DNA damage in CSF, has been implied in carcinogenesis,
neurodegeneration, but not specifically in M5 [6,7]. Peroxiredoxins represent a family of
highly efficient peroxidases that are upregulated in astrocytes in M5 lesions [4]. Neutro-
phil Gelatinase-Associated Lipocalin (MGAL) acts in multiple signaling pathways that
regulate inflammation, iron homeostasis, and cell death [8]. The above-mentioned sub-
stances have been investigated in MS patients, but the evidence for their dysregulation is
limited, especially in the early phases of M5.

Newly diagnosed MS patients already show accelerated tissue loss of deep grey mal-
ter (DGMK), particularly in the thalamus [9]. Iron accumulation in DGM in MS patients is
also an early phenomenocn, which is already detectable at the transition from clinically
isolated syndrome to clinically definite MS [10]. Iron cancentration in the DGM correlates
with clinical severity and predicts future disability [11,12]. Iron balance is tightly linked
with inflammation and many proteins involved in cellular iron homeostasis are altered
by inflarnmatory stimuli resulting in cellular iron retention [13]. Iron dysregulation is sup-
pesed to trigger oxidative stress. However, the link between oxidative stress, brain atro-
phy, and iron concentration in DGM structures. in M5 has not been sufficiently estab-
lishied.

The main aim of this study was to examine biomarkers of oxidative stress and anti-
oxidant capacity in CSF in newly diagnosed untreated M5 patients and their associations
with the severity of brain atrophy and iron deposits in DGM.

2. Materials and Methods

This study (ClinicalTrials. gov 1D: NCTO3706118) was approved by the Ethics Com-
mittee of the General University Hospital in Prague (ID10158/17), it was carried out in ac-
cordance with the Dedaration of Helsinki and all subjects signed informed consent.

2.1, Study Participanis

M5 patients (r = 103): de novo treatment-naive M5 patients diagnosed between Au-
gust 2017 and January 2020 underwent neurclogical examination including Expanded
Disability Status Scale (EDSS), brain MEIL and CSF sampling. The inclusion criteria were:
age 2 18 years and diagnosis of M5 according to the 2017 McDonald criteria [14]. We ex-
cluded patients with major diseases affecting brain health and pregnant women.

Two different groups of contrals were used for brain MRI and CSF biochemical com-
parisons.

Healthy controls (HC) for brain MRI were recruited from the general community
[15]. The controls were free of neurologic or other medical disorders affecting brain health
and had a normal neurological examination. From the original group of 111 subjects, we
selected 99 HC with an age range comparable to M5 patients by excluding older subjects.

C5F controls: for CSF comparison, samples from 45 controls with different non-neu-
roinflammatory conditions were selected from our CSF bicbank. The control group in-
cluded 37 patients with non-inflaimmatory neurological disorders and 8 patients under-
going spinal anesthesia for urologic surgery.
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2.2, Imaging Protocol

MRI examination was performed and processed as previously published [15]: Mag-
netization Frepared Rapid Gradient-Echo (MPRAGE, TE: 2.96 ms, T1 900 ms TR: 2300 ms,
spatial resolution: 1 = 1 » 1 mm), gradient-echo (GRE, 6 TEs: 4.5-29.5 ms, evenly spaced,
TE: 33 ms, spatial resolution: 0.94 » (.94 » 0.94 mm]), and Fluid-Attenuated Inversion Re-
covery (FLAIR, TE 397 ms, TI 1300 ms, TR. 5000 ms, spatial resolution 1 = 1 = 1 mm) pulse
sequences were acquired on a 3T MRI scanner (Siemens Skyra 3T, Siemens Healthcare,
Erlangen, Germany) with a 20 channel head coil.

2.3, Image Processing

GEE images were processed to quantitative susceptibility mapping (QSM) maps, co-
registered with MPRAGE using SFM12 running under Matlab v. 2020a (The Math Works,
Inc., Matick, MA, USA). Co-registered skull-stripped OSM and MPRAGE images entered
a fully automated multi-atlas segmentation pipeline using dual (QSM and Tl-weighted)
contrast for delineation of DGM nuclei implemented with a cloud-based platform
{(www.mricloud.org) (Figure 1) [16]. Segmentation of DGM structures in all subjects was
visually checked for errors, particularly for potential misclassifications of demyelinating
lesions in the DGM. Volumes were adjusted to the total intracranial volume (TTV) and
reported as the sum of bilateral structures. JSM measurements were referenced to the
suscephibility of a manually drawn region in the parietooccipital white matter avoiding
white-matter lesions [15]. White matter lesions were segmented by the lesion growth al-
gorithm [17] as implemented in the LST toolbox version 3.0.0 {www statistical-model-
ling.de/lst himl) for SPM. The optimal initial threshold (k) was determined by visual in-
spection and set to 015, Lesion segmentation in all subjects were visually checked and
false-positive voxels were manually deleted.

o L

FIIEI.IIE L Emmple MEI imagex: Kmdienl-l:dm [GRE& magn.ilu.dr and 'Phun-.' imaﬁl.-.v WETE Pwuueeml:d.
o quantitative suﬁ&!ﬁibiﬂl‘y map {5M). Multi-atlas sapmentation E:nplc:f_\'\ed ulwe‘!a;ixhﬂd 50
and MPRAGE i.Tl'laHEﬂ oy gemerake masks of drep- grey matter structures, cerebral whibte and Brey
matter, and C5F.
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2.4. C5F Assays

C5F was drawn from L5-51, L4-5, or L34 interspace in an upright sitting position in
the morning hours using a standard sterile preparation and 20 G atraumatic needle. A
total of 2025 mL of CSF and 5 mL valume of Blood were obtained. C5F was immediately
centrifuged at 3000= g rpm and 4 *C; the supernatant was aliquoted and frozen at =80 *C.

For CSF assays, the samples were centrifuged after thawing and kept on ice. All sam-
Ples were assayed in duplicates.

S-iso prostaglandin Fza (B-isoPG, B-isoprostane) was determined immunochemically
by a non-competitive ELISA with biotinylated anti-human 8-isoPG antibody. Human 8-
iso prostaglandin ELISA kit (cat. No. MBS160287, MyBioSource, Inc., San Diego, CA, USA)
was employed. The calibration ranged from 0 to 640 ng/L and was linear throughout the
whole range.

Neutrophil gelatinase-associated lipocalin (NGAL, lipocalin-2) was assayed using a
non-competitive ELISA (cat. No. MB55644140, MyBioSource, Inc., San Diego, CA, USA).
Samples were diluted 10 times prior to use. The calibration ranged from 0 to 10 ng/mL
and was linear in the whole range.

Peroxiredoxin-2 (PRDXZ) was determined immunochemically by a non-competitive
ELISA with biotinylated anti-human PRDX2 antibody (cat. No. ELH-PRDXZ, RayBiotech,
MNorcross, GA, USA). Samples were diluted 5 times prior to use. The calibration ranged
from 0 to 12.8 ng/mL. Polynomic regression of 2~ order was employed to estimate the
concentrations of samples.

Products of lipid peroxidation were assayed by a colorimetric assay based on N-me-
thyl-2-phenylindole (Bioxytech LPO-536 kit, cat. No. 21012, OXIS International, Inc., Fos-
ter City, CA, USA). Methanesulphonic acid was used as the acid solvent in the procedure
for simultaneous determination of malondialdehyde and 4-hydroxyalkenals (MDA +
HAE). Samples for MDA + HAE assay were stabilized with butylated hydroxytoluene
(BHT; 20 uL of 0.2% BHT was added to 200 pL of CSF immediately after sampling, before
freezing to 80 °C). In the assay, tetramethoxypropane was used as the calibrator in con-
centrations from 0 to 4 umol/L.

S-hydroxy-2'-deoxyguanosine (3-0HAG) was assayed by a competitive ELISA (Biox-
ytech 8-0OHAG ELA Kit, cat. No. 21026, OXIS International, Inc., Foster City, CA, USA).
The calibration was performed for concentrations 0.5 to 8 ng/mL and was linear in this
range.

In MS patients, CSF samples in sufficent quantity for the analysis of 80HdG, 8-
isoPG, NGAL, and PRDX2 were available in 62 patients and for the analysis of MDA +
HAE in 37 patients.

25, Statistical Analysis

Statistical analysis was performed in SPSS (IBM, Armonk, NY). Dichotomous and
continuous variables were compared using the Fisher test, the f-test, the Mann-Whitney
test, or the generalized linear model (GLM) as appropriate according to the distribution
of the data. Grubb’s test was used to identify significant outliers (p < 0.05). Age and sex-
adjusted partial correlation coefficients among biochemical markers and deep gray matter
volumes and susceptibilities in newly diagnosed MS patients were caloulated. p values
were adjusted to age and sex. A p-value below 0,05 was considered significant.

3. Resulls
3.1. Comparison of M5 Patients and HC MRI

Brain volumetry and quantification of susceptibility in the DGM structures are
showm in Table 1. Compared to HC, M5 patients had lower brain parenchymal fraction (p
= (1001}, a smaller volume of thalamus (p < 0.001), pulvinar (p < 0.001) and putamen p =
0.002), and higher susceptibility in the caudate nucleus (p = 0.041) and globus pallidus
internus (p = 0.015).
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Table 1. f_'sxmpa:i.-um of DGM volumes and mupl:ibiﬁligk in MS pabients and comtrob.

MS (1= 103) MRI Controls (s = 99)
Mean Std. Deviation Mean Sid. Deviation p-Value
Sex (male/female) 2875 38061 0090
Age (vears) 325 B0 337 B3 0.305
EDSS (median, IQR) 2 1525 - - -
Lesion load {cm) 27 53 - - -
Lesion count (median, IQR) 7 4-20 - - -
Brain parenchymal fraction (%) 80.3 34 315 28 0,001
DGM Volumes (em®)
caudate 80 07 8.1 046 0240
GFI 1.1 0.1 1.1 01 0230
GFE 31 0.3 32 03 0.528
putamen 87 07 o0 08 0.002
thalamus 96 0.a 99 06 <0001
pulvinar 23 03 25 03 <0001
subthalamic nudeus 03 nl 0.4 0l 0310
substantia nigra 13 01 14 02 0.163
red nucleus 0.6 0.1 0.6 01 0710
dentate LB 0.4 1.8 03 0711
DGM Susceptibilities (ppb)

Caudate 245 58 23.0 47 0.041
GFI 531 b4 50.9 57 0.015
GFE 628 77 622 ] 0.594
Putamen 236 a7 23A 6.1 0977
Thalamus ne 23 1.0 20 0.728
Pulvinar 179 52 18.3 52 0.582
subthalamic nudeus 41.9 7.3 432 69 0214
substantia nigra 534 73 522 6.6 D099
red nucleus 392 78 397 8.1 0639
Dentate 374 ] 36.9 9.8 .63

DGM, deep gray matter; IQR, interquartile range; EDSS, expanded disability status scale; GFI, glo-
bus palLid.ux intermus; GPE, HI&)I'.II.S 'palLid.u:i exbernius; pr. parts per ballion. prvalues ans :ldjuxh:d
for age amd sex. Sigl'l.'iﬁl.'a.ﬂt differences are in bold.

3.2, Comparisen of CSF Biochemtical Markers in MS Patients and Controls

SF was available in 62 newly diagnosed M5 patients. The control C5F group was
older compared to MS patients (33 £ 9 vs. 40 £ 12 years, p < 00001). Patients with M5 had
higher values of 8-0HAG (p = 0L.041), PRDX2 (p = 0.015), and lipoperoxidation markers
(MDA + HAE; p = 0.003) compared to HC (Table 2).
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Table 2. Comparison of CSF biochemical markers in M3 patients and controls.

M5 (n = 62) C5F Controls (n = 45)

Mean Sid. Deviation Mean 5Std. Deviation  p-Value
Sex (malefemale) 19/43 )25 0.143
Age (vears) 33 LX) 40.2 116 <.001
C5F sampling to MR interval {momnths) 1.1 39 n.d n.d. md.
Cerebrospinal Fluid Analysis

0112 0310 0.026 0122
§-OHACG (ng/ml) (median =0} (IQR=01to0) (median = ) {(IQR =0 ta () 00417
B-isoP'G (ng/L) 44.319 13.611 41.071 S.679 0.447
NGAL (ng/mL]) 4.366 2085 4.968 222 0.473
PRDX2 (ng/mL) 10.966 2961 9437 3945 0.015
MDA + HAE (pmol/L) 0.a05 = 0264 2 D.448 [.153 0.003

Thalamus volume 1crr|3}

 Mann-Whitney U test; other analyses performed using GLM with age and sex as covariabes; 2n =
37; CSF, cerebrospinal fluid; 8-OHAG, &-hydroxy-2-deoxyguanosine; B-isoPG, S-isoprostane;
MNGAL, n.eul:uphil K\elalina:se-axxur.iah:d |iptu.—.:|in; PERDXZ, lemir\edwxh-!; MDA + HAE,
m::hmdialdl.-hyde and h}-dnmyﬂkmalx; rd., not determined. p-v::|u.1.-e1 are adjuxh:d for ::Hua.nd S
Significant differences are in bold.

3.3. Correlationes betiveen C5F Biochemical Markers and MRI Parameters

In MS patients, the correlations between CSF and MRI parameters were low to mod-
erate. From MEI parameters with significant differences between M5 and HC groups, only
caudate susceptibility and thalamic volume were significantly associated with CSF pa-
rameters. The level of 8-0HAG correlated negatively with the susceptibility in the caudate,
putamen, and the red nucleus. The level of 8-isoPG correlated negatively with suscepti-
bility in the globus pallidus externus. The level of NGAL correlated negatively with sus-
ceptibility and volume in the dentate. The level of PRDX2 correlated negatively with the
volume of the thalamus and both susceptibility and volume of the dentate nucleus (Figure
2). There was a negative correlation between lipoperoxidation markers and the volume of
the globus pallidus and subthalamic nucleus (Table 3). None of the biochemical markers
was significantly associated with T2 lesion volume, lesion count, or EDS5.

PRDX2 and thalamus volume PRDX2 and dentate volume

124 e
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Figure 2. Scatter plot and regression line show negative cormelation between PRDX2 and volume of
thes thalamus (left) and the dentate nucleus (riy'l.l]
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Table 3. Age and sex-adjusted partial correlation coefficients among biochemical markers and deep
gray matber volumes and :ﬂ.l:.l:r]:!l:ib:ilil:in in ea:rl}r M5 patients

B-0OHAG B-isol'G NGAL PFRDX2 MDA + HAE
Structure
r o T B s ol r i r o

Volume

caudate 0.7 0899 -0147 =0.170 -0.328 (L

globus pallidus int. 0175 0181 =0.020 0039 =0.459

globus pallidus ext.  0.195 0136 =-0.199 =0.081 =0.433

putamen 0115 -0.137 =0.008

thalamus 0.074 0.5 0025

pulvinar thalami 0129 =0.067 0020

subthalamic . . .

0.032 &0 -0.189 0008 0. ool 0934 -0.374 0027

nucleus

substantia nigra .002 -0.115 0145 0 =-0.112 -0.229 0187

red nucleus .06 -0.152 0036 (.75 —0.034 -0.299 g1

dentate 0014 0916 -0.087 =0.292 0023 =029 -0.261 0130
Susceptibility

caudate =0.283 0026 -0098 0450 0,009 =.042 0200 0234

globus pallidus int  0.029 0821 =0141 0276 0120 0124 0207

globus pallidus ext -0.037 0777 =0276 0017 0097 0283

putamen =0.386 0001 -0.095 0031 =.058 Nn2z13 15

thalamus 0.139 0230 0103 -0.055 ={.09% -0.088 0603

pulvinar thalami 0172 0181 -0.01& -0.129 -0.245 0 0024 L858

oubihalamic -0141 0275 -0215 0093 0016 0899 0092 (.47 0285 0.088

nucleus

substantia nigra 0101 0433 0107 0052 0 0190 i .29

red nucleus -0.309 0015 0075 0016 054 0010 0094 0295

dentate =067 (604 =0.154 =0314 0013 =0.293 Q.01 o1l 0947

B-OHAG, B-hydroxy-2'-deoxyguanosine; B-isoPG, B-isoprostane; NGAL, Neutrophil gelatinase-as-
sociated ]ip(u:a]in; FRDXZ, pmx.imd.nnin-z; MDA + HAE, ma].nmd.ia]dn:h}-dn:and h}'dlux)ra].kr_-na]n;
I Epearma.n correlation coetficient; P pd\ralul.- [F-valun. < [.05 in I:u:nh:lj; volume ad|u=.'hed oy baskal

intracranial volwme.

4. Discussion

In this study, we found that newly diagnosed MS patients show higher susceptibility
in caudate nucleus and globus pallidus internus than healthy controls which is consistent
with excessive iron accumulation in MS patients. These patients have higher levels of ox-
idative stress markers in C5SF, which is correlated with susceptibility and volume of deep
gray matter structures.

Oncidative stress has been implied in the pathogenesis of autoimmune inflammatory
diseases such as M5 [4,5,18]. Increased release of reactive oxygen species has been shown
to cause extensive myelin damage in early M5 [19]. Endogenous cytoprotective enzymes
such as peroxiredoxin, ghitathione reductase, or catalase counteract oxidative damage,
regulate redox signaling pathways, and modulate inflammatory and immune responses
[20]. The balance between reactive oxygen spedes production and antioxidant defense is
crucial in preventing structural damage to the central nervous system [21].

Peroxiredoxins are a family of highly efficient peroxidases that catalyze the reduc-
tion of hydrogen peroxide, peroxynitrite, and alkyl hydroperoxides [20]. For example,
PEDX2 is upregulated in astrocytes of MS lesions and its expression correlates with the
degree of mflammation and oxidative stress [4]. There are four subtypes of peroxiredoxins
that are expressed in the human brain [22]. FEDX2 is mainly expressed in astrocytes. [ts
expression is more abundant in M5 lesions (especially in their rim), where activation of
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microglia and CD3 T cells is also present [4]. This is consistent with the finding of in-
creased CSF levels of PRDX2 observed in M5 patients in our study. PRDX2 expression
level is positively correlated with the degree of inflammation and oxidative stress. Alt-
hough PRDX2 protects neurons from oxidative siress and inflammatory damage, its in-
crease in CSF may represent a negative prognostic marker that reflects ongoing oxidative
stress. The negative correlation of FRDX2 with the volume of the thalamus may thus in-
dicate the contribution of oxidative stress to thalamic atrophy in M5, which is also a strong
predictor of disability progression [23].

The §-hydroxy-2-deoxyguanosine (8-OHAG) is the most abundant product of oxida-
tive damage to DNA. Its role as an indicator of oxidative stress has been suggested in
many conditions including neurodegenerative diseases [7]. Its elevated levels in CSF are
found in patients with Parkinson's disease, especially inits early stage [24]. Khajenobar et
al. compared the levels of B-OHAG in C5F of MS patients and healthy controls but did not
find any significant difference [6]. Counterintuitively, they reported decreased levels of 8-
OHAG in the serum of M5 patients. On the contrary, Tasset et al. found higher 3-0HdAG
serum concentrations and their association with the severity of the M5 [25]. We also found
higher concentrations of 8~0HAG in C5F of newly diagnosed M5 patients supporting the
association between DMNA oxidative stress and MS.

The isoprostane B-iso-PGF2a is a biomarker of lipid perowidation [5,26]. Mir et al.
reported increased CSF levels of 8-isoPG in a large cobvort of MS patients, with even higher
levels in those with secondary progressive form than in relapsing-remitting MS (RRMS)
[5]. Increased CSF 8-isoPG levels correlate with disease severity as assessed by EDS5 [27].
We believe that a lack of association between CSF 8-isoPG as well as other C5F markers
and EDSS in our study is likely caused by the early phase and very mild severity of our
M5 group.

Meutrophil Gelatinase-Associated Lipocalin (MGAL, also known as Lipocalin-2, or
LCMNZ) is involved in several inflammatory pathways [28]. Its increased concentration in
C5F is reported in patients with M5, espedially those with secondary progressive M5 and
primary progressive M5 compared to REMS [3]. NGAL levels decrease after natalizumalb
treatment. Khalil et al. report decreased levels of NGAL in CSF of M5 patients and their
positive association with iron accumulation in the basal ganglia measured using R2* re-
laxometry [29]. In our study, the difference between MS patients and healthy controls was
not significant. However, we showed a negative correlation of NGAL levels with the sus-
ceptibility in the dentate nucleus. These disparate findings may be caused by different
methods of iron estimation. Increased susceptibility in M5, as compared to R2* relaxo-
metry, reflects not only iron accumulation but also demyelination. This factor may bias
the analyses of assocations between NGAL and other examined CSF parameters with
DGM iron. Additionally, the wide spectrum of NGAL actions may contribute to its differ-
ent pathogenetic effects depending on disease stage. These effects include induction of
neuronal cell death and modulation of iron concentration and its storage in cells, which is
one of the features of neurodegeneration in MS, as previously shown by our study group
[30-32] and others [10].

Both malondialdehyde and hydroxyalkenals are markers of lipid peroxidation [33].
The brain tissue is highly sensitive to reactive oxygen species due to the increased oxygen
consumption and a high concentration of palyunsaturated fatty acids which are sensitive
to lipid peroxidation [3]. The process of iron-dependent accumulation of lipid peroxida-
tion is referred to as ferroptosis and leads to the accumulation of toxic reactive oxygen
species. We found higher CSF levels of MDA + HAE in M5 patients compared to healthy
controls and an assocation with lower volumes of GFL, GPE, and the subthalamic nucleus.
Yet, we did not find significant atrophy of these structures in our M5 cohort. This finding
may be thus consistent with prodromal neurodegeneration of globus pallidus and sub-
thalamic nucleus in a subgroup of M5 patients with increased lipid peroxidation. On the
other hand, no association between MDA-HAE and iron levels was observed arguing
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against the theory that paramagnetic iron measured by Q5M is directly involved in fer-
roplosis.

Consistently with previous studies, our MR data show that newly diagnosed MS pa-
tients already have atrophy of the thalamus, thalamic pulvinar, and putamen [35]. Cau-
date and globus pallidus show significantly higher susceptibility in M5 patients consistent
with iron accumulation [31]. Additionally, we show that the increased susceptibility in
globus pallidus in newly diagnosed M5 patients is driven by changes in the internal pal-
lidum.

Our study has some limitations. The increase of CSF levels of 8-0HAG, PRDXZ, and
MDA + HAE may also be driven by the disruption of blood-brain barrier and not only by
their increased CSF content. Furthermore, circadian fluctuations of CSF levels of the in-
vestigated biomarkers are known. On the other hand, lumbar punctures were performed
at similar times of the day limiting the effect of circadian fluctuations. Although magnetic
susceptibility is a marker of iron concentration, it is also affected by other substances such
as myelin. Finally, although the age difference between MS patients and CSF controls was
significant, we did not find any age dependence of CSF parameters and adjusted statistical
analyses for age whenever appropriate.

5. Conclusions

Early M5 patients show atrophy of the thalamus, thalamic pulvinar, and putamen
and iron accumulation in the caudate and GFL Increased levels of FRDX2, MDA + HAE,
and 8-0HAG in CSF in newly diagnosed M5 patients may suggest the role of oxidative
siress in the pathogenesis of M5, The association between PRDX2 levels and the decreas-
ing volume of the thalamus as well as between 8-0OHAG and increasing susceptibility in
the caudate nucleus underlines the connection between neurcinflammation, oxidative
siress, and tissue loss in M5, PRDX2 and 8-0HAG may be considered as biomarkers in
longitudinal M5 studies. Further investigation of oxidative stress biomarkers in M5 is
needed due to their potential role in predicting and monitoring disease progression and
response to therapy.
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Abstract: Oxidative stres has been impli.ed in cellular injury even in 'H')Et‘ﬂl"}' Ph.uu:« ok muH:iPJE
selerosis (MS). In this th.d}', we qua.nliti.f_-d levels of biomarkers of oxidative stress and antioxddant
capacity in cerebr:mpinal fluid (C5F) in ne'wl}- diaEnmﬂed M5 pabients and their associations with
brain xh'nph}' and iran dEPLniIH in the brain Hasue. Consecutive treatment-naive adult M5 patients
(r = 103) underwent brain MR and CSF sampling. Healthy controls (HC, n = 99) had brain MRL
CSF controls (r = 45) consisted of patients with non-neuroinflammatory conditions. 3T ME included
isotropic T weighted (MPRAGE) and gradient echo (GRE) images that were processed to quanti-
tative susceptibility maps. The volume and magnetic susceptibility of deep gray matter (DGM)
structures were caleulated. The levels of 8-hydroxy-2-deoxy guanosine (B-0OHAG), B-iso prostaglan-
din Fla (8-isoPG), neutrophil gelatinase-associated Hpocalin (NGAL), peroxiredoxin-2 (PRDX2),
and malondialdehyde and hydrocyalkenals (MDA + HAE) were measured in CSF. Compared o
contrals, }ﬁpaﬁmhhﬂd lonwer volumes nl’lhalamu_\,]:vainm',and putamen, lL'iglt-r Hmpﬁbﬂi{y
in caudate nucleus and globus pallidus, and higher levels of 8-0HJG, PRDXZ, and MDA + HAE. In
M5 patients, the level of NGAL correlated negatively with volume and susceptibility in the dentate
nucleus, The level of 8-0HAG cormelated negatively with susceptibility in the caudate, putamen,
and the red nucleus. The level of PROX2 cornslated ru:g;llivel},rwi’lh the vedume of the thalamus and
bath with volume and msacupiibi]il'}' of the dentate mucheus. From MRI parameters with sdgn:iﬁ:a.nt
differences between MS and HC gnmps,tml}- raudah_-su.xuepﬁbiﬁl')' and thalamic volume were sig-
nili.ca.nll}' asmociated with CSF Panml_-h_-rn_ﬂur th.d}' shonws that incressed oxidative stress in CSF
detected in m_-wl}' diagntmed MS]:latil_-rrh. suppests it role in &Epaﬂxsgemain of M5,

Keywords: multiple sclerosis; magnetic resonance imaging: cerebrospinal fluid; oxidative stress;
peroxiredoxin; neutrophil gelatinase-associated lipocalin

1. Introduction

Multiple sclerosis (MS) is a chronic neuroinflammatory demyelinating disease with
progressive deterioration of disability in the majority of untreated patients. Although the
main pathological mechanism is an aberrant immunological response, there is a complex
interaction of genetic and environmental factors as well as neuroprotective and repair
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miechanisms [1]. Oxidative stress and its modulation have been implied in the formation,
sustenance, and termination of cell injury in M5 [23].

The levels of oxidative stress markers can be estimated in patients from peripheral
blood, cerebrospinal fluid {CSF), or locally by microdialysis. Since C5F is dinectly connected
o ecracellular space, ] ana]}'xia. may better reflect homeestasis in the brain microsnvironment
compared fo peripheral blood analysis [4]. Oxidative stress markers including malondialde-
hyde (MDA), 4-hydroxyalkenals (HAE), isoprostane 8-iso-PGFz (8-isol"G) have been re-
ported to be elevated in CSF of MS patients [1,5]. The &-hydroxy-2-deoxyguanosine (8-
OHAG), a product of oxidative DNA damage in CSF, has been implied in carcinogenesis,
neurodegeneration, but not specifically in MS [6,7]. Peroxiredoxins represent a family of
highly efficient peroxidases that are upregulated in astrocytes in M5 lesions [4]. Neutro-
phil Gelatinase-Associated Lipocalin (NGAL) acts in multiple signaling pathways that
regulate inflammation, iron homeostasis, and cell death [3]. The above-mentioned sub-
stances have been investigated in MS patients, but the evidence for their dysregulation is
limited, especially in the early phases of M5.

Newly diagnosed MS patients already show accelerated tissue loss of deep grey mat-
ter (DGM), particularly in the thalamus [9]. Iron accumulation in DGM in MS patients is
also an early phenomenon, which is already detectable at the transition from clinically
isolated syndrome to clinically definite MS [10]. Iron concentration in the DiGM correlates
with clinical severity and predicts fubure disability [11,12]. Iron balance is tightly linked
with inflammation and many proteins involved in cellular iron homeostasis are altered
by inflammatory stimuli resulting in cellular iron retention [13]. Iron dysregulation is sup-
posed to trigger oxidative stress. However, the link between oxidative stress, brain atro-
phy, and iron concentration in DGM structures in MS has not been sufficiently estab-
lished.

The main aim of this study was to examine biomarkers of oxidative stress and anti-
oxidant capacity in CSF in newly diagnosed untreated M5 patients and their associations
with the severity of brain atrophy and iron deposits in DGM.

2. Materials and Methods

This study (ClinicalTrials.gov 1D: NCTO3706118) was approved by the Ethics Com-
mittee of the General University Hospital in Prague (ID1018/17), it was carried out in ac-
cordance with the Declaration of Helsinki and all subjects signed informed consent.

2.1, Study Participanis

M5 patients (r = 103): de novo treatment-naive M5 patients diagnosed between Au-
gust 2017 and January 2020 underwent neurclogical examination including Expanded
Disability Status Scale (EDSS), brain MRI, and CSF sampling. The inclusion criteria were:
age = 18 years and diagnosis of M5 according to the 2017 McDonald criteria [14]. We ex-
cluded patients with major diseases affecting brain health and pregnant wormen.

Two different groups of controls were used for brain MEI and C5F binchemical com-
parisons.

Healthy controls (HC) for brain MRI were recruited from the general community
[15]. The controls were free of neurslogic or other medical disorders affecting brain health
and had a normal neurological examination. From the original group of 111 subjects, we
selected 99 HC with an age range comparable to MS patients by excluding older subjects.

CSF controls: for CSF comparison, samples from 45 controls with different non-neu-
roinflammatory conditions were selected from our CSF bicbank. The control group in-
cluded 37 patients with non-inflammatory neurological disorders and 8 patients under-
going spinal anesthesia for urologic surgery.
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2.2, Imaging Protocol

MRI examination was performed and processed as previously published [15]: Mag-
netization Frepared Rapid Gradient-Echo (MPRAGE, TE: 2.96 ms, T1 900 ms TR: 2300 ms,
spatial resolution: 1 = 1 » 1 mm), gradient-echo (GRE, 6 TEs: 4.5-29.5 ms, evenly spaced,
TE: 33 ms, spatial resolution: 0.94 = (194 = 0.9%4 mm), and Fluid-Attenuated Inversion Re-
covery (FLAIR, TE 397 ms, TI 1300 ms, TR. 5000 ms, spatial resolution 1 = 1 = 1 mm) pulse
sequences were acquired on a 3T MRI scanner (Siemens Skyra 3T, Siemens Healthcare,
Erlangen, Germany) with a 20 channel head coil.

2.3. Image Processing

GRE images were processed to quantitative susceptibility mapping (QSM) maps, co-
registered with MPEAGE using SFM12 running under Matlab v. 2020a (The Math Works,
Inc., Matick, MA, USA). Co-registered skull-stripped (5M and MPRAGE images entered
a fully automated multi-atlas segmentation pipeline using dual (Q5M and T1-weighted)
contrast for delineation of DGM nuclei implemented with a cloud-based platform
{www. mricloud. org) (Figure 1) [16]. Segmentation of DGM structures in all subjects was
visually checked for errors, particularly for potential misclassifications of demyelinating
lesions in the DGM. Volumes were adjusted to the total intracranial volume {TTV) and
reported as the sum of bilateral structures. OSM measurements were referenced to the
susceplibility of a manually drawn region in the parietooccipital white matter avoiding
white-matter lesions [15]. White matter lesions were segmented by the lesion growth al-
gorithm [17] as implemented in the LST toolbox version 3.0.0 (www.statistical-model-
ling.deflst html) for SPM. The optimal initial threshold (k) was determined by visual in-
spection and set to 0.15. Lesion segmentation in all subjects were visually checked and
false-positive voxels were manually deleted.

magritude

Fl'gur: p 1 Emmple MEI imn@{ex: Kmdiunl-l:dm [GRE} magn.iludr and 'Ph:lve imaﬁl.-.v WETE P'ruum.wd.
fo quantitative suﬁ&!pibuil}' map {5M). Multi-atlas sapmentation E:nplc:iy\ed :un.-ﬁixhﬂd Q&M
and MPRAGE i.Tl'IaHIﬂ o gemerake masks of dHP grey matter structures, cerebral white and Brey
matter, and CSF.
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2.4. C5F Assays

C5F was drawn from L5-51, L4-5, or L3 interspace in an upright sitting position in
the morning hours wsing a standard sterile preparation and 20 G atraumatic needle. A
total of 20-25 mL of CSF and 5 mL valume of blood were obtained. C5F was immediately
centrifuged at 3000= g rpm and 4 “C; the supernatant was aliquoted and frozen at =80 *C.

For CSF assays, the samples were centrifuged after thawing and kept on ice. All sam-
Ples were assayed in duplicates.

B-iso prostaglandin Fa (B-isol'G, B-isoprostane) was determined immunochemically
by a non-competitive ELISA with biotinylated anti-human 8-isoPG antibody. Human 8-
iso prostaglandin ELISA kit (cat. No. MBS160287, MyBioSource, Inc., San Diego, CA, USA)
was employed. The calibration ranged from 0 to 640 ng/L and was linear throughout the
whole range.

Neutrophil gelatinase-associated lipocalin (NGAL, lipocalin-2) was assayed using a
non-competitive ELISA (cat. No. MB55644140, MyBioSource, Inc., San Diego, CA, USA].
Samples were diluted 10 times prior to use. The calibration ranged from 0 to 10 ng/mL
and was linear in the whole range.

Peroxiredoxin-2 (FRDX2) was determined immunochemically by a non-competitive
ELISA with biotinylated anti-human FRDX2 antibody (cat. No. ELH-PRDXZ, RayBiotech,
MNorcross, GA, USA). Samples were diluted 5 times prior to use. The calibration ranged
from [} to 12.8 ng/mL. Polynomic regression of 2 order was employed to estimate the
concentrations of samples.

Products of lipid peroxidation were assayed by a colorimetric assay based on M-me-
thyl-2-phenylindole (Bioxytech LPO-536 kit, cat. No. 21012, OXIS International, Inc., Fos-
ter City, CA, USA). Methanesulphonic acid was used as the acid solvent in the procedure
for simultaneous determination of malondialdehyde and 4-hydroxyalkenals (MDA +
HAE). Samples for MDA + HAE assay were stabilized with butylated hydroxytoluene
(BHT; 20 uL of 0.2% BHT was added to 200 pL of CSF immediately after sampling, before
freezing to =80 *C). In the assay, tetramethoxypropane was used as the calibrator in con-
centrations from 0 to 4 umol/L.

S-hydroxy-2'-deoxyguanosine (3-0HdG) was assayed by a competitive ELISA (Biox-
ytech 8-0HJAG ELA Kit, cat. No. 21026, OXIS International, Inc., Foster City, CA, USA).
The calibration was performed for concentrations 0.5 to B ng/mL and was linear in this
range.

In M5 patients, CSF samples in sufficent quantity for the analysis of 8-0HdG, 8-
isoPG, NGAL, and PRDX2 were available in 62 patients and for the analysis of MDA +
HAE in 37 patients.

2.5. Statistical Analysis

Statistical analysis was performed in SPSS (IBM, Armonk, NY). Dichotomous and
contimuous variables were compared using the Fisher test, the f-test, the Mann-Whitney
test, or the generalized linear model (GLM) as appropriate according to the distribution
of the data. Grubb's test was used to identify significant outliers (p < 0.05). Age and sex-
adjusted partial correlation coefficients among biochermical markers and deep gray matter
volumes and susceptibilities in newly diagnosed MS patients were caloulated. p values
were adjusted to age and sex. A p-value below 0.05 was considered significant.

3. Results
3.1. Comparison of M5 Pabients and HC MRI

Brain volumetry and quantification of susceptibility in the DGM structures are
showm in Table 1. Compared to HC, M5 patients had lower brain parenchymal fraction (p
= (1), a smaller volume of thalamus (p < 0.001), pulvinar (p < 0.001) and putamen (p =
0.002), and higher susceptibility in the caudate nucleus (p = 0.041) and globus pallidus
internus (p = 0.015).
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Table L Csmtpa:imm of DGM volumes and muepl:ibiﬁli.es in M5 pabients and comtrob.

MS (= 103) MEI Controls (s = 99)
Mean Std. Deviation Mean Sid. Deviation p-Value

Sex (male/female) 2875 386l 0090
Age (vears) 325 &0 337 83 0305
EDSS (median, IQR) 2 1.5-25 - - -

Lesion load {cm®) 27 53 - - -

Lesion count (median, 1QE) 7 4-20 - - -

Brain parenchymal fraction (%) 803 34 315 28 0001

DGM Volumes (em®)
caudate &0 0z 8.1 06 0240
GF1 11 0l 11 LI 0230
GFE 31 03 iz 03 0528
putarmnen 87 0z Qn 08 0.0z
thalamus 96 LI Q9 06 <0001
pulvinar 23 03 25 03 <0.001
subthalamic nucleus 03 ol 04 LIS 0310
substantia nigra 13 01 14 0z (.163
red nuclews 6 ol 0.6 0l 0710
dentate 18 04 1.3 03 0711
DGM Susceptibilities (ppb)

Caudate 245 58 230 47 0041
GF1 531 a4 509 57 005
GFE 628 77 622 68 0594
Putarnen 236 &7 236 6.1 0977
Thalamus ne 23 L0 20 0728
Pulvinar 17.9 52 183 52 0582
subthalamic nucleus 41.9 73 432 69 0214
substantia nigra 534 73 522 6.6 (.099
red nuclews 392 7R 397 81 LA39
Dentate 7.4 &h 369 98 (693

DGM, deep gray matter; I0R, interquartile range; EDSS, expanded disability status scale; GFIL glo-
bus pallidus intemus; GPE, globus pallidus externus; ppb, parts per billion. p-values are adjusted
for age amd sex. Sign:il“il.'ml: ditferences are in bold.

3.2, Comparisom of CSF Biochemical Markers in MS Patients and Confrols

5F was available in 62 newly diagnosed M5 patients. The control C5F group was
older compared to MS patients (33 + % vs. 40 £ 12 years, p < 0U001). Patients with M5 had
higher values of 8-0HJG (p = 0.041), PRDXZ (p = 0.015), and lipoperoxidation markers
(MDA + HAE; p = 0.003) compared to HC (Table 2).
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Table 2. Cmnpa.ri:um of C5F biochemical markers in M5 patients and controls.

MS [n = 62} CSF Controls (n = 45)

Mean 5td. Deviation Mean S5td. Deviation  p-Value
Sex (maleffemale) 19/43 0,25 0143
Age (vears) 333 86 40.2 1.6 <.001
CSF sampling to MRI interval (months) 1.1 a9 n.d n.d. nd.
Cerebrospinal Fluid Analysis

0112 0.310 0.026 0122
B-OHAG (ng/ml) (median =0) (IQR=0to) (median = 0) (IQE =0 to D) 00aL
B-isol'G (ng/L) 44319 13.611 41.071 9.679 D.447
NCAL (ng/mL]) 4.366 21085 4.968 1226 0.473
PRDX2 (ng/mlL) 10966 21961 9437 3945 0.015
MDA + HAE (pmol/L) 0.605 2 0.264 2 0.448 0153 0.003

Thalamus volume 1cm3}

1 Mm'ln-\‘l'h.il'nl.-_'( U best; other an::l_'_rm:r Perfﬁnrrn:d uxinK GLM with age and sex as covariabes; 2n =
37- CSF, i\er\ebnmp:inal fluid; B-OHAG, H-h}ldnm:ﬁ-l’-dﬂ.‘tm:ﬁﬁuanﬂxhﬂ; B-isoPl, H-imrpnﬂaru::
MNGAL, n.euhuphil Kelalina_-ce-\asm'iah:d |ipu|::|in; PRDXZ, Ptmuiredlrxi.n-l; MDA + HAE
m::llm!laldl_-h).:de and h}-dﬂm:\:alkmalx; nd., not determined. pvalwes ane adjusbed for :Jl.-;uand Frea
Significant differences are in bold.

3.3. Correlations between C5F Biochemical Markers and MRI Paramefers

In MS patients, the correlations between CSF and MRI parameters were low to mod-
erate. From MRI parameters with significant differences between M5 and HC groups, only
caudate susceptibility and thalamic volume were significantly associated with C5F pa-
rameters. The level of B-0HAG correlated negatively with the susceptibility in the caudate,
putamen, and the red nucleus. The level of B-isoPG correlated negatively with suscepti-
bility in the globus pallidus externus. The level of NGAL correlated negatively with sus-
ceptibility and volume in the dentate. The level of FRDX2 correlated negatively with the
volume of the thalamus and both susceptibility and volume of the dentate nucleus (Figure
2}. There was a negative correlation between lipoperoxidation markers and the volume of
the globus pallidus and subthalamic nucleus (Table 3). Mone of the biochemical markers
was significantly assocdated with T2 lesion volume, lesion count, or EDS5.

PRDX2 and thalamus volume PRDX2 and dentate volume
124 A=
1 a ®
14 . ¥ ”E 1 x ow, - . %
] W - "
= *
] x = S BX o u
6 ¥ AP X 5 . x o ¥
J " Y g =
B9 y=104-0.071xx ] y=22-0028%x
1 w=pop08s a 7= 0,073
7 r . . ' 0 r 1 : ]
0 5 10 15 20 0 5 10 15 20
PRDX2Z (pgll} PRDX2 (pgll)

FIIEIII! 2. Scatter F|ul and regression line shma n.eﬁali\.'l.-ﬂ:-mlalim betwesn PROX2 and volume of
thes thalamus (left) and the dentate nucleus (r;EJLI]
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Tahble 3 Age and sex-adjusted Fa:rl:ial correlation cosfficients amang bigschernical markers and deep
gray matber volumes and susceptibilities in early M3 patients.

B-OHAG B-isoPG NGAL PRDX2 MDA + HAE
Structure
r P r i ¥ P r 4 r I

Volume

caudate 0M7 0899 -0.147 0170 0.195 -0.328
globus pallidus int. 0175 0181 =0.020 0.039 =0.459

globus pallidus ext. 0,195 (.13 -0.199 -0.081 -0.433

putamen 0.115 0022 0137 0297 0. ~0.008

thalamus 0.074 -0.028 M5 0733 -0341 0.025

pulvinar thalami 0,129 (328 0036 0067 0613 -0.240 0.020
subthalamic 00d2 006 -0.189 DO0E  0.950 0011 -0.374 0.027
nucleus

substantianigra  0.002 0115 0145 0265 0112 0129

red nucleus 0.046 -0.152 0036 075  -0.034 -0.299

dentate 0014 0916 0087 0292 0.023 0291 0261
Susceptibility

caudate -0.283 0025 0098 0450  0.009 -0.042 0.200

globus pallidus int  0.029 021 -0141 0276 0120 0124 0.207

globus pallidusext -0.037 0777 -0276 0.030 0017 0.057 0.283

putamen -0.396 0001 0095 0462 0.031 -0.058 0.213

thalamus 0.139 0 0103 0055 (669 ~0.099 ~0.088
pulvinarthalami ~ -0.172 (.81 -0016 0900 -0129 0317 -0245 0.024
subthalamic 0141 0275 -0215 0093 0016 0599 0092 0285
nucleuws

substantianigra  -0.101 0433 -0.107 T 0150 0.296 0
red nucleus -0.309 0015 0075 I 0016 L-0010 0541 0295 [y
dentate -0.067 0604 0154 0231 0314 0013 0293 0.021 0011 0

B-OHAG, H-h}'druxy-]'-dem}lsnuuninf; Beisald, B-i:npu':mtarm: MNGAL, Nﬂ;h'nphi] a:]aﬁna.m:—m-
sociated Jiptu:aJin; FRDX2, Pn.-rux:imd.nnin-z; MDA + HAE, mahmdia]d.eh}-dtand h}'d.rux}raﬂu_-na]ei;
1, Spearman correlation coetficient; p, pvalue (pvalues < 0.05 in bold); volume adjusted o total
intracranial volwme,

4. Discussion

In this study, we found that newly diagnosed M5 patients show higher susceptibility
in caudate nucleus and globus pallidus internus than healthy controls which is consistent
with excessive iron accumulation in MS patients. These patients have higher levels of ox-
idative stress markers in C5F, which is correlated with susceptibility and volume of deep
gray matter structures.

Onddative stress has been implied in the pathogenesis of autoimmune inflammatory
diseases such as M5 [4,5,18]. Increased release of reactive oxygen species has been shown
to cause extensive myelin damage in early M5 [19]. Endogenous cytoprotective enzymes
such as peroxiredoxin, glitathione reductase, or catalase counteract oxidative damage,
regulate redox signaling pathways, and modulate inflammatory and immune responses
[20]. The balance between reactive oxygen spedes production and antioxidant defense is
crucial in preventing structural damage to the central nervous system [21].

Peroxiredoxins are a family of highly efficient peroxidases that catalyze the reduc-
tion of hydrogen peroxide, peroxynitrite, and alkyl hydroperoxides [20]. For example,
PRDX2 is upregulated in astrocytes of M5 lesions and its expression correlates with the
degree of inflammation and oxidative stress [4]. There are four subtypes of peroxiredoxins
that are expressed in the human brain [22]. FRDX2 is mainly expressed in astrocytes. [ts
expression is more abundant in M5 lesions (especially in their rim), where activation of
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microglia and CD3 T cells is also present [4]. This is consistent with the finding of in-
creased CSF levels of FRDX2 observed in M5 patients in our study. FRDX2 expression
level is positively correlated with the degree of inflammation and oxidative stress. Alt-
hough PEDX2 protects neurons from oxidative stress and inflammatory damage, its in-
crease in CSF may represent a negative prognostic marker that reflects ongoing oxidative
stress. The negative correlation of PRDX2 with the volume of the thalamus may thus in-
dicate the contribution of oxidative stress to thalamic atrophy in M5, which is also a strong
predictor of disability progression [23].

The §-hydroxy-2-deoxyguanosine (5-0HAG) is the most abundant product of oxida-
tive damage to DNA. Its role as an indicator of oxidative stress has been suggested in
many conditions including neurodegenerative diseases [7]. Its elevated levels in CSF are
found in patients with Parkinson's disease, especially in its early stage [24]. Khajenobar et
al. compared the levels of B-OHAG in CSF of M5 patients and healthy controls but did not
find any significant difference [6]. Counterintuitively, they reported decreased levels of 8-
OHAG in the serum of M5 patients. On the contrary, Tasset et al. found higher 3-0OHJG
serum concentrations and their association with the severity of the M5 [25]. We also found
higher concentrations of 820HAG in CSF of newly diagnosed MS patients supporting the
association between DNA oxidative stress and MS.

The isoprostane B-iso-PGF2a is a biomarker of lipid peroxidation [5,26]. Mir et al.
reported increased CSF levels of 8-is0I"G in a large cobwort of M5 patients, with even higher
levels in those with secondary progressive form than in relapsing-remitting MS (RRMS)
[5]. Increased CSF 8-iso'G levels correlate with disease severity as assessed by EDSS [27].
We believe that a lack of association between CSF 8-isoPG as well as other CS5F markers
and EDS5 in our study is likely caused by the early phase and very mild severity of our
M5 group.

Neutrophil Gelatinase- Associated Lipocalin (NGAL, also known as Lipocalin-2, or
LCMNZ) is involved in several inflammatory pathways [28]. Its increased concentration in
CSF is reported in patients with M5, especially those with secondary progressive M5 and
primary progressive M5 compared to RRMS [8]. NGAL levels decrease after natalizumab
treatment. Khalil et al. report decreased levels of NGAL in CSF of MS patients and their
positive association with iron accumulation in the basal ganglia measured using F2* re-
laxometry [29]. In our study, the difference between MS patients and healthy controls was
not significant. However, we showed a negative correlation of NGAL levels with the sus-
ceptibility in the dentate nucleus. These disparate findings may be caused by different
metheds of iron estimation. Increased susceptibility in M3, as compared to R2* relaxo-
metry, reflects not only iron accumulation but also demyelination. This factor may bias
the analyses of associations between NGAL and other examined CSF parameters with
DGM iron. Additionally, the wide spectrum of NGAL actions may contribute to its differ-
ent pathogenetic effects depending on disease stage. These effects include induction of
neuronal cell death and modulation of iron concentration and its storage in cells, which is
one of the features of neurodegeneration in MS, as previously shown by our study group
[30-32] and others [10].

Both malondialdehyde and hydroxyalkenals are markers of lipid peroxidation [33].
The brain tissue is highly sensitive to reactive oxygen species due to the increased oxygen
consumption and a high concentration of polyunsaturated fatty acids which are sensitive
to lipid peroxidation [3]. The process of iron-dependent accumulation of lipid peroxida-
tion is referred to as ferroptosis and leads to the accumulation of toxic reactive oxygen
species. We found higher CSF levels of MDA + HAE in M5 patients compared to healthy
controls and an association with lower volumes of GPI, GPE, and the subthalamic nuclens.
Yet, we did not find significant atrophy of these structures in our MS cohort. This finding
may be thus consistent with prodromal neurcdegeneration of globus pallidus and sub-
thalamic nucleus in a subgroup of MS patients with increased lipid peroxidation. On the
other hand, no association between MDA-HAE and iron levels was observed arguing
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References

against the theory that paramagnetic iron measured by Q5M is directly involved in fer-
roplosis.

Consistently with previous studies, our MR data show that newly diagnosed MS pa-
tients already have atrophy of the thalamus, thalamic pulvinar, and putamen [35]. Cau-
date and globus pallidus show significantly higher susceptibility in M5 patients consistent
with iron accumulation [31]. Additionally, we show that the increased susceptibility in
globus pallidus in newly diagnosed M5 patients is driven by changes in the internal pal-
lidum.

Our study has some limitations. The increase of CSF levels of 8-0HAG, PRDXZ, and
MDA + HAE may also be driven by the disruption of blood-brain barrier and not only by
their increased CSF content. Furthermore, circadian fluctuations of CSF levels of the in-
vestigated biomarkers are known. On the other hand, lumbar punctures were performed
at similar times of the day limiting the effect of circadian fluctuations. Although magnetic
susceptibility is a marker of iron concentration, it is also affected by other substances such
as myelin. Finally, although the age difference between M5 patients and CSF controls was
significant, we did not find any age dependence of CSF parameters and adjusted statistical
analyses for age whenever appropriate.

5. Conclusions

Early M5 patients show atrophy of the thalamus, thalamic pulvinar, and putamen
and iron accumulation in the caudate and GFL Increased levels of FRDX2, MDA + HAE,
and 8-0HAG in CSF in newly diagnosed M5 patients may suggest the role of oxidative
siress in the pathogenesis of M5. The association between FPRDX2 levels and the decreas-
ing volume of the thalamus as well as between 8-0OHAG and increasing susceptibility in
the caudate nucleus underlines the connection between neurcinflammation, oxidative
stress, and tissue loss in M5, PEDX2 and 8-0HAG may be considered as biomarkers in
longitudinal M5 studies. Further investigation of oxidative stress biomarkers in M5 is
needed due to their potential role in predicting and monitoring disease progression and
response to therapy.
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