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1. Uvod

Od roku 1977, kdy vznikla prvni celotélova jaderna magneticka rezonance (MR) pro zobrazovani lidské
tkané, ubéhlo jiz témér padesat let. Za tuto dobu se stalo vySetfeni MR standardni radiologickou
metodou. Tato zobrazovaci modalita ma své nezastupitelné misto pfi vySetfeni centralni nervové
soustavy (CSN), muskuloskeletalniho systému (MSK), vysSetfeni panve a dalsich anatomickych oblasti.
Diky své fyzikdIni podstaté, rozvoji hardwaru a narUstajici vypocetni sile nabizi Sirokou Skalu
modifikaci, jak detekovat, rekonstruovat a analyzovat signal. Kazdym rokem pfibyvaji nové
zobrazovaci sekvence, rekonstrukéni algoritmy nebo analytické metody. | pfes tento vyvoj ma ovsem
metoda stale své limity a ty se vétSinou projevuji jako ridzné artefakty v obraze. Vétsi ¢ast autorova
vyzkumu se tyka difuzné vazeného zobrazovani (DWI), proto je teoretickd c¢ast zamérena na vznik a
potladeni nejzavaznéjsich artefaktl pravé z pohledu DWI. Nasledné navazuje védecka ¢ast, kde autor
prokazuje aktivni cinnost v oblasti optimalizace vySetfovaciho protokolu pro dosazeni co
nejkvalitnéjsiho a reprodukovatelného zobrazeni v oblasti kréni michy. Navazuje prehled analytickych
metod, jez autor bud vytvofil, ¢i ovéfuje jejich presnost pro statistické vyhodnoceni zobrazeni CNS.
V posledni kapitole jsou uvedeny védecké prace klinického charakteru, na kterych se autor podilel a
kde je aplikovana nékterd z autorovych metod. PredloZzend prace je koncipovana jako soubor

komentovanych publikaci.
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3. Techniky zobrazovani CNS pomoci difuzné vazenych obrazu

3.1. Teoretické principy DWI

Zobrazovani magnetickou rezonanci (MR) vyuzZivd mirné odliSnych magnetickych vlastnosti jader
vodiku v zdvislosti na okolnim magnetickém poli, kde napftiklad vodiky navazané na uhlovodikovych
fetézcich tukd maji rozdilnou T1 relaxivitu® v porovnani s vodiky navdzanymi na kysliku ve vodé.
Pomoci vnéjsich magnetickych impulzl Ize vychylovat magnetické momenty jader z rovnovaznych
poloh, pticemz civky detekuji signal, ktery vznika pfi jejich navratu do rovnovaziné polohy. Velikost
signalu je ddna poctem vodikovych jader v objemu (protonova hustota) a dvéma odlisSnymi relaxacnimi
déji, kdy rychlost jejich relaxace je charakterizovdna T1 a T2 relaxacnimi ¢asy. Prostorovou distribuci
tohoto signalu midzeme prostrednictvim Sedotdnové stupnice vykreslit do obrazu a podle toho, jaky

déj se na vzniklém signdlu dominantné podili, mluvime pak o T1 nebo T2 vazeném obraze.

Casovy prabéh koncentrace latky c v d@sledku jejiho difundovani ndm popisuje druhy Fickv zakon,

jehoz diferencialni tvar je:

dc
E = DAc (1)

Je pfimo umérny koeficientu difuze D, ktery je pfimo zavisly na teploté a nepfimo na viskozité a

velikosti ¢astic, dle Stokesovy-Einsteinovy rovnice:

_ kpT
ennr

(2)

Signdl indukovany detekénimi civkami je sumou signal(i vsech jader vodiku v objemu okolo civky. Aby
bylo mozZné jej rozdélit podle prostorovych souradnic (x, y, z) a tim vytvofit obraz, je tfeba aplikovat
relativné komplikovany sled gradientnich? magnetickych impulz(, které prostorové soufadnice
zakdduji pomoci mirné odlisSnych frekvenci a fazi precesniho pohybu. Tento proces je nazyvan

pozi¢nim kédovanim a je nedilnou soucasti tvorby kazdého obrazu MR.

Pouzijeme-li dalsi dva gradientni impulzy po vzoru Stejskal-Tennerovy metody [1], mUZeme signal z
jednotlivych voxell nejprve fizené rozfazovat a po uplynuti urcité doby opét zfazovat. Jestli dojde v
pribéhu tohoto procesu k pohybu vodikovych jader, vysledek zpétného zfazovani nebude totozny
s plivodnim stavem, coz bude mit za nasledek pokles vysledného signdlu v porovnani s obrazem bez

difuzniho vazeni (bez aplikace difuznich gradientnich pulst). Tento proces je zachycen na obrazku 1.

1 Rychlost ndvratu vektoru magnetizace do rovnovainé polohy poté, co z této rovnovaziné polohy byl vektor
magnetizace vychylen.
2V prostoru proménlivych.
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Obr. 1. A) Schéma zapinani gradientnich a RF impulzt pro difuzné vaZené obrazy. Gradientni impulz odpovédny za difuzni
vazeni je charakterizovan amplitudou G, délkou trvani 9, ¢asem mezi difuznimi impulzy A a strmosti zapnuti a vypnuti impulzu
€. Pfevzato z [2]. B) Ukazka zmény signalu zpisobena difuzi molekul. Prvni difuzni gradient vede k rozfazovani precese v
konkrétnim sméru (v tomto piipadé zprava doleva). Poté je ponechan prostor pro samotnou difuzi a 180° refokusacni impulz.
Molekuly jsou nasledné zfazovany druhym difuznim gradientem. Jestlize k difuzi nedochdzi, pozice jednotlivych molekul je
stejnd jako pied prvnim difuznim gradientem a v obraze nedojde ke zméné signalu. Pokud k difuzi dochazi, molekuly
pohybujici se ve sméru difuzniho gradientu (zprava doleva) budou mit po druhém difuznim gradientu rozdilnou fazi a diky
tomu dojde ke zméné signalu. Molekuly, které se pohybuji ve sméru kolmém na difuzni gradient, ke zméné signalu
nepfispivaji, a jejich pohyb tudiz neni detekovan. Pievzato z [3].

Miru difuzniho vaZeni v obraze popisuje tzv. b-hodnota neboli b-faktor [s.mm?] (rovnice 3), jeZ
zjednodusené ukazuje, kolik ¢asu nechdame molekuldm vodiku k difuzi a jak moc rozfazujeme precesni
pohyb. Je-li b-hodnota nizka (10 — 100 s.mm™), na Ubytku signalu v obraze se podileji pouze ta jadra,
kterd se pohybuji rychle. Cim vétsi je b-hodnota, tim davame vice €asu jadriim k pohybu, &mz jsme
schopni charakterizovat jiné pohyby. Teoreticky miZeme volit libovolnou velikost b-hodnot, ale v praxi
jsme limitovani primarné kvalitou gradientniho systému ptistroje MR. Pti zanedbani prostorovych

gradientd mizeme b-hodnotu urcit dle vztahu [4]:
b:yGZ[az(A——)+———] (3)

y predstavuje gyromagneticky pomér, G amplitudu gradientniho pulzu, A ¢as mezi gradientnimi pulzy,
6 dobu a € rychlost sepnuti gradientniho pulzu (obr. 1 — A). Nasleduji rzné varianty, jak difuzni signal
dale analyzovat. Nejjednodussi a v klinické praxi etablovany pfistup je popis difuze pomoci
monoexponencidlni funkce (rovnice 4), kde Sy je velikost signdlu bez difuzniho vazeni, S, je velikost
signalu s difuznim vazenim o velikosti b a v exponentu vystupuje mira difuzniho vazeni b a koeficient

zdanlivé difuze (ADC)>:
S, = Syoe brAapc (4)

Vypocitané hodnoty ADC pro jednotlivé voxely se zobrazuji jako tzv. ADC mapy a jejich hodnoty mohou

vypovidat o typu postizeni [5, 6]. Dle zobrazované patologie ¢i anatomie existuji obecna doporuceni,

3Z angl. apparent diffusion coeficient.



jakou miru difuzniho vaZeni volit (vy$etfeni mozku b = 1000 s.mm2, prostaty b > 1500 s.mm2 atp.), ale

neexistuje jednoznacna hodnota, protoze mira difuze je ovlivnéna mnoha faktory [7].

Monoexponencialni model neni pouZitelny pro vysoké hodnoty b-faktoru (b > 2000 s.mm2), kdy jiZ
neodpovida skutecnosti, protozZe difuze se v této oblasti nechova dle Gaussova rozdéleni [8]. Proto se
mUze tento model upravit o difuzné kvadraticky ¢len s parametrem kurtozy (Spicatosti) K, ktery je
bezrozmérny a charakterizuje odklon od monoexponencidloniho modelu v oblastech vysokych

b-hodnot.
_ 2
S, = Sboe( bD+(bD)%K/6) (5)

V opacném pripadé se tento model také nedd pouzit, a to pro velmi nizké hodnoty b-faktoru
(b < 200 s.mm), kdy signal obsahuje informaci o rychlych difuznich dé&jich. Jednim ze zdrojt rychlého
pohybu vodikovych jader je perfuze krve, coz neni difuzni déj. Proto se nékdy o oblasti nizkych
b-hodnot mluvi jako o pseudodifuzi a od difuze ji miZzeme oddélit pomoci modelu zvaného intravoxel
incoherent motion (IVIM). Ten je popsan biexponencialni rovnici (6), kde f je koeficient perfuzni frakce,
D* je pseudodifuzni koeficient (v nékterych studiich ozna¢ovan také jako rychla difuze) a D je difuzni

koeficient [9]. Obrazek 2 souhrnné zobrazuje rozdily jednotlivych modeld.

Sp = Spo(fe 22" + (1 — febP) (6)

Pseudo Free waler
diffusion diffusion diffusion

D

Obr. 2. Komplexni ukazka riznych modeli analyzy difuzné vazeného obrazu. Seda kiivka znazoriiuje DWI signal. Zluta
kiivka (ADC Monoexp.) znazoriiuje model dle rovnice 4. Oranzova usecka (K) znazoriiuje odklon ADC modelu od realného
signalu v oblasti vysokych b-hodnot dle rovnice 5. Cervena usecka (f), fialova (D*) a tyrkysova (D free water) jsou vystupem

modelu IVIM dle rovnice 6, pticemz D* charakterizuje ¢ast signalu z difuze vody v krevnim fecisti, D charakterizuje ¢ast

signalu bez signalu z krevniho fecisté a f charakterizuje odklon parametru D od monoexponencialniho modelu ADC.

O mozZnostech a limitacich téchto jednotlivych model(l pojednaval z pohledu klasifikace mozkovych
tumord autorlv prehledovy ¢lanek I. (KopFivova et al. 2024). V tomto textu autor rozebira a obrazové

demonstruje moznosti aplikace model(i pro diferenciaci mozkovych tumort od netumordéznich lozZisek,
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glioblastom( od primarnich CNS lymfom( nebo od metastdz. TaktéZ zkouma mozZnosti gradingu
gliom{ (low-grade vs high-grade) ¢i odliseni progrese od pseudoprogrese pfi pooperac¢nim sledovani

pacient( (obr. 3).

Obr. 3. Postkontrastné sytici se |éze v bilé hmoté levé mozkové hemisféry odpovidajici pseudoprogresi u pacienta
s glioblastomem (grade IV, divoky typ IDH) po chirurgické resekci a radioterapii. A) - T1-w postkontrastni axialni
obraz, b) - f mapa, c) - D* mapa, d) - FLAIR axialni obraz, e) - D mapa, f) - K mapa. Sytici se léze (a) se nachazi
dorzalné od nesytici se pooperacni oblasti v levém frontdlnim laloku; rozsahla leukoencefalopatie je patrnd v
obraze FLAIR (d). FLAIR, fluid-attenuated inversion recovery; IDH — isocitratdehydrogenaza.

Dalsi moznosti, jak mGzZeme pfistupovat k difuznimu signalu, je sledovat jeho prostorovou orientaci.
Difuze je obecné nahodny déj. To ale plati pouze v pfipadé volné tekutiny, coz do urcité miry mizeme
pozorovat napfiklad v mozkomisnim moku o vétSim objemu (postranni komory mozku). V tkani je
difuze omezena pritomnosti bunék, které maji rlzny tvar a prostorovou orientaci. Mame-li
pravidelnou strukturu (napf. vldkna bilé hmoty), ma voda tendenci difundovat ve sméru mensiho
odporu, takze podél vldken. Mensi difuze je pak ve sméru kolmém na tato vldkna. Toto anizotropni
chovani difuze vody se da kvantifikovat pomoci difuzné vazenych obrazl. Je oviem nutné pridavné
difuzni gradientni pulzy aplikovat minimalné v 6 rozdilnych smérech. Pak je tfeba dopocitat tenzor
difuze a jeho skalarni parametry, jako je napfiklad stfedni difuzivita (MD) nebo frakcni anizotropie
(FA). Kdyz vtkani dojde k naruseni pravidelné vlaknité struktury (napf. v pfipadé bilé hmoty
k demyelinizaci), anizotropie difuze se zméni. Poklesne totiZ jeji odpor ve sméru kolmém na vlakna,
tudiz voda zac¢ne ve vétsi mife difundovat i vtomto predtim nepreferovaném sméru (dojde k poklesu
FA). Jestli pouzivdme velikost difuzniho vaZeni okolo b = 1000 s.mm, pak o tomto pfistupu mluvime
coby o zobrazeni tenzoru difuze (DTI). Pokud pouzivame i vys$si b hodnoty, tak odklon DTI parametru
od Gaussova rozdéleni miZeme charakterizovat, a to obdobné jako v predchozich odstavcich pomoci

kurtozy (Spicatosti). Hovorime tedy o zobrazeni kurtozy tenzoru difuze (DKI) [3].
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3.2. Artefakty DWI

Zobrazovani difuze pomoci MR pfindsi spoustu uskali. Kromé jiz vySe zminovanych slozZitéjSich
analytickych pfistupl je nutné vénovat pozornost samotné zobrazovaci sekvenci. JelikoZ se snazime
detekovat velmi rychly déj, tak i obraz musi byt vytvoren rychle (naplnéni k-prostoru). Proto se
v klinické praxi standardné vyuZziva tzv. single-shot echo-planar imaging (SS-EPI) snimani dat. Tato
metoda je single-shot, coZ znamena, Ze béhem jedné excitace je vytvoren jeden obraz. EPI zaplfiovani
k-prostoru probiha pomoci ,$ndry” velmi rychlych gradientnich pulz( (obr. 5 — A). Takto rychly nabér

avsak zplsobuje prostorové distorze (deformace) obrazu (obr. 6), tvorbu vitivych proudd a klade

vysoké naroky na gradientni a shimovaci* vybaveni stroje MR [11, 12].
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Obr. 5. Ukdazka casové souslednosti jednotlivych impulzd v pfipadé A) single-shot (SS) a B) multi-shot (MS)
echo-planar imaging (EPI) sekvence (leva ¢ast) a pribéh zaplfiovani k-prostoru (prava ¢ast). RF —radiofrekvencni.
Prevzato z [13].

Existuje nékolik pristup(, jak tyto distorzni artefakty potlacit, nicméné nikdy se jich zcela nezbavime.
Jednou z moZnosti je vyuziti multi-shot pfistupu, kdy k-prostor neni zaplnén béhem jedné, ale vice
excitaci (obr. 5 — B). Dalsimi variantami je zkraceni ¢asu mezi jednotlivymi snimanimi. Toho se m(ze
dosahnout pomoci zvétseni Sitky frekvencniho pasma ¢i ramp samplingem (k zaplfiovani k-prostoru
dochazi jiz pfi ndbéhu Cteciho gradientu). Dale k tomu také Ize vyuzit paralelni techniky, zmenseni
obrazu (FOV) ve sméru fazového kdédovani nebo mlizeme zkombinovat vice metod. Ovsem pfi
zmensovani fazového FOV vznika artefakt preklopeni. Tento problém v poslednich letech byl vyfesen

novym zpusobem excitace tkané, kdy se na misto jednoho excitacniho pulzu pouZiji dva prostorové

4 Shimming slouZi k zvy$eni homogenity magnetického pole v zobrazované oblasti [10].
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selektivni radiofrekvencni pulzy (2D RF excitace). Kromé eliminace takového artefaktu jsou rovnéz
efektivné potlaceny artefakty distorzi. Vysledky jednotlivych metod jsou demonstrovany na sagitalnim

zobrazeni kréni michy (obr. 6, prevzato z [14]).

— Cely FOV 1 ™ 50% FOViize ™1 1 25% FOVigize ™

Sirsi pismo + ramp samp.

Obr. 6. Ukazka distorze obrazu kréni michy pfi rlznych nastavenich single-shot echo-planar (SS-EPI) sekvence.
A) referencni obraz anatomie kréni michy potizeny sekvenci rychlého spinového echa (FSE). B) SS-EPI obraz bez
korekci distorze. Na obraze snimaném pfi SirSim frekvenénim pasmu a ramp samplingu (C) je patrny drobny
Ubytek artefaktl. Potlaceni artefaktll je velmi dobré uZ jen pfi zmenseni fazového FOV na polovinu (D, E) Ci
Ctvrtinu (F, G). K potlaceni dojde také, kdyz k tomu jesté vyuzijeme paralelni techniku (E, G). Pfevzato z [14].

3.3.Snimani DWI

Kréni micha je obecné pro zobrazeni MR komplikovanou strukturou uz jen proto, Ze je mala (je tfeba
dobré prostorové rozliseni a pomér signalu k Sumu). K tomu je obklopena kostmi a blizko ni je i vzduch
z dychacich cest. VSechny tyto struktury maji rozdilnou magnetickou susceptibilitu, ¢imz je snizena
homogenita magnetického pole, coZ zvétSuje distorzni artefakty. Do obrazu se také promitaji artefakty

z dychani, polykani nebo pulzace mozkomisniho moku.

Z tohoto dlvodu se autor aktivné podilel na optimalizaci a testovani multicentrického protokolu pro
zobrazovani kréni michy, kde doslo k optimalizaci anatomického (T1, T2, T2* atp.) i difuzné vazeného
zobrazeni (DTI). Vystup z tohoto projektu byl publikovan v mezinarodnim casopise Il. (Cohen-Adad et
al. 2021b). Pro tfi hlavni vyrobce stroji MR jsou doporuéené protokoly volné k dispozici na online
databazi (GitHub®). Vysledkem této prace je sada doporuleni, jak spravné polohovat pacienta pfi

ukladani do stroje, jak ne/rotovat akvizi¢ni roviny, jak umistit tzv. shim box a nastavit jednotlivé

5 https://github.com/spine-generic/protocols
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parametry. Dlraz je kladen na ne/vyhody jednotlivych sekvenci, jejich klinické vyuZiti a prehled

Castych problému a jejich reseni.

Jak bylo uvedeno v ¢asti zabyvajici se analyzou difuzné vazenych obrazl, vystupem byvaji rizné
koeficienty difuze. Diky komplexnosti snimani MR je otazka reprodukovatelnosti kvantitativniho
vySetfeni zcela na misté [15, 16, 17 s. 202]. Na kvalitu detekovaného signdlu ma vliv celd rada
proménnych, které se lisi nejenom pacient od pacienta, Ci pracovisté od pracovisté, ale taky mezi
jednotlivymi vyrobci i mezi stroji MR jednoho vyrobce (pouZité detekéni civky, nastaveni parametru
snimani, gradientni a shimovaci systém, typ excitace, rozdily v ¢asovani a amplitudach jednotlivych
pulzli, uloZeni pacienta, pohyb a dech pacienta, odstinéni vysetfovny od rusivych signdla atp.). Proto
se autor aktivné ucastnil jak akvizice, tak analyzy multicentrického souboru dat vysetfeni kréni michy
pomoci optimalizovaného protokolu. Chtél prokazat miru reprodukovatelnosti tohoto zobrazovaciho
protokolu Illl. (Cohen-Adad et al. 2021a). Z vysledki méreni stejného subjektu na 19 rdznych
pfistrojich MR od 3 vyrobcl a se stejnym vysetifovacim protokolem je patrné, Ze jiz méreni plochy
odpovidajicich si etazi michy se rdzni mezi vyrobci. Koeficient variability (CoV) u stejného vyrobce se
pohybuje mezi 0,9% - 2,3%. Pokud se budeme zabyvat méfenim plochy Sedé hmoty, tak
reprodukovatelnost klesa a koeficient variability vzroste na 2,5 % - 3,4 %. Reprodukovatelnost poméru
magnetizacniho transferu byla nejnizsi ze sledovanych parametrd (CoV 3,6 % - 8,0%) naopak
reprodukovatelnost DTI méreni charakterizovaného frakcni anizotropii byla relativné vysoka (CoV
0,8 % - 4,5 %). Vysledky méfeni DTI na rGznych subjektech jsou demonstrovény na obrazku 7, kde je
patrny statisticky vyznamny rozdil mezi vyrobci (p < 0,01). Inter CoV byl mensi nez 5,21 % a intra CoV

byl mensi nez 3,56 %, coZ se da povaZzovat za velmi dobrou reprodukovatelnost.
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Obr. 7. Srovnani hodnot frakéni anizotropie mezi tfremi vyrobci (GE — ¢erna (vlevo), Philips — modra (stfed) a
Siemens — zelend (vpravo)) na zdkladé méreni péti zdravych dobrovolnikd. Primérné hodnoty, +- smérodatna
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odchylka a odpovidajici koeficienty variace (CoV) pro inter a intra reprodukovatelnost jsou uvedeny v horni ¢asti
grafli u jednotlivych vyrobcd.

VysSe zminéna prace byla zaméfrena na optimalizaci obecného zobrazovaciho protokolu. V souc¢asnosti
nejpouzivanéjsi sekvenci pro anatomické zobrazeni kréni michy v transversalni roviné je gradientni T2*
vazena sekvence s rekonstrukci obrazu pfi rlznych echo ¢asech. Tyto obrazy se posléze mohou
kombinovat (scitat, priimérovat...) pro zvyseni pomérd signalu a kontrastu k Sumu. Volba echo ¢asu a
jejich poctu neni trividlni. Pfinasi ssebou rdzné komplikace (vétsi zastoupeni artefaktl, delsi
vySetfovaci Cas atp.) a nastaveni je omezeno hardwarovym vybavenim konkrétniho stroje MR. V této
oblasti se autor podilel na jedné z nejvétsich multicentrickych studii IV. (Cohen-Adad et al. 2022), kde
je sledovan vliv vyrobce a velikosti statického magnetického pole stroje MR (obr. 8) na vyslednou miru
signalu a kontrastu obrazu. Na tyto dva parametry ma vliv také pocet snimanych ech T2* vazené
sekvence, a proto bylo tfeba nalézt jejich optimalni pocet. Vysledky jsou porovnany s teoretickym

modelem i fantomovym mérenim.
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Obr. 8. Ukazka vystupl z raznych stroji MR o velikosti magnetické indukce 1,5, 3 a 7 T spolecné s vyhodnocenim
kvality obrazu (pomér signalu (SNR) a kontrastu (CNR) viici Sumu, oboje ¢im vyssi, tim lepsi).

Na zakladé vyse uvedeného je patrné, ze zobrazovani kréni michy at uz morfologické, ¢i difuzné vazené
je celosvétové komplikovanou zaleZitosti. Autor habilitacni prace se aktivné podili na tvorbé a
verifikaci mezinarodniho zobrazovaciho protokolu, ktery by mél pfinaset optimalni obrazové

informace uniformné napfic stroji MR rznych vyrobctd, magnetickych poli a vybaveni.

4. Analyza obrazu

Kdyz mame kvalitné vysetfené pacienty, tak je potfeba provést nezbytné kroky pred statistickym

hodnocenim difuznich charakteristik. U vétsiny vySetfeni musime nejprve od sebe diferencovat rizné
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struktury. Nejcastéji se v pfipadé CNS odliSuje mozkomisni mok, bild a Sedd hmota a pfipadné
patologické struktury jako nekrotickd tkan, sytici se oblast po aplikaci kontrastni latky nebo
demyelinizacni léze. Tomuto procesu se fika segmentace nebo také labeling a existuje celd fada

algoritmi [18]. Ovsem pro velmi hrubé déleni miZeme poufZit t¥i zakladni kategorie.

Prvni je sice nejpracnéjsi, ale ¢asto nejpresnéjsi. Jednd se o manudlni znaceni jednotlivych voxeld,
vrstvu po vrstvé, coz v pfipadé snimk( o malych tloustkach je velmi zdlouhavy proces. Ve vétsiné
pfipadd je manudlni segmentace zkusenym hodnotitelem (vétSinou radiologem) povaZovana za zlaty
standard, vici kterému se porovnavaji zbylé dvé metody. Druhou variantou je mirné zapojeni
automatizace s urc¢itym manualni vstupem, kdy miZzeme mluvit o semi-automatickych segmentacnich
algoritmech. Tyto metody nejen Ze praci zrychluji a ulehéuji, ale také minimalizuji do urcité miry
subjektivni vlivy jednotlivych hodnotitell. Posledni mozZnosti jsou jiz plné automatické segmentacni
algoritmy, pfi nichz je uzivatelsky vstup témér nulovy. Do této kategorie mimo jiné spada aktudlné

velmi oblibené strojové uceni.

K segmentaci mozku bez vétsich patologii (napf. pfi Alzheimerové chorobé) je aktudlné k dispozici cela
rada jak vyzkumnych, tak i certifikovanych algoritml pro klinické pouzZiti [19, 20]. V pfipadé
segmentace kréni michy je nicméné mnoizstvi algoritm0 vyrazné nizsi [21]. Studium Sedé hmoty
v oblasti kréni michy je uzite¢né napfiklad u onemocnéni amyotrofickou lateralni sklerézou a pfi
kvantifikaci rozsahu lézi u roztrousené sklerdzy. Dale také zlepSuje interpretaci funkéni magnetické
rezonance [22, 23]. Proto autor vytvofil metodiku jak segmentace celé kréni michy, tak i separace na
Sedou a bilou hmotu. Tento postup vyuZiva semi-automatickou segmentaci, kterou autor nasledné
aplikoval na analyzu difuznich dat kréni michy, a vysledky publikoval v mezindrodnim casopise
V. (Dostdl et al. 2018). V této préci autor nejprve dikladné krok za krokem popisuje metodiku
segmentace T2* vazenych obraz(, jez pro tyto potteby vytvofil. Nasledné je ovéfovana na obrazech
20 neurologicky zdravych dobrovolnicich, kde je pfesnost srovndvana jednak s manualni segmentaci
provedenou zkusSenymi radiology a autorem a jednak s verejné dostupnou pIné automatizovanou
metodou. Byla ovérena intra i inter reprodukovatelnost jednotlivych pfistupl, kdy byly Ctyrikrat
provedeny vSechny segmentacni postupy na sedmi ndhodnych subjektech. Timto pfistupen vznikly
stovky parametr( metriky podobnostni (Diceho koeficient) a vzdalenostni (Hausdorffova vzdalenost),
které autor statisticky vyhodnotil. Pfi segmentaci celé michy, Sedé i bilé hmoty byla shoda (DICE)
vyvinuté metodiky a manudlni segmentace statisticky vyrazné vyssi neZ v pfipadé automatické
metodiky a manualni segmentace. Obdobného vysledku bylo dosaZeno i pfi analyze vzdalenostni
metriky, kdy maximalni chyba mezi porovnavanymi metodami byla statisticky vyznamné nizsi ve vSech
tkanich kromé Sedé hmoty, u niz rozdil nebyl statisticky vyznamny. Pfehlednd ukazka vysledki je na

obrazku 9.
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Obr. 9. Porovnani vysledk(i semi-automatické (CLASS) a automatické (CenterLine) segmentace s manudlni
segmentaci celé kréni michy na anatomickych (ESC) a na difuzné vazenych (ESC DTI) obrazech, na Sedé (GM) a
bilé (WM) hmoté. Diceho koeficient (DICE, levy graf) charakterizuje podobnost (vyssi je lepsi) a Hausdorffova

postupné od spodu minimum, 1. kvartil, median (¢tverecek), 3. kvartil, maximum. Statisticky vyznamné rozdily
jsou oznaéeny ** - p < 0,01; *** - p < 0,001.

Vysledné segmentacéni masky byly registrovany do prostoru difuzné vazenych obraz(. Také se zjistilo,
jaky vliv ma metoda, hodnotitel a tkan na medidnové hodnoty frakéni anizotropie. Statisticky se
prokazalo, ze jsou rozdily mezi metodami a tkdnémi, nikoliv mezi hodnotiteli. Jak se dalo ocekavat,
Prezentovand metodika méla o néco vyssi hodnoty a nejméné reprodukovatelnou metodou z pohledu

hodnot frakéni anizotropie byla manudlni segmentace.

Statisticky pristup je jednou z alternativnich analytickych metod pro studium difuznich charakteristik
bilé hmoty bez nutnosti segmentace Sedé a bilé hmoty. Neni vS8ak moZné jej provést na jednotlivci, ale
na skupiné, kterd musi mit k dispozici DTI data. Detekce bilé hmoty je zaloZena na prostorové orientaci
nervovych vldken pomoci tract-based spatial statistics (TBSS). Tato metoda se pouziva pro analyzu
mozku [24], ovisem implementace pro studium kréni michy chybi. Pfitom to muize byt uziteCnym
nastrojem pro skupinové analyzy. Autor tuto metodu Uspésné zavedl v oblasti kréni michy, modifikoval
pro segmentaci Sedé a bilé hmoty a rovnéz verifikoval. VSe je popsano v mezindrodni publikaci
VI. (Dostal et al. 2020). Nejprve bylo tfeba vytvofit postup pro sjednoceni obrazli vSech subjektd, aby
vysledky nebyly zatizeny rozdilnou délkou kréni michy v kraniokauddlnim sméru a aby mohly byt
registrovany do spolecného prostoru (obr. 10). Tim byl vytvoren atlas jak anatomicky (obr. 11 — A, B,

C), tak i difuzni (obr. 11 — D).
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Obr. 10. Ukazka jednotlivych krokd nutnych pred analyzou. Ofezani origindiniho obrazu (1) na poZadovany
rozsah od disku C1/2 po disk C6/7 (A — B), nasledovano registraci (2) do spole¢ného prostoru v sagitalni (C)
roviné. Originalni (D) a atlasovy obraz (E) v axialni roviné.

Obr. 11. Ukazka vzniklého anatomického atlasu ve 3 axialnich pozicich (A), dale orientace sagitalni (B) a
koronalni (C). Ukazka difuzniho atlasu charakterizovaného skalarnim parametrem frakéni anizotropie ve
3 axidlnich pozicich (D). Barevné pfimky odpovidaji zobrazenym rovinam.

Jakmile byly takto predzpracovany obrazy vsech subjektl, pouzila se modifikovana TBSS analyza, jez
vytvorila kostru voxell, které jsou ze statistického pohledu nejpravdépodobnéji bilou nebo Sedou
hmotou napftic¢ vsemi subjekty (obr. 12 — A, E). Pro zvétSeni poctu voxell byly tyto kostry prostorové
rozsifeny (pomoci dilatace obrazu, obr. 12 — C, F). Ovéfili jsme, jaky vliv ma toto rozsifeni na presnost
segmentace, jakd bude tedy mira nepresnosti mezi maskou rozsifenou a manualni. Segmentacni

masky jsou vykresleny na obrazu primérné frakéni anizotropie (obr. 12 — D).
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Obr. 12. Ukazka vyslednych segmentacnich masek bilé (A) a Sedé (E) hmoty na obrazech frakéni anizotropie (D)
pred Upravou a po ni (B, C, F).

Jak je uvedeno vyse, nejen segmentace Sedé a bilé hmoty je nutnym krokem pred analyzou difuznich
dat, ale také segmentace pripadnych patologii (napf. tumoru). Lze totiZ pfredpokladat, Ze nekroticka
tkan bude mit odlisené difuzni charakteristiky, nez ma edém ¢i sytici se ¢ast tumoru [25 —27]. Strojové
uceni potrebuje velké mnoizstvi dat a principialné mohou byt pouzity libovolné obrazy s danou
patologii. Musime nicméné pamatovat na Obecné nafizeni EU o ochrané udaji (GDPR) a poskytovani
zdravotnické obrazové dokumentace tretim strandm, prestoZe se jedna o potreby védeckého
charakteru. K maximalizaci bezpecnosti pacientskych dat je mozné pouzit ptistup kolaborativniho
uceni (federated learning) [28]. V tomto pripadé se algoritmus uci z vice zdrojd soubézné, pficemz
nedochazi k transferu samotnych dat, ale prenasi se pouze Ciselné parametry modelu mezi servery
centralnim a jednotlivymi nemocnicnimi, kde jsou pacientska data bezpecné uloZzena. Tohoto principu
bylo vyuzito pti multicentrickém tréninku algoritmu na zakladech 3D ResUNet pro segmentaci gliom(
tfidy 3 a 4 (high grade gliomas) na 3 zakladni tkané (sytici se ¢ast po aplikaci kontrastni latky, edém a
nesytici se ¢ast, co neni edematickd). Vystupy byly publikovany v mezindarodnim ¢asopise VII. (Pati et
al. 2022), ve kterém byla pouZita data 6314 subjekt( ze 71 pracovist. Takto natrénovana neuronova
sit dosdhla vysoké shody s manualni segmentaci, kdy se medianové hodnoty Diceho koeficientu na
testovaci skupiné (154 subjektd) pohybovaly pres 90 % v zavislosti na typu segmentované tkané

(obr. 13).
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Obr. 13. Ukazka vysledku znaceni celého tumoru (WT), edematické tkané (ET), postkontrastné se sytici ¢asti (TC)
a praméru vsech tkani (Average) pomoci modelu kolaborativniho uceni dle rliznych vzord (barevné odliseny).
Bila ¢ara nebo Cerveny kiizek predstavuji medianovou nebo pridmérnou hodnotu Diceho koeficientu (DSC) (vétsi
je lepsi).

5. Klinické aplikace DWI pfi studiu RS

Demyelinizace, glidzy, zanétlivé infiltrace ¢i axondlni poskozeni v rdznych oblastech CNS jsou
charakteristickymi znaky roztrousené sklerdzy (RS) [29]. Zakladnim radiologickym hodnocenim je
detekce T2 hyperintenznich loZisek. O inicidlnim stadiu demyeliniza¢niho onemocnéni mluvime jako o
klinicky izolovaném syndromu (CIS) [30]. Z hlediska predikce vyvoje a rozvoje onemocnéni do
definitivni RS jsou dllezité parametry, jako je pocet, lokalizace, postkontrastni syceni loZisek a
dynamika ndlezu v Case, co?Z je shrnuto v McDonaldovych kritériich [31]. V minulosti byla pro detekci
loZisek RS v mozku zdsadni T2 vaZena sekvence, ovsem v poslednich letech je klicova T2 vazena
sekvence s potlacenim signalu volné vody (FLAIR) v 2D ¢i 3D provedeni. FLAIR obrazy v oblasti kréni
michy nedosahuji tak vysoké senzitivity jako v oblasti mozku, proto se zde doporucuje klasicka T2
vazena sekvence jak bez saturace tuku, tak i s ni (STIR). MoZnosti vyuziti dalSich metod jako
susceptibilné vazené obrazy (SWI), magnetizacni transfer (MT), DTl nebo spektroskopie jsou

pojednavany v prehledovém clanku autora VIII. (Kefkovsky et al. 2017).

Detekce hyperintenznich loZisek mozku a michy je zakladni diagnostickou metodou, ale k samotné
predikci progrese z CIS do definitivni RS nestaci. Tuto problematiku se autor snazil vyfesit analyzou
difuznich charakteristik (DTI) kréni michy u 47 CIS pacient(, ktefi byli klinicky i radiologicky sledovani
po dobu 2 let, a u 57 neurologicky zdravych dobrovolnikd, jez slouZili jako kontrolni skupina. 15 CIS
pacientl do 2 let progredovali do definitivni RS. Pomoci semi-automatického algoritmu byla odlisena

Sedd a bilda hmota michy, zatimco hyperintenzni loZiska byla znacena manudlné. Analyza histogramu
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DTI parametru identifikovala Spicatost (kurtozu) frakéni anizotropie v oblasti normalné vyhlizejici bilé
hmoty jako nejsilnéjsi prediktor pro konverzi do definitivni RS svysokou sensitivitou (93 %) a
pramérnou specificitou (73 %). To lze povaZovat jako zlepsSeni v porovnani se senzitivitou (80 %) a
specificitou (53 %) u McDonaldovych kritérii obrazli mozku. Vysledky této prace jsou publikovany

v mezinarodnim ¢asopise IX. (Dostal et al. 2021).

Pfi studiu predikéniho potencidlu parametri DTl a méreni objemd mozku pro konverzi z CIS do
definitivni RS vyuZil autor statistickou metodu TBSS. Béhem dvouletého sledovani 72 CIS pacient( 22
z nich progredovalo do definitivni RS. U pacientl s progresi doslo ke statisticky vyznamnému zmenseni
objemu bilé hmoty, coZ bylo prokazano jako parametr velmi senzitivni (90,9 %), ale malo specificky
(58 %). Medianova hodnota frakéni anizotropie bilé hmoty byla u téchto pacient( také vyrazné nizsi,
avsak tento parametr byl naopak vysoce specificky (90 %) a stfedné sensitivni (77,3 %). Vysledky studie

byly publikovany v mezinarodnim ¢asopise X. (Stulik et al. 2022).

Z vyse uvedeného je patrné, Ze kombinace anatomickych a difuzné vazenych obrazli mlze vést ke
zvyseni predikéni schopnosti zobrazovani MR v pripadé predpovédi konverze z klinicky izolovaného

syndromu do stadia definitivni roztrousené sklerézy.
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6. Zavér

V predlozené habilitacni praci autor nejprve prezentuje zédkladni teoretické principy difuzné vazeného
zobrazovani magnetickou rezonanci. Nasledné navrhuje a ovéfuje optimalni zobrazovaci protokoly
kréni michy. Po této akvizi¢ni ¢asti jsou predstaveny védecké aktivity v oblasti zpracovani a analyzy
anatomickych a difuzné vazenych obrazl. V zdvérecné casti je ukazka klinickych aplikaci v oblasti
mozku a kréni michy. Autor podrobnéji rozebirda nékteré ze svych védeckych publikaci, kde
demonstruje prijatelnou miru reprodukovatelnosti zobrazeni MR, vysoky potencial této metody pro
dalsi védecké a klinické aplikace, které se v nékterych situacich jevi pfinosnéji nez standardni
diagnostické zobrazovani. | kdyZ prezentované publikace dosahuji dobrych vysledkd, ze souhrnného
autorova ¢lanku z roku 2024 je patrny velky prostor pro dalsi védeckou praci za poutziti pokrocilejSich

difuznich modell. A to je cesta, jakou se autor planuje déale védecky ubirat.
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8. Abstrakt

Optimization of acquisition and analysis methods for magnetic resonance images

Diffusion-weighted brain imaging is nowadays a standard examination method that can detect,
differentiate or predict the current state of some disabilities better than methods based on anatomical
image analysis. With the development of hardware equipment of the MR systems, the possibilities of
using advanced diffusion models such as diffusion tensor imaging (DTI), diffusion kurtosis imaging
(DKI) or intravoxel incoherent motion (IVIM) are expanding. These advanced models have great
scientific and clinical potential, but also have their technical challenges to overcome, especially in the
cervical spinal cord.

In this paper, the author first presents the technical principles and challenges of diffusion-weighted
imaging, followed by the optimization of the examination protocol in the cervical spinal cord. In the
next section, some aspects of image analysis, especially image segmentation, are presented. In the
last part, the author focuses on the clinical applications of diffusion-weighted images in patients with
CNS involvement.

This work presents the great potential of advanced diffusion-weighted imaging models for both
scientific and clinical purposes, which, however, needs to be thoroughly verified.

Optimalizace akvizice a metod analyzy obrazdl magnetické rezonance

Difuzné vazené zobrazovani mozku je v dnesni dobé standardni vySetfovaci metodou, ktera muize
detekovat, diferenciovat nebo predikovat aktudlni stav postizeni [épe nez metody zaloZené na analyze
anatomickych obraz(i. S rozvojem hardwarového vybaveni stroji MR se rozsifuji i moznosti vyuZziti
pokrocilych difuznich modeld, jakymi je zobrazovani tenzoru difuze (DTI), kurtozy tenzoru difuze (DKI)
nebo intravoxel incoherent motion (IVIM). Tyto pokrocilé modely maji velky védecky i klinicky
potencial, ovsem také své technické vyzvy, jeZ je tfreba jesté prekonat, a to hlavné v oblasti kréni michy.

Autor v této praci nejprve predstavuje technické principy a vyzvy difuzné vazeného zobrazovani,
nasledované optimalizaci vySetfovaciho protokolu v oblasti kréni michy. V dalsi ¢asti jsou predstaveny
nékteré aspekty analyzy obraz(, predevsim segmentace obrazu. V posledni ¢asti se autor zaméruje na
klinické aplikace difuzné vazenych obraz( u pacientd s postizenim CNS.

Tato prace prezentuje velky potencial pokrocilych modell difuzné vazeného zobrazovani jak pro
védecké, tak pro klinické Ucely, které je ovsem nutno dakladné verifikovat.
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Possibilities of Using Multi-b-value
Diffusion Magnetic Resonance
Imaging for Classification of Brain

Lesions

Tereza Kopiivova, Milos Kerkovsky, Tomas Jiuza, Vaclav Vybihal, Tomas Rohan, Michal Kozubek,

Marek Dostal

in contrast to conventional diffusion magnetic rasonance imaging (IMAI), multi-b-value diftusion MRI methods are able to separats the
signgl from free water, peeudo-diffusion, and non-Gaussian components of water molecule diffusion. These approaches can then be
utilisad in so-called intravoxal incobarent motion imaging and défusion kurtosis imaging. Varnous parameters provided by thesa methods
can geacribe additional charactenstics of the tissue microstructure and potantially help In the diagnosis and classification of vanous
pathological procasses. in this review, we présent tha basic principles and methods of analysing mut-b-value diffusion Imaging data
and specifically focus on the known possibiities for its use in the diagnosis of brain jesions. We also suggest possible directions for

further research.
Koy Words: DWI; IVIM, DKL Brain tumours
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INTRODUCTION

bissification of brain lesions using conventional
magnetic resonance mmaging (MRI) 15 often difh
ault because many lesions have non-specific par-
terns and pumerous common chamcterstics. Nevertheless,
their accurate ditferential dugnosis 15 mportant for de
termining correct therapeutic approaches.
Diffusion-weighted mmmging (DW1) 1 an MRI techmique
that allows for vismalming and quantifying the process of water
molecule dffusion m nssue, This is highly benefiaal in diag-
nosing 2 number of pathological conditions, and, in what may
be temmed 25 “hanc” version founded on use of the Gaussan

diffusivity model, it already b 2 widely accepted parmt of
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conventiomal brain MRI prowcols Recently, bowever, new
approaches have emerged for acquinng and analysing diffusion
data wsing the intravoxel incoberent moton (IVIM) model or
diffision kurtoss mmging (DKI). Because both methods use
measurements with many diffesent b-values, they can be re-
ferred to collectively = “nula-bvalue diffuskion Emaging™.
These methods can provide a number of quantitative pam
metess that, alone or in combimtion, may have the potential w
mnprove the dugnosoe sccuracy of MRI and are therefore
being mvestigated m mmany applcstions. mncliding non-mvasive
classgication of brain lessons. This review sims to present the
basic principles and methods of analysie of pmlti-b-value &if-
fusion mmaging dats while forusmg on the known posshilities
for their use in the diagnosis of brain lessons and suggesting
posible directons for further research.

PRINCIPLES OF MULTI-B-VALUE DIFFUSION
IMAGING

MR can quantity the diffusive belaviour of water molecules in
vivo. Diffusion 1 a random trndatsonal motion of molecules
that onginates from thew theomal epergy. In what may be
termed an “unrestricted” environrment {e.g. water), the mean
path between two collisions of water molecules can be de

tesimuned. This is on the order of tens of nanomesres, and the
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molecules’ mean velocity can be conadered to be 1
lﬂ)m’chmﬁomnequdhﬁbmimofbom

ities. Based on E n's 1 wec:nc:lcuhtzdul
the diffusson oocﬂincntmmwruamnd 1077 mi/s.

[n living tisue, however, water maolecules not only diffuse
but also flow in the bloodsteearn. The latter, too, can be seen as
a sont of diffusion, which is so-called psendo-ddffusion, Again in

! with Einstens's eq '-u.wccouldckumxincdn
mvean segment length and the mean Blood flow velocity and

where D is the diffusion coefficient without the non-Gaus-
sian component and K i the kurtosss coeflicient expressing
the degree of deviation from the Ganssian model.

The application of larger diffusion-weighting, however,
signiticantly reduces the amount of sgnal in the image, 0
image averaging must be used, and that leads to longer ac-
quisition tume.(6.7) Also, the hardware of MR machines
st be adapted (n terms of swatching speed and maximum

plitude of the gradient cotls) for mmaging with asch high

then calodate the wmdo-dllﬁmon coefficient, which & ap-
proxirmately l:ulmusht;cr(m t1775) thean in the case of free
water diffusion, The “free” water model is dso not entinely
realistic in tissues from a DW] perspective because the move-
meent of water molecules s greatly limited by the p e of

b-values. Last but not least, mathematical analysis of the
signal and interpretation of the results are thereby made more
complex.

Because pseudo-diffusion has a diffusion coefficient ap-
ly 10 tmmes barger than that of “free” water, to

cell membranes and other stnsctures that interact with them,
This results w2 departure from the Gmusstan satistical dis-
uibubon:ndnccmmm:clxmgem!hemmﬁdmcd.km
all three of these effects are hin a small reg

aisting,uish its contnibutions to the total sgnal, the behaviour
at low diffusion weighting (b < 250 mm®/s) masst be ob-
served. The monoexponential model (£ 1) can then be

ofqncr(voxd).mcantpcdcofmcohemn motion of water
molecules within the mraged voxel, or mtravoxel incoherent
monon (IVIM).1 2

DWI pulse sequence uses additional directionally selective
gradient palses whose amplitude and duration can be char-
acterised by the so-called bovalue. This value affects the re-
sulting contrast and signal of the mnage, inasmuch as the
magnetic resonance {(MR) signal decreases exponentially
with increasing bovalue.

In clinical pracrice, the simplest diffusion model, the so-
called 12l model, = standardly used. In this
case, a DWI lmp 15 acquired without diffusion weighting
{b = 0 &/mm”) and with diffusion weighting with a single b-
value (typically around 1000 s/mum”) and then the apparent
diffusion coeflicient s calculated as m b 1

S = Sw‘-\ﬁA DC' (1)

where S;, w0 the signal without the application of diffuse
gradients, §; 15 the sgnal with the spplication of diffuse
gradients, and b is the diffusion weighting value,

This model 1 gready sunplified because it cannot distin-
guish between the peendo-diffusion component and the
non-Gaussian diffusion coraponent, hence the tenm apparent
diffusion coefficient (ADC) 15 used. Nevertheless, diffusion-
weighted inages are often very usefid in chinical practice and,
becanse of their simplicity (both in tenms of data acquisition
and caleulation), they have become an mtegral pare of di-
agnostic MR protocols.(5-5) If we want to capture the non-
Gaussian behaviour of water diffusion, diffusion-weighting
of the images needs 1o be enhanced. The exact threshold is
difficult to determine, but b-values of 2000 s/mm” or greater
are geperally considered sufficient, The kurmosis model (o
2} can then be used, which mathematically extends the
classical monoexponential relagonship (4. 1} by a guad-
e term;

S= sm,f—wmarx/é.' 2)
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ded to mchide the psendo-diffusion comp and 1ts
fraction:
§ = ST 4 (1 = f)e*D), I

where 15 the pedusion fmction coefficzent, D* the pseudo-
diffusion coefhicient, and D the diffusion coefficient without
the pseudo-diffusion component. Thus, there is no need to
speak of ADC anymore, but the coeflicient [} can be seen as
the diffusion of water in tissse.

For mote accurate sepanation of individual signals, a larger
number of different and lower b-values must be applied.(5.9)
An example showing specific pasameters of a multi-b-value
diffusion imaging sequence nsed at our dcwnmem is pre-
sented n Tuble 1. The g @ com-
promise  between robustness of the dm mmplying the
sccuracy of subsequent estimations of diffusion parameters
and clinically acceptable acquisition time (4:45 mn), simi-
lady to as reported by Guo and Jiang,( 1) Several parameters
of thr sequence might be modified (eg. by adding more

ions with diffe b factors or enhancing the aver.
agmg to obmn better signal-to-noise mtios), which would of
course mmpact also on the scanning time. . | can be used to
roughly estimate the length of the SS-EPI acquition:

t[s] = TR [s]*dir*pack* ¥ NSA,,
1]

(%)

where TR s repletion time in seconds, dir s mmber of di-
rections (in our case 3 orthogonal), pack s number of
packages or scquisition or concatenations (depending on the
manufacturer, i our case 1), and the last parameter is the
sum of NSA over all b-values (in our case 21), The number
of layers does not appear m the equation because this para-
meter affects the munimuon value of TR, Therefore, chan-
ging the number of layers will change the value of TR (n
the case of a ¢ TR. the ber of packages may
change) and thus change the acquiition ame.

Although the IVIM technique cannot be perceived as a
direet representation of brain tusue perfuson, this method,
due to the aforementioned effect of capillary blood flow on
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TABLE 1, Sample Parameters of the Multi-b-value DWI Sequence Used on a 16T Magnetic Induction Machine at Our

Dapartmeant

Parameter Vahue Parameter Value Parameter Value
Fov 23*23em acq.pix. 1.5 1.5mm Matrix 154154
Slice thickness 3mm Gap 1mm Number of slices 7

TR 4500 ms TE 99ms FatSat SPIR
WFS 166 pix SENSE Acquisition time 4AS
b-values (NSA) 0 (1), 10 (1}, 20¢1), 30(1), 50(1), 100 {2), 200 (2}, 500 (), 1000 (3), 2000 {6}

FOV, field of view, acqpix, acqusition pixel size, FatSal, type of fat signal suppression method used, NEA, number of signad
averages, SENSE, type of parallsl acquisiton technique used, SPR, spectral pre-saturation with mversion recovery, TE. acho

time; TR, repetition teme; WFS, fat and water frequency shift.

the measured diffusivity values, does 1o some extent reflect
the state of tissue pedusion, Therefore, the method has po-
tential to be applied in the study of focal bran lesions, as
discussed in the following, as well as in the exploration of
diffuse pathologic processes affecting brain perfusion, such as
ALS (11}, dementias, (12.15), and others. [t has been shown
thar the varions [VIM parameters can be related 1o con-
ventional pedusion maging (dynamic susceptibility contrast,
DSC) parsmeters sech as Blood volume (BV), mean tmansit
time (MTT), and blood Aow (BF) wing relatonships shown

in Bags. 5-7: (14)

BV
Joai =5 )
L
MIT=—=, ©
of,
BF = fyyn, D* TR e

where £ 15 the fraction of MR visible water, L is total length
of the capillary bed, and [ is mean length of the capillary
segment.

All three models mentioned can be cleady displayed i a
smgle plot {(Fiz 1), where the psendo-diffusion effect 15
captured in its left part (b ~ 100 s/mm?), the middle part can
be considered as the free water diffusion region (b ~ 10005/
mm®), and the nght part captures the departure from the
Gawstian characteristic at ligh b factors (b ~ 2000 «/mum’),

In sientific felds, we often encounter yet another use of
DWI, namely monitoring the anisotropic behaviour of the
diffusivity wing diffusion tensor imaging (DTT) (15) or the
anusotropic behaviour of the non-Gaussian component of the
signal in the form of kurtosis tensor imaging (DK1} (160, In
contrast to the sforementioned approaches, both of these
methods exploit the posalahity for applying gradient pulses 1n
different (usually more than 16) directions to investgate the
spatal behaviour of diffusion or kumosis, given the same
conditions on the choie of b-values, Although these mea-
suremnents are rather time-consuming, they provide unigue
insight wto the tisue under investigation that cannot be
obtained by any other in vivo method. The outputs of the
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DTl or DKI analysis can be, among other parameters, the
mean values of scalar quantities descabing the corresponding
mean diffuson (MDD} and mean kurtosis (MK) tensors. These
quantities describe primanly not ansotropy but what can be
termed  the “average spatial” value of the panneter.
Therefore, these are roughly compamble o the D and K
pasameters from the aforementioned multi-b-value analyses,
which also descnbe not ansotropac behaviour but only the
average diffusivity or kurtosis of the tisue.

It has been reported that the MK parameter is associated
with higtological complexity of the examined tissue, with
structurally  complex tssues showing higher MK values
compared (o less complex tissues. This fact can be utilised in
charactensation and differential dizgnosis of focal brain le-
stons,(17) as well a5 in detection of diffise affections which,
unlike focal lesions. cannot be detected on conventional
MR wrmages. | 15,

Previoudy, it is clear that, f we extend conventional DW]
imaging to multiple mesurements with a larger munber and
range of b-factor values, we can obtain comprebensive data in a
chnicdly acceptable timefiame that, with the help of more
advanced analyses, provide additional parametets beyond the
apparent diffusivity measure that may have the potential w
more closely chamactense tissues” stactural changes.

APPLICATION OF MULTI-B-VALUE DIFFUSION
IMAGING IN CLASSIFICATION OF BRAIN LESIONS

Differentiation of Tumour and Non-tumour Lesions

Considenng the obvious implications for further treatment.
probably the most important task of MRI diagnostics 1o try
and distinguish tumorous from non-tumorous lesions.

Especially differential diagnosis of the so-called nng-
shaped lesions poses a specific problem. These may have both
benign (Le. non-tumorous) aetiology. represented, for ex-
ample, by bran abscesses or umefactive demyelinating Je-
stons (TDLs). and malignant lesions, represented for example
by metastases or high-grade ghoemas.(19),

The use of conventional DWI in the diagnoss of bramn
abscesses 1e already well known and established i routine
clinical practice. It has been shown that this method can

263



KOPRIVOVA ET AL Academic Radiology, Vol 31, No 1, January 2024

Pseudo Free water Non-Gaussian
diffusion diffusion diffusion

D+

Figure 1. |llustration of the dependence of DWI signal on Dvalue in tissue and graphical representation of the parameters of each model,
ADC based on the classical monoexponantial modet (t . calculation from two b-vakes, namely 0 and 1000 s/mn*, yellow), f, 0°, D based
on free water using the IVIM moda [Eq. J), and K based on the non-Gaussian medd (Eq. 2). ADC, apparent diffusion coefficient; DWI,
diffusion-weighted irmaging.

Figure 2. Bran abscass within left basal gangila with anhancing rim vigible on post-contrast T1-weighted image n axial péana (a). Vanous
diffusion Images and maps ars shown: 21000 (b), D {€), T (d), D* (e}, and "D* {f). Mean D" valuas measwrad within the sagmeantation rmask
covering the entire enhancing rim of the lesicn were lower {13253 *10°° mm’ /5) compared to those measured in the region of interest situated
n contralateral white matter (16561 *10°° mm'/sl. No hypervascularization is visile on the 'D*map (f). The centre of the abscess
demonstratas markedly restrictad dffusion with low O valuas (¢} and high signal Intensity on the B1000 imags ).
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distinguish brain abscesses from mahignant lessons with high
sensitivity and speciticity based on diffusion restncton and
the resulting low ADC values. This restnction of diffusion 1s
attnbuted to the presence of cells; necrone detntus, and
mactomolecules in the pus and its resulting high viscosity.
(20) For better companability with data from the ltemature,
muiti-b-value dffusion imaging dasa can be used o calculate
ADC mugs according to a saple Xpo | model
that = analogous to conventional DWI1 imaging. The re-
levance of analysing the non-Gasaan diffusiviey character-
istics i this matter ¥ preseady unclear due to the lack of
literature data. Using conventional perfusion imaging tech-
niques like dynamic susceptibility contrase (DSC), however,
reduced blood supply to the contrast-enhancing rim of ab-
scesses has been previoudy d d 1n comparison to
malignant brain tumours.(21.22) Considening the refation-
shup of some [VIM imaging parameters to bran tissue per-
fusion,(25) it can be assumed that this method could be
helpful in addressing this problem while also offering the
general advantage that dynamice contrast agent application is
not necessary us it 1 for conventional perfusion imaging by
DSC technique (e 2),

The differentiation of TDLs poses 2 greater diagnostic
challenge wherein diffusion MRI may play a mole, Acute
demyelinating plaques are known to show sigas of diffusivity
restriction that gradually disappear over time.(24) In cases of
TDL, dffusivity restnction has been demonstrated wath a
decrease in ADC valves especially in the perphery of the
lestons,(25) and some ability o differentiate TDLs from
lymphomas and high-grade ghomas usng conventional DWI
through quantification of ADC values has been reported.(26)
Differentiation of TDLs from tumours while using DWI
imaging alone s not entirely reluable, however, and a com-
bination of different characteristics in multiparametsic ima-
ging, including morphological features, may be helpful, The
literature also includes papers using pedfision MRI (DSC)
imaging to differentiate TDLs from tumours, and, in one
eadier paper, reduced relative cercbral blood volume (tCVB)
values were 1 1in TDLs ¢ d to bramn mumours.
(270 In view of the previcus results, we also sce some po-
tential for the vse of additional IVIM tmaging parmmeters
that reflect to some extent, t0o, the degree of blood supply to
the tissues, but relevant data on thie topse are not yet avail-
able. The wse of mula-b-value diffiusson imaging in this
application is therefore one of the desimble directions for
future research.

Cerebral ischaemia, a condition affecting both diffusion
and perfusion of brain tissue, i a logical research direction in
the application of IVIM. Differentiation of acute or subacute
cerebril ischaemia from other bram lesions = wsually a sunple
task due to the combination of clinical picture and mmaging,
namely findings on conventional DWI, the role of which has
been well documented.(2%) Thus, the IVIM technique is

IVIM technique in patients with stroke show excellent
agre t wath perfusion g rs derived from conven-
tional perfusion mmaging whie simultaneoudy providing
mformation on nssee diffusion, 11 40,

Differential Diagnosis of Tumours

Ohe of the major problems in the differential diagnosis of
malignant brain lessons s the differentiation of pramary
central nevous system {CNS) lymphoms (PCNSL) from
high-grade glioma (HGG). as the mwibsequent thempeutic
approach to these lessons differs fundumentally,

Lymphoma has been shown to have significantly loser
ADC values on DWI imaging in contrast to HGG, which is
attributed to its high cellularity. A recent mets-analysis re-
ported overall sensitivity and specificity of conventional
diffusion MRI for dificrentiating PCNSL from HGG of 82%
and B7%, respectively.(25) Studies investigating the use of
perfusion imaging have shown significanty lower perfusion
parameters in PCNSL, which probably tesults from the fact
that PCNSL does not cause such significant neovascudanz-
tion as does HGG.(4) Comsidering the relatively specific
claractenstics of lymphoma on conventional DWI and
pedusion imaging. i can be assumed thar the IVIM method
might affer oppodunities to firther sefine the differential
diagnoss. In correlation with these asumptions, the para-
meter [ (pedfusion fraction) has been found in studies pubs.
lished w0 date to be significantly lower in PCNSL than in
HGG.(45) The number of sudies mvestigating TVIM in this
application s still limited, however, and further research
this atea could be well justified.

Similary, few studies wsing the DKI rechnigue o differ-
entiate lymphoma from HGG can be found. For example,
the nes of DKI imaging with multidirectional diffusion
gradients has been reported o quantify axial and wdial
kurtosis pammeters based on anisotropy analysis of this
parameter, as well as of MK, 4 parameter somewhat analo-
gous to the K parameter that can be caleudated from muln-b-
value messurements of Bsotropic diffusivity as descobed
previoudy, The MK and axial kurtosis values thus obtained
were signibicantly higher for PCNSL compared o those for
HGG.(5) Similar conchisons were reached in another recent
work, which also demonstrated a signiticantdy higher MK
value in PCNSL.(J0),

The results of the nmlti b value &k Eragmg analyss n
a patient with HGG and lyrophoma are shown in Fuoe

Another problem of differential diagnostics consises in the
differentmation of solitary brun metastases from HGG. In this
case, the siomtion is complicated by the face thar metastases
represent a highly heterogencous group depending also on
the chamctensics of the prnmary tumour. At the sune time,
however, it 1 clear that diginguishing metasusis from HGG
is important for the choke of further treatment strategy.
Morphological imaging alone has relstively low sensitivity

being mvestigated as a possible altemative or compl w
exustng establihed :mngmg pm(ocol.u 29 30 as 1t has been
4 ated that p . ters derived from
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and specificity in difierentiating between these lesons: one
published paper reports accumcy of 68%, sensitivity of 84%,
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Figure 3. Comparison ol muti-b dffusion findings in patient with primary CNS lymphoma (dffuse large B-cell lymphoma) (a-~d) snd
gliotiastoms (IDH wald type) {e-h). The two tumows demonstrate different pattens of contrast anhancemant on T1-w images (a-e)
Corresponding slicas of several ditfuson maps are shown D (b, 1), 1 (¢, g), and K (d, h), Lymphoma lesion with typical homogsnaecus contrast
anhancament demonstrates low D (545107 men’/s) and 1{0.178) values ® and ¢, respactivaly) and comparatively high K (1.152) values {d).
In contrast, gioblastorna in the lelt occipital lobe has comparatively highar D (825°10°" mm*%) and higher f {0 179) values if and g, re-
spactively) and lowsr K {0 844) values compared to lymphoma. Tha gren values were calculated a3 means measurad within the sagmented

anhancing pars of both tumowrs. IDH, Isocitrate dehydrogenass

and specificity of 45%,
studses have recently investigated the use of vanous advanced
diffusion imaging techniques to differentiate between these
two groups of brain tumours. This recent research hss fo-
cused on the pentmmoral region, which appears as a T2
hypenntense nim around the contrast enhancing kesion and
may be undedam by a relanively wide spectrum of such
histopathological tiswse abnommalities 25 vasogenic oedenma,
pentumoral nfiltaton, and the contnbunon of nflamma
11on, NECrosis, or ‘:-'lll.)ﬂ.(. S!lkilrﬂ Fﬂt-l“lng on [hl( area ane
based on the assumption that in HGG the pentumonl zone
contains also tumour cell infiltration, whereas metastases are
surrounded predominantly by vasogenic oedema, and it s
believed that advanced mmging methods can discover and
quantify this difference. This hypothesis is supported by 1
number of studies imvesngating diffuson imaging (conven
tional DWI and DTI), which have found sigmficandy lower
ADC or MD measiremnents within perimmonl oedema in
HGG compared to metastases, According to a meta-analysis,
hU\\"'\"‘l’. lh" N';\l](l ol (]l'.‘y' S'.'ﬂll)"i are nol "nl‘:‘,'ly \lll“‘t)n”
and they report mather widely ranging sensitivity and speci
ficity values (46-96% and 40-100%%, regpectively). i 10

Exploning the benefits of IVIM in this application 1s still in
s eady stages, but the first smdies show the method’s po

tential, For example, the pseudo-diffusion coefficient
D*values m the penoumornad region, which in one recent

study were significantly higher in HGGs than in metastases,
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For this reason, a number of

and the fvalues m the pentumornl region, which were sig
nificantly lower in HGGs, seem promusing for differentiating
between those aetologies. (11} A simbar pattern of the diff
fusivity abnommalities within the pentumon! region s shown
m Figure 4.

Tan et al. also demonstrated mcreased MK values wathin
the peritumonl region in HGGs compared to metastases and
they documented overall greater accurncy of DKI mnaging in
thx situation compared to that of DT

Studies using multi-b-value diffusion imaging techniques
for the differential diagnosis of HGGs and metastases are still
few i number, however, and the data published to date will
need to be validated m other patient cohons.

Grading of Gliomas

Detenmining the cortect grade of a tumonr, or at beast dis
tinguishing whether it 1 high-grade ghoma (HGG) or low
grade plioma (LGG), is essential for choosng adequate
therapy and also for estumating a patent’s prognosis.
However, the possabilities of conventional MRI methods m
this apphicanon are somewhat limited. There are already
several papers dealing with the use of IVIM. Several authors
have demonstrated mcrease m f and/or D* pamameters
HGGs compared to LGGy, probably as a2 consequence of
inereased blood flow and neovasculiriation m malignant
turmours. |
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Figure 4. Different patterns of ditfusion parameters in pentumaoral oecema are shown in patients with gliobtastona (IDH wid type) (a-d) and
metastasis of malignant melanoma (e-h} a8 - T1-w post-contrast Images, bf - FLAIR images, c,g - 1 maps, dh - D" maps Partumoral
FLAIR yperintenss area with small snhancing Infiitration in patiert with glioblastorna has relatively low 1 (0.162} values (¢} and highes
D" (15255 1077 mm?/8) values with marked area madial 10 the tumour cors (d). Conversaly, the oedema surrounding metastatic lesion has
comparatively tagher f (0.212} (g) and low D (9787 *10°" mm™/5) values (h). Al the values were calculated as means measured within the
segmentation mask covaring tha whole pantumoral FLAIA hyperintense area. FLAIR. Nud-attanuated inversion recovery, IDH, isocirate

dehydrogenase

In any case, compared ta the other applications discussed
in this review, maost papers dealing with [VIM technigue
focus on the topx of ghomas grading, Upon closer ex
amination of the data published to date, howeyer, we can see
that the results are not unifon, alchough some trends can be
identified, A meta-analyss by Luo et al, summansing the
results of 6 papers examuning 252 mmours identified (as the
parameter with the highest pooled specficity and sensitivity
(sensitiviry 89%, specificicy 88%6). This pamameter also had the
largess area under the curve (AUC = 0.94).(47) From an
other meta-analysis nduding nine papers examining a total
of 318 gliomas, however, L1 et al. reported that the f para-
meter did not differ significantly betwesn LGGs and HGGs
in the tumonrs parenchyma (p =~ 0.056) and, on the contrary,
the D*pammeter (p=10.002) was significantly higher in
HGGs and the D parameter (p = 0.001) significantly lower in
HGOs

reasons for the equivocal and often divergent results, In every

41 Both these meta-analyses also identify posable

case, differences in methodology can be mentioned, as the
different numbers of b-values used, as well as their different
distmbutions, have been shown signficantly o affect the
values of the IVIM parameters obtained.( 7). The varying
methods and results of publshed studies are also illustrated in
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I'able A (included m sippl ry miatersal), wherein we
compare all relevant articles thar we were able to find up
the tmme of subrmitting this paper.

Given the known mipact of the degres of tissue vasculanty
on IVIM parameters, some papers have compared IVIM for
ghoma grading with conventional methods of perdusion
imaging, either methods wsing contrast agent administration
(DSC and dysanue contrust enhancement, DCE) or the ar-
terial spin labellmg {ASL) method, which does not require
contrast agent administration, For example, a paper com
paring [VIM with DSC found that the § parameter was sig
niticandy higher (p < 0.0001) m HGGs compared to LGGs,
had the highest AUC (0.95) of all those parameters ex
amined, and also correlated with welative cercbral blood
volume (fCBV), 1
ghoma patients comparing IVIM wath perdusion techniques
DCE and ASL, Yan et al, found that many pasaneters ob

In another mather large sudy on 120

tained by all these methods showed significant differences
between the HGG

and LGG groups. Specifically, the para
meter f was again the most mmportant 1 IVIM and was
significantly higher in HGG (p = 00029, When companng
the methods with each other, however, the DCE method
provided more sccunte tesulis 50) Other work has found
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that IVIM discoiminates between HGG and LGG more ac
curately than does ASL, although IVIM pedorms more
poory compared to conventional diffusion paraneters.

A pumber of authors have also mentioned the possibility
of wing DK mnaging for the purpose of ghoma grading, and
there has been a genenl consensus across studies that in
creasing glioma grade comrelates with mereasing MK values,

1g o previous studses, this parameter reflects the

Accord

microstructural complexity of tisues, which cn be corre
fated with known attnbutes of ghiomas of different malig-
nancy grades. High-grade ghomas are chanctenised by a
:C'Hixl'ﬂ\"'i' 1()\‘.’.([‘.‘5 ;Cl'"l[f-' S{m&f!ul—.ll C‘Ul"d"xi(\' lnll hflf"u
geneity of tumour tissue, ncher vasculanty, and more fre
quent occurrence ol diffusvity barners. (51

I'be results of mudti-bovalue dffuson mmaging i 3 patwent
with low-grde gioma are shown m Figuee 5, where, among
changes m other pammeters, the decrease in K values wathin the
tumour compated to nommal bram tsmes is particulady marked.

Currentdy, ghomas are classied according to not only hiso-
logreal but also myodecular features, aich as tse emtational satus of
1sorvitmte dehydrogenase 1 (IDFI), In this context, the firg pa
pers documenting conrelations of IDH stanus wach [VIM mnagmg

Academic Radiology, Vol 31, No 1, January 2024

parameters are emerging, but the rsults ane pot yet uniform
One sudy reported significantly ligher ADC values 1n LGGs
with IDHI mutation compared to LGGs with wild type (ie.
non-mutated) [DHIL, and, sandady, ssgmificantly higher ADC
valuwes as well w Jower D and fvahoes were found m HGGs with
[DH1 nmtaton compared to HGGs wath wald-type IDHL(1

In another wods, however, HGG wath IDH1 mmtation was

repoted 10 be asocied with an increase m ADC and D

2«
paranetess i addition to an increase n the fpammeter compared
to IDH1 wild-type cumours while the D*parameter did not
Ihass, further
stuches and research wall be needed in this area to addmes also the

differ signifscantly between these ssbgroupe.51)

methodology and mproducibility of this method,

Distinguishing Progression From Pseudoprogression

A specific problem in the postoperative follow-up ot
patients with malignant intra-axial lesions is eardy and
correct detection of tamour p
difficult, how
¥y mimic true tumour progression (pseado
ability  to

[CS310N OF recurrence,

That is very

er, as post-therapeutic
changes

Progression). The differentiate  true

Figure 5,

Low-grade ghoma {difuse astrocytoma grade I, IDH! mutation) depicted on axial FLAIR (a) and post-cortrast T1 (d) images,

maps of 1, 0°, D, and K parameéters b, ¢, & and 1, respactively). The values of perfusion refated parameters f and D” as well as K valuse
measured as means within the whole twmour core (0.143, 13300 107 mm™/s, and 0.480, respectively) wees lower compared to those
measured withn contralateral normally appearing white matter (0.150, 20100710 men’/s, and 1,164 respectively). FLAIR, fud-attenuated

Inversion racovary; IDH, socitrate dehydrogenase

L8
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progression from psendoprogression s lmited with

conventional MR imaging. Therefore, multi-b-value
diffusion wmaging methods may provide options to refine
the detection of recurrence. Agmin, the starting pont
here is that evidence of increased vascularity and blood
fow is crueial for distinguishing true progression, as has
been demonstrated by a numlwr of studies using con
veational perfusion techniques.

The reatdts of studies using the l\l\( tec hnq\r published to
date suppont this assumption, It has been shown that the pes-
fusion pacuneter f o sigmifcantly hgher m tue progression and
has sersitivity and specificity comparable to thoss of pedusion
parameters obtamed by DSC

A study mvestigating use of the DKI technigue in the
same appheation showed mereased MK and decreased MDD
values in patents with tumonr recurrence compared 0 a
subgroup of patieats with post-thempentic psendoprogres-
son.(61) A similar conclusion {Le. increased MK values in
patients with HGG recurrence) was reached by Shi et al.
from their recent sudy wherein the DK technigue was

investigated simultancousdy with DSC perfusion maging.

They also mentioned the possibility of romh\mn;: MK and
CBV parameters to mcrease diagnostic accurey. o)) The
results of multt-bovalue diffusion :ma,vm,. m a patient with
pseudoprogression are shown in |

CONTROVERSIES AND FUTURE DIRECTIONS

Although multi bovalue mmging appears to be an interesting
technique, it does not yet seem ready for rouane applicaton,
Thendore, mcreased effon i reseanchung thes tope 15 desaralde
as continwed rnprovement of both data acqensitson and post
processing methods may help address maim hmitations of the
Thess Jumaasons consst particulady m Jow or not
calculated  pammeters,

technigque.
entirely clear mproducibidity of the
which may be related to dfferences in the sethng of acquisition
parameters, and especially the mumber amd dismbuation of b-
vahoes. (¢

namely applcation of ditferent curve-fitting models for ditfu-

i Rurthemmore, differences m data postprocesang.

swon data, have signilicant inpact on the method's capability w
differentiate between different tissues and besions. (¢

Figure 6. Contrast-enhancing Bsich within the white matter of the left cerebral hemisphers corrasponding with pesudoprogression in a
patient treated for glioblastoma (grade IV, DH wildtype} by surgcal resection and radkotherapy, 2 = T1-w post-contrast axdal image, d - FLAIR
axial image, b«f map, ¢ ~ 0" map, e - D map, f - K map  The entancing lesion (a) is located dorsaky from the non-enhancing post-surgery
area In the left rontal lobe; axtensive sukoancephalopathy 18 visible In FLAIR image (d). Maan 0" and ¥ valuss measurad within the an-
hancing parts of the lesion (4338°10°" mm'/s and 0.865 respectively) were lower compared 10 thoss measwed within
contralatorsl NAWM (5112°10°" men® /s and 1 187), while D and f values of the lesion (908 *10°" mm®/s and 0 206, respectively) were higher
caompared to those for NAWM {538 *10°° mm-/s and 0,151, respectively) Especially low D valies are notable on D map (c). FLAIR, flud-
attenuated nversion recovery, IDH, |socitrats dehydrogenase: NAWM, nonmally appearning whits matter,

269
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Moreover, different stadies use different methodologies
for selecting the regions of mterest (ROl from which the
IVIM parmmeters are extracted for statistical amalysis. The
ROIs are usnally designated manually based on viseal as-
sessment of p ric maps, Therefore, it is suggested that
more objective and reproducible approaches should be
adopeed for assessing ditfusion parametess, sich a5 segmen-
wtion of 3D masks of mdividual tumour components and
peritumonal region that i followed by analysis ofhinog:mm
or radiomics methods,(05) | h 21 impl g of
thewe approaches has been reported in only a lmulcd mnnher
of papers to date (see Table A in supplemental material),
however, their utility cannot yet be fairly assessed.

Thus, future studies should carefully evaluste potential
confounding factors, identify sources of data heterogenety,
and evaluate the reproducibility of this technique across
different MRI devices.

Another known disadvantage of mults bvalue maging = a
longer scanning ame, Themdore, development and evaluation
of snplitied methods of multi-b-value maging vang a linated
mumnber of bovalues mught be another possible research direc
tion. Several mitial smadies on this topic have already been
published(c 00 09) and, aibough it is suggested that 3 sim-
plified method can lead to decreased accuracy, (60 the resules
are racher promising, Another oppormnity for accelemting the
soquisihon can be 1o use a compressed wensing method or si-
multaneous muls-dice appeoach, which can lead to resules sic
milar to those from conventiona acquisinon methods but with
shorter scan tume (70-72).

Anotber ssue that 15 addressed vanousdy by different sta-
dies i determination of the extent of tumour w be analysed,
Most gtudies use the area of postcontrast enhancement, but
the use of PET mdiophanmacenticals has also been suggested
and conid represent an interesting direction for research.(69)
The avalable data concermng dilferentiation of the brain
lesions of vanous actiologies are still relatively scarce, so
further research on larger cohorts of patients s desirable,

CONCLUSION

Multi-bovalue diffusion imaging is a ptomising technigque
having potential to provide valuable new bi kers for :hc
classifications of brain lesi whether for differenti:
mmour from pon-tumour aetiologies or in differential d&i-
agnosss of individual o This technicue is essentially an
extension of the well-established conwv ] DWI oma-
ging, but it requires new methodological approaches to data

analysis using nonconventional diffusivity  characteristics
{prendo- diffusion and non-Gaussian diffuson) 1n stmcturally
complex tissues. Due to some effect of Gssue perfusion 1o the
case of IVIM analysss. this mechod can be seen a3 a possible
altermative or complementary method to conventional per
fuston techmiques, |t has the advantage over these techniques
of ol requinng contrast ageat application while still al-
lowing the asessment of conventional diffusivity parmumeters

270

such as ADC. A lamitation of this relatively new method 15
the mconsistency to date in image data analyss methods and
acquisition  protocols. Because results from the Jmmited

mber of stdies published so far are not yet umform n
some areas, further research as well as more methodological
wortk on the reproducibility will be needed to validate the
climcal relevance of these methods
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Quantitative spinal cord (SC) magnetic resonance imaging (MRI) presents many challenges, including a lack of standardized
imaging protocols. Here we present a prospectively harmonized quantitative MRI protocol, which we refer to as the spine
generic protocol, for users of 3T MRI systems from the three main manufacturers: GE, Philips and Siemens. The protocol
provides guidance for assessing SC macrostructural and microstructural integrity: T1-weighted and T2-weighted imaging for
SC cross-sectional area computation, multi-echo gradient echo for gray matter cross-sectional area, and magnetization
transfer and diffusion weighted imaging for assessing white matter microstructure. In a companion paper from the same
authors, the spine generic protocol was used to acquire data across 42 centers in 260 healthy subjects. The key details of the
spine generic protocol are also available in an open-access document that can be found at hitps://github.com/spine-generic/
protocols. The protocol will serve as a starting point for researchers and dinicians implementing new SC imaging initiatives so
that, in the future, inclusion of the SC in neurcimaging protocols will be more common. The protocol could be implemented by
any trained MR technician or by a researcher/dinician familiar with MRI acquisition.

Introduction

Quantitative MRI (QMRI) aims to provide objective continuous metrics that specifically reflect the
morphology, microstructure and/or chemical composition of tissues', thereby enabling deeper
insight and understanding of disease pathophysiology. While gMRI techniques have been successfully
implemented in the brain for several decades, they remain largely underutilized for spinal cord (SC)
imaging in both clinical and research settings, mostly a5 a direct consequence of the many challenges
that need to be overcome in order 10 acquire good-quality data™",

A full list of affiiations appears at the end of the paper
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Fig. 1 | llustration of the MRI metrics that could be extracted from the spine generic protocol. The top panel "Cross-—sectional area (C5A)
measurements” shows marphometric measures of the <pinal cord and its gray and whits matter. The bottom panel ‘Atlas-based analysis’ on the ieft
shows axial views of gMRI maps: MTR, fractional anisotropy (FA) and mean diffusivity (MD), with an averlay of four spinal tracts of general interest
the descending corticospinal tr ascending cuneatus, left (L) and right (R). The "Atias’ image corresponds 1o the w matter ot

which includes 30 ¥ c fracts of interest. This atlas also indudes s parcella of the

GM. The table presents average values of =

for computing metrics within speci
metric in the corresponding fract

For the past 20 years, researchers have been developing methods to overcome the challenges
around SC imaging, including more sensitive coil arrays™” and advanced pulse sequences for miti-
gating motion and susceptibility artifacts”™ . As a result, it is now possible to acquire SC gMRI data
that have a strong potential for providing new insights into SC anatomy and function. However, a
remaining issue is that there is no clear consensus within the imaging community for acquiring SC
GMRI data, leading to (i) wasted time and money spent on pilot scans for every new SC research
initiative, and (1) large variability in imaging parameters for multisite, multimanufacturer studies,
hampering statistics for assessing biomarkers.

Development of the protocol

The present study gathered a consortium of international SC researchers 1o provide a prospectively
harmonized consensus protocol for acquiring high-quality gMRI of the human cervical SC at 3 Tesla
(T) across the three main MRI manufacturers (GE, Philips and Siemens), We call this the spine
generic protocol. gMRI techniques covered n the spine generic protocol (Hlustrated in Fig. ) include:

SC cross-sectional area (CSA)

The CSA of the whole SC has been shown to be a sensitive biomarker in multiple sderosis (MS)""',
amyotrophic lateral sclerosis (ALS)"" ', X-linked adrenoleukodystrophy with myelopathy”, as well
as both traumatic and nontraumatic SC injury™™"", Additionally, SC segmentation is useful for
atlas-based analysis™
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CSA of the SC gray matter (GM)

GM CSA is relevant for diagnosis™ and prognosis in ALS™. Additionally, delineating the GM s
relevant for quantifying pathologies juxtaposed with the GM (e.g.. MS lesions), for functional MRI
(fMRI) applications, and for atlas-based analysis.

Diffusion tensor imaging (DTI)

DT1 15 a technigue that is based on multidirectionally encoded diffusion-weighted images (DWI).
DTI can quantify microstructural integrity and has been deemed sensitive to degeneration and
demyelination of SC white matter (WM) tracts in a variety of diseases”™™ " and after SC injury™"".
In nontraumatic SC Injury, DWI appears to be a promising approach that Is sensitive to
presymptomatic microstructural changes™

Magnetization transfer (MT)
The MT technique has been shown to be sensim‘c to demyelination™ and has been apphed in various
SC diseases, such as adrenomyeloneuropathy™” and MS™, as well as in SC injury™"",

To demonstrate the practical implementation and reproducibility of the proposed pruloooL single-
subject and multi-subject datasets were acquired across multiple centers. Relevant gMRI metrics were
calculated using a fully automatic analysis pipeline, and those metrics were compared within site,
across sites (for the same manufacturer) and across different manufacturers. Details of the datasets,
processing pipelines and generated normative values are available in a companion Data Descriptor
paper published in Scientific Data™.

When optimizing protocols scross manufacturers, a key question is: should we minimize the
differences in acquisition parameters across manufacturers, or should we optimize image quality on
each platform? The spine generic protocol was designed to reach a compromise between these two key
aims: minimizing protocol differences in order to facilitate the interpretation of multimanufacturer
studies, but at the same time we optimized parameters for each manufacturer separately when the
hardware or software enabled it. For example, on the DW1 protocol, the echo time (TE) was always
minimized in order to maximize signal-fo-noise ratio (SNR), which minimally affects the diffusion-
specific signal (the b-value was kept the same). Given that plaforms are equipped with different
gradient nominal strength capabilities (ranging from 40 mT/m to 80 mT/m for current clinical
systems), this yielded very different TEs depending on the platform. These aspects were taken into
consideration when designing the spine generic protocol, resulting in & protocal with a high SNR
regime that is hence less sensitive to changes in the TE. As illustrated in the companion data paper™,
fractional anisotropy values across Siemens sites equipped with gradient systems varying from 40 to
80 mT/m (TEs ranging from 55 to 99 ms), produced an intersite coefhcient of variation of 3.5%,
which was smaller than the intrasite coefficient of variation of 4.24%. The intersubject variability was
thus higher than the intersite variability, despite the large changes in TEs. Another important con-
sideration is that different TEs across manufacturers/models will likely result in different diffusion
times. This may be an additional source of intermanufacturer variability, as it has been shown that
common DWI metrics such as DTI radial diffusivity can exhibit diffusion time dependence, especially
in anatomical regions containing large axons™’. Similarly, some software versions were limited with
respect to the minimum achievable repetition time (TR} on MT sequences; again, here the TR was
optimized for each system separately, yielding full MT protocols (GRE-MTU/MTO/TIw) that varied
from 5.4 min to 8.9 min, depending on the platform. However, in this case, magnetization transfer
ratio (MTR) and magnetization transfer saturation (MTsat) were impacted by TR This partly
explains the discrepancies observed between GE and the two other manufacturers (see ref. ™).

Because hardware and pulse sequence environments vary across manufacturers, it will never be
possible to obtain the exact same acquisition configuration across manufacturers. Even for the same
manufacturer, some variability could exist owing to the different specifications for different models
and the adjustment and maintenance status of individual scanners {scoustic resonances, helium
levels, eddy currents, software patches, etc.). From a practical standpoint, as in the case for the Tlw
versus T2w SC CSA (see Fig 11 in ref, ), the relationship between gMRI metrics obtained from
different manufacturers/models/sites can be modeled as fixed or random effects™.

The spine generic protocol has been used (fully. in part or with modifications) in the followi
applications: imaging methods™, methods development in healthy subjects™ """, (MR]“‘
MS™, mucopolysaccharidoses™, adrenoleukodystrophy'’, ALS'™", spinal muscular atrophy ™
degenerative cervical myelopalhy""""w"" and stroke™".
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Fig. 2 | Sequences included in the spine generic protocal (in bladk) with possible applications (in red). The total
acquisition time is 20-30 min, depanding on the manutacturer/maodel

The spine generic protocol has also been recommended in recent guidelines™ ™ and was
adopted by multicenter initiatives such as the INSPIRED" and the CanProCo™ studies, respectively
dealing with cervical myelopathy and MS populations.

Applications

The proposed protocol is not geared towards a specific disease, and it is suitable for imaging WM
pathology (demyelination and Wallerian degeneration via axon/myelin-sensitive techniques), GM
pathology (ALS, via GM CSA guantification), and traumatic and nontraumatic SC injury (structural
scans to assess compression and/or to quantify atrophy above/below lestons or injury). Additional
clinical scans (eg., 2D FLAIR. STIR) that are specific to particular diseases and/or are part of the
clinical routine can be added at the discretion of the researcher/clinician. Potential clinical uses of this
protocol Incude Improved diagnosis of pathology, monitoring of disease progression or recovery,
and/or prediction of outcomes.

Experimental design

Sequences

The required sequences are lustrated in Fig 2. Justifications for the sequence type and their pros and
cons are summarized in Table 1. The manufacturer-specific sequence names are listed in Table 2,

Shimming

Shimming refers to homogenizing the static magnetic field (B,) and is a necessary step for recording
reliable images, especially in regions that are prone to large B, Inhomogeneities, such as the SC.
Without proper shimming, fat saturation does not work effectively, slice excitation profiles are not
accurate and echo planar imaging (EPI) data are prone to distortions and signal dropout, with the
latter being particularly prevalent in gradient echo (GRE) imaging often used in fMRI studies.

The very first ‘active’ attempt to mitigate susceptibility artifacts is usually performed just before
starting an MRI scan via a procedure called active shimming. This procedure consists of estimating a
field map and then computing a set of "shim coefficients’, Le., the amount of current that needs to go
into each gradient and shim coil in order to minimize the static magnetic field inhomogeneity in a
specified ‘shim adjust volume'.

Slice orientation

For 3D acquisitions with isotropic resolution {T1w and T2w), we recommend sagittal acquisition for
an efficient superior-inferior (S-1) coverage with the minimum number of slices required to cover the
cord (on the T2w). Note that typical clinical 2D scans use thick sagittal slices, which is popular for
diagnosis with TI/T2/STIR/PDw contrasts, but these should not be used for measuring CSA or for
template-based analysis due to the poor right-left (R-L) resolution.

For gMRI methods that produce microstroctural metrics (MT, DWI), we recommend axial
orientation (orthogonal to the SC) with high in-plane resolution and thick slices. This approach takes
advantage of the (quasi-) coherently oriented fibers along the S-I direction 1o increase slice thickness
and thus gain SNR. The high in-plane resolution, ideally submillimetric, s important for minimizing
the partial volume effect between adjacent internal structures (WM tracts, GM), thereby ensuring
sccurate quantification of metrics. For 2D multislice sequences, if the sequence allows, each individual
slice should ideally be orthogonal to the cord™. If not possible, slices should be oriented such that the
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Table 1| Purpose, pros and cons of sequences of the spine generic protocol

Purpose Pros Cons
Tiw (3D - Measuring 5C CSA and/or volume « Effic=nt SMR per unit tame - Sensitive 1o motion
sagitial) - Registering to a template (preferred - High SC/CSF contrast (good for 5C (pulsatile, swallowng)
for dnc labeling) segmentation) - Poor WM/GM contrast
- Assessing lesions - 320 mer” FOV in -5 min at | mm Iso with full in the 5C
~ Measuring brain atrophy bram and cervical-spine coverage
- Low SAR
- High WM/GM cantrast in the beamn {goad for
coetical surface s=gmentation)
- Vertebral discs ars well cantrasted
T2w (3D - Measuring SC CSA and/ar volume - Very high SC/CSF cantrast - High SAR
sagittal) (prefered over the 30 Tiw owing - Less sensitve to motion than the 3D Tiw - Poor WM/GM contrast
to higher spatial resolution) - Better spatial resolution than the 3D Thw in the 5C
- Registering to = template (0.8 mm yersus | mm) - Cannot cover Rull bran in
registration (preferred for cord <10 min at 08 mm isa
segmentation) - Poor visibilty of
- Assessing lesions and compression vertebral discs
- More prons to Gibbs nnging
artifact at high-contrast SC/
CSF interface
Dwi - Computing DT1 metrics (fractional - Quantity 5C neural tissus microstructural - Sensitres 1o By
(2D axul) anisotropy, meen diffusivity, radial properties inhomogeneities (EPI
diffusivity, axial Gfusivity) that are - Sensitive to WM pathologies (e.g. readeuat)
itive to axonal damag - degenerative demyelination, injury. - D71 metrics are biased by
demyslination and degeneration”” derma, tumar) SNR™
- Longdudinal ftocng ot pats ihc SC
microstructure (i.e., disease ion)

- Detect origin of microstructural damage before
nonreversible changes (eg., T2w

Y app af clinical
symptoms)
- Short acquisition time (<5 min)
GRE-MTV/ - Computing MTR, MT-CSF and - Quantsty 5C neural tissus microstructural - Sensitive to motion
MTQ/Thw MTsat (requires Tlw to partally properbes - Sensitve to By
(30 axial) compensate for Bl+ homogeraty - Sensitive to WM pathologies (eg. inhomageneities (signal
and T1 effects on the MTR"') degenerative damyelination. Injury, deopout due to intravaxel
- Detecting WM and GM pathology edemna, tumor) dephasng, can be mitigated
(myslapathy) - Longitudinal manitoring of patient-specific 5C using thinner slices)
ME-GRE - Segmeanting the SC and GM for microstructure (i, disease progression) - Quantitative metrics
(20 axial) me=asuring cord/WM/GM CSA - Detect origin of microstructural damage before sensitive to B] (except for
- Registaring to & template and nonmerslﬂe changes (eg, T2w ] the ME-GRE sequence)
accounting for GM shape hypenntersities, appearance of clnical

symptoms)
- High in-plane moal resolution (gaod for atiss-
based analysis of variouws WM tracts)
- The combined echoes provide hagh WM/GM
(e ding an parameters)

- Messuring 5C 2nd GM CSA

- Fast
- Low SAR (except for the MT sequence)

region of most interest is orthogonal to the cord (Jeaving other regions with larger partial volume
effects). Alternatively, if time allows, slices may be separated into several psendocontiguous slabs,
each orthogonal to the cord and containing three to five slices, Note that using thinner slices mitigates
the partial volume effect, although this comes at the cost of lower SNR. Thinner slices also mitigate
intravoxel dephasing due to inhomogeneities in the static magnetic field, which lead 1o signal dropout
on GRE imaging™. Axial acquisitions with thick slices are also recommended for measuring
GM CSA.

Phase-encoding direction
There are a few considerations to be made when choosing the phase-encoding direction. For
transverse (perpendicular-to-the cord) lmage onentation, one advantage of R-L phase encoding is
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Table 2 | Sequences included i the spine generic protocol

GE Philips Siemens
Tiw (3D) BRAVO/IR-FSPGR TITFE MPRAGE
T2w (3D) CUBE VISTA SPACE
DWI (2D) Spin Echo EPF with or withaut  Zoom Diffusion®  ep2d_diff with or without
FOCUS* ZOOMit*
ME-GRE (2D) MERGE mFFE GRE ‘medic”
GRE-MTI/MTO/ SPGR FFE GRE

Thw (3D)

At seguerrzes coorm by dafaudt weth: the A systenn, sacapt Svene rurkod wilh am seteend (7)) which regute = special lesrmse. Note $hat e the Philes
ayatuent thae MTY amd MTD ezarm srs crpered msfun bhe samne ssuares ard the MTE = stomescaly cdoadsted ME mult-eche

that the SC is less curved along this axis, allowing for a smaller field of view (FOV) (only if using
outer-volume suppression technique) and thus fewer k-space lines, yielding faster acquisition times in
single-line readout schemes and fewer distortions on EPL R-L phase encoding also allows for greater
robustness in the presence of poor fat suppression (due to the fat in the posterior neck region) and
less ghosting due to swallowing and pulsatile vessels. Alternatively, when using EPL
anterior-postersor (A-P) phase encoding will not create an R-L asymmetry, which could be
problematic in some study designs where the R-L symmetry of the cord is part of the underlying
study hypotheses (e.g.. comparing diffusion metrics between the left and right corticospinal tract).
A-P phase encoding is also less prone to peripheral nerve stimulation (although this also depends on
the manufacturer, and how oblique the slices are),

Thoracolumbar cord

While the present protocol is optimized and validated for the cervical cord, most of the sequences
proposed here could be ported to the thoracolumbar region with minimal or no adjustments. The
amount of modification required mostly depends on the radiofrequency (RF) receive coil that is
available. One notable advantage of the cervical region is the possibility of having coil elements
around the neck, which provides better performance for accelerated acquisitions (GRAPPA, SENSE)
and higher SNR. When imaging the lower card, coil elements are typically arranged in a flat fashion,
reducing acceleration and SNR. Hence, sequences already suffering from low SNR might need
maodifications, e.g., a larger voxel size.

In general, the Tlw, T2w and MT sequences could likely be applied to the lower cord without
modifications. The DW1 protocol may require additional averaging and/or larger in-plane voxels to
increase the SNR. Furthermore, using saturation bands for inner FOV DWI acquisitions may be
much more challenging or even impossible owing to specific absorption rate (SAR) and saturation
band thickness limits. The multi-echo (ME)-GRE sequence is feasible ' but may require additional
averaging ', and/or the use of navigator echoes to compensate for respiration-related ghosting.
Protocol optimization could be aided by the use of advanced SC phantoms made of ‘tissue-like'
materials that mimic respiration-related dynamic changes in the B, field, such as the one proposed by
De Tilliewx et al.”™.

Other field strengths
While the spine generic protocol was optimized and validated at 3T, only slight modifications would
be required to adapt the protocol to 15T systems. Depending on what researchers would like to do
(CSA measurements, lesion quantification, etc), the SNR and contrast-to-noise ratio would need to
be adjusted by finding the right tradeoff between spatial resolution and acquisition time. Relaxation
parameters also change at lower and higher fields. For example, tissue T1 is shorter at 1.5T, which
could help reduce TR in T1w sequences. Fortunately, SAR is also lower at 1.5T, which allows one to
reduce the TR in SAR-intensive sequences, such as the MT protocol or the T2w sequence (including
the DWI sequence). Another advantage of 15T is that susceptibility distortions on DWI EPI data
are reduced,

At 7T, parameters would likely require greater changes than those needed to adapt to 1.5T. While
SNR is higher at 7T, allowing one to reduce the voxel size, susceptibility effects are also increased.
This is particularly problematic for the EPI-based DWI protocol (increased image distortions} ' and
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Materials

the long TE GRE sequences used for the T2* protocols - Additionally, SAR is higher at 7T, which
leads 10 challenges when using SAR-intensive sequences such as the MT protocol, the DWT sequence
or the T2w sequence.

More challenges exist when moving between fiedd strengths, including Bl+ effects, dynamic
B, changes, changes in T1, T2 and T2*, Jocal versus body RF transmit coils, and different safety
profiles. Further investigations are therefore needed to properly adapt the spine-generic protocol to
other field strengths.

Future directions

The spine generic acquisition protocol is a major milestone for the SC gMRI community. It provides a
starting point for researchers and cliniclans implementing new SC imaging initiatives. We would like
1o stress that the protocol will evolve with new MR hardware and software releases, as well as with
research advances such as protocol optimizations and novel pulse sequence developments. Mareover,
in future releases, the protocol will also be available for other manufacturers (e.g, Canon). For this
reason, we suggest that researchers using and publishing with this protocol always refer 1o its release
number (bitps://github,com/spine-generic/protocols/releases). The SC MRI community has initisted
a forum (https://forum splualcordmri org/) to encourage discussions about the generic protocol, how
1o use it, and how we could further improve it.

In the Supplementary Information, we discuss alternative technigues to those included in the main
procedure (such as advanced shimming, navigator echoes, Bl+ mapping, phase-sensitive inversion
recovery, reconstruction, interpolation and filters), some of which are still at the research stage but
could eventually be added 1o the protocol. In addition, we discuss additional equipment that can be
used 10 immobilize the subject, including cervical collars and custom tight-fitting helmets,

We would like to reiterate that the spine generic protocol is not geared towards a specific disease.
Researchers are at liberty to tune the proposed protocol by modifying parameters and/or adding/
removing sequences as needed. A recent example is the development of a standardized brain and SC
MRI protocol for patients with MS” .

The present study also comes with two publicly available datasets (single- and multisubject)™. To
the best of our knowledge, these are the first "large-scale’ multicenter gMRI SC datasets ever acquired
and made public. The multisubject dataset could be used to create normative gMRI values, serving as
age-matched healthy control references. More generally, these datasets could be used for developing
new image processing tools dedicated 10 the SC, and the fact that they are publically available makes it
possible for researchers to compare tools with the same data.

At a time when reproducibility of scientific results is a major concern”, the proposed consensus
acquisition protocol, along with publicly shared datasets and transparent analysis pipeline, aims to
provide a basis for research reproducibility and study harmeonization,

Equipment

* MRI scanner: a whole-body GE, Philips or Siemens 3T MRI scanner.

o Colis: image quality Is largely affected by the receive coll. While most 15T and 3T systems
use the integrated body coil for RF transmission to ensure adequate homogeneity, also referred
to as the Bl4+ profile, reception can be done with varous other colls, each having specific
performance characteristics in terms of their sensitivity profile, which defines SNR. and g-factor, which
describes the parallel imaging capability; ie.. how much one can accelerate (in the phase-encode
and slice-select directions)’. The receive coils recommended for specific parts of the spine are listed
in Table 3.

* Sequences: the required sequences are illustrated In Fig 2, and manufacturer-specific sequence
names are listed in Table 2. All the re ded sequences are available as 3 product; however,
old software versions might not have all up-to-date product sequences, and there may be
research sequences that are equivalent. When applicable, this information s mentioned within
this manuscript. The protocols (pdf + import files) are freely available at hitps//github com/spine-

generic/protocols
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Table 3 | Recommended receive coils for SC imaging for the GE, Philips and Siemens systems

Cervical Thoracic/lumbar
GE
HIOVHDxt  8-channel cervical thorace lumbar seray B-channe! cenical tharacic lumbar array
PETMR 19-channel head neck und array 14-channel central molecular imaging array
MR750w  16-channel head nack spme array 48-chenned geometry embracing method phasad acray
Philips
Achieva 16-channel hesd/neck/neurovascular or 32-channe! head coil 1S-charmel pasterior spine”
Ingenia* 16-channel head/neck/newrovascular or 32-channed head cail 12-channel posterior array®
Siemens
Trio 12-channe! brain + &-channel neck array = spine array™ Spine array”
Vero 12-channe! beain + &-channel neck array + spine array™ Spine array”
Skyra &4-channel head/neck or 20-channel head/neck + spne array® Spine array™
Prisma 64-channel head/neck or 20-channel head/neck + spine array” Spine array™
Vida 64-channiel head/neck or 20-channel head/neck + spine array® Spine amay®

"A pottersy spre coil coukd sz be used, depersiing on mmverage. For fharaoc/Aeter SC srupng, et srferasr cof st be used 13 ingraee mnage gsslly 0 sequences with sty sy
shawe wectdng "Thw relevant shemurts of the spew svay oo sieciad depending ot the 1epen i cover Whes sy wts alect (3 ) = S 5 " (Mhign) wl be
sutzmaticely sahstad Basad et the viee postionmg B w atens 1= use £ The infarmattion in this Sty & nufyeet fo chage with the svitsce of the market

Procedure

Equipment setup @ Timing 2 min

Install coil

1 Select the coll depending on your manufacturer and application (Table 3).
? TROUBLESHOOTING

Subject and equipment preparation ® Timing 5-10 min
Mllonlng and immobilization strategies
2 Carefully position the subject to optimize image quality. Try to lave the cervical SC as straight as possible,
s0 that axial slices are orthogonal to the SC centerline. This minimizes partial volume effects with the
surrounding cerebrospinal fluid (CSF). Reducing neck curvature also hedps 1o improve bekd homogeneity
because the shim volume (ie, the 3D box centered over the reglon of interest where the MR system
computes the optimal shim coefficients) is less likely to contain air—tissue interfaces. To minimize cervical
Jordosts, ask the subject 1o tlt their head slightly towards thelr chest. Placing some cushions below the
bead can belp, as dlustrated in Fag. 3. However, subjects should not be 100 uncomionable and still be able
to swallow in a way that minimizes motion. For thoracolumbar acquisitions, leg support helps minimize
lumbar lordosis and provides more comfoet for the subject.
3 Verify that the subject i aligned in the left-right direction, and ensure alignment of the spine with
the sagittal plane whenever possible
? TROUBLESHOOTING
4 Pad/clamp the subject’s head tightly with cushions to avoid head motion, Note that, while doing
thu has the merit of not requiring additional purchases (eg, cervical collar’ or specialized
bilization app ), this setup is not easily reproducible and depends on the MR technician.
It also does not ensure that subjects are nlw.nys positioned in the same way for longitudinal
experiments. Therefore, it & important that researchers specify the type of cushions used and,
ideally, take a photograph showing how 10 position those cushions while the subject & in the coil.
Tell the subject that their neck/spine will be Imaged and that if they move, image quality may be
severely compromised Mimic how not to swallow by exaggerating head and swallowing motions,
Asking subjects not to swallow at all can sometimes lead to more motion due 1o the swallowing
reflex that is triggered once a large volume of saliva s accumulated. This can also pose a choking
risk, given that subjects are in a supine position. As a compromise, notify the subject when they can
swallow between scans. Ask the subject to breathe normally and to avoid taking deep breaths.
Breathing pattern affects image quality owing 1o the dynamic By variations™ that result from
respiration. The latter can cause ghosting on GRE data and pixel displacement on EPI sequences.
? TROUBLESHOOTING

W
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Fig. 3 | Patient positioning. Suggested subject positioning: use & cushion to minamues cervical |ordoss
(bottom panel).

Pulse oximeter
6  Install the pulse oximeter on one of the participant’s fingers. The pulse oximeter will monitor the
cardiac pulse, which will be used for cardiac gating on the DWI scan.

Pocmoning the isocenter (laser marking)
For thoracic/lumbar applications, set isocenter {laser) around the region of Interest. If you are
doing brain and cervical cord imaging, mark the isocenter right below the nose. This will
ensure that the localizer will cover the desired region. Note that, for all other sequences, the table
will move so that the center of the FOV is acquired at the scanner’s isocenter (to ensure maximal
gradient lineanity).

Image acquisition @ Timing 20~30 min

A CRITICAL STEP Before starting the acquisition, make sure the coll elements are properly selected.
If you are using a coll that corresponds to the saved protocel (Table 3), the correct elements

should be automatically selected. If you are not using a default coll, or if you are acquiring in the
thoracolumbar region, then you will need to select the elements corresponding to the FOV. For some
manufacturers and platforms, the dements will be automatically selected depending on the location and
stze of the FOV (mode "auto select’ or "SmartSelect’), but regardless, it is always important to

double chedkc

A CRITICAL STEP It is extremely important that you check each image right after its acquisition, not
wait until the end of the imaging session. For example, if you notice that the wrong coll was used, fix the
problem for the rest of the images (and reacquire the image If there is still time). Or if you spot excessive
subject motion, talk to the subject before acquiring the next image.

Tlw scan

8 Adjust the FOV so that it Includes the whole head, as shown in Fig. 4.

9 {Optional) For GE users only: to have the images recanstructed at the proper matrix size, click on
“Save Rx' — “Scan’, then click on “Research” — "Download’. Then click on "Research’ — "Display
CVs'. Then, modify the following contral variables (CVs) accordingly: rhimsize = 320,
rhrexres = 320, rhroyres = 2560 You can check on the console if the field was modified
appropriately, by looking at the ‘image header’, after reconstruction. You should get: (0 x 0028,
0 x 0010) = 192; (0 x 0028, 0 x 0030) = I\L

10 Acquire the Tiw scan. Further details of interest about the parameters used in the TIW scan can be
found in Box I,

? TROUBLESHOOTING

T2w scan

11 Center the FOV at C3-CA as shown in Fig. 5. Align along the spine (see coronal view).

12 (Optional) For GE users only: to kave the images reconstructed at the proper matrix size, click on
"Save Rx" — 'Scant’, then click on ‘Research’ — "Download’, Then click on ‘Research’ — "Display
CVs'. Then, modify the following CVs accordingly: rhimsize = 320, rhrexres = 256, rhreyres = 256.
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Fig. 4 | Posdioning of FOV for Thw scans

Box 1 | Additional details about the parameters for Tiw scan

* TR, TE, T\, flip angle: mspired by the Human Connectome Pr

Slab-selective excitation: to avosd R-L aliasing of the bady (phase—encoding deactions on ths 3D sequence are
R-L and 5)

ect (HCP
y matter contrast n the bram and reducing the

The TR was sightly

rpromese betwesn satisfactory w

to find 2

cquesition t

You can check on the console if the feld was modified appropriately, by looking

at the ‘image header’, after reconstruction. You should get: (0 x 0028, 0 x 0010) 192
(0 x 0028, 0 x 0030) IR

13 Acquire the T2w scan er detalls of interest about the parameters used in the T2W scan can be
found in Box 2.

? TROUBLESHOOTING

DWI scan

14 Use ZOOMit (Siemens), Zoom Diffusion (Philips) or FOCUS (GE), if available. Otherwise, use
saturation bands for allasing suppression (Fig.

15 Center the FOV in the cord at the level of C3/C4 disc (Fig. 6). Rotate the FOV such that slices are
orthogonal to the SC, in both the sagittal and coronal planes
A CRITICAL STEP Phase-encode should be A-P.

16 Adjust the shim volume such that it covers the FOV, in both the sagittal and coronal planes
(green box).

17 (Optional) For GE users only: click on “shim volume’, and then center on the SC. If you cannot
modify the size of the shim box, do not worry.

18 (Optional) For GE users only: when ulting the slice, the TE might increase by 2 few ms
If you wish to use the same TE throughout an entire study, try tilting the FOV in the coronal and
sagittal plane, and report what the minimum TE is. The more you tilt, the longer TE will be
(hence, Jower SNR) but the more conservative you will be in keeping a fixed TE throughout the
entire study

19 (Optional) For GE users only: 1o have the images reconstructed at the proper matrix size, click on

"Save Rx" — “Scan’, then click on "Research” — ‘Downlead’ n click on Research” — "Display CVs'

NATURE PROTOCOLS ; VOL 16] OCTC
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Fig. § | Positioning of FOV for

Box 2 | Additional details about the parameters for T2w scan

* Slab-selective excitation: to avoid R-L aliasing of the body (phase-=ncoding dractions on thes 30D sequence are

R-L and 5-1)

* TR sulficently b nt T1 recovery affect sing signal dropout in the {s=e Fig in ref
while keeping it low 1o reduce total acguisition time
* TE, flip angle: inspired by previous studies , optimized for satasfactary SC/CSF contrast and SAR
Then, modify the following CVs accordingly: rhimsize = 96, rhrcxres 86, threyres . You can

check on the console if the fidd was modified appropriately, by looking at the ‘tmage header’, after
reconstruction. You should get: (0 x 0028, 0 x 0010) = 192; (0 x 0028, 0 x 0030) = 1\]

A CRITICAL Before starting the acquisition, make sure the PulseOx trigger is working (see Fig. 7 for

an example)
20 Acquire the DWI scan. Further details of interest about the parameters used in the DWI scan can
be found in Box

? TROUBLESHOOTING

GRE-MTUMTO/TIw scans

21 Make sure that the FOV center and onentation are same as for the DWI scan.

Normmally, If you imported the full protocol, the FOV should be copied automatically from

eters’ (center of FOV and ornentation). Use ‘auto’

the DWI scan. If not, use ‘copy parar
mode for shimming.
22 (Optional) For GE users only: to avold confusion with regard to the slice orentation, the protocal is

saved as ‘axial’. Please click on ‘oblique’ 10 be able 1o rotate slice in the sagittal and coronal

planes

23 (Optonal) For GE users only: 1o match the RF frequency of other manufacturers, modify the CV
off rfmt

24 (Optional) For GE users only: to have the umages reconstructed at the proper matrix size,
click on “Save Rx" — "Scan’, then dick on ‘Research’ — "Download”. Then dick on "Research’ —

‘Display CVs'. Then, modify the following CVs accordingly: rhimswze 192, rhrexres 172,

rhroyres 2. You can check on the console if the field was modified appropriately, by looking at

the ‘image header’, after reconstruction. You should get: (0 x 0028, 0 x 0010) 192; (0 x 0028,

0 x D030) I
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Fig. 6 | Posit

25

and saturation ba

Fig. 7 | Checking a pulse oximeter trace. Example of 2 pulse oxmeter trace on a Siemens scanner for triggered

small triangles)

A CRITICAL STEP If you get a SAR

minimum suggested (e.g., gomng from

on the MT scan, increase the TR to the

36 ms). If the TR is increased, it is very

important that you also change the TR on the GRE-MTO0 sequence (TR should be the same on the
MT1 and MTO scans)

Acquire GRE-MTUMTO/T1w scan. Further details of interest about the parameters used in the
GRE-MTUMTO/T1w scan can be found in Box 4

? TROUBLESHOOTING

GRE-ME scan

26

Make sure that the FOV center and orientation are the same as for the DWI scan. Normally, if you
imported the full protocol, the FOV should be copied automatically from the DWI scan. If not,
please do “copy parameters” (center of FOV and orientation).

Adjust the shim box so that it follows the spine as dosely as possible (Fig.

(Optional) For GE users only: to avoid confusion with regard to the slice orientation, save the

protocol as ‘x Click on ‘oblique’ to rotate the dice in the sagittal and coror anes

(Optional) For GE users only: to have the images reconstructed at the proper matrix size,

click on "Save Rx" — "Scan’, then click on "Research’ — "Download’. Then click on "Research’
‘Display CVs'. Then, modify the following CVs accordingly: rhimsize 48, rhrexres = 224,
rhreyres = 224

Acquire the GRE-ME scan. Further details of interest about the parameters used in the GRE-ME
scan can be found in Box

? TROUBLESHOOTING
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© 2D axiat for spinal tract-based metnic guantificat (see section Sfice aremtotion).
* Spatial resolution: 0.9 = 0.9 ¥ 5 mm {na ntarpalation)
¢ FOV: reducing the FOV along the phase ding direction for EPI red: eptibiity-relaied distortions. SC geometry is favorable to such

mhﬁonlednmﬂm-eheemmldmmabmmngmer
-mm FDCUSM (GE. versian DV25 and onwards), ZOOMa™" (Siemens). Hdkuu:: Not avadable on all yersions.

o Cross-sectional RF i 'Zoodelwm"‘r (Philips): available for software 5.3 and higher. For clder software. it i possible to
usea h that & equivaient ta the product seqoence.

'Omerv&nmeswwemnwdhmbmdsf ilabie far all dactorers). Nate: b the saturation band approach is not parfect (fat can
be missed and aliased on top of the SC. 23 exemplified o Fig. 3¢ in ref. ™), ithmlymmnmdmd&bnudoﬁyduusopm’e
not available.

Far more details about the pros/cons of each reduced FOV technigue for the SC. the reader is referred to ref **
. slices
» Pros: can do tractagraphy, greater statistical power.
® Cons: rediced coverage (more slices can he added at the dscretion of the researcher).
* b-Value single-shell at B00 s/mm’

o A single-shefl protocol was chosen owing to time o ints. For more ads d diffusion medels (=g, NODDI, DBSI), additional shells can
be added, potentially incressing TE/TR as the b-valoe is increased.

o if the SNR is too low (the SC & barely visible on DWI), the b-value could be lowered (e.g, 600-700 s/mm’), thereby reducing TE and
increasing the SNR. Naote that increasing the number of repetitions is not helpful because, in this low-3NR regime, the noise distribution =
more Rician-ie; hence, averaging of the magniude signal results in an upward bias. On the other hand, if the SNR is sufficent, on scarners
with strong gradients (380 mT/m), it is recommended to set an additional b-value shell (2.000-3.000 s/mnt” ar higher) to prayide better

sensitivity to difusion-based contrast (ta see demyelination/d: tion) and enabla the use of maore ad d diffusion model. For amy
mMWmmaﬁwﬁanhummw
 Usars shauld note that a low b-value {800 s/mm”) may nat detsct complex fiber geametry for tractography apolications (e.g., trossing,
lmglmebﬂ&mmdumbuddtﬁaimdhdmmmbemodﬁedbﬂmchemm
* Number of directions: 30-32 unidormly distributed, The exact diffusion g is dacturer-soecific. The DWI protocel also
includes fove b = 0mmlrdnﬂhbegpnﬂ;otirﬁuspened(msspmsibleby«ﬂmvamsln'msmm
‘dti_vectors_input.txt’ on Philps, or ‘tensardat’ on GE, but pr ly anly forr h sites). All b < 0 should have the same TE as the
DWI data

O'I'l-dtnﬁtmnnmmdedbmmm&ummhmmmdhnmwxnnhm . The quescent
phaed&eSClMshéDOmwﬂhn-arﬁache"Onﬁeﬁemuaﬁmw:ddedamnbbmkmthemlm
acquisdion and only acguire nwmnudymraﬂimdmhmwmdhm&lﬁePliosphtbfmmeovtwoslmu
are acgquired per beat (depending on the heart rate). Wesggeﬂdqap&mlnn&rh&eadnlmitﬁ(ﬁhnm onud
it Jess clmbersome 1o use). The trigger delay i subject-dependent™, and #s defindtian d ds on the p and
nmkugiﬂlmlthpmvdemoﬂhmdnunbaﬂu!ﬁsaﬂmﬁeﬂ:wd#dbm FormlalheS?MRHsdﬂmthamm
platform adds -B3 ms before sach excitation, while on the Philips platfcern the minimum delay is sbout TIO ms (ased by the SPIR fat sat pulss
and the outer volume suppression pulses). For convenience, we set the delay to the minimum value, but resesrchers can optimize this

value accardingly.
* TE should be minemum (to maamize SNR),
* Echo ing ¢ lled with the bandwidth): should be minimum (fo minemize distortions).

Ommwmmmﬁlmahmmﬁ_lmded.bipd.modembemedhme&ymemfdmd
distortions. On older Siemens platforms {e.g, VEI7), the ep2d_diff product sequence is bipolar; however, research or work-in-progress sequences
exist, such as WIPST] (monopolar option, with palarity alternation, freq stab and skewed fat =at),

memm Smma)dymsubinhm(ﬂﬁ).ted-umfdd-‘- (GE): these op help
reduce artifacts related to ch n the fiekd over time.

Oﬂmm&'PAmuodolA—Pm(h-t(l)smmlﬁymhmﬂneﬂwolkh&hu instead of ‘compressing” the SC (no
information loss), and (i) @ cass of poar fst saturation, posterior neck fat will be aliased outside ol the FOV.

* Shimming box (+ ad d shimmung) should be carefully pasitioned arcund the SC. See Fig. 7.

* Acceleration (GRAPPA/SENSE). We recommend non-plmeamelmhmbecmenmﬂl matrix size (96 X%)cumbned with a mducod FOV
(~60% reduction) and partial Fourier (7/8) leaves too few phase-encoding lines for reliable image uction. B in-plane
mSNRw(mMR).MIeRthlmmmhdu

Omww&tm&dmmea ing darity for reducing the overall acqusition time by exciing several slices af the same

by redh s mmdom!u@edihmheebmﬂ:emberdshms(n-lS)mﬂu\mrwusmdlwhdi
L ,alhe Jerati 1 further reducing the TR would hamper langitudinal
OfﬁwwwxohunwnammkmePMmm g ploys a SPIR fat saturation pule= to minimize fat

contribution. I insufficient, skewed techniques™ could be tried
OWMBKk-mmemmmnedmbdngwabmdnTiAluwkmmdwmumixsthcmkda
total dropout that can happen when the peak of an echo moves enti
'ﬁm(bhp-tn/dom)-gwmthdlﬁ:ultydmmmamhudﬁeﬂmmdwm:hg'm phbility-related distoctions using a biip-up/
lbwnsecpmcemihescuurﬂyIzauaelhenurﬂahhundtlxhﬂshﬂteup/d:md‘mbomm;’dheﬂ‘ghﬂyﬁlemﬁ,tbeh ex, CSF
pﬁmce.ﬂghelddi!!mn“ w/dovm of resps y-related By variation), we do not recammend that these be acquired. Any
typenlmedmnmylt ch mare if me d Inst ‘.magdmmﬂnmlhmmdﬂmﬁuumtheﬁmm(by

g the ech timizing shi g etc.) and correcting | distorticns by registering the DWI data on fo a structural scan
(eg. b= 0 an the 1’2 spoe) Far more detads, se= this forum post: htipy//torum spinalcardmei.ong/t/ how-to-carrect-for-distortions n-spinal-
cord-diffusion-mi-data/326
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Box 4 | Additional detalls about the parameters for GRE-MT1/ MTO / Tiw Scans

¢ 2D versus 3D; 3D = recommended because with some manufacturers (including Siemens) the MT pulse i not selective, 20 using a 2D seguence
will result in o different MT effect across slices

* TR and flip angle: optimized so a3 to minmize the standard deviaton of the MTR, given the limitabons on different systems (eg. SAR TR atc)

¢ TE mirmmized to reduce T2° relasation.

® Saturation bands: not recomymended because the afiset excitabion creastes an MT effect, which could vary across manufacturers (different
implemeantation)

© Fat saturation pulses: should not be used with a guantitative MT peotocol (MTR, MTaat, gMT, MTCSF, stc ) because the off-resonance pulse will
creste an addtional MT effect.

¢ Water excitation (using composite binomial pulses) not recommended since the effect on the off resonance fat signal will impact the MT effect

* MT frequency offset: Lsing product sequences; the frequancy offset cannot be changed. Siemens and GE use 12 (H.‘, while Philps uses 13 kHz
which &= the recommendation for the spine generic protocol H, bowever, one has access to research sequences that allow changing that

.":'r‘f{—' increasing the frequency offsst (=g, to 4 kMHz) will result in higher WM/GM contrast that coald be advantageous when segmenting

the GM. The RF strength and pulse pattern for the MT pulse cannot be disclosed here because it is proprietary information of the manufacturers

* Multiecho combined: although cambining echoss provides higher SNR, we do nat always recommend @ because signal dropout at Iater echo
tim=a could bias MT metrica. Also, on GE systems, # is not poasible 1o use multiecho with the MT puise

Fig. 8 | Positioning of the FOV, shim box and saturation bands for the GRE-ME scan. Siemens and GE users: the

saturation band = already asutometically positioned. Philips users the saturabion bands are “mvisible’ on thes

sequence, but they are nevertheless applied

Box 5 | Additional details about the parameters for GRE-ME scan

jan Challenge’, which

* Optimization: the chosen parameters for this sequence result from a consernus that arose ‘n)'h the ur:v Matter ’*'au'r
was organized duning the Sth Spinal Cord MR warkshop (htip v nlcoeder i/ 2018/06/22/warksho )]

® 2D versus 3D whils 3D acquisitons are more SNR efficient, we I'CDTI'TP"H] using 20 acquisitions as they produce 'cleansr” images: no aliasing
along the second phase encoding direction when using 3D, more homageneous Bl-+ profide than 3D acquisition, less sensidive to motion

* Spatial resolution: 0.5 ¥ 0.5 x 5 mm (no imerpolation)

* Saturation band: adds a slight MT effect due to the off-resonance pulse, whnch has the effect of slightly ncreasing white/gray matter contrast. A
corollary benefit of this saturation band, posttioned coronal and antericely (Fig. 5), is that it also remaves signal from 2 region prone to motion
{swallowing and vessal pulsatility n the neck)

* Monopolar versus bipolar: this cancems the filling of k-space across the different echoes it & more tene-=fficent to Hil the k-space by altemating
polarities acrass echoes; however, this leads to a slight inter-echo shift caused by field inhomogeneities. For this resson, we recommend using
menopolar enceding, with the downside of slightly longer TE and TR

* Multiecho combined: # individual echa images are avadable, they should be combined during postprocessing for more transparency on the
aggregation method, MEDIC (Siemens) and MERGE (GE) automatically combine all echoas. The Philips mFFE sequence outputs all the echoes
with the option to also outpat an ‘accumulated image, which corresponds to the sum of all echoes: Depending on the version, the MEDIC
sequence daes not feature the phase stabilization option (navigator-hased phass correction that minimizes ghosting), whereas the FLASH does
(thes depends on the versial eg, VEIC does not)
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Troubleshooting

Troubleshooting advice can be found in Table 4.
Table 4 | Troubleshooting table

Step Problem Possible reason solution
1 Insufficent signal in some Wrong coll sefection: for each region in the i you notice such artifacts in the image,
parts of the - FOV, d\epmpucﬂlmedstobcsﬂxhd make sure to check those coil parameters
{Supplementary Fig 1) (Table ). for wle. if you arepl s o
cwuﬂuhﬂdwﬂmﬂmpmlmﬂtw
neck codl should be used. In adddion, for each
soquence, the proper coll elements need o be
uhaeﬂ
2-5 Bturry images propes subject postioning: proper subject Reposition the subject
(&lpglm Fgs. 2 impartant bath for the sl s
and 3) Ao :mm(mmhnmtmmmm
mmwu)mﬂlumemdm
artdacts. For example, excessive lordosis can
create mare pronounced CSF flow and
SC matian
Subject motion: subject motion can negativel Talk to the subject; 2sk them to not mowe for
afect ak sog: with some soq the re=t of the smaging sesson. If there &5 still
being particdarly sensitive: Thw (Step 10), time before the endgthe imaging session, it
GRE-MTO/MTU Tw (Step 25) and GRE-ME = recomimended to reacquire the
(Step 30) problematic image(s)
3 Mesaligned mages Improper subject/FOV pasibaning o the Repasiton the subject
(Supplemantary Fig: 4) medial plane of the pine and head & oat
aligned with the MRI bare, it codld Jead to
subject discomfort and Image msalgnment
when the FOV is nat gropery rotated about the
anteropostecior axis
10 {TIw) and Antifact: multiple fine Gibbs ringing Can be rec | filter,
13 (T2w) paralid lines adacont 1o o.g.‘ihwllu (Ws).'ﬁww
hatrcomtrast interfaces {Philips)
13 (T2w) Signat drops in the CSF Incorect acquisits ch to the Kesp the protocol parameters as close as
(Supplementary Fig. 5) acqusmmmnﬁmmmuhinuwmd possible to what = prescrbed = the spine
artdacts. In the example shown in genenc pratocol
Supplementary Fig. 5 the flip angle was
Increased, causing the CSF signal to nat recover
fully (hypointense signal) changes in
sequence parameters (TR, TE, matrix size, #4c)
could also fead to undesed artfacts or bases
in the computed oMRI metrics
A N5 Variable co aooss Wrong FOV placemnent: itis 1o follow the FOV as ciose 25 o what is
2 and 26 the edmpnwlmm the wmmmmm@mmmaa p:uaudw' hthespi:wmc&md
50 could result in varable coverage doross the
studied population, and be a source of
Inconsistencies and biases. Supplementary Fg.
& shows an example of wroag FOV placement
for 2 GRE-MT scan
20 (DWI1) Artifacts on DWI scans The DWI scan &5 based on an EPI sequence, Poor fat saturation this can cause fat to
(Supplementary Fg. 73 Mnmmswmﬂiltyarﬂm overlay on the SC (soe Fig 3f in rel. =); the
as image Other elects cause i3 lkely related to poor shimming. in
:mhadmuuadswbmmngtﬂssmm ths case. try to move the table, re-shim and/
Including poar fat saturation and ex: or try other fat saturation methods (e3.
subject or pulsatile motion frequency-selective, mversion-recovery). i
saturation bands are used, look for poorly
saturated signals in the saturation hand
mhwmﬂsfﬂi’w:\dbﬂwu
the ares whore bands ar
uu‘eswmmms{nmmh
it 1o slas over the o
mnmamm&(uu
cause slightly more distortions) or to
unselect coll elements if are not
necessary (e.g. swdching off the anterior
neck element)
5 (MT) Blurry sice edges The 30 excitation does not have 2 sharp profile Discard twa to thwee sices at each adge
at the edges
30 (GRE-ME) Signal dropout Synal dropout can be caused by trovoxed if you notice substantial signal dropout, try
reshimming, wsing thawver slices, or
o I e e el
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Anticipated results

In this section, we show Images of the same subject acquired across the three manufacturers.
Additional examples of good-quality data with interactive 3D visualization are shown in the spine
generic  website (https://spine-generic rtfd io/env/latest/data-acquisition htmifexample-of-datasets).
The interactive embedding in the website is powered by Brainsprite (https://brainsprite github.jof).

Good-quality Tiw scans (Steps 8-10)

Figure 9 Hlustrates what good-quality T1w scans for all three manufacturers look like. All scans are
devoid of any motion artifacts, and the signal Is homogeneous throughout the SC. The SC is nicely
visible in the medial sagittal plane.

Good-quality T2w scans (Steps 11-13)
In Fig. 10, we show good-quality T2w scans for all three manufacturers. All scans are devoid of any
motion artifacts, and the signal is homogeneous throughout the SC. Like for the Tlw scans, the SC ks

nicely visible In the medial sagittal plane,

Fig. 10 | Sagittal views cf good-quality T2« scans for sach manmufacturer.
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Fig. 11 | Axial views of good quality data for DWIl scans at b 0 s/mm" (top row) and b = BOO s/mm” (bottom
row). The DW image corresponds to a diffusion gradeent vector fairly orthogonal to the cord axis, hence the visle
spinal cord. Notice the different noise patterns across the manufacturers, which is due to the didferent types of filters
applied across manufacturers; these fiters wers present in an alder version of the protoce, but have been removed
in the latest version of the protocal in order to minimize differences across manufacturers.

Fig. 12 | Axia! views of good-quality data for MTO, MT1 and Tlw scans. Notice the shight moticn artdact on the
Philips MTO 3can. Also notice the strong signal intensity ak the periphery af the Lissue on the Siemens scans, which =
due to the mactivation of the mtensy bias filter. This filter = nat relevart when computing gMRI metrics such as
MTR ar MTsat

Good-quality DWI1 scans (Steps 14-20)

In Fig. 11, we show good-quality DW scans for all three manufacturers, These DW images corre-
spond to a diffusion gradient vector fairly orthogonal to the cord axis, hence the visible SC. When the
diffusion gradient is oriented quasi-parallel to the cord, the signal in the cord almost vanishes. Notice
the different noise patterns across the manufacturers, which is due to the different types of filters
applied. These filters were present in the old version of the protocol but removed in the latest version.
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Fig. 13 | Axial views of good-quality ME-GRE scans far each manutactures

Good-quality MT scans (Steps 21-25)

Figure 12 illustrates good-quality MTO, MT1 and T1w scans for all three manufacturers. Notice the
slight motion artifact on the Philips MTO scan. Also notice the strong signal intensity at the periphery
of the tissue on the Siemens scans, which is due to the Inactivation of the intensity blas filter. This
filter is not relevant when computing gMRI metrics such as MTR or MTsat

Good-quality ME-GRE scans (Steps 26-30)
In Fig. 13, we show good-quality ME-GRE scans for the three manufacturers. The contrast between
GM and WM is good, and there Is no visible ghosting or signal dropout.

References
1. Cercignani, M., Dowell, N. G. & Tofts, P. §. Quantrtative MRI of the Brain: Principles of Physical Mea-
surement Ind edn (CRC Press, 2018).
2. Cohen-Adad, |. & Wheeler-Kingshott, C. (eds). Quantitative MR! of the Spirul Cord (Academic Press, 2014).
3. Wheeler-Kingshott, C A. et al. The current state-of-the-art of spinal cord imaging: applications. Neuroimage
B4, 10821093 (2014).
4. Stroman, P. W. et al. The current state-of-the-art of spinal cord imaging methods. Neuroimage 84,
1070-1081 (2014).
5. Coben-Adad, |. & Wald, L. L. Amay coils. in Quantitative MRI of the Spinal Cord (Cohen-Adad, | &
Wheeler-Kingshott, C. A. M. eds} 59-67 (Academic Press, 2014).
6. Barry, R L., Vannesjo, S. |- By, S, Gore, |. C & Smith, S. A. Spinal cord MRI at 7T, Newroimage 168,
437451 (2018)
7. Saritas, E U, Haoldsworth, S. . & Bammer, L. Susceptibifity artifacts. in Quantitative MRJ of the Spmal Cond
(Cohen-Adad. ], & Wheeer-Kingshott, C. A. M. eds) 91-104 {Academic Press, 2014).
8. Banati, U. et al Cervical cord and brain grey matter atrophy independently associate with long-term MS
disability. J. Newrol Newrosurg. Psychiatry 82, 471-472 (2011).
Y. Cohen, A. B. et al. The relationships among MRI-defined spinal cord mvoly, t, brain involh and
disability in multiple sclerosis. J. Neuroimaging 22, 122128 (2012).
10. Keamney, H. et al. Magnetic resonance imaging correlates of physical disability in relapse onset maltiple
sclerosis of long disease duration. Mudt. Scler. 20, 72-80 (2014),
11. Lukas, C et al. Relevance of spinal cord abnormalities to dinical disability in multiple sclerosis: MR imaging
findings in 2 large cohort of patients. Radiology 269, 542-552 (2013).
12. Branco, L. M. T. et al. Spinal coed atrophy correlates with disease duration and severity in amyotrophic lateral
sclerosis. Amyotroph. Lateral Scler. Frontotemporal Degener. 15, 93-97 {2014).
13, El Mendili, M.-M. et 2l. Multi-parametric spinal cord MRI as potential progression marker in amyotrophic
lateral scdlerosis. PLoS One 9, 95516 (2014).
14. de Albuquerque, M. et al. Longitudinal evaluation of cerebral and spinal cord damage in amyotrophic lateral
sclerosis. Newroimage Clin 14, 269-276 (2017},
15. Querin, G. et al Spimal cord multi-parametric magnetic resonance imaging for survival prediction in
amyotrophic kateral sclerosis. Eur. J. Newrol 24, 10401046 (2017).
16. Paguin, M..E. et al Spinal cord gray matter atrophy in amyotrophic lateral sclerosis. AJNR Am ] New-
roradiol. 39, 184-192 (2018),
17, van de Stadt, S 1. W. et al Spinal cord atrophy as 2 measure of seventy of myelopathy in adrenoleukody
strophy. I Inherit. Metab. Dis. 43, 852-860 (2020).
4528 NATURE PROTOCOLS ! VOL 16| OCTOBER 2021 | 46TH-4632 | mwrw. na comy/nevnt

-58-



NATURE PROTOCOLS PROTOCOL

Kadanka, Z Jr et al. Predictors of symp ic myelopathy in d ive cervical spinal cord compression.
Brain Behay. 7, 00797 (2017).

. Seif, M. et al Cervical cord ! ion in ic and non-traumatic spinal cord injury.

J. Newrotrawoma 37, 860-867 {2020).

. De Leener, B. et al. SCT: Spinal Cord Toolbox, 2n open-soarce software for processing spinal cord MRI data.

Newrvimage 145, 24-43 (2017).

. Rasoanandrianina, H. et al. Region-specific impairment of the cervical spinal cord {SC) in amyotrophic

hha:lndemnsapmhmuurynndyunngSC plates and itative MRI (diffusion tensor imaging/
). NMR B i. 30, 3801 (2017).

Mamn.LR.ﬂal Tnmhtmgmol “the-art spinal cord MRI techniques to clinical wse: a systematic review

of dlinical studies utilizing DTL MT, MWF, MRS, and fMRL Newrvimage Clin. 10, 192-238 (2016}

. David, G. et al. Tt ic and ic spimal cord injury: pathological msights from neurvimaging.

Nat. Rev. Newrol 15, 718-731 (2019).

3 Cadone,D W. Akbar M.A..Fehhngs.M G. Stmmnn,l’ W. & Cohen-Adad, |. What has been learned from

of the i d h spinal cord: 2 Canadian perspective. [
Nrumm:mvu 35, 1942~ 1957 (2018).

. Huffi q'lCddl itudinal diffusion MRI as surrogate for myelopathy m adre-

L

hy, Neurology 93, e2133-€2143 (2019).

. Martin, A_ R et al. Can microstructural MRI detect subclinical tissue injury in subpects with asymptomatic

cervical spinal cord pression? A prospective cobort study. BMJ Open 8, <019809 (2018).

. Labounek, R et al HARDLZOOM;:t protocal improves specificty to microstructural changes in pre-

symptomatic myelopathy. Sci. Rep. 10, 17529 (2020).

28. Schmierer, K., Scaravilli, F., Altmann, D. R., Barker, G. ]. & Miller, D. H. Magnetization transfer ratio and

myelin in pastmortem lmnhlplesderunsbnm Ann. Neurol. 56, 407-415 (2004).

. Faterni, A et al Magnets fer MRI & rates spinal cord abnormalitses m adrenomyelo-

neuropathy. Newrology 64, 17391745 (.NS]

M), Lema, A et al. A comparison of magnetization 4 hods to assess brain and cervical cord micro-

structure in multiple sclerosis. . A\mmumgurg17 .2] =226 (2017).

. Cohen-Adad, ]. et al. Demyeli and degy in the injured b spinal cord detected with

B and magnetizati fer MRI. N ge 35, 1024-1033 (2011),

. Coben-Adad, | al Open-access quantitative MRI data of the spinal cord and reproducibility across

participants, sites and manufacturers. Sei Data hitps//doiorg/10.1038/54 155702100941 8 {2021).

. Grussu, F. et al Relevance of time-dependence for clinically viable diffusion imaging of the spinal cord.

Magrn. Reson. Med. 81, 12471264 (2019).

. Feaster, D. ], Mikulich-Gilbertson, S. & Brincks, A- M. Modding site effects in the design and analysis of

multi-site trials. Am. J. Drug Alcokol Abis, 37, 383-391 (2011).

. Fratini, M. et al. Multsscale imaging approach for studying the central nervous system: methodology and

perspective. Fromt. Newrosci. 14, 72 (2020).

. Grussu, F. et al. Multi-parametric quantitative in vivo spinal cord MRI with unshed signal readoat and image

denaising. Newroimage 217, 116884 (2020).

. Gros, C. et al. Automatic segmentation of the spinal cord and intramedullary multiple scerosis lesions with

convalutional neural networks. Newrvimage 184, 901-915 (2019).

. Papinutto, N. & Henry, R. G. Evaluatson of intra-and interscanner reliability of MRI protocals for spinal cord

gray matter and total cross-sectional area measurements. J. Magn. Reson. Imaging 49, 10781090 (2019).
PemngC S,lh!len:r P, B:rn.n.k. &CohmAdad.l Unsupervised domain adaptation for medical
with self ng. Newroimage 194, 1-11 (2019).

. Perone, C- S., Calabwese, E. &CnhrnAdad.l Spinal cord gray matter segmentation using deep dilated

convolutions. Sci. Rep. 8 5966 (2018).

. Lévy, S. et al. Test-retest refiability of myelin imaging in the human spimal cord: Measurement errors versus

region- and aging-induced variations. PLoS One 13, 0189944 (2018).

Gros, C et al. Automatic spinal cord localization, robast to MRI contrasts using global curve optimization.
Med. Image Anal 44, 215-227 (2018).

Duval, T, Smith, V., Stikav, N, Klawiter, E C. & Cohen-Adad, ], Scan-rescan of axcaliber, macromolecular
tissue volume, and g-ratio in the spinal canl Wctgn Resor. Med. 79, 2759-2765 (2018).

De Leener, B. et al. PAM50: Unbiased multi splate of the brai and spinal cord aligned with the
ICBM 152 space. Neuroimage 165, 170179 (2018).

Prados, F. et al. Spinal cord grey matter segmentation challenge. image 152, 312-329 (2017).

De Leener, B. et al. Topologically preserving straightening of spinal cord MRL /. Magn. Reson. Imaging 46,
1209-1219 (2047).

. Duval, T, et al g-Ratio weighted i g of the h spinal cord in vive. Neurommage 145, 11-23 (2017),

48 DupmtiMetuLFul!rml:mxedfnm‘urkbcd\: 51 and registration of the spinal cord white

L

and gray matter. Neuroimage htps:/idoiorg/10.1016/ .ncummuq:-blow 026 (2017).

. Papp, D, Smith, A. K, Mariano, R. & Clare, S, High-resoluti ive maps of magnetisation transfer,

RI and R2* of the cervical spinal cord in clinicall iaﬂdeuqmmunwusmg\ﬂdm provided sequences.
in Proceedings of the 27th Annual Meeting of l?.\lR.M. Montreal, Canada 4992 (2019)

NATURE PROTOCOLS | VOL 16| OCTOSER 2021 4811-4632 | www 1abur s comy oot 4629

-59-



PROTOCOL NATURE PROTOCOLS

30.

.

z

g .%'

o
=

P

3

2 B2 oe

.Xml et al. Improved in vivo

Vahdat, §. et al. Resting-state brain and spinal cord networks in humans are functionally integrated. PLoS
Biol. 18, e3000789 (2020).

. Di Nuzzo, M. et al. Towards a standard pipeline for the analysis of human spinal cord fMRI data series. in

Proceeidings of the 27th Annual Meeting of ISMRM, Montreal, Canada {(2019).
Maoccia, M. et al. Longitudinal spinal cord atrophy in multiple sderosis asing the generalized boundary shatt
integral. Asn. Newrol. 86, 704-713 (2019).

. Prados, F. et al. Generalised boundary shift integral for longitudinal of spinal cord atrophy.

o

Newrolmage 209, 116489 (2020).

. Oh, I. e al. The Canadian prospective cobort (canproco) study to understand progression in multiple

sclerosis: rationale, aims, and study design, in 35th Congress of the European C ittee for T and
Research in Multiple Sclerusis, Stockholm, Sweden P753 (2019).

. Nestrasil, L et al. Cervical spinal cord diffusson MRI and intraspinal space restriction at the ocapito-cervical

junction in mucopolysacharidoses patients. in Proceadings of the 27th Anmual Meeting of ISMRM, Montreal,
Canada (2019).

Querin, G. et al. Presymptomatic spinal cord pathology in <9orf72 ion carriers: a longitudinal nea
roimaging study. Ann. Neurol 86, 158-167 (2019),

Querin, G. et al. The spinal and cerebral profile of adult spinal-muscular atrophy: a multimodal imaging
study. Newoimuge Clin. 21, 101618 (2019).

X Slvuu. G d al Pidor study on qmnnhnve cervical cord and muscular MRI in spinal muscular atrophy:

kers of disease evalution 2nd t ? Frmt. Newrol 12, 613834 (2021),
Martin; A. R. et al. Monitoring for myclopathic: proge with multip quantitative MRL PLoS

One 13, 0195733 (2018).
Martin, A. R. et al. A povel MRI biomarker of spinal cord white matter injury: T2*-weighted white matter to
gray matter signal intensity ratio. AJNR Ase . Newroradiol. 38, 1266-1273 (2017)

. Martin, A. R. et al. Clinically feassble macrost 'Mmmwﬁfytmiahpinalmrdlimuhjmyusinf

DTL MT, and T2* -weigh d i of normative data and relsability. AINR Am. J. Neuraradiol

38, 1257-1265 (2017).

Karbasforoushan, H., Cohen-Adad, J. & Dewald, J. P. A Brainstern and spinal cord MRI identifies altered
sensorimotar pathways post-stroke. Nat. Commmuor. 10, 3524 (2019).

Seif, M., Gandini Wheeler- Kingsh CA..CBI!uAdad.] ﬂan&n;A.L&Fnund.P Guidelines for the
conduct of dinical n'uhmipmdmtdm,un- neuroimaging bs kers. Spinal Cord 57, 717-728 (2019),
Bagnato, F. et al. Imaging mech of di progression in multiple sderosis: beyond brain atrophy.
J. Newroimaging 30, 251-266 {2020),

Tmnermann, A, Biiche, C. & Cohen-Adad, ]. Cortico-spinal imaging to stady pain. Newroimage 224,
117439 (2020).

. Cohen-Adad, |. Misrostructoral imaging in the spinal cord and validation strategies. Neurvimage 182,

169183 (2018},

. Wheeler-Kingshatt, C. A. M. G. et al. Imaging spinal cord injury and assessing its predictive value—the

INSPIRED study. in Wings for Life Scientific Meeting, iuLburg. Austria 29 (2017).
diffusson tensor & of b cervical spinal cord Neurcimage 67,

~76 (2013).
Summus. P, E., Brooks, |, & Cohen-Adad, |. Spinal cord fMRI. in Quantitative MRI of tie Spinal Cord
{Cohen-Adad, J. & Wheeler-Kingshott, C. A. M. eds) 221-236 {Academic Press, 2014).

. Fradet, L, Amoux, P.-]., Ranjeva, |.-P., Petit, Y. & Callot, V. Murphommd!hcanuebmnmspmllcwd

and spinal canal measured from in vivo high-resolation an al mag e g. Spine 39,
E262-E269 (2014).

. Yannakas, M. C, Kakar, P, Hoy, L. R. Miller, D. H. & Wheeler-Kingshatt, C. A. M. The use of the

lumbosacral enlargement as an intrnsic imaging biomarker: feassbility of grey matter and white matter cross
sectional area measurements using MRI at 3T. PLoS One 9, 105584 (2014).

. De Tillieux, P. D. et al. A pneumatic phantom for mimicking respiration- induced artifacts in spinal MRI.

Magn. Reson. Mad 79, 600-605 (2018).

. Massire, A. et 2l Feasshility of single-shot multi-level multi-angle diffusion tensor imaging of the human

cervical spinal cord at 7T Magr. Reson. Med. 89, 47 -957 [1018)

. Massire, A. et al. High- lution multi-p % gneti imaging of the b

cervical spinal cord at 7T. Newroimage 143 38-69 (ZDIGL

. Li, D. K B, e al Developing a universally useful, useable and used standardized MRI protocol for patients

with multiple sdlerosis. in Proceedings of the 28th Annual Meeting of ISMRM, Sniney, Australia (2020),

. Stikow, N., Trzaske, |. D. & Bernstein, M. A. Reproducbility and the future of MRI research. Magn. Reson.

Akd 82 1981-1983 (2019),

sannakas, M. C. et al Fnsiuhtyo‘grqmmrnndwh:nmntxsqmuboncfﬂxuppamnlal
cord in vivee a pilot study with ap 1o mag ts. Neurormage 63,
1054-1059 (2012).

. Verma, T. & Cohen-Adad, |. Effect of respiration on the BO field in the human spinal cord at 3T. Magn

Resom. Med. 72, 1629-1636 (2014).
Song, S. K. et al. Demyelination increases radial diffusivity in corpus callosum of mouse brain. Neurcimage
26, 132-140 (2005).

NATURE PROTOCOLS | VOL 16| OCTOBER 2021{ 46154537 | www Nt conv/igeut

-60-



NATURE PROTOCOLS PROTOCOL

0. Jones, D. K. & Basser, P. |. “Squashi and hing pumpkins” how noise distorts diffusion-
weighted MR data. Magn. Resom. Med. 52 979-993 (2004).

81. Hems, G., Dathe, H., Kallenberg, K. & Dechent, P. High-resolution maps of izati fer with

inherent correction for RF inhomogeneity and T1 relaxation obtas -"&anDFLASHMlLMagu.Rmu

Med. 60, 1396-1407 (2008).

82 Levy, S. et al White matter atlas of the human spinal cord with estimation of partial volume effect.
Newroimage 119, 262-271 {2015).

83. Glasser, M. F. et al. The minimal preprocessing pipelines for the Human C: Project. Neuroimag
80, 105-124 (2013).

B4, Saritas, E U, Cunningham, C. H, Lee. J. H, Han, E T. & Nishimura, D. G, DW1 of the spinal cord with
reduced FOV single-shot EPL Magn, Reson. Med. 60, 468-473 (2008}

85. Fimsterbusch, |. High-resolution diffusion tensor imaging with inner fidd-ofview EPL | Magn. Reson,

29, 987993 (2009).

86, Wilm, B. |. et al. Diffusion-weighted imaging of the entire spinal cord. NMR Biomed 22, 174-181 (2009).

7. Jeong, E-K. Kim, S.-E., Guo, [, Khalmovski, E. G. & Parker, D, L High-resolution DT with 2D interfeaved
multislice reduced FOV single-shot diffusson-weighted EPI (2D ss-rFOV-DWEPI). Magn. Reson. Med 54,
1575-1579 (2005).

88, Samson, R. §. et al. ZOOM or Non-ZOOM? Assessing spinal cord diffusion tensor imaging protacols for
multi-centre studies. PLoS One 11, e}155557 (2016).

8. § P. et al. A preliminary study of the effects of trigger timing on diffusion tensor mmaging of the
human AINR Am. | ‘\ euroradinl 27, 19521961 (2006).

0. Pleuftfer, |. a:Lhmdfunamlnmpqmth:lmmanbum:l7'l'uhwnhmdnnm:h#splnd
and high temporal wge 17, 272-286 (2002),

"NeuraPaly Lab, Institute of Bamedical Engineering, Polytechnique Montres, Montrzal, Quebes, Cansda, *Functional Neursimaging Unit, CRIUGM,
University of Montresl, Montreal, Quabac, Canada “Mita-Quebec Al Institute, Montreal, Quebec, Canada. *Department of Radiology, Swiss Paraplegic
Centre, Nottwil, Switzerland. "Centre for Advanced Imaging The University of Queemsiand, Brabane, Queensiand, Australia. “Department of
Radiclogy, University of British Cohmbu. Vmcouvm British Columnbia, Canads. "Athincula A. Martinos Center for Biamedical Imaging, Departrment of
Radiclogy, Massach General b ], Charl MA, USA "Department of Radiclogy, Harvard Medical School, Boston, MA, USA.
"Harvard-Massachusetts Instdute of T chnod gy Health Sci & Technology, Cambridge, MA, USA. "Schaal of Information Technology and
Electrical Engineering, The University of Quesnsland, Brisbans, Queensiand. Australia "NMR Reszarch Unit, Quesn Square MS Centre, UCL Quean
Square Institute of Newrology, Faculty of Brain Scences, University College Lardon, London, UK. “Department of Systems Neuroscience, Universdy
Madical Center Hamburg-Eppendorf, Hamburg Genmany. “Department of Neurosurgery, Medical College of Wisconsin, Milwakee, W1, USA
" Atc-Marseille Univ, CNRS, CRMBM, Marseille, France. "*APHM, Hopital Universitaire Timone, CEMEREM, Marseille, France. "“Vandecbilt University
Institute of imaging Science, Vanderbilt University Madical Center, Nashville, TN, USA. "Degartment of Computer and Software Enginesting
Polytechnique Montreal, Montreal, Quebec, Canada. "CHU Sainte-Justine Ressarch Centre, Mantreal, Quebac, Canada "Centre de Recherche
CHUS, CIMS, Sharbrocks, Quebec, Canade ““Sharbrooke Connectivity Imaging Lab (SCIL), Computer Science department, Univarsité de Sherbrocke,
Sherbrooke, Quebec, Canada. FUniversité de Strashourg, CNRS, ICube, Strashouryg, france. FUMB - University Hospital Brno and Masaryk Universay,
Department of Radiclogy and Nuclesr Meadicine, 8rnp, Crech Republic 2*McConnell Brain imaging Centre, Montreal Neurclogical Institute. McGill
University, Mantreal Quebec, Canada **Dapartment of Physics and Astranomy, University of British Calumiia, Vancauver, British Columbia, Canada
**Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany. ““Richard M. Lucas Center, Stanford University Schoal of Medicine,
Stanford, CA, USA. *"Spinal Cord Injury Center Balgrist. University of Zurich, Zurich Switzerland. “institute of Nanctechnology, CNR. Rome, italy.
“*|RCCS Santa Lucia Foundation, Rome, Italy, **Department of Radiclogy, Juntende University School of Medicine, Tokyo, Japan " Departmant of Beain
and Behavioural Sciences, University of Pavia, Pavia, italy. Brain MRS 3T Ressarch Centre, IRCCS Mondine Foundation, Pavia, taly. MR Clinical
Science, Philips Healthcare, Markkam, Ontario, Canada. *CREF - Museo storico della fisica e Cantro studi & ricerche Enrico Fermi, Rome, Italy,
Radiomics Group, Vall d'Hebron Institite of Oncology, Vall dHebiron Barcelona Hospital Campus, Barcelona, Spain *“Center for Magnetic
Resarance Research, Department of Radiclogy, University of Minnesots, Minneapols, MN, USA. Multimodal and functional imaging labaratery,
Central European Institute of Technology (CEITEC), Brno, Czech Republic. *Department of Radiclogy, Toho University Omori Medical Center, Tokyo,
Japen. *Dapactment of Radiology, the University of Tokyo, Tokya, Japan. ““Intardenartmental Neurcscience Program, Feinberg School af Medicine,
Northwestem University, Chicago, 1L, USA. “"Depariment of Paychiatry and Behavioral Scimnces, School of Medicine, Stanford University, Stanfard, CA,
USA. “Centre of Precsion Rehabilitation for Spinal Pain (CPR Spine), Schoal of Sport, Exercise and Rehabiitation Sciences, Callege of Life and
Ervironmental Sciences, University of Brmingham, Edgbaston, Birmingham, UK. “BiaMedical Engineering and Imaging Institute (BMEN), Department
of Radiclogy, lcahn School of Medicine at Mount Sinai, New York, NY, USA. *“Insttute of Bioenginesring/Center for Neuroprosthetics, Ecole
Polytechnique Fédérale de Lausanne Geneva, Switzecdand *"Department of Radiclogy and Medical Informatics, Unversity of Geneve, Geneva,
Switzerland. ““Institide of Diagnostic and Interventianal Neuroradiclagy, Carl Gustav Carus University Hospital, Technische Universitit Dresdan,
Drasden, Germany. *"Department of Medicine (Neurology), University of British Columbia Vancouver, British Columbia, Canada. ""CAS Key
Laboratary of Behaviaral Science, Institute of Psychology, Chinese Academy of Sciences, Befjing, China. **Department of Paycholagy, University of
Chinese Academy of Sciences, Beijing, China. ““Wellcome Centre For Integrative Neurcimaging, FMRIB, Nuffield Department of Clinical
Neurosciences, University of Oxfoed, Oxford, UK. "'CUBRIC, Cardiff University, Wales, UK. “Centre for Medical image Computing (CMIC), Medical
Physics and Bomedical Enginesring Departrnent. University College London, London, UK. ‘Epdepsy Socisty MRI Unit, Chatfont St Peter, UK
“Division of Clinical Bahavioral Neurosgience, Department of Pediatrics, University of Minnesots, Minnespolis, MN, USA. “*Deparimants of
Neurology and Biomedical Engimesring, University Hospital Olomous, Olomous, Czech Republic. *“IRCCS Fondazi Don Carlo Gnocche ONLUS,
Mian, ltaly. “Departments af Radology, Pathology & Labaratory Medicine, Physcs & Astronomy; Intemational Collsboration on Repair Discaveries
{ICORD), University of British Columbia, Vancouver, Sritish Columbia, Canade “Divisicn af Pain Medicine, Depariment of Anesthesiclogy,
Perioperative and Pain Medicine, Stanford University School of Medicine, Stanford, CA, USA. ™Department of Neurophysics, Max Planck Institute for

RATURE PROTOCOLS | VOL 16| OCTOBER 20211 4671-4832 | www rubur i comy/ngs of 451

-61-



PROTOCOL NATURE PROTOCOLS

Human Cognitive and Bram Sciences, Leipag Germany. “Department of Radiology, Beijing Tiantan Hospital, Capital Medical Uniersity, Beiing,
China “Tiantan Image Ressarch Center, China Natonal Clinical Ressarch Center for Newrological Dissases Beijing, China. “Center of
Neurommmunalogy, Laboratory of Advanced maging in Neurcimmunalogical Diseases, Hospital Clinic Barcelona, Inst2ut d'investigacions Biomadig

August P| i Sunyer (IDIBAPS) and Universitat de Barcelons, Barceions, Spam. “Fondation Campus Bictech Genive, Gensva, Switzerland
“Departmant of Radialogy, Vanderbilt Universty Medical Center, Nashville, TN, USA. “*UCSF Waeill Institute for Neurasciences, Depariment of
Neurology, University of California San Francisco, San Francsco, CA, USA. “Nmm(adiology Section, Vall dHebron University Hospital, Barcelona,
Spain “"E-health Centre, Universitat Oberta de Catslunya Barcelona, Spain, “"School of Bomedical Scences, Faculty of Medicine, The University of
Quesnsland, Brishane, Quesnsland, Australia ““University of Oklahama Health Sciences Center, Oklshoma City, OK, USA "“Department of
Neurology, Faculty of Medicine and Dentistry, Palacky University and University Hospital Olomouc, Olomouc, Czech Repubiic. "Felix Bloch Institute
for Solid State Physics, Faculty of Physics and Earth Sciences, Leipzig University, Leipzig. Germany. institute for Advanced Baamedical Technalogies,
Department of Neuroscience, imaging and Clinical Sciences, “G D'Annuruso University” of Chieti-Pescara, Chieti, Italy, *e-mail; jcobeniipelymt ca

Acknowledgements

We thaek G. Moran and B Schras {Seenerss Healthease), S Banenes and N. Takes (GE Heslthoare) e shasseg peogeictary sufocmaton s foe
thiete Selp with setting up measufacturesspedtic protocals, C Hunt, A Oyr, A Boré st P, Befier | Functicaud Neussimaging Unt), C Treshlay
(Pudyrechnique Montreall, A Mk and H Benadl (PERFORM cener, Concondis University), [ Lavesqee (MoGll University), C. Ngupen
(University of Misnesotal, Prol & Aok (Jumendo Usiversty Hospatal) for mmmuqmwmamm:,m
muqnammuu‘lmlwncmh(unh_mnpuum’uu)ﬁu Sng the $ and 4l the vl whe

n&WGﬂWMD‘h&'ﬂ-mlmlthﬂkG—h ch Chair in Quantitative Magnetic R

Trrugging {950-230815), the Canafian Jestinuie of Health Resesich (CTHR FDN- 143263} the Canalds Foussbemum for Serovatinn {32464, 34504),
the Fonds de Revherche Su Quitrec-Sanié (28326), e Funds de Recberche du Quitec-Naserr of Techaokogies (2015-FR-1R2754), the Naturd
Scienices and Enginecrasy Resesech Councdl of Casada [435597-2013), the Canaly Frst Research Bxcellence Fund (IVADO wnd TassMalTach),
the Qodber Finlimageng Netwirk (5896), Spanal Rescarch (UKL, Wings tor Lee {Austeba, 2169111} snd Crag H. Nedsen Foundasen (USA) for
the INSPIRED prujent, S Nutsoeul Imtinaes of Headth (NIH) theough grann ROEROI6689 (R1B) ROIERZTTTS (RLA), P41 ER025061
(COMIR) und P30 NSITS0S (CMRR), the Istinito lnvesdigasan Cados 111 (Spain, PHS00E23), the Cooch Health Risesech Councll grasst no.
NVIBOA0056, the Matisry of Health, Casch Republic-conceptad deveky of nescarch onganbticn. (FNBr, £326705), e Natkal
Sernagirng Faclity und Quecsaland NMH Netwoek (UQ), and SpasalCure Australia (MIR). the Furcpean Rewarch Councd under the Eunspeatt
Union's Seventh Fraosework Programme (FP7/2007-2003VERC gt dgreemetn mo. 616905, Eseopoan Univn'y Harizos 2000 reseanch snd
hnovalion peograsese under the grat ageanceat No 681N, wild the Swis St S rial Sor Ed " & and ticn (SERZ)
under contract e 150137; BMEF (DIEWIT10A & B 30 the franewurk of ERA-NET NEURON, the European Usion's Horaon 200
rescsech and o prog under grant agr o, 634541, the Engineerng and Pysicd Scenas Reeanh Councd (RO0GOAY1,
DIO20SIH L) wrad Rusetrens Trust (UK), UK Mudtiple Sclerunis Sodety (R920R 7720175, NIHR Baanaticd Rescuch Conters, UCTH the Italun
Misiatry of Health Yousy Rescarcher Grant 2013 {GR-2013 123381 77), the FISR Projoct Tecoopeds di sasolecnologia e fotonica per ls medicing
i prechione (funded by MIURONR, CUP BS3B120000K0001), TECNOMED geciect (funded by Segirs Puglis. CLT BSAILS00540002)
Millices Doller Blie Ride froes the Universlly of Parmsylvania (MDER-17-123-MPS), isvestigator-intited PREAICT eody ot the Vall dHcbeon
Seatinge of Oncobogy (Barodom), fusded by AstraZences and CRIS Cancer Foundation, the Welkiome Trust (UK) (203139020 167Z), Systems,
Tedubgier end Applications for Rudisequency and G cathores {STARSOCIM), Swiis Nationd Sdence Foundiaun (PCEFP3_1E136271)
snd the Mux Planck Socity and Baropean Research Cousd (ERC S0G T58974). The content is solely the sesposdbiliny of the suthors snd doss
ot necesady sepresent e afficial views of the NIH

Competing interests
G Gilbert i an employee of Philips Hedthaare

Additional information

Supplessentary information The selne veruon aappl Y d wesilable an huape/ Golong LI0IR Wi 1596 021 00G88-0
Coersspondence and req Toe fals should be addresed 10 [.C-A

Peer review information Nuow Protvels thanks Felis W Weldi and the other, ¥ wwer(s) loe theie Daticn Lo the peer
review of this work

Rep und permissi i 4 wvailable ot Wi aaiue cuseprint

Publisher's note Sprisger Naturs sevnaioe neutral with regand 10 jusiadaviond] dasss i pubidied mups snd | affili

Received: 23 October 2020, Accepted: 10 June 2021,
Published online: 16 August 2021

Related links

Key references using this protocol

Cohen-Adsd, | Open-access quantitative MRI data of the spinal cord and reproducibiity across participants,
sifes and manufacturers. Sa. Dota hitps://coiarg/10 1038 /e41567-021-00941-8 (2021),

Karbasfocoushan, M., Cohen-Adad, 1 & Dewald 1 P. A Not. Commun. 10; 3524 (2019): Mips//doi oog/10 1038/
s 41457-019-11244-3

Mariin, A. R. et al. AJNR Am | Neurcrudicl. 38, 1257-1265 (2017): httos.//duiorg /10 3174/ ane ASIES

4532 NATURE PROTOCOLS | VOL 16| OCTOBER 2027| 46TH-8632 | www Niies comy/neeat

-62-



w.nature.comyiscientiticdata

scientific data

OPEN ¢

DATA DESCRIPTOR |
reproducibility across participants,
sites and manufacturers

© Julien Cohen-Adad et al.*

D) oo e s,

Open access quantltatlve MRI
- data of the spinal cord and

* Inacompanion paper by Cohen-Adad et al, we introduce the spine generic quantitative

. MRI protocol that provides valuable metrics for assessing spinal cord macrostructural and

. microstructural integrity. This protocol was used to acquire a single subject dataset across

© 19 centers and a multi-subject dataset across 42 centers (for a total of 260 participants),

. spanning the three main MRI manufacturers: GE, Philips and Siemens. Both datasets

. are publicly available via git-annex. Data were analysed using the Spinal Cord Toolbox to

. produce normative values as well as interfintra-site and interfintra-manufacturer statistics.
. Reproducibility for the spine generic protocol was high across sites and manufacturers,

. with anaverage inter-site coefficient of variation of less than 5% for all the metrics. Full
 documentation and results can be found at https:/fspine-generic.rifd.iof. The datasets and
- analysis pipeline will help pave the way towards accessible and reproducible quantitative MRI
. inthe spinal cord.

i Background & Summary

¢ Quantitative MRI (@MRI) alms at providing objective continuous metrics that specifically reflect the mosphology.
¢ mrostructure and/or chemical compaosition of tsues', thcrchycmbllng dcepcr insight and understanding of
. disease pathophysiclogy. While qMRI techniques have been suc d in the brain for several
¢ decades, they vemaln largedy undnnulllz:d for spinal cord (SC) \maglng inboth clinial and research settings,
¢+ mostly asa direct comcquanw of the many challenges that need to be overcoms 1o order to acquire good quality
¢ data™, [0 a companion paper’, we introduce the spine gemeric protocol for acquiring high-quality gMRI of the
¢ human SC at 3 Tesla (7). The spime generic protocol indudes relevant sequences and contrasts for calcufating
T metris sensitive 10 macrostractural and micrestroctural integrity: Tlw and T2w imaging for SC cross-sectional
. area (CSA) compulx)on. multi-echo gr.\dx-m echo for gray matter CSA, as well ax magnetization transfer and
i diffusion weighted imaging for ng white matter microstructure,

To demonstrate the practical implemmmmn and reproducibility of the spine gererlc protocol, single subject

© and multi-subject datasets were acquired across multiple centers. Relevamt qMRI metrics were calculated wsing
¢ a fully-aatomatic analysts pipeline, and those metrics were compared within site, across sites (within manutac-
 turer), and across different manafacturers. The generated pormative vakues will be wseful as reference for future
¢ ¢linial studses.

: Methods

. Dataacquisition. Single participant and multi participant datasets were acquired across multiple centers
¢ {see details below). The scan operator (researcher or MR technician) was instructed to follow the spiue-gemeric
¢ protecol’. Brielly, each participant was positioned in the head- first supine position. The following sequences were
¢ runt localizer, 3D sagittal Tlw, 3D sagittal T2w, 2D adal diffusion weighted echo planar imaging ¢ 30 directions at
¢ abovalue of 8005/mm?), 3D axl gradient echo withfwithout an MT pulse and an additional T1w scan, 20 axial

© AUl list of authors and their affiliations appears at the snd of the paper.
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multi-echo gradient echo, Data were collected, ized and analyzed according to a fully docamented proce.

B

dure avallable at hitps:/spine-generic.rtid o,

Ethical compliance.  Wehawe complied with all rebevant ethical regulations. Local ethis committees of the
participating institutions listed in Online-only Table | approved the study protocol. Signed informed consent
was obtained from all participants under the compliance of the corresponding local ethics commttee and stored
10 the corresponding Jocal research center under responsibiity of the local principal investigator/s (Jisted as
“Contact™ i the Ondine-only Table 1),

Single subject.  The same participant (JCA, 38 o, male) was scanned at 19 different centers within 77 days.
'This represents a *best case scenarks” in terms of reproducibility because the participant was very familiar with
being scanned, knew how to position himself in the scanner and how to breathe, directly interacted with the MR
technichan at each site to ensure the standard operating procedure (SOP) was understood, and was able to adapt
the sequence parameters on the scanner if the protocol was oot imparted properly (e.g.. hardware ar sottware
version incompatibility).

Multiple subjects. Inorder to evaluate a more realistic (routine) scenario, 42 different groups worldwide
with varying levels of expertise each scanned six different healthy participants (3 males, 3 females), aged between
19 and 56 y.o., median age 28 y.o, resalting in 260 data sets. Participant specific list of age and sex distribution
is available at hitps /github.com/spine generic/data- multh subject/bob/r20201 1 X/ participants.tev. Each group
wsed the spine generic protocal and SOP, and obtained consent to scan and upload participants’ anooymized data
onte a publicly- avallable repesitory. Anatomical scans (11w, 'T2w) where facial features are visible were "defaced”
before being released to the public domaln using pydeface®. Some centers equipped with more than one system
were asked to scan & different particpants on cach scanner, although they were also ghven the possibility to scan
the same 6 participants ac ross systems for convenlence. [n the latter case, this could lightly bsas the inter-site
coafficient of vartation (COV however it would net affect the inter- manufacturer COV. The lkst of centers and
scanoer models is shown in Online-oply Table 1.

Drata from each participant was then entered into the processing pipeline described in the pext section. COVs
were computed within site and manufacturers, and comspared across manufacturers.

Data processing. Data were processed using Spinal Cord Toolbox (SCT) v3.0.1" and spine-generic v2.6
(hetpse!/github.com/spine-generic/spine-generic/releases Mag/v2.6). The processing pipeline i illustrated in Fig. |
and is fully documented at https://spinegeneric.rtid.yo. Braefly, for the Tlw scan, the SC was segmented using
deep-learning”, vertebral kevels were Mentfied” and the SC was registered to the PAM 50 templat, 3 “wing the C3
and C5 vertebrac as labels. Then, the SC CSA was compated slice-wise (corrected for angulation between the SC
and the dice) and sveraged between the C2 and C3 vertebral lewels, For the T2w scan, the SC was segmeated®,
registered with the PAMS0 tesplate using the transformation froem the Tlw scan and the CSA was computed and
averaged between C2 and C3, For the ME-GRE (T2*w) scan, the SC*and gray mattes (GM)'' were segmented
and registered with the PAM30 temsplate using the transfi jon from the Tlw scan Then, GM CSA was com-
puted and uvtr.\gd bﬂw«n C3and G4 For the magnetization transter (MT) protecal, the SC on the GRE- Tlw
scan was d" and registered with the PAM50 template using the initial transtormation from the Tlw
scan, GRE-MT and GRE-MTU scans were uptteud to lhe (‘RF, Tlw scans using an awtomatically-generated
mask tightly fitting the SC tor more e transter ratio (MTR) and MTsat" were
computed and thelr values extracted for the white matter (W\d) between C2 and C5 using the WM probabilissic

athas', For the diffusion weighted imaging (DW1) scan, the time series of diffusion-weighted scans wore iveraged
aml the SC was segimented so that a mask could be created around . The time series were motion-corrected
using slice-wise 2D transformations regularized along 27, with time-adjacent volumes grouped together for
increased robustoess'', The PAM 50 template was then registered 1o the DWI dataset using the iniraal transfoe-
mation from the Tiw scan and diffusion temsor imaging (DT]) metrics were computed wsing the weighted least
squam fitting algorithm implemented in Dipy** and wrapped in SCTs function sct_dmri conpute dei

-processing was performed. Lastly, DT metrics were extracted within the W ¥ between C2and C5.

rocessing was run on a supercompater cluster (https://docs.comy {a.ca/wiki/Graham), by distrib-
uting 32x OpenMP jobs across 9 nodes in paralld (each node equipped with 2 x intel E5-2683 v4 Broadwell
@ 2.1 GHz with 128GE reserved RAM), enabling us to process all 264 participants in parallel (one participant
per CPU core), Software parallelization was achieved wsing Python's medriprocessing package avallable in SCT%
set run bateh Total processing thnes were 37 min (single subject) and 40 min (multi-subject),

Statistics. Intri- and inter manufacturer differences were tested using a one-way ANOVA. Post-hoc anal-
yses testing pairwise differences across manufacturers were performed using the Tukey Hopestly Significant
Ditference (HSD) using the family-wise error rate to account for multiple comparsons. Significance level was set
to p= 005, Interactive plots avaifable online were generated with Platly (https://plotly.com/).

Data Records
The two datasets associated with this publication are:

+ The Spine Genperic Public Database (Single Subject )
+  The Spine Generic Public Database (Mudti-Subject)'”

~
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Fig. 1 Overview of the processing pipeline based an SCT, Beiefly. for cach participant, the SC bs automat ically
segmented on the Tiw, T2w, GRE-T1w, and mean DW] scans, while the gray matter is segmented om the ME-
GRE scon (after averaging across echoes), Vertebral labeling s run on the T1w scan, followed by registration of
the PAMSU template to each contrast. Estimated metrics are shown in red.

Dataset management. Figure 2 illustrates the data management workflow Datasets are managed using
git-annex (hitps//git-annex branchable.com/); git-annex is built on git technology and enables the separation of
large fdes (NICTT images, hosted on Amazon Web Services. AWS] fram small files (metadata and dacumentation,
basted on Gatlub). This decision was based on the modularity of git-annex (multiple mirrars can be added)
and its compatibility with Datalad ™. The documentation for contributing to the repositories is hosted on a wiki
{batps://github com/spine-generic/spine-generlc/wiki),

To facititate data aggregation across cenlers, we used the Bradr Draging Data Stracture {BIDS) convention'™
BIDS notably features JSON metadato files os & sidecar for each NIFIT file, which inxludes redevant acquisition
parameters, making it easy to assess how well cach site followed the generic protocel and which parameters
were modified, Parameter verification (within o specified tolerance) as well as file and folder naming is auto-
mated (hitps:i/spine- generic rfd so/en/latest/data-acguasition mlrchecking acquisition- parameters) sucls that,
every time new participants are added o the database, o notification is sent 1o a continuons integration sys-
tem {e.g., https://github.com/spine. geaeric/data- mulli subject/ming/ 27305533967 check_suite_focus—true) that
dawnloads the dataset and runs custom scripts to verify the validity of the dataset. For example, if a flip angle for a
particular volume exceeded the tolerance range, the BIDS validator would fail and the data would not be merged.
In that case, the management team would reach out 1o the data contributors asking if they can reacquire the data
If not, the data would not be added 10 the dataset, Another (bess problematic) example: If a file was incorrectly
mamed {sub amu0l T2w.nil.gzinstead of eulb-amubl T2w.nii.gz), the BIDS validator would fail
[ that case, the management team would manually corsect the file name, commit and push the change to the
working branch and wait for the BIDS validator to pass before being able 10 merge the pew data on the main
(master) branch. Below is an example of the *BIDS Validator” script output {only showing part of it):

cct FlinAngle: sub-anu
- Repetl

Ohieals acg-Tiw N
ng jsonSidecar
~oxfordOhbads Tiw 1
idecar

1800
lazbels/sub-~oxfordChbals/anat/
usl,.qson

es/labels/sub-oxfordChbal

C BATA | (2021)8:219 https:fidor.oeg!10.1018/541597.021 009414 3
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Fig. 3 Axial views of good quality data for all seguences in the spine generic protocol across various dices (the
exact coverage along the SC varies becase the shice thickness varies across sequences). DWI correspands 1o the
mean DWI data afler motion correction. The images are from different participants, Tlw: vadisAchiova02; T2w:
mitand]; T2%w {ME-GRE}: branoCettec0), MTO, MTL, Thw {for the MTS protacel) and DWI : nrcelona(d,

Technical Validation
Data quality. Overall, data quality was satisfactory based on gualitative visaal inspection. Criteria included
the correctness of fiedd of view prescription, proper selection of recetve colls, quality of shimming (assessed by
looking at fat saturation performance and the presence of susceptibility distortions), and the presence and sever-
ity of mation artifacts. Figure 3 shows examples of good quality data for all sequences. A few operator eerors
occurred, including: mis-labeled MTO0 for MTT and MT1 for MT0, shim parameters changed between MT0 and
M1 scans (causing different signal intensities; and hence not suitable for MT-based metrics), change of FEL sal-
ing lactor between the MTUNMTO scans and the T1w scan used to compute MTsat and T'1 maps (causing ditferent
signal quantization and bence not suitable for MT-based metrics unless corrected for), and repositioning of the
participants, causing mis-alignment between the images before/afler repositioning and vielation of the analysis
pipeline assumptions (all images are supposed to be acquired with the patient in the same position ). These errars
were not caught by the BIDS validator, hut by the managing team during visual inspection of the data and tnter-
pretation of the gMRT metrics results. In futare work, the data validator could be made sensitive Lo these kssues.
For example, the FET scaling factor and shim coefficlent are sometimes retrievable from the DICOM data and
could be checked. Also, the qform (affine mateix present in the NICTT header) could be checked 1o ensure con-
sistency across dota from the same serics, e MTT MTO, GRE-T 1w, Regarding the mis-labeling of MT1/MTU,
training a deep Jearning model to recognize image contrast could address this issue

Figure 1 illustrates some of the image artifocts encountered during QC. A list of poor data quality scans is
available on the Githubs issues of the dataset under the label “data- quality® (https://github.com/spine generic/
data-multi-subgect labels/data-quality); most of these were caused by patient motion. Mosaics of images lor every
contrast and every participant are available in the supplementary materials { Figares $1-85), Additlonal exam-
phes of good quality data are aiso available in the spine generic website (hitps://spine-generic.rtfd lo/en/Tatest/
data-acquisition htmizexample-of-datasets),

CDATA|(202))8:219| https:{idor.ceg!10.1038/541597-021 00941 -4 "
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Fig | Examples of image artifacts: (a) Tlw MPRAGE taken in the sume participant (from the single subject
database) at two ditfferent sites on o Ssemnens Prisma oxford Forib (left) and juntendoPrisoa (right). The slightly
larger cervical lordosis on the left likely induced more pronounced cerchrospinal fluid (CSF) flow and SC
motion resulting in the artifact shown in the axial view: (b) T2w scans showing signal drops in the CSF likely
due to a peordy-recovered CSF signal combined with How effects. These two participants (beifingVeriod | and
strashourgh3), were acquired with 4 flip angle of 180" instead of the recommended 1267 which likey explained
the presence of those artifacts (Jonger TR was reguired for suffickent T1 recovery), () Axdal view of ME-GRE
scans with (fsLAchlevadd, 15t row) and without motion {brivoCeltect1, 2nd row), and axial view of GRE-MTO
with {fslAchievadd, 3rd row) and without motion (barcelona®4, 4th row). (d} Mean DWI scan from a Philips
site (ube02, lefi panel) with a concatenated acquisition wherein odd slices are acquired during the first half of
the entire scquisition {spanning all b-vectars) and the even slices are acquired during the second half. 1n the
event of participant motion between those lwo scquisition sub-sets, apparent motion will be visible between
the odd and even slices. When odd and even sices are scquired claser in time (in ascending/descending mode,
or interkeaved but sequentially within the same bovector), this artifact i not visible (mountSinai03, right

panel}. Such an artifact could be problematic for image registration with regularization along the S-1 axis, or for
perfarming diffuston tractography. (e} b0 image from a DWT scan (perform02) acquired with poor shimming
and resulting signal dropout, (£) Another example of poor shimming resulting in sub-efficient fat saturation,
with the it belng allased on top of the SC. Here we show the mesn DWI scan of a participant from the singhe
subject database (perform}. (g) Effect of pulsatile movement on a non-cardine gated scquisition {single subject,
JuntendoAchicva). Diffuston-weighted scans (sagittal view) acquired at three b-vecs fairdy orthogonal to the SC
(i.e., diffusion-speciiic signal attenustion should be minimum in the SC, showing abrupt signal drop at o few
slices {red arrows), likely due 1o cardiac nelated pulsatile etlects.

Quantitative results: Single subject. Overall, data qualily was satisfactory. All images were visually
Inspected Lo ensure that there were no significant errors in the masks used to average the signals in the SC,
WM or GM, and any errors were manually corrected, A list of poor quality scans ks avatlable on Githab in the
Issues for the dataset, under the label “data-quality” (https /github.com/spine-generic/ data-single-subject/labels/
data-qualny), Complete metrics and statisthcal tests are avallable (n the r2020 1130 refease assets (tps://github
com/spine-generic/data-single- subject/ releases! download /e20201 130/ results, xip).

Figure 5 shows the SCCSA data from the T1w scan, averaged between cervical levels 2 and 3 (€2 and C3). for
the single participant across the 19 centers. Within each manutacturer, the inter-site standard deviation ranges
lrom (L65 mun? (Siemens) to 1.56 mm® (GE), which is remarkably small considering that the size of o pisel 15 1
mm?®. The inter-site COV's were 2.3% for GE, LE% lor Philips and 0.9% for Siemens. The inter- manulacturer
difference was significant {p < 0.01), with the Tukey test showing signilicant differences between GE and Philips
{p-adiusted — 0.03) and between GE and Siemens (p-adjusted < 0.01)

Figure 6 shows the SC CSA for the T2w scan, again averaged between cervical Jevels 2 and 3 {C2 and C3}
The Inter-site COVs were 2.3% for GE, 2.1% for Philips and 1.5% for Stemens, The inter-manufucturer differ-
ence was significant {p < (.01), with the Tukey test showing significant differences between Philips and Sicmens
{p-sdjusted < 0.01)

Figure 7 shows the gray matter CSA for the ME-GRE scan, averaged between cervical levels C3 and C4.
The inter-site COVs were 2.53% [or GE, 3.4% for Philips and 3.4% for Siemens. The inter-manufacturer differ-
ence was significant (p < 0.01), with the Tukey test showing significam differences between GE and Philips
{p-adiusted < 0.01) and between Philips and Siemens { padiusted < 0,01},

DATA |(2021) 8:219 https:{idor.ceg/10. 1038141597021 009418
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Fig 5 Results of the single subject study lor the T1w scan. The cross sectional anea (CSA) of the SC was averaged
between the C2 and C2 vertebral levels Sites fokpoSigna2 and axfoniFrmrid were excluded from the statistics due
to excessive motion

Flgure 8a shows the MTR average for the WM between C2 and C5, The Inter-site COVs wiere 8.0% for GE,
4.2% for Philips and 3,6% for Semens. The (nter-manufacturer difference was significant (p < 2.01), bat the Tukey
test showed no significant difference across pairwised manufacturers.

Figure 8b shows the MTsat results. The inter-site COVs were 11.3% for GE 2.9% for Philips and 5.2% for
Siemnens. The inter-manufactarer difference was significant (p < 0,01), with the Tukey test showing significant dif-
ferences between GEand Philips (p-adjusted = 0,03}, between GE and Siemens [ p-adjusted < 0.01), and between
Philips and Siemens (p-adjusted < (.01).

Sites perform and futenco 750w were exchuded from the MTR statistics bocause the TR for the GRE-MT0 and
GRE-MT1 was set to 62 ms {vs. 35 ms for the ather GF sites), causing a drastic decrease in MTR values. These
shtes were not excluded from MTsat, because this metric 1s supposed 1o account for the T1 recovery effect' as
was indead abserved, with those sites now falling instde the 1o interval. The site tokyoSigral fell oatside the 10
Interval because of issues related 1o Image registeation,

Figure 9 shows the average fractional anisotropy (FA) in WM across G2 and C5. The inter-site COVs
were 0.8% for GE, 4.5% for Phillps and 2.8% for Siemens, The intee-manufacturer ditference was significant
{p < 0.01), but the Tukey test showed no significant difference scross pairwised manufacturers. One of the outliens
{toiyo750w) was due to the absence of the FOCUS license, which led us to redy on saturation bands to prevent
aliasing. However, these were not efficient (likely due 1o poor shimming in thse region), with poor fal saturation
elficiency that yicddded sruricas diffusion tensor fits {e.g. FA =1 or <0),

Average +/ - standard deviation (SD) and COVs for mean diffusivity were, respectively, (0.62 +/ - 0.03}
mm?/s and 5.6% for GE, (100 +/~ 0.06) mmv'/sand 5.71% for Philips, and (101 +/— 0.05) mm/s and 4 83% for
Stemens. Average -~ SD and COVs for radial diffusivity were, respectively, (136 +/ - 0.03) mms and 7.21%
for GE, {051 4/ 0.08) /s and 11.34% for Philips, and (0.54 +/— 003) mm?/s and 6.37% for Slemens

Quantitative results: Multiple subjects.  As in the case of the single subject data, all images were vis-
ually inspecied to ensuse that there were no significant errors in the masks used 10 average te signals in the SC,
WM or GM and any errors were mamually corrected. Complete metrics and statistical tests are available in the
r20201 130 release assets { Witps//github com/spine- generic/data multi subject/releases/ download /120201 1307
resultszip). Interactive plots are svailable on the spine generic website (https//spine-generic.readthedocsinfen/
latest/anabysis-pipeline. htmi#results)

In Figure 10 we show the multi-subject, multi-center results for the SCCSA (averaged between C2 and C3)
obtained from the Tiw scan, The Intra-site COVs were averaged for each manufactarer and found to be all just
wnder 7.8%. The ivter-site COVs (and Inter-site ANOVA p-values) were 3.08% (p = 0.52) for GE, 3.22% (p -~ 0.44)
for Philips and 4.41% (p = 0,12) for Siemens. The inter-manufacturer difference was significant {p—0.0007), with
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Hg, 6 Results of the single subject study for the 12w scan, The cross-sectional irea (CSA)Y of the $C was
averaged between the C2 and C3 vertebral leveds.

the Tukey test showing signibcant differences between GEand Philips (poadjusted < 0.01), and between GE and
Siemens (p-adusted < 0.01).

Figure 11 has the CSAs obtained from the T2w scans {also averaged between C2 and C3). Again, intra-site
COVs were clase to 8%, Inter-site COVs {and ANOVA results) were 4.24% (p - 0.13) for GE, 3.39% (p - (.35}
for Phillps, and 5.07% (p = 0,004) for Slemens. The Inter-manafacturer difference was not stgnificat (p = 0,17)

Iiverestingdy, T2w Images were found to bead 1o larger cord CSAs than T1w images. In Figure 12 we show the
rcdationship between Tlw and T2w cord CSAs for ol 3 manufactorers. Linear ngressions led to 8 vahies that ranged
from .63 for GE scaners (note that the same sequence was not used for all GE scanners) o 0.0 for Philips scanners.

Figuee 13 shows the GM CSA, averaged across C3 and CA. 'The intra-site COV ranges from 5.83% (Siemens)
10 9.16% {Philips). The inter-site COVs {and inter-site ANOVA p-values) were 4.22% (p = {1.14) for GE, 5.62%
(p=0.03} for Philips. and 3.76% (p = 0.005) for Siemens The inter-manusfacturer difference was significant
(p=2310""), with the Tukey test showing significant differences between GE and Philips {p-adjusted < 0.01),
and between Philips and Siemens { p-adusted < 0.01), The farger intra-site OOV an Philips and the significandy
lower values are likely dae to the fact that some Philips sites used older versions of the consensus protocol, which
praduced lower contrast hetween white and gray matter and, 25 a result, less rellable gray matter segmentations.

Flgure 14 shows MTR results sveraged between C2 and C5. The intrs-site COVs were averaged for each
minufactures and found to be all under 3.6%. The inter-site COVs (and inter-site ANOVA p-values) were 2.0%
{p="0.03) for GE, L8% (p =0.17) for Philips, and Z 3% (p < 0.01) for Siemens, The inter-manufiacturer diffee-
once was signibicant (p < 0.01), with the Tukey test showing significant differences between GE and Philips
{p-adisted = 0,02}, and between GE and Siemens (p-adjusted = 0.01).

Figure 15 shows MTsat results, also averaged between €2 and C5. The intra-site COVs were all under 1%
The infer-site COVs {and inter-site ANOVA p-values) were 7.5% {p < 0.01} for GE, 4.9% (p = 0.11) for Philips,
and 9.0% (p - (L09) for Siemens. The Inter-manufacturer difference was significant (p < (.01), with the Tukey test
showing significant differences between GE and Philips {p-adjusted = 0.04), between GF and Siemens {p-adjustesd
<0.01), and between Philips and Sfemens {p-adjusted < 0.01), Some outliers have notable impacts on the stand-
and deviastions: nottwilod, ot wild, pavie®s. These outliers are Ikely coused by poor image quality due 1o par-
tckpant motion on the MTO scan (see the full reports on the Github tssue https:// github.com/spine-generic/
data-mudti-subject s/ 36} Interestingly, these participants did not produce such outliees on the MTR resalts
{which is computed from the MT1 and M0 scans), and the TIw scan looked visually normal. We therefore
decidad 1o keep these participants on the figure in order 1o highlight possible implications about the reliability of
the MTsat measures as 1 myelin biomarker {sce discussion). We abso decided 10 keep the stanford site (removed
for MTR computation), because the T1 recavery effect induced by the different TR compared 1o other sites is sup-
posed to be taken into account by the additional GRE-Tlw scan when computing the MTsat metric, 25 is indeed
confirmed in the bgure (average MTsat for this site falls within the 1o-2a interval),
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Hg. 7 Results of the single subject study for the ME-GRE scan. Gray matter CSA was computed after automatic
gray matter segmentation and averaged betweoen C3 and C4 vertebral levels,
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Hg. & Results of the single subject study for the MT protocol. The mean MTR (a) and Mkt (b) were compated
in the white matter between C2 and C5. Sttes pesform and fusdendo 750w were excluded from the statistics
becanse the TR for the GRE-MTU and GRE-MT1 was set 10 62 ms {vs. 35ms for the other GE sites), causing
drastic decresse of MR vabues. These sites were not excluded from M Tsat

Figure 16 shows FA results from the DWI scans, averaged between C2 and C5. ‘The intra-site COV'S wene aver
aged for ench manufacturer and foand to be all under 5.2%. The inter-site COVs (and inter-site ANOVA povabues)
were 3.0% (p - 025} for GE. 3.6% (p < 0.01) for Philips and 3.5% (p < 0.01} for Siemens. The inter-manufacturer
difference was significant (p < 0.01), with the Tukey test showing significant differences between GF and
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Fig. 9 Results of the single sabject study for the DWT protocol, The FA in the SC WM was averaged between the
€2 and C5 vertebral levels. The following sites were excluded: perfora (strong fat allasing artifact), takyo 750w
{poor shimming) and jumterdoAchien (no cardlac gating)

~-e Ay . e &
i : :

Con CSA from Tiw (men']
¥ g ]

&

b

- . gy - - -

A T

PEPR g F LT G G T
Fig. 10 Resudts of multi-subject study for the Tlw scan. Asin the single subject study, the cross-sectional area of the
SC was averaged between the C2and C3 vertebeal levels. Black, blue and green hars respectively correspond to GE,

Philips and Siemens, with the manufacturer’s modd indicated in white letters on each bar ‘The following participants
were exchuded from the statistics iadgristd] (motion), berinmgGEM (motsan), smiS06 (motion). mewtSinai(3

Philigs (p-adjusted < 0.01}, between GE and Siemens (p-adjusted < 0.01), and hetween Philips and Skemens
[pradjusted < 0.01E Average +/— SD and inter-site COVs for mean diffusivity were, respectively, (0.73 /- 0.09)
mms and 12.52% for GE,{0.97 +/~ 0.08) mmy’/s and 7.82% for Philips, and {0.99 + /- 0.04) mm/s and 4.40%
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Fig. 11 Results of mudt-subject study for the T2w scan, The cross-sectional area of the SCwas averaged
between the C2 and C3 vertebral leveds, The Siemens site betiing Verio was excluded from statistics (red cross)
due to different TR and FA cansing blases tn the segmentation vofume. The fallowing participant s were
excluded: oxfurdFanB04 (T 1w scan was not aligned with other contrasts due to participam repositioning),
previatd (motion) and melestSinuka3 (participant repositioning),
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Fig, 12 Relationship between CSA calculated from the Tw vs. T2w scans. The same site and participants
exchisded in Figs 10 and 11 were also excluded bere.

for Slemens, Average +/— SD and COVs for radial diffustvity were, respectively, (0.42 4/~ 0.04) mm¥/s and
10.31% for GE, {048 -+/— 0.06) mm?/s and 12.25% for Philips, and (0.52 +/— (.05) mm*/s and 8 91% for Skemens.

Differences in qMRI results between manufacturers.  Before discussing differences scross and within
manufacturers, we would like 1o stress that results presented here will beceme further refined with time becanse,
25 lor any peurvimaging analysis .Pipcl'me. the algorithms evolve. Morcover, visual QC and mamal corrections are
pronelo b error. We Ly encourage users of this living database to provide feedback. As it is an open
source project, contributions are welcame, Also, as future participants are added, the statistics will be updated.

Spinal cord CSA. Within laciurers, SC CSAs s f a2 maxi inter-site COV of 2.4% for the single
subject study and 5% for the multi- subject study, for both T 1w and T2w comtrasts, which is highly encouraging,
Overall, intra-site COVs were higher than inter-site COVs, which is expected because CSAs are known to vary
substantially across individuals™. Hence, taking the mean within each site and comparing it across sites some-
what smooths this inherent Inter-individual variability, putting aside geegraphical differences. This could be the
goal of follow-up Investigations,

Regardless of the manufacturer, Intra-sne COVs were about twa-fald higher for SC CSAs (8%} compared to
MTR and DTI-FA {4-5%), This eesalt is not surprising considering that, as noted above, SC size is known 1o vary
across healthy adults, while white matter microstrcture {which MTR and DTI-FA measure} is not expedted to
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Fig. 13 Gray matter CSA computed after automatic gray matter segmentathon on the ME-GRE scan and
averaged between C3 and G4 vertebral levels. The following participants were excluded dise to motion artifacts
a3, fslAchievaid, vaitsingesadd and vutislngeniats,

Fig, 14 MTR results compated from the GRE-MT0 and GRE-MT1 scans and averaged in the SC WM between
the C2 and C5 vertebral levels. The following sites were removed from the statistics stanfond (large difference
in the TR}, fdAchiovi (wrong fidd of view (FOV) placement). 'The following participants were also removed:
evingPrismatM (different coil selection, shim value and FOV placement between MTE and MT0), genevind2
(FOV pasitioning changed between MT 1 and MTD), axford Fenrabd {T1w scan was not aligned with other
contrasts due to participant repositioning).

vary much between healthy individuals®. Note that there & 0o conclusive evidence of o correlation of SC CSA
with age™, although some studies do report smaller cord area in older participants*'=*. There i currently no
sccepted consensas an an effective and reliable normatization method for SC CSA™. Given that CSA is a widely
used biomarker for Jegenerative di such as MS, reducing st inter- subject variance is a much needed
goal for the research community,

Tlw scans showed dightly better intra- and inter. site COVs compared ta T2w scans. This is ratber surprising,
given that T2w scans look visually cleaner. with a sharper SC/CSF border, and the fact that they are less prone
1o participant or SC mation artifacts, The SC CSAs obtained from the Thw scans were significantly lower for GE
scanners, compared to bath Philips and Siemens, whereas for T2w scans, the CSA was comparable across all three
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Fig. 15 MTsat results computed from the GRE-MTU, GRE-MT1 and GRE-T 1w scans and averaged in the SC WM
between the C2 and C5 vertebeal levels. The following site was removed from the statistics: fdAdier (wrang FOV
placement). The following participants were also removed: bedjing Prismutd {different coll seection, shim value
aned FOV placement betwoen MTT and MTD), geneva02 (FOV posithoning clanged between MT1 and MTU),

Fig. 16 Results of mudti-subject study for the DW] scan. The FA of the SC WM was averaged between the C2
and CS vertebrul kevels. The following participants were excduded: betjingPrisna03 (wrong FOV placement),
mouretSinai3 (T2w was re-acquired, causing wrong T2w to DWI regastration), axfordferiind {participant
repasitioning) and wford Fenrib()] (registration issue).

mansufacturers. Variability of CSA across manufacturers could be due to (i) sequence p s and/or reu -
tivm fhers (e.g smoothing) that alter the boundary defmition, and/or (i) ditfering field- strength between manufac
torers (2897 for Siemens, 300 T for GE and Philips MRI) that change the apparent tissue contrasts™,

Interestingly. the SC CSA was averall higher on T2w vs Tlw sequences (see Fig, 12). The sensitivity of image
cantrast to CSA measarements has already been reported in 2 study comparing T2w SPACE and T1w MPRAGE
sequences™, and in another sudy comparing T1w MPRAGE (3D-TFE) and 3D phase sensitive Inversion recovery
{PSIR) sequences™, As discossed elsewhere™, discrepancies In measurements scross MR sequences and parme-
tegs could be coused by the slightly darker contour of the T2w image, sccentuating partial vodume effects with the
surrounding CSE T2* blurring, Gibbs ringing, mothon and flow artifacts. These differences would thas change the
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identification of the SC boundaries by either the wser (in case of manual segmentation) or an algorithm (in case of
automated segmentation ), It ks worth noting that the type of MRI contrast can also kmpact the physical appearance
of the boandaries. For example. the dum mater has a selatively short T2* value and hence its apparent location varks
with the cholce of TE in gradient echo sequences™. Age-related increases in iron deposition in the dura mater can
abso lead 1o CSA under-estimat o, due to T2* reduction, which cun be a confounding factor in longitudinal studses.

Inorder to measure CSA tn retrospective o Jongitudioa! studies, we thesefore recommend sticking to exactly
the same sequence and parameters, Users of our proposed protocols have the option of desiving the SC CSA
from Tiw or T2w images. While the two contrasts did lead to didferent SC CSA values, these have been modeled
for each manufacturer. This means that when users compare SC CSA valwes that were obtained from different
contrasts, they can account for ditferences between them by either acquiring sutficient data themselves, using
our protocol and modeling the relationship between Tiw and T2w SC CSA, or by using our estimated regression
coeffickents linking Tiw CSA with T2w CSA (Fig, 12).

Gray matter CSA,  In rerms of the GM CSA, for the multi-subject datasetr, GM CSAs showed a maximum
Inter-site COV of 5.6% (3.5% for the single subject dataset), which s highly encouraging, especially considering
the smull size of the GM, making CSA measures very sensitive to segmentation errors. Also worth mentioning
s the inter-site standand deviation ranging from 0.64 to 0.76 mm? (041 to 0.57 mm’ for single subject), which is
remarkable copsidering that the effective in-plane spatial resolution of the image » 0.5 < 0.5 mny’, i.¢., the preci-
sion is roughly the size of the pixel.

Philips scanners bed to significantly lower CSA values here and also larger intra-site COVs, which is likely
due 1o the fact that some Philips sites used older vessions of the T { that produced lower con
trast between white and gray matter and, a5 a result, less rellable gray matter segmentations. The current Philips
protocol has different echo times and an increased saturation band power. ’ll::?mahulhe effect of generating
a greater MT effect and, consequently, improved WM/GM contrast, The only site benefiting from these changes
was uby, which explains the GM CSA values being slightly doser bere to those of the Skemens and GE sites.

Mugnetization transfer.  The MT protocol inclades MTR and MTsat metrics, both of which are sensitive to myelin
Toss™ . Owing to the use of GRE-T1w unages (in addition to the MT1 and MT0 scars), MTsat is less sensitive to
TT necovery effects ™, 4 has been confirmed by results from boeh the single: and multi-subject studies. However,
this benefit is largedy outweighed by # being noisser than MTR with maximum intra- and inter-site COVs of 11%
and 9%, respectively, versus 4% and 2.3% for MTR. On the other hand, the higher COVs may be compersated by
a higher sensitivity to myelin loss, given that myelin content appears to be more dosely related to MTsat than to
MTR™, This warrants further invedxhn in a patlent population exhibiting abnormal myelination. Despite these
somewhat discouraging results for the MTsat and T1 metrics, the GRE Tlw scan coald still be kept in the spine
gemeric protecol because it 1= short (- 1 min) and could be useful for detecting hypotntense leshons.

We atherwise notked larger differences for the GE site compared to Philips and Slemens, which 1 Iikely attrib-
uted to the different MT pulse shape (Fermi for GE vs, sinc for Philips, and Gaussian for Siemens ), and possibly
different offset frequencies and energy. Anotler potential source of difference is that the acquisition matrix for
the GE sites had to be reduced to 192 (instead of 256 for Philps/Siemens) because older software versions did not
have ASSET (parallel imaging technique used by GE) on the GRE sequence that features the MT pulse,

Diffusion weighted imaging.  As with MTR, DT] metrics showed very little intra- and inter-site vasiabilities. FA
values were similar between Shkemens and Philips, but significantly lower for GE. One possible explanation may
lie in the different noise properties, which are known to impact DTT metrics™. Differences in noise properties
could be related to receive coil properties, reconstruction of the images (GE data are reconstructed on a finer
grid) or filters applied by the image reconstructor, among other factors, Another possible cause for the lower FA
observed on the GE sites 1s the diffusion pulse sequence and the way diffushon gradients are played out (slew rate,
mixing time, maximum gradient strength ). For Siemens, the lower FA for the wallbebron (Tim Trio, within the
20-37 Interval) and strasbonrg {Verio, within the 15-20 interval) sites compared to other Skemens sites s likely
caused by & much longer TE (99 ms for Trio and 93 ms for Verto, versas 55-60 s for Skyra and Prisma), Increas-
ing noise amplitade with an impact in the DTT metrics. That sadd, o and begimg Ver i sites were also Verio, but
their FA values were within the 10 interval. Other DT metrics followed the same trends in terms of intra- and
later- manufacturer varability, although COVs were higher, which could be explained by the bess forgiving beluav-
jour of these DTI metrics with respect to image quality (motion, ghosting, low signal-1o- moise ratio).

Another factor which likely impacted the variability was the non-use/misuse of cardiac gating. As observed in
the single subject study, DT1 metrics were ahnormal for sites that did not use cardiac gating, as this led to a sud-
den drop in signal not related to microscopic water diffusion (see Fig, 4g). The present study relterates the henefits
of cardiac gating in SC DWI experiments,

Usage Notes

BIDS convention. We recommend that researchers planning to contribute to the spine generic database or
creating other databascs check the validity of the json sidecars assoclated with BIDS datasets. This will help
assess how well protosols are followed by different centers. For json files to contain the relevant information, it is
necessary that (1) DICOM fields include the relevant ficdds themselves, including the obwicas (TR, TE, flip angle)
s wiell as lesser known parameters that can have a strong bmpact oo the computed metrics (water excitation, fat
saturation, monopolar vs, bipolar readout, etc.), and (i) that these fields are populated in the 3son files. Checking
these parameters as well as the files and folder names can be sutomatized vis continuous integration {e.g., GitHub
Actions, as used in the present study),
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plex analysis pipelines, or so-called “BIDS Apps” (hitps://bids-apps. neusoimaging. ¥/}, For example, the proposed
analysks pipeline for the spime gomeric project can be applied ‘2 1s'to another dataset arganized according to BIDS

Another advantage of the BIDS convention is that it ensbles the standardization of the inputs/ olcom.

Concluding remarks and future directions. T the best of our knowledge, this study features the first
“large scale” multi center SC gMRI datasets ever acquired and made public. These datasets are shared accord
ing to the Findable, Accessible, Interoperable and Reusabie’ (FAIR) principles™. The normative values from the
multl-subject dataset could serve as age-matched healthy control references. More gencrally, these datasets will
be usetul for developing new image processing tools dedicated to the SC, and the tact that they are public and
verskn-tracked with git-annex techndlogy makes it possible for researchers to compare tools with the same data.

Lastly, important efforts were deployed to make the data anafysis methods fully transparent and the results
reproducible The amalysis is fully sutomated - aside from minor manual corrections when necessary-, minimiz-
iny user bias and facilitating lange multi- center studies. We hope this analysis framework can serve as an example
for future studies and we encourage researchers to use it. The SC MRI community lsas initiated a forwm (hittps//
lorum.spinalcordmriorg') to encourage discussions about these open-access datasets, and to pitch new ideas for
subseguent analyses and acquisttions.

In a time where reproducibility of scientific results is a ma)or ccncem . we belleve a consensus acquisition
protocol along with publicly shared datasets and a ide a solid foundation for the
fiedd of SC qMRI so that, in the future, inclusion of the SC neumimqhg pmtoccll will become a “no-brainer”

Code availability

Data were processed using Python and shell scripts contained in the spine-generic package (hitps://githubcom/
splne-generkcspine-generic/releases tag/v2.6), which is distributed under the MIT license. A comprehensive
procedure is described in the "Analysi pipeline” section of the spine generic website (hitpe/spane-generi.afdio’).
"This procedure includes the list of dependent software packages to install, a step-by- sl:ynmlyxhpmo«lun with
a list of commanids to run, a procedure for quality control and for manual correction of intermediate outputs (e.g.
cord segmentation and vertebral labeling), The procedure inclides embedded viden tutorials and has been tested
byutcmalumamambskdo:m:m:homhdaamhnmbowmgemmuhcnmc figures that
are shown kn this artide {in PNG format) as well as the Interactive figures embedded in the spine-generic website.
Notable software used in this study include: the Spinal Cord Toolbox v5,0.) (https//spinalcordtoolbox.com) to
analyse the MRI dara, pandas’™ to perform statistics, plotly v4.12.0 (https//plotly.com) to display the interactive
plots, bralspeite w0133 (hitps//brainsprite.github.xo/1 for embedding in the online documentation an interactive
visualization of example datasets, pybids® for checking the acquisition paraseters on the BIDS datasets, FSLeyes
VO340 (hapse/)BLEmriboscscuk/ BUfslwikVFSLeyes) for muouadly-correcting the segmerntations.
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1 | INTRODUCTION

COHEN-ADAD E7 AL

Purpose: Spinal cord gray-matter [maging Is valuable for a number of applica-
tions, but remains challenging. The purpose of this work was to compare varfous
MRI protecols at LST, 3T, and 7T for visualizing the gray matter.

Methods: In vive data of the cervical spinal cord were collected from nine dif-
ferent imaging centers. Data processing consisted of automatically segmenting
the spinal cord and (ts gray matter and co-registering back-to-back scans. We
computed the SNR using two methods (SNR_single using a single scan and
SNR_dIIT using the difference between back-to-back scans) and the white/gray
matter contrast-to-noise ratio per unit time. Synthetic phantom data were gener-
ated to evaluate the metrics performance. Experfenced radiologists qualitatively
scored the images. We ran Lhe same processing on an open-access multicenter
data set of the spinal cord MRI(N =267 participants).

Results: Qualitative assessments indicated comparsble image quality for 3T

-and 7T scans. Spatial resolution was higher at higher field strength. and Image

quality at 1.5 T was found to be moderate to low. The proposed quantitative met-
ries were found to be robust to underlying changes to the SNR and contrast,
however, the SNR_single method Jacked accuracy when there were excessive
partial-volume effects.

Conclusion:; We propose quality assessment criteria and metrics for gray-matter
visualization and apply them o different protocols. The proposed criteria and
metrics, the analyzed protocols and our open-source code can serve &s a bench-
mark for future optimization of spinal cord gray-matier imaging protoeols,

KEYWORDS
acquisiion, gray matter, image quality, MRI, protocel, spinal cord

Imaging of the SC GM Is difficult due to its relatively small
size, and it requires high spatial resolution at the expense

Imaging the spinal cord (SC) gray matier (GM ) is useful for
assessing atrophy in motor-neuron diseases such as amy-
otrophic lateral sclerosis,” forstudying dorsal horn atrophy
{n chronic pain,’ for better characterizing leslon extent in
multiple sclerosis,”* or for Improving the interpretation of
SC functional MRE or diffusion MRL** However, proper

of a lower SNR or longer acquisition times, Moreover,
images are hampered by motion (e.g, swallowing, SC
motion due to CSF pulsation) and static susceptibility arti-
facts (induced by the presence of tissues with different sus-
ceptibility such as cartilage, bone, parenchyma, and fat),
which lead to poor fat saturation, intravoxel dephasing in
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gradient-recalled echo {GRE) scans, and image distortions
(n EPL' In addition to static susceptibility effects, the By
field varies during respiration due to the change in volume
and oxygenation of inhaled air. This effect becomes more
prominent with increased magnetic field strength. !V

The imaging protocols that are most commonly used
for SC MRI, and rely on Ty-weighted and T-weighted (T, w
and T;wiscans, donot provide adequate GM/white-matter
(WM) contrast for GM visualization and quantifica-
tion. Among the preferred sequences'® are 2D or 3D
T,*-welghted (T,*w) GRE and 2D Tiw phase-sensitive
inversion recovery. In Fapinutto and Henry,'" the authors
compared different protocols for GM imaging at 2 T based
on 2D phase-sensitive inversion recovery and 2D T,*w
sequences across Siemens, Philips and GE vendors, pro-
viding the community with a valuable starting point for
making informed decislons when it comes to GM Iimaging.
The phase-sensitive inversion-recovery protocols used in
that study were based on previous experience, ™ '* and the
2D Ty*w protocols were obtained from the 3T cervical SC
MRI spine-generic protocol.!”

The main objective of this study is to compare vari-
ous imaging protocols at 1.5 T, 3 T, and 7 T for visualiz-
Ing GM. This article follows the 2018 Spinal Cord Gray
Matter Imaging Challenge™ that was launched at the 5th
Spinal Cord MRI Workshop (http://www.splnalcordmri.
0rg/2018/06/22/workshop.html), More specifically, this
study provides (1) evaluation criteria and metzics to assess
the quality of SC GM scans, {2) an open-source and auto-
matic analysis framework for computing those metrics, (3)
an open-access data set from multiple centers with sug-
gested acqulisition protocoks for optimal GM visualization,
(4}acomparison of these protocols using the proposed cri-
terla and metrics, and (5) a discussion about the pros/cons
of varlous acquisition strategies.

2 | METHODS

2.1 | Gray-matter imaging challenge:
rules and data management

The GM Imaging challenge called for MRI protocol
design and pioneering dala acquisition of SC images
with high spatial resolution, minimal acquisition time,
and high GM SNR and contrast. Protocol and data
submission for the challenge was done on the Nifty-
web platform (hitp://niftyweb.cs.uclac.uk/program.php?
p=WMGM), with the acquisition rules listed n Support-
Ing Information Table S1. Submission Is now ¢losed, but
new participants can still run the evaluation pipeline on
the challenge data or on new data using the analysisscripts
(see section 3.2),

To facilitate the visuallzation and processing of the sub-
mitted data set, and to promote reusabllity of open-access
material, the submitted data set was anonymized and
converted to the Brafn Imaging Data Structure'® and
hosted on GitHub: https://github.com/sct-pipeline/gm-
challenge-data. Fach participant gave consent (at the
center where the data were acguired) 1o have their data
publicly accessible.

2.2 | Evaluation of imaging protocols

The comparison was divided into guantitative and qualita-
tive assessments. All quantitative assessments were done
automatically using the Spinal Cord Toolbox'* and custom
scripts specific to this challenge (https://github.com/sct-
pipeline/gm-challenge). Qualitative assessment was done
by radiologists.

221 | Quantitative assessment
Acquisition time, spatial resolution, SNR, and
contrast-to-noise ratio (CNR) were evaluated. Due to
the difficulty In properly assessing SNR" we opted
for two different SNR measures: one based on a sin-
gle scan (SNR_single) and another based on two scans
acquired back-to-back (SNR_diff), The SNR and CNR
were computed slice-wise and then averaged across slices.
SNR_single: Although, traditionally, noise is estimated
in the background (air), we could not do it here because
(1) some images suffered from excessive ghosting in the
background, which would lead to overestimation of the
neise 8D; and (2) some scans were automatically thresh-
olded (zeroed voxels [n the background) by the scannet's
proprietary reconstruction pipeline. Hence, we opted for
computing noise in the WM to obtain a surrogate of SNR
in cases where only one image was available. The WM
was chosen because it pertains to the region of Interest, it
Includes asufficlent number of voxels perslice, and the sig-
nal In this reglon Is assumed to be homogeneous slice-wise
(@ requirement for spatial SD computation). The steps are:

« Automatically segment the SC*' and the GM* (with
manual correction when needed) and compute a WM
mask by subtracting the GM from the SC mask.

« A WM mask Is eroded by 1 pixel (WMe) o minimize
partial volume effect.

« With S(r), the MRI signal in voxe! r, SNR single is
calculated as

meancw [ S(r))

SNRang = Stdrewne [S(r1)
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There Is no correction for the Riclan distribution, glven
that the nolse Is computed In a region largely above the
noise floor, where the distribution is closer 1o a Gausslan
function.

SNR_diff is the difference in SNR between two scans as
in Deitrich et aL,*” and it was computed as follows:

« Volume 2 Is registered to volume 1 (interpolation using
nearest nelghbor so &s to not alter noise propertles),

« With S(rky ) and S(r.k, ), the MRI signal in voxel r for
volumes 1 and 2, respectively, the SNR_diffis calculated
as

meanpewae | S(r k) + S kz))

SNRyyr = ¢
VZ - stdrcwnso [ (r.ky) = S (r, k2))

The values of CNR_single and CNR_diff were calcu-
lated by multiplying the Weber contrast by SNR_single
and SNR_diff, respectively. The contrast (in percent) was
compuled as follows 100 * Imean{WM ) - mean{GM)I/
mean(WM). The CNR measures were subsequently
divided by the square rool of the wvolume acquisition
time (in seconds) and are called CNR single/y/t and
CNR_dift/ /1t

22.2 | Qualitative assessment

Two experienced radiclogists scored four qualitative crite-
ria (see Figure 2) for both acquisitions of each protocol.
Images were presented o scorers in randomized onder to
minimize bias. The scoring integer scale ranged from 1
(worst) through 3(moderate) to 5 (best ) The final score for
each protocol was the average of the four qualitative cri-
terla, The median score of the two scoters was computed
for each criteria as well as for the final score. The level
of agreement over scorers was assessed with Spearman’s
rank correlation coellicient for each criteria and the final
scone.

2.3 | Comparison with the spine-generic
protocol

“To compare the protocols submitted to the challenge with
the protocol proposed for Ty*w SC MRI as part of the
spine-generic protocol,'”” we computed SNR_single and
CNR_single//t metrics for Ty*w images of the multisub-
Ject spine-generic data set (N = 267, all acquired at 3 T).*
The “dIff" metrics could not be computed because the
spine-generic data set only contalns a single T:*w scan for
each subject. Due to slight differences in the spine-generic

acquisition protocals across GE, Slemens and Philips scan-
ners, the resulting metrics are clustered for each manufac-
turer.

24 | Simulations to assess the relevance
of the evaluation metrics

To assess the relevance of the proposed metrics, we gen-
erated synthetic data of the spinal cord with varying
WM/GM contrasts, noise evels and smoothing factors,
as done in Levy et al* Each phantom consisted of 10
slices extracted from the PAMS0 template®® centered at the
mid-C4 vertebral level. The effect of spatial resolution was
assessed by smoothing the phantom with & kemel of 1-mm
SD. Different noise levels were then added to each phan-
tom (additive Gausslan nofse with zero mean), leading ta
SDs in the WM of 20, 5, and 1 and resulting In theoretical
SNR_single levels of 10, 20, and 100. For both smoothed
and unsmoothed phantoms, each simulated SNR level was
maodified so as o simulate different WM/GM contrast lev-
els. This was done by fixing the signal value in WM to
[100], while varying values in GM [120, 140, 160, 180],
ylelding contrasts of 20%, 40%, 6% and 80%. The signal In
WM was fixed so that the SNR would be Insensitive to the
contrast (SNR was computed in the WM only). We then
used these phantoms 10 assess the sensitvity and speci-
ficity of the evaluation criteria. We also assessed whether
the measured contrast was insensitive to SNR and the
other way around,

2.5 | Optimal combination of TEs
in multi-echo GRE acquisitions

To test whether CNR is optimizad at or near T,*, we eval-
vated SNR, contrast, and the product of thess two values
(which serves as an indirect measure of CNR) in 7T GRE
Images from the Mount Sinai submission (9605). The TEs
varied between 3 and 19ms, at which polnt lecalized sig-
nal dropouts due to magnetie-field Inhomogeneities began
to encroach on the SC and [n root-sum-square combina-
tions of these images. T,* values of 21.4 and 25.5 ms were
calculated in WM and GM, respectively. Voxelwise maps
of T,* had extremely high noise, and therefore could not
be accurately segmented for analysis,

The root-sum-square combination of echo Images
welghts the contributton from each echo fmage by s sig-
nal Intensity at each voxel, thereby maximizing SNR. How-
ever, the criteria that we intend to maximize is rather the
CNR. The CNR-optimal weighting scheme would instead
use the contrast or CNR of each individual echo image as
the weights in & weighted sum. Four weighting schemes
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were evaluated: (1) the theoretical contrast ratlo, calcu-
lated as the ratlo of two exponential decays having time
constants equal to the T,* values of WM and GM; (2)
the observed contrast in the individual echo images; (3)
the theoretical signal difference, calculated as the differ-
ence of the aforementionad exponential decays; and (4) the
nbserved CNR (SNR X contrast product).

3 | RESULTS

The resulls presented here can be reproduced with the
following code/data versions:

« https://github.com/sct-pipeline/gm-challenge/
releases/tagv0.5

hitps://github.com/sct- pipeline/am-challenge-data/
releases/lag/r20220125

htps: //github.com/spine-generic/data- multi-subject/
releases/tag/r20220125

31 | Designed imaging protocols
Participating researchers designed, optimized, and sub-
mitted 13 different protocols whose data were acquired
over nine MRI Imaging centers. All protocols used 2D
Ti*w imaging, except for one that made use of a 2D
Ty*w scan with an additional inhomogenecus magne-
tization transfer ((hMT) prepulse to further suppress
WM signal (Philips 9604). Two protocols were optimized
for 15T MRI, six for 37 MRL and five for 7T MRL
Each fully detatled protocol is avallable on the GitHub's
“gm-challenge-data™ repository under each subject (file
name: sub-XXNX/anat/sub-XXXX_ acq_params.pdf’)

3.2 | Interprotocol comparison
For each protocol, Figure 1 shows a representative axial
slice of an acquired Image and Its quantitative character-
Istics. The shortest scan time, highest SNR, contrast and
CNR, per field strength, [s indicated in bold,

Supporting Information Figure S1 shows a pairwise
comparison of both SNR methods used in this study. On
average, SNR_single is 305 smalier than SNR_diff.

Final qualitative assessment scores identified that the
overall Image quality is highly comparable between 3T
and 7T protocols (Flgure 2). The GM/\WM contrast and
sharpness were mostly higher for 7T scans, but Increased
artifacts devalued thelr overall Image quality (Figure 2).
The image quality of L5T protecols was less than moderate
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FIGURE | Representative images for each protoced with its
quantitative assessment. Protocols are ordered by field strength:
15T (green), 3 T(black), 7 T (red), and by subméssion 1D {(in
brackess, text to the center). Conlrast-lo-noise ratios {CNRs) are
expressed in percent. The best CNR per unit time, per field strength,
isindicated with bold font. Each image corresponds to an axial slice
centered at the C2/C3 intervertebral dise, Resolution is in
millimeters, “Echoes/nay” corresponds to the number of echoes
and the number of averages (combined with root sum squared
except for site “Phillps,” where all echoes were summed ).
Additional quantitative metrics (contrast, CNR) can be downleaded
from GitHub (hips: //github.com/'sct pépeline/gm. challenge/
Idiwnload /A0, & gmchallenge 20220114_204833,2ip)

over most of qualitative assessments (Flgure 2) Spearman
rank correlation coefficients assessed that both scorers
agreed [n trends of scores over acquisitions In all qualita-
live assessments (p < 0.009) except the sharpness of the
WM/GM bonder (p=0.114),

3.3 | Comparison with the spine-gencric
protocol

Figure 3 shows SNR_single and contrast measured on the
Ty*w images of the spine-generic multisubject data set
Because the gm-challenge protocols and the spine-generic
protocol focused on different FOVs of different sizes, a
direct and fair comparison is not fully possible. More-
over, because only one T;*w scan was acquired in the
spine-generle protocol, we could not compute SNR_diff,
When leoking at the Siemens protocol, SNR_single and
contrast of the gm-challenge results mostly overlap with
the Q1-Q3 interval of the spine-peneric results. The Philips
gm-challenge result shows better SNR_single (15.04,
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FIGURE 2 Qualitative assessment of MRI protools. The top plot indicates the final scores for the qualitative assessment, which are

taken to be the average of the four qualitative cniteria shown in the remaining four plots. The y-axis is the integer score of the scale from 1
(worst) through 3 (moderate) to 5 (best). Far the criteria “Signal dropout due to intravoxel dephasing,” o low score means “stroag signal
dropout” {L.e., Tess signal). Criteria were assesseed by two Independent scorers, wheee scores are indicated with unique markess at the left side
for test and at right stde for retest scans around the cyan-line median of all scores per data submission (Le., four soores per submission ). The
value *7" represents Ihe Spearman rank correlation coeflicient assessing i level of agreement between I'wo <Corers. The value “p," represents

the pvalue of the corredation coefficient

above the Q1 percentile) and simflar contrast (15.32,
within the Q1-Q3 Intervai)

3.4 | Validation of the
quality-assessment metrics

Figure 4 shows the synthetic phantoms (upper panef)
and the measured contrast and SNR (lower panels). The
contrast measured on the synthetic phantom showed val-
ues similar 1o the simulated contrast, regardless of the
SNR value (Figure 4A, leit). For the smoothed phan-
tom, higher differences between simulated and measured
contrast were obtained (Figure 48, left). The measured
SNR_difY was similar (o the simulated SNR for each con-
trast {Figure 4A, middle), with a negligible difference for
the smoothed phantom (Flgure 43, middle). However, the
SNR_single lacked accuracy (Figure 4A, right), especially
with smoothing (Figure 48, right). This is likely due to the
strong impact of partial volume effect (mixed tissue within
WM mask).

3.5 | Optimal combination of TEs

Flgure 5 shows the results of the simulation that inves-
tigated SNR, contrast, and pseudo-CNR as a function of
TE. As expected, for individual images, SNR decreases
and contrast increases rapidly with increasing TE. The

SNR xcontrast product has a broad plateau between 10
and 15ms. For root-sum-square combinations of echo
Images up to a given TE (f.e., cumulative echo images),
SNR s maximized at approximately 10-12 ms, whereas
contrast increases with increasing TE. The SNR x contrast
product for cumulative echoes also increases with
Increasing TE, but appears to plateau at approximately
17-19ms. The plateaus in the SNR x contrast product for
both Individual and cumulative echo images suggests that
factors besides T2* and thermal nolse degrade Images at
TEs exceeding 15-17 ms.

All four of the weighted schemes produce greater con-
trast than a root-sum-square combination with uniform
weighting, but the root-sum-square combination with uni-
form welghting ylelds the highest CNR.

4 | DISCUSSION

In this article we suggest a number of criteria for eval-
uating SC GM MRI, and we use those criteria 10 assess
image protocols that were submitied 1o the 2018 Spinal
Cord Gray Matter Imaging Challenge. The Imaging cri-
teria, the analyzed protocols, and the open-source code
that was developed for assessing Image quallty can serve
the community as a benchmark for future protocol opti-
mization, The following discussion expands on some of
the strategies for heiping the imaging community further
optimize such protocols.
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FIGURE 3  TheSNR_single
(lefr) and CNR_single/ /i (right)
camputed on the T, % weihied data
from the multisubject dula 524 of the
spine-generic project (N = 267, all
nequired at 3 T). Bach panel shows the
individual data (plot), the median and
quartiles (box plots), the mean
(triangie), and the distribution (solin
piot). Oudiers (dlamonds) are defined
as being outside the 1.5 x IQR
Abbrestation: IQR, interquastile range
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Interplay between evaluation metrics. These simulations are based on phantoms constructed with various levels of contrast

(2075, 405, 60%, and S04%) and SNR (5 [blue], 20 [vellow), and 100 [red L White-matter (WM) and gray-matter (GM) masks derived from the
PAMSO ternplate * are thredhalded a1 0.9 (0 be used with the weighted-averuge method 1o extract signal in the WM and GM, respectively
Results show the evaluation metrics: “Measured Contrast,” "Measured SNR$IY,” and “Measured SNR_single™ 23 a function of the €mulated
coatrast and SNR, without (A) and with (B) 1-mm kernel smoathing

41 |

One of the difficulties in organizing this challenge was w0
find the right balance between harmonization/simplicity

Evaluation criteria

participants) and exhaustivenessirigor (1e., making sure
evaluation Is accurate and fair). We acknowledge there

subsequently.

(e.g.. finding a set of evaluation criteria that can apply to all
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4.1.1 | Signal-to-noise ratio

In this study we used two different methods to compute
SNR: the “diff" method, which uses the subtraction of
two scans acquired back-to-back, and the “single™ method,
which uses a single scan in which the noise variance is
computed inside the WM. On average, SNR_single was
30% smaller than SNR_dilY, which is likely caused by the
fact that we measured the SD of the signal within the WM,
and not in a background region that contains pure noise.
A region of interest within the WM may have sources of
signal variance other than nofse, including partial volume
effects with the CSF and the GM. From Dietrich et al.™*
SNR_IfY is closer to the “true” SNR {ie., the “mult” or
“nema” approach), which is also confirmed by the sim-
ulation resulls {(Figure 4). Therefore, we considered Lhe
“difl” results from the present study to be more reliable.
The “single” method has the advantage of being computed
with only one scan; hence, we were able to compute SNR
from a retrospective database of 267 Individuals from the
spine-generic project.

and contrast as echoes are added. C, An
additonal montage of weighted echo
cambinations und their SNR, conlrast,
and peeado-CNR (SNR*Contrad ) is

also shown
1 198

Ooserved
SNR"Contrast
Product

ws
133
am

The SNRis directly related o the average of the magni-
tude image in the region of interest (in our case, the WM).
Therefore. if a sequence yields low signal in the WM, the
SNR will consequently be low (assuming constant noise
varfance). For example, let us consider two data sets (A
and B) with the same noise amplitude everywhere in the
image, the same mean signal in the GM, but the mean
signal in the WM being lower in data set A. The SNR cal-
culaled in the GM would be the same in dala sets A and B,
but the SNR calculated in the WM would be lower in data
set A, while the WM-GM contrast would be higher in data
set A, The conteast, on the other hand, will be Increased
by a low value in the denominator. This is observed in
the Oxford ($611Ses2) submission, which shows a rela-

tively low SNR value in the WM, but high contrast If

SN R was measured in another region. the apparent relative
performance across protocols would likely differ.

Another (related) consideration is that T,* is driven
by the field strength and the orientation of myelinated
fibers.*® Therefore, it is not surprising that some of the
7T scans show a relatively lower SNR compared with 1.57
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and 3T scans, even though higher field strength should
in principle yleid higher SNR. Moreover, to compare SNR
between fleld strengths, one should also account for voxel
volume and acquisition time. An SNR efficiency measure
that corrects for those would be interesting 1o include in
the future.

When the scanner saves its “magnitude”™ data, it may
already be slightly filtered (e.g., using a Fermi filter o
reduce ringing), which would change the inherent noise
profile before the SNR Is caleulated, Also, the use of a mul-
tichannel coll Induces spatlally varfant noise properties;
hence, there is & bias when computing noise SD across
space, as was done here. Other methods exist that are
more accurate than the ones used here (e.g., acquiring two
scans back-to-back, one with and the other without trans-
mit voltage, to estimate noise SD without any bias from
cofl combination-* This method requires collecting and
processing raw data, which was not done for the sake of
simplicity.

4.1.2 | Contrastand CNR

One of the difficulties In estimating contrast is obtain-
Ing a reliable measure of the average signal within each
reglon, In this case WM and GM. To minimize partial
volume effects, we eroded the WM mask by 1 voxel. We
decided not to do the erosion for the GM mask, because
this would have resulted in a very low number of remain-
ing voxels, and hence low statistical power. If we had
access 1o partial volume information, we could have used
Gaussfan mixture modeling to account for partial vol-
ume effect at the CSF/WM/GM I[nterfaces, as was done
fn Levy et al.** Such information could be derived from a
high-resolution atlas registered to each data set, and then
downsampled at the native resolution of the data. This
was not done here because such registration is critical.
and any mistegistration would yield other errors that we
preferred not to address within the scope of this study.
Contrast fs also Influenced by slice orfentation. This Is
mastly due to partial volume effects; however, By Inhomo-
genelty and susceptibility differences among discs, bones,
and air degrade the contrast in GRE-based sequences
as well.

A study by Papinutto and Henry'* reported an aver-
age CNR(GM/WM) of 1.56 on Siemens 3T data sets. To be
ahie to compare this value with our results, we computed
the CNR_single without normalizing by the square root of
the acquisition time and without converting [t Into percent
value, We considered only the Siemens 3T results, yleld-
ing a CNR_single{GM/WM) of 2,81 +0.56 (mean +SD),
This is slightly higher than the average value repotted by
Papinutto and Henry.

4.1.3 | Resolution

The spatlal resolution Impacts the “sharpness”™ of an
image, or our ahility to distinguish between two small
objects. A measure of sharpness can be obtained by com-
puting the Laplacian of the image, then computing the
mean of the Laplacian inside the SC. However, this mea-
sure Is also sensitive to the noise level: the higher the
noise, the higher the Laplacian. For this reason, we only
consfdered the acquired spatial resolution (FOV divided
by matrix size), although we should keep In mind that
the effective resolution is also affected by the use of par-
tial Fourier and additional filtering done by each man-
ufacturer, even though one criteria of the challenge was
specifically not to add reconstruction filters (e.g., Hanning
windowing).

4.2 | Choice of sequence parameters
Below are some useful considerations when optimizing SC
M imaging, More details are given in the spine-generic
protocol study.'”

421 | Two-dimensional versus
three-dimensional

Compared with 3D imaging, multislice (2D} imaging is
more robust to subject motion (if the subject moves, this
will not affect the entire image), has no alissing at the
edges, and there are no issues with the B,* profile (3D
Images have imperfect slab profiles creating lower flip
angicsat the edges, which requires one to discard 2-3 slices
at the edge). On the other hand, 3D acquisitions are more
SNR efficient.

422 | Phase-encoding direction

Because motion is  predominantly along the
anterlor-posterior direction, when possible, it would be
preferable to phase-encode along the rlght-left direction.
However, when imaging below the cervical cord. this
becomes difficult because the shoulders and arms will
alias onto the image.

42.3 | Saturation band

The traditional purpose of saturation bands Is 1o suppress
unwanted signals, 1o avoid wrap-around artifacls. Because
these spalial saturation pulses are usually transmitted at a
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different carrfer frequency, they produce a slight magneti-
zation transfer effect, which In turn alters WM/GM con-
trast. Therefore, they could be used 10 enhance WM/GM
contrast, assuming that the magnetization-transfer effect
suppresses signal from WM more than from GM, and that
the main contrast is T,*-like (i.e., brighter GM)

4.24 | Optimal combination of TEs

Most of the submitted protocols relied on Ta*w imaging
with multipie TEs. In Ty*w Image acquisitions, knowledge
of the T relaxation times of the two tissue types whose
contrast is to be optimized can aid in the creation of an
imaging protocol, Although SNR is highest at the short-
est TE, T;* contrast increases with increasing TE. How-
ever, In practice, neither SNR nor contrast should be
optimized In isolation. [nstead, efforts should be made
0 optimize the CNR or CNR per unit time. Under a
simplistic assumption of pure thermal noise, CNR was
shown o be optimized al TE = T;**7 Other factors,
such as magnetic-field inhomogeneity and limilations
on total scan time, may favor shorter TE, as does the
increased physiological noise at higher TE™ The latter
factor may explain why the root-sum-square echo combi-
nation, which upweights early echoes, was here ohserved
to have higher CNR than contrast-weighted echo combi-
nations, which should theoretically be optimal under pure
thermal noise.

An additional censideration in multi-echo GRE
sequences is the choice of monopolar versus bipolar read-
out. Bipolar readouts allow for TEs to be spaced more
closely, yielding increased SNR, but may result in dif-
ferent patterns of spatial distortion between even and
odd echoes (positive and negative readouts}) due to back-
ground magnetfc-field Inhomogenelties (https: //raw.githu
busercontent.com/sct-pipeline/gm-challenge/master/doc/
fig_ monopolar_bipolar.gif), The misregistration between
the even and odd echoes would Introduce blurring when
combining all echoes. Monopolar readouts produce a set
of echces with compatible patterns of spatial distortion at
some cost 16 SNR and CNR,
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(FOV), superfor-inferior (S-1) difference (diff). (*) The
submission “Juntendo (9669)" used 5 mm slices,

Figure S1. Pairwise comparison of the two SNR methods
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Analysis of Diffusion Tensor
Measurements of the Human Cervical
Spinal Cord Based on Semiautomatic

Segmentation of the White and
Gray Matter

Marek Dostal, MS,"# Milog Kerkovsky, PhD,* Eva Korit'skova, PhD,*
Eva Néemcova, MD,? Jakub Stulik, MD,? Monika Stafikova, MD,? and
Vladan Bernard, PhD'

Background: Segmentation of the gray and white matter (GM, WM) of the human spinal cord in MRI images as well as
the analysis of spinal cord daffuuwty are challenging. When appropristely segmented, diffusion tenser imaging (DT1) of
lhc spinal cord might be beneficial in the diagnosis and prognesis of several diseases.

To swvaluate the applicability of a semiautomatic algorithm provided by ITK-SNAP in classification mode
(CLASS) for segmenting cervical spinal cord GM, WM In MRI images and analyzing DT1 parameters.
Study Type: Prospective.
Subjects: Twenty healthy volunteers,
Sequences: 1.5T, turbo spin echo, fast field echo, single-shot echo planar im.
Assessment: Three raters segmented the tissues by manual, CLASS, and a:mud methods (Spinal Cord Toolbox,
SCT} on Ty-weighted and D71 images. Masks were quantified by similarity and distance metrics, then analyzed for
repeatability and mutual comparability. Masks created over T; images were registered into diffusion space and frac-
tional anisotropy (FA} values wers statistically evaluated for depandency on method, rater, or tissus.
Statistical Tests: t-1es1, analysis of variance (ANOVA), coefficient of variation, Dice coefficient, Hausdorff distance.
Results: CLASS segmentation reached bettar agreement with manual segmentation than did SCT {P < 0,001), Intra- and
interobserver repeatabifity of SCT wes better for GM and WM (both P < 0.001} but comparable with CLASS in entire
spinal cord segmentation (P=0.17 and P=0.07, respectively). While FA values of whole spinal cord were not influenced
by choice of segmentation method, both semiautomatic methods yielded lower FA values (P< 0.005) for GM than did
the manual technique {mean differences 0,02 and 0.04 for SCT and CLASS, respectively). Repeatability of FA values for
sll methods was sufficent, with mostly less than 2% varlance.
Data Conclusion: The pressnted semiautomatic method in combination with the proposed approach to data registra-
tion and analyses of spinal cord diffusivity can potentially be used as an alternative ta atlas-based segmentation,
Laval of nca: 1
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2018;48:1217-1227.

sing such conventional magoetic tesomance Imaging  methods are insufficient, bowever, for imaging WM's inter-
(MR} techniques as Ty- and Trweighted images. radi-  nal strucure.. WM s an organized fibrous stracture thar
ologasts are able w0 discern gray maner (GM), white marter  results in water diffusion becoming anisosrapic and with
(WM}, and cerebrospinal fluid (CSFL These conventonal  preferred diffusion along the direction of the fibess. One

\Vasw thin atice o¥ine st wilipoalmdisary com OO 10 10GZ mii 25155
Rocwved Jan 10, 2000, Aczepted for publicatior Ape 10, 2018

*Adkiress wopnnt requuees o0 MK, Department of Sadobgy and Nuceor Medicime, Unvemay Hospan! B and Masacyk Univers ty, Jhlmsts U000, 425
00 8mo, Cooch Republic Email bedkovrky mice@inbmo o

from the "Department of Bioptysics, Facuhty of Medcme, Masaryk Univeruity, Brno, Czecn Reaublic; ‘Bepactmant of Radiclogy, Uniersity Hasoital Bime
and Masaryk University, Bmo, Caach #epuble; and Institute of fiostatistics and Anakzes. Faculty of Medane, Masayk Unwanity, Ao, Coech Republic
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TABLE 1. Imaging Protocol

Type  Orientation TR TE FOV {mm]

[msec]  |msec]
Iy-w  Sagiceal 400 78 255255 %33
Iow Sagiteal 3.500 120 255X 255X 33

Iy Axial i34 9.21 170X 170X 56

D11 Axaal 3200 923 170X 170X56

T1-weighted {T1-w), T2

wiaie ceater af FOV (Fg. 1)

spheed (T2-w), diffusion tensar imaging {DTT). rpesvon time (TR}, ech tme (TE), field of view
(FOV), turbn spin echo (TSE), fast field echo (FFE), single shoc echo planar imaging (5§ EPT), average [Avg),

Performed o owe scparats continring scquisitions fraa C1 o CHOA and from CHCA 1o CF with emphasis on mavinsal perpendic-
ularity o the spinal cord and while belog atenive o migimieing gap or muwal oveelap of duese FOVE T2w usd DT had tlse

Mazrix Slice Other information

thickness [mm)
528x528 33
528X528 33

TSE, Avg
TSE. Avg=8
FEE. Avg =4

SS EPL, 0, 15 dir
(b = S00s/mm™), A\‘n - &

1

132%432 4

192X192 4

method currentdy used for assessing the quality of WM
mrernal sracrure 5 diffusion  tensor imaging {11, In
WM tibers are nicgr.nlnl. thereby  das-

mirhing their stuctural integrty and raultng in more iso-

pathological stares.

wropic water diffusion (decrease in anisotropy). DT is used,
for example. in studies of bruin rumoss, muldple sclerosis
(MS}, cpilepsy. ischemic stroke, a6 well as tumors and other
lesions of the spinal cord.”

A necossary and froquently crucial step in analyring
DT1 images of the cenwral nervous system is segmentation
of WM, GM. and CS

A at i
menting brain images,” bue

Ihere exdist many methods for seg-
theee are far fewer methods for
spinal cord segmentation.’ Most of these methods segment
the entire spinal cord (ESC) and CSF ar vanous levels of
automanion {semiautomatic or fully automaric) and from
vatious image modatiies (T, T3 DTL and otbers).”
Only a fow methody are able to segment not just the ESC
but also WM and GM,”""# 1
I'he main objective of this scudy was to evaluare the

“

possibilicies for wsing a semiauromarnic segmentation mechod
(CLASS} based on a semisupervised machine-laming tech-
mque implemented in ITK-SNAP" ' for segmentanon of
MRI dara of the cervical spinal cord and o urilize this rech-
mgue for analyzng diffusion parmetens of different spinal

cord tissucs

Materials and Methods

The study group conusted of 20 volunweens (16 women and A
men) aged 23 10 A0 yvars (mean age of 25,05 and sundard devaa-
ton of 4.6 yearsl in whom no |'.u|’|n|o_qn_|| spina! coed changes

Al volun

s ::gu\‘d Informed consent dprecnents 0 partiipase n ihe

were found by an experienced neuromdiodogist (MK},

stucly, which was approved by the Univenity Hospitals Ethio
Commintoe

MRI daca were aoquired using 0 151 MR (Philsps Achieva,
Best, Netherlands) wich a 16-chanre! head and cenvical coil, The
scanning prosicol i shown in Table 1. T -weighted b field echo

and D11 sequences had the same gromotry covering i two patts

spinal cord segments CI-CHOA and CMCA-C7, while taking
inio consideration the overlap of arcas around the CANCH disc and
the best perpendicalarity 1o the spinal cord of boch parts (Fg. 1)
The Bt step in data analysis was 1o join upper and Jowet
Ty and DTT images ineo the same space onentanon, Coordinates
of the wpinal canal were manually set on the wa images {upper
and lower), nigid registranon was performed, and one image of the
entire uningerrupted cervical spine was creared. Baed on sagiceal
images, only axial sfices ranging from the level of the posteriar
arch of Cl w the cranial endplaie of the C7 verrebral body were
used for all other steps, Funcrional MRI of the Brain Software
T ITK-SNAP v

(heape/ fwww

Librury (FSL) wan used for processing all images,

5.4 for mamml and CLASS segmentation™

FIGURE 1: Example of Trweighted fast field echo and DTI
sequences planning on the T-weighted image in sagittal plane
Axial T; and DTl sequences had the same geometry covering in
two parts spinal cord segments C1-C3/C4 and C3/CAa-C7, while
taking into consideration the overlap of areas arcund the C3/
C4 disc and the best perpondicularity to the spinal cord of
both parts.

Vodanwe 48, No. §
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hkuupa(ypmwlldlpmwlh pbp) and Spml Cond Toolbox (SCT)
!b(hnp“p T 1, 15 ')l!lRP'\‘
sencative of adu-bncd u;mmnnon mﬂhod:

All segmentations were done by theee raters and three meth-
ods, as shown below. Rarer 1 (M.D)) rrained segmentations with
ITE-SNAP for at least 20 howrs, Raters 2 (EN)) and 3 ().5),
badh with § years of practice in radiolagy, tained for 3 bours and
| bhour, respectively. Rater 1's manual segrmennitions were super-
vised by 1 peuroradiclogist with mote than 12 years of MRI prac-
tice (MK and were ded as 3 refe dard. All ratens
are coauthors of this artide.

Manual segmenration of the ESC, GM, and WM on T,
images was performed independendy by three raten wing ITK-
SNAP software for the enrire group and chen three mare dmes on
seven ranadomly selecred subjecrs {ewo men and five

Dostal ot al.: Segmantation of GMAWM of Cervical Spine

w partial differendal equadon, where (ngemal foroes (derived from
conrour’s geometry} and external forces (given by the image infor
muarion) affecr the conrour evolution. For more mathematical back-
ground concerning the methods used, see Yushkevidy er ol
Yushkevich snd Gerig ™ Yushkevich er al*® and Caselles er al*”
The number of mees (100 rees) & well s ree depehy (50 trees)
way comssant for each run. An output of the presegmentation step
i "ipeed image,” which v 2 produce of the speed function a one
component of evalving force. Is value is close © 0 ar the edges of
intensity in the Jnpur image or close w1 in reglons wheee inten-
sty i homogeneous. The second step indtiadizes the sog oo
by manual placement of the seed poinss over the spinal cord area
on every even-nunbered slice, Tn the Last step {evolution), the user
sers the weights from the active contour eqquation, which affeces the

} at mini-
mum 2-day intervals between these assessmenes, Oaly ESC was man-
wally segroenned on DTT (FA) images in the same design a¢ Tx
imuages. Dunn‘ manual segmentation, raters paid attention o the

e ion to minimize the ination with
CSE T, mages were my.n:nd into DT space by identical marric
The cener of gravity of ech slice of the binary nuask was calodaed
for both T, and DT musks, and dhe cenzers of graviry of bath images
were registeredd by 2 simple 2D cranskatian algocithm. Then 3D non-
dgld registrativa was applied. Each sep of the registtation wa
repeated for GM and W binary ks ising exactly the satne tegis-
trasion marrices. as were calculaved when ESC was registered. This

thod enables d 100 of FA values for ESC, GM, and WML

ESC segmentation by SCT' {sct_propseg, nl.pmhm) wis per-
farmed i theee diffecens inirializan g with
parametess (radins 4; detect-n 4; decect-gap 4; nbiver 200; max-
srea 1 20; mas-deformation 2,5 min-contrast 50), The fiest serting
was i defaude maode. which s fully sutomaned (Defaulith; the sec-
ond was in three-point mode. wherein rates manually ser three
poins within the central camal of the spinal cord an three different
axial slices (3 Poing); and the thind was in CenrerLine mode, where
raters munally marked the pasiion of the spinal cord cenmal
canal by one vaxel on all axial slices (Centerline). WM and GM
wore segrnented using the sot_segment_graymatter algoeithens under
defaule servings, and the threshold of the obuined peobalilistic tis-
sue masks was ser to 0.5,

ESC segrnentation by TTK-SNADP was petfoemned by 2 chassi-
fication method (CLASS), which consists of three steps. The firs
step (presegmentation) includes manual labeling of voxels of cwo
or more different cdasses {in our case this means ESC as the firsr
class and the nearest sacroonding like CSF oc verrebeae as the sec-
ond dass) on three slices ( £ middle, and perndu ). Spe-
cial care was raken o avoid conamination of the ESC area with
voxels of surrounding Hysues at the bocderdine zone to d the
partial volume effect. These manually defined volumes were subse-
quently used a5 a eraining set for classificarion of the dssues within
an individual subject. Based on this maining the cantexnul mfor.
mation abour incensity of neighboring vaxels and cooedinaies of
vorels from muleiple toage layers were deivad, These dara, which
allow for correcdy classifying strucrures withour marked image con-
trast due to their different cexture, are wed as an input for 2 ran-
dom foresr classifier”™ and geodesic acrive thod, "
The contour represenns closed surface, which is evolving according

November 2113
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s i ‘l’.ld h of wr mnh.mdimn‘vdy
runs the evolution, The ber af i steps varied around
100, and each iteration took around 30 swonds W wmplete,

Several preprocessing sreps were performed before segment-
ing GM and WM by ITK-SNAP The ratio of GM and WM areas
on axial scans is ~20:80.°"™ and the signal intensity of GM is
higher than that of WM on To-weighred images. We therefoee
assumed that 2% of ESC voxels with the highat intensity corre-
spoaded mainly m GM. Voxels with extremely high and low inten.
sity were “bomogenized” by applving an upper theabold and
threshold, respectively (Eq. 1):

Igis 1< lgis

Ten=¢( 1 fois < I < T (1}

Tose 1= dgos

where L., i the voxel value after homogmwlon. Loys and IQ“,
are walus of the 15% and 90% i Y quaniles,

and | is the currenr value of the given voxel. Thlnwpcmumd llm
13% af the least intensive and 10% aof the most intensive voxels
have the same eespecnive intensity values (ie, they ate homogenous),
Subsequently, all vaxels were medified according w the formula:

hos® (’;:%zz) o

where I, is the calculared voxel value, [og; 5 is the valoe of the
S2.3% intensity guarle, and | is the current valse of the given
voxel, This step ensared thae the inwnsity of vosels with a large
probabilicy of being GM: = dose o 7ero and all others have
higher values fie, the background has 2 value equal ta zera). This
sep makes segs fon easier | the algorithm does nor
need to recognize three different tissues (WM, GM, background)
with similar intensities bur only two dsues (WM, the rest)
{Fig. 2B),

The segmenration of GM and WM was similsr o thar of
ESC, Raterns manually segmensed GM, WM, and also a small area
of hackground around ESC o three lﬁm of the original T,
image. The algodthm, b , uses the i rion from hoth
images (odiginal T, and the modified ane, which was described in
a previous paragraph) as a waching fearure. lerared segmentanion
was done sfterwards, and the GM and tackground masks weee

1219
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FIGURE 2: Original T, image of spinal cord (A), preprocessed image bafore GM segmaentation by ITK-SNAP {8), result of sagmen-
tation by classification algorithm for two tissues (C), final GM segmentation on preprocessed image (D), and on original image (E),

FA image of spinal cord In different subjocts {F), projection image
projection ¥mage of the main diffusion tensor ento the x-axis (H),
Image (J) with good result including blurred arma,

obtained (Fig. 2C). Only voxels included within the ESC mask
were comidered w be GM., bowever (Fig. 2D). ESC vaxels, which
are noc cassified as GM, represens WM. WM and GM masks

were registered Inta che 1Y1] spuce in the same wav s desaibed

for the mamul segmentation method
When propeocessing DTT data. we applied eddy current cor-

jon (FSL) and diffusson rensor was fieed by diifiv sripc (FSL)

for upper and lower images. Afer that, both parts aof the cervical
spinad cord were canneceed with the same mransformation marric as
in the case of the T bmage, and thus 4 whole cenagal spanal cord
D11 mage was created. For manusl segmentanon, an image of FA
values was used (Fg. 2F). The FA image and squazed projection
iage of the main diffusion ensor vector IMDTV) onto the s-uxis
> and CSF

(marked by FSL as V) were wed for segmenung ES
using the CLASS meshaod.

I'he onginal V| image (Fig., 26} was squared 1o remove the
negative sign dnd sharpen edges between ESC and CSF (Fg. 2H).
Raters manually scgmenied ECS on the FA image, while the
CLASS algorithm uses both FA and V, images for reaching, which
improves the segmenmtion accuracy. The segmentation mask was
shown in panallel on hadh the FA and V| images {Fig. 2L)) fr
vissal caminaton

Twn merics were used 10 verify segmentpion sgreement

similariey and distance. The 31 Dice coctlicient (DC) was used o

ropresent the !lﬂlll.‘.fll‘v’ mcIne

(3)

where Sy und 5; are counts of voxels soquired by sepmentations |

and 2, respectively, The 1 tator denotes double dhe number of

bath

denominasor defincarss the weal combined vonel count of the twas

vonels  which  have sgmentations in comnwn, and the
segmentanions, The reult ranges from 0 o 1, where 1 indicars
identical segmentution und § indicates abslueely different segmen-
wbon. The DC cocfficient is highly sensitive to the total number
of voxels, which has a larger impacr on evaluations of small soruc-

R )
wres ke GM than on large scrucours,

The arwe merne iy described by the Hapsddortt distance

(HI)
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of the main diffusion tonsor vector onto the x-axi (G), squared
final ontire spine coed sogmentation an Image H (1), and on FA

hiA.B)=

min i;.l a IH

1A beh

HD=max l: WA B (B .A) )

where BIAB) & the direct HansdorT distance beoween finige point seo
A and B and Ja - b|| w the Esclidean distance aof swo points a and b
from point sews A and B, respecively. ™ HID is expressed in millimesen
andd descobes masinal imprecision of the two segmentations, Both
methics were performed using EvaluateSegmentation scripr.”!

The first step in evaluaring the segmentations was a munual

comparisor: of the CLASS and SCT methods (i three different

modks) wirth manual womentanon of the moss n'u-uru‘-;rd ,g,nl-‘
staxlard) operaior for ESC s
best modalises, SCT CenterLine mode and CLASS method, were

then amatistically evaluated and compared with manual segments

wed on the T lmage. The (wo

mans i mors desail for both image contrsty (T3 and FA) and for
didlerent tissues (WM and GM). Furthermore, inua- and inernd
server repestability wese evaliated for segmensatinn of all tissues
using manual aed both semiutomatic segmentation  echnigues
(SCT, CLASS). Fmally, the influences of rater and segmcntation
method on FA values of differens spimal cord cdssoes and 1heir
repeatability were appraised

For evaluating mursobserver sepeanabiliny, images of seven
randomly chosen subjects were segmented four tmes by all chree
ratens using different methods: manual segmenunan, SCT (Cen
terlinel, and CLASS. Madks obained by a single rater from 2 sin-
g subject using a particular segmenmtion method were paired off
in Al possible cambinations, represemting sis independens pairs

)
[combination mumber ( ) =6). For each method, 126 DC and

HED were ailcudated (seven subpects, three raters, ux combinavons)
and murudlly evaluated by 2 1est separarely for every tissue

In the case of inerobserver repeatability, masks obumined by

segmenuion s all 20 subjkcr by all theee raens were paired off
i ull three possible combinavions, All in all, we obtained 60 DX
and HI) for cvery method and pssue,

Bumary musds of ESC, GM, and WM creused based on
images of 20 subjecus by CLASS and manual segmencanon meh

ody were |(gz-r(vcd inw the DT spacr. Because SC T masks were
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FIGURE 3: Mutual parison of four lautomatic

of entire spinal cord on Tyw image with manual sogmenta-

sagm
tion representad by 3D Dico coeffident and Hausdorff dist.

e adn sk
on bo:

ke, max). Boxes of different colars represent

of differant semi { ds with o

pbu (nh 25% qumilo, median, 75% quar-
tation from the

agreement
perspective of 3D Dice coofficiant and Hausdorfl distance values. Default: Spinal Cord Toolbox {SCT) in Default mode, 3 Point
SCT three-point initialization method, Centerline: SCT Centerline method, and CLASS: ITK-SNAP classification method.

geverated direaly in DTI space, they did not need regiuration.
Amalysis of variance (ANOVA) wus used 10 mmpm' bow applica-
ton of different segmentati bods performed by various raters
impacts FA values of differont rssucs. hnnnnl ANOVA was per-
formed with FA values a5 dependent varubles and winh raten,
methods, and tissues as caregoncal factors

FA's intravhserver repeatability was verified on seven subjects,
cach segmensed four times by throe mrers and throe methods. An
Intraobserver cosficient of varision (CoV) was caloulatad based on
four median FA values of the same subject, mechod, and rater. In 1he
case af i bility, median FA values obrained from 20 sb-
jects, three raers, and three methods withour repedition were used,
Inws-CoV was caleulated based on three median FA values far the
same subjecr, method, anéd different rater. CoV values of different
methods for individual tissues were mutually compared using »teses,

Statistics

Scodent’s st was used for statiseical comparimon of different seg-
m:nnnmmhndsm&db) DC and HD values as well 25
for comparison of ey dans in wrmy of ines and
miraobserver repeatalnliny cﬂlu-nom ANOVA and lukey's post-
bhoc rest were used 1o compare FA vahues of variow tissucs abmined
by different methods and rarers and CoV was usad w quanify the
repeatability of FA walues obrained by mcans of different segmenta-
tion techniguies.

CoVix)=SD{xpx (5)
CaV is a matio of the dard deviation (SD) of iy x and

methods compared w0 manual sepmentation (Fig. 3}, Based
on these resules, and inasmuch as the other two modes cor-
responded  unsatisfactonly with manual segmentation, for
further segmentations we used SC1 only in the CenterLine
mode,

A detailed comparison of the two most promising
semiautomaric merthods with manual segmentadon done by
Rater 1 was determined for ESC segmented on T; and FA
images and for GM and WM segmented on Ty images in
all 20 subject. CLASS segmentation performed by a skilled
rater genecally resuleed 1o sansncally significanty mors
masks being similar m manwal segmenzaton than did SCT
segmentarion in Centerline mode for both T; and FA
images (Fig. 4).

Intracbserver Repeatability

This section evaluares the consistency of different segmenta-
tion methods repeated by the same rater on the same sub-
ject (lable 2). For ESC and WM segmenmnion, both
semiautomared methods are more ¢ than is I
segmentation performed by all ratees (Fig 3), This is dem-
onstrated by the significantly higher DC values and lower
HD valucs achicved by the semi ic meshods as com
pared to the manual method. [n the case of GM segmenta-
ton, semiawtomated methods also  yicdded  higher DC
values, while CLASS alio produced higher HD values than

the mean value of thiv g y (8 Iy exp doas Ay tage.
The lower the vulue, the betier is the consistency.

Statistical tests were computed wing Swatistica 12 (SueSof,
Tisksa, OK) software, graphs were creared with the same software,
DC and HD were performed wing EvaluneSegmeatation scripr’’
ane for all saistical tests the significince level was set w0 0.05,

Results

Mutual Comparison of the Methods

Rater 1 segmented the ESC of all 20 subjocs by all five
methods (manually, CLASS, and SCT in three different ses-
tngs). DC and HD were cabeulated for semiautomared

November 2018

both I and SCI. In nine cises, the SCT method seg-
mented ESC on the FA image inaccurately, thereby resulring
in lower DC and higher HD values (outiers in Fig, 3).

Interobserver Repeatability

The i Y of e ion hods across different
rarers is shown bere (lable 2). In the cuse of ESC segmenta-
rion, both semiautomared merthods produce more consistent
results across eaters (Fig. 6). SCT is the most consistent
method for GM and WM segmentation across razers. The
CLASS method is slighdy poorer than manual segmentation
for WM and poorer when GM is segmented.
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mentad on T; data in all 20 subjocts is represented by 3D Dice coefficient and H i di: on box-and-whisker plots (min,
25% quartile, median, 75% quartile, mu)'l‘hobhobox.sw!amdﬂn Spinal Cord Toolbox (SCT) method with
the Centerline seed mask agai al segm as the gold dard, The boxes pare ITK-SNAP classification

method (CLASS) with manual segmentation. Amep«bnmdumhumiﬁmIdi&umhmmmud&f-
ferent methods. **P<0.001 and ***P<0.0001. The pair with no asterisk do not differ statistically (P> 0.05).

TABLE 2. Overview of Intra- and Interrepeatablility of Three Segmentation Methods and Four Different Segmen-
tations Described by 3D Dice Similarity Coefficient and Hausdorff Distance

ESC uc:mm( WM ESC ESCDTI GM WM

Inrarcpeanability  Man 96,5(2.0) 96.6{2.3) 80.3(89) 91.9{5.1) 0.79(0.3) 0.89(0.4) l.lS(O.é) 0.88(0.2)
SCT 98.7(0.7) 99.0(0.4) 87.3(4.5) 95.9(1.6) 0.96{0.4) 0.89(0) 0.96(0.4)  0.96{0.4)

CLASS 99.0{1.2) 97.6(2.1) 82.3(173) 959{2.9) 0.56{0.5} 0.B9(0.4) 1.55(1.4) 0.92(0.3)

Interrepeatability. Man 0S(2.1)  95.5(L7) T0.1(6.3)  86.8(3.1) 0.88{0.2F 1.25(0.4) 1.62(0.3) 0.96{0.2)
SCT 98.7{0.9) 98.8(0.8) 87(5.8) 95.8(1.6) 0.96(0.9) 0.83(0.4) 1.0400.4) 0.96{0.6)

CLASS 98.7{1.3) 96.7(2.4) 65. 'iil')jl 87, 5(3 5) 05"(0 3) 0.88(0.4)  2.56(1.1) 118(0 2)
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FIGURE 5: Intrarepeatability of three segmentation methods performed by three raters, four times on seven subjects and three
tissues (entire spinal cord on Ty-w [ESC] and on DTI [ESC DTIL gray [GM] and white matter [WM]), All possible palr-oomhinodom

of tagmentad masks were created, and 1134 3D Dice coefficients {DICE} and Hausdorff di {HD) were calcul
wﬁlskuploudwﬁomﬁb[mh 25% quartile, Mmmm mx)mdudlbo:npmnuiuco'fﬁdumw-
boxes represent | atabifity of I boxes show results of Spinal Cord Toolbox (SCT) method with
ContorLine soed mask; md green boxes npnum ITK-SNAP :lndﬂatlon methad [CLASS). A ttest was performed to evaluate
statistical diff b agreemants of different methods. *P<0.01, *"P<0.001, and ***P<0.0001, Pairs with no asterisk
did not differ significantly (P>mL
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FIGURE 6: Interrepeatability of three segmentation methods

performed
nal cord on Ty-w [ESC] and DT [ESC DTI), gray [GM] and white matter [WM]), All possibl pn

L Mot [l Ml Conierliew [ Figte: CLASY

bymmuunwmwbpmmdhwhunnhnﬁnspr
tions of d masks

A

were created and 720 3D Dice coefficients (DICE) and Hausdorfi

were cakulated. Bax-and-whisker plou show results

{min, Zsﬁmmllq.modhn 75%qu¢u1qmnkmdudboxkuumbhdﬁmdﬂcodﬁdm8hbomnpnumm
peatability of ; orange boxes show results of the Spinal Cord Toolbox (SCT) methed with CenterLine seed
mulcand,nnbuuhdlmthKSNAPchuiﬂaﬁonmﬂhodﬂASS A ttest was performed to evaluate statistical differ.
ences botwoen agreemaents of differont methods. *P<0.01, **P<0,001, and ***£<0.0001, Pairs with no asterisk did not differ sig-

nificantly (P> 0.05).
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F LentManusl T Micdle:CenterLine i RightCLASS
FIGURE 7: Tukey's posthoc test of method-tissue interaction
term shows significantly higher median FA value obtained by
manual segmentation of gray matter {(GM) in comparison with
bath semiautomated methods (P<0.005). FA value differences
equal 0.02 (CenterLine) and 0.04 (CLASS). Boxes indicate
median FA values and whiskers mark the 25% and 75% quar-
tifes, The FA values of entire spinal cord (ESC) and white mat-

ter (WM) are not significantly dependant an sagmentation
method or rater.

Evaluation of FA Values

We showed no dependence of FA vulues on  rater
(F12,513] = 0.22, = 0.806), har the effeces of method, tis-
suc, and dheir intersction torm are swatistically significant
(FI2,513] = 1368,  P<00001;  F[2513] = 195.49,
P<0.0001; and F[4,513] = 592, P<0.005, respecively).
No other cffcce was stanistically agnificant. Tukey’s post-hoc
test was performed on the method-tissue ion term
(Fig. 7) and shows thar the manual wgmenaton of GM
was significancly  different from  both  other methods
(£< 0.005). Divergence berween median FA values of man-
wal and semisutomated methods were equal w 0.02 (Cen-
terbing} and 0.04 (CLASS). The semi ted method
show very good agreement for all mssues.

Repeatability of FA values for all methods was
sufficient, with mostly less than 2% vanance. SCT produced
the most consistent results and the repeaabiliey of the
manual mechod was similar 1o thar of the CLASS method
(Table 3}

TABLE 3. Median Values of Coefficient of Variation Describe Intrarepeatability of Three Segmentation Mathods
on Three Tissues Done by Three Different Raters in Four Repetitions on Seven Subjects and Interrepeatability on
20 Subjects Without Repetition

0, "(0 3)

'H-t\w” Manoal

1.4(0. 5)" 0,1(0.04) 106"  ESC 22077 0.1(0.0) 1.301.5)°
0.7} 0,1{0.04) 0.400.2) WM 13(1.2)" 0.1{0.2) 1.601.00°
| 2(0 4) E.8(1. ’l

IB(I !) GM

0, 4(0 i‘ 3.8(3.4)
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Discussion

In this arucde we mtroduced the apphcason of TTK-SNAP
segmentation in classificanon mode on the structural and
DTT MRI dara of cervical spinal cord. Requitements for
this method inchuded a cpability for accurate segmentation
of the FESC ares, sparate segmentation of WM and GM
from To-weighted images, as well as segmentation of the
ESC area from DTT images and differentiation of us con-
tours from CSE We focused on the dinical apphicabsliry
and employment of the meshod for analysis of the diffusion
parameters of spinal cord,

There exist several appraaches to spinal cord segmenta-
ton. Basically, three main groups of segmentation methods
furthet divided o various subgroups can be differenti-
ated.* In older srudies. there generally predominared use of
ineensity-based methods such as thresholding, edge desec-
vion, or intensiey-based  classifiers. ) Other authors
used surface-based  segmentation  like active  contour or
deformable models™" 77 and the base main group
adopted such image-based methads as graph-cut; atlas defor-
mation, or dassifiers.” % From the perspective of this dlas-
sification we may consider ITK-SNAP as a hybrid method
using some of the components from all three of these
groups due to i employment of sctive contour algorithms,
random  forest classifier, and texture  information about
mntensity and voxel coordinates, This approach has the
advantage thar iv does not use ardas deformable algorithms,
Thar makes this lized
nisk of misregistration, and may also make w more accurare
in specific pathological conditions when  the  spine is
deformed or abnormal, eg, in case of severe spimal cord
compression. Work-flow of the segmentation in ITK-SNAP
also enables casy separate segmentation of the visible spinal
cord bestons. which can further be used for separate analysis
of diffusion parameters within these areas. On the other
hand, this method may be more sensitive 1o image quality
compared o atlas-based models and could yield poorer
results in sitwations where the contrast- or signal-w-noise
ratio is poor. In such conditions even an experienced radiol-
ogist may find it difficult to perform manual segmentation
and the use of an adas-based method may be beneficial.

ITK-SNAP was inroduced as o general segmentation
ool with a user-friendly mterface and was onginally evalu-
ated an segmentation of caudate nuscleus,™ Since that time,
its use has been reported in more than 1700 arvicles,™ The
first classification method based on random forests 15 avail.
able from ITK_SNAP v 3.2 {January 2015} withour imple-
mentation of exture information. This additional echnique
was added into v. 3.4 (January 2016} and & allows advanced
learning  methods such a5 malimodal  segmentation,
whereby learning algorithms wke informacon from several
different images for better classification. ™ As far as we are

ethad more | ehminates the
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aware, these semuutamane techniques have not ver been
systematically evaluated for the segmentation of human spi-
nal cord.

Older  studies™ ™Y apnd swodies  dealing  with
DT mostly use MR with 15T induction, taking
advantage of lower sisceptibility artifacts in DT acquisi-
tion. Of the aforementioned studies, the CLASS method
presented in this article achieves the most accurate resules in
segmenting the entire spinal cord from a T, image. The
more recent studies and studies dealing with WM and GM
segmentation® "7 yee mostly MR with 3T induction
Ta-weighted images from such MR devices have bester
signal-eo-noise ratios, and thus de contrast benween GM
and WM is sharper and the segmentation is more accurate.
This may be an advantage especially in examining lower cer-
vical spine, where the image quality 15 wsually poorer than
in the case of upper cervical segments. On the other hand.
DT dara are more affected by suscepuibiliny anifaces. Our
presented method is therefore not the most uccurate in seg-
menting GM and WM, bat it is sall among the most accu-
tare methods pablished 1o date.

It shauld be noted, however, that the comparson of

2 i hods based on DC and HD coef-
ficients with liserature data s complicated due to the vary-
ing acquisition parameters and image quality. Therefore,
using the same dataser, we decided 1o perform direct com-
parson of the newly applicd CLASS method with e
better-established and commonly published SCT rechnique.
A similat approach was used in a study by Prados et al ™
who compared the capabilities of different segmentarion
methods on dedicated MR daa. Thar study provides a
broader overniew of differemt up-to-date rechmiques. The
methods generally reached median DC values for GM seg-
mentation berween (L6 and 0.85 and median HD values
runged from 1.5 w 7 mm in comparison o manual segmen-
tation, Compared 1o this, the benefic of our study may be
seen especially in the extension of the segmentations alio on
the DT data to connect anatomical information with diffu-
sion. Thus, we can meroduce a prehensive and dinically
usable methodological approach of cervical cord DTI dara
analysis. In any case, the CLASS method may metit furcher
evaluation as pare of the ongoing GM sepmentation chal-
lenge projec™ in order w be compared with more tochni-
ques than juse SCT.

Some publications quantify segmenta-
tion repeatability by comparing areas or volumes of segmen-
tation masks or on the basis of various derived coefficients
{cocfficient of variation or intrackss corredation coefiiciens
[ICC]). We do not consider such approaches 1o be optimal
for quantifying the segmentation method, because congru-
ence of areas or volumes does not automatically imply con-
L4 -2 i .I“ i
suitable to use a similanty metric (Dice coefficient, Jaccard

FH

10.14,15.1833 3637

e, we believe it 15 mare
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coefficient, global consistency error, or the like} together
with a distance metric (such as Hausdorff distance or Maha-
kanobis distance), which correlate mutually as liede as possi-
ble and thus do not yield redundant informarion.”

As for DT data analysis, we evaluated the reproduc-
ibility and influence of different segmentation techniques an
FA, which we chose as a represenative scalsr parameter
quantifying anisorropic diffusion, FA values measured within
ESC and WM appeared to be very consistent amany differ-
ent raters and methods, as ANOVA analysis revealed no sig-
nificant differences. Some inconsistency was observed in the
case of FA values of GM, where manual segmentations pro-
vided dighily, bue satistically significamly, higher FA values
as compared o both semiauromatc methods. Given that
FA of normal GM is physiologically lower than thar of
WM. the higher FA valuex of GM measured within the
masks of manual segmentation may be aunbured 16 incor-
rect inclusion of @ greater humber of WA voxels by Jess
experienced raters. From thys perspective, measurement of
lower GM FA by both semiautomatic methods may be con-
sidered more plasible.

To measure FA within WM and GM, we used a rech-
nique of 2D regiseration of segmentations on T, and FA
mmages using a spinal cord contour 25 a landmark. Due 1o
the large vaniabiliey in spinal cord curvawire, lack of unam.
bigaous landmarks, and small dimeasions, affine or non-
nigid 3D registration is slmost impossible.® Therefore, we
had w apply 2D rigid registration for the entire spinal cord
contour segmented from partcular axial sans and apphied
the resulting vansformation matrix on the masks of individ-
ual tisues. For the Jowest posible deviations of T, and
DT images, emphasis was given 1o congruence of their geo-
merric acquisition paramerers, Viswal examination was also
performed by overlapping the images along the z-axis in the
sagittal plane. Perpendiculariry of wxal sections is necessary
for maximizing contrast between WM and GM in a T,
mmage and minimizing the parial volume effect i 4 D]
image ' The acquisition was thesefore divided into wo
pars, with ¢mphasis on maxomum perpendicularity of the
mdividual sections and avoiding muwal overlap of these
acquisitons.

The technique described above did nor reveal signifi-
cant differences of measured FA values for GM, WM, and
ESC between the CLASS and CenterLine SCT methods,
This resubt indicates that our approach may provide a func-
vonal alternative w a more established adas-basad wechnique
for quantifying diffusion parameters. Both methods revealed
stadistically significant differences in FA between WA and
GM. This suppons the accuracy of the measurements, as it
s difficule o establish the gold standard of WM and GM
segmentatons in DTT dac by visual control due 10 compar-
atively low contrast and resolution.
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The nter- and intraobserver vanabiliey of FA
expressed by CoV owas generally low among all echniques,
which denotes the generally goed reproducibility of this bio-
marker. However, the variability of FA measured using the
CenterLine method showed the lowest rate. Minor manual
ingut combined with the atlas-based technique is probably
the reason for similarly better ag of the segment
tion masks themselves between different raters and repeated
measusements compared 1o the CLASS method,

This work has several limitations thar originate in parc
fram the intention to examine the clinial applicability of
the method. One of those limitations is the sewing of fixed
SCT parameters, which may influence the resulis. We
decided on a constant sesring in order ro maximize the ben-
efits of the auromatic method with redatively minimal input
from the operator. Moreover, the degree 1o which 3 com-
mon user will comprehend all of the parameters may nor be
sulficiendy high 1o enable precise optimization of all param-
eters for individual segmenmations. As discussed above, the
uswe of a 15T magnetc field could consttute another
limitanion.

The ume aspect and babor intensity coukd alsa play 2
role in determining the practical spplicabiliy of this
method. The mean duration of segmentation in one subject
by sater MD performed on seven subjects was estimated ar
635 seconds for SCT and 644 seconds for the CLASS
method. Although the segmentation of all spinal cord tissues
{with visual inspection of each scgmentation mask, bur
without any postprocessing or manual corrections of seg-
mentation masks) by SCT requires bess time than does the
CLASS methad: the difference is not so great as ane might
expect when considering the higher degree of automanzation
in the case of SCT. This may be cawsed by the need for
extra checking of the particular steps in SCT processing,
which are done automacically by the CLASS method during
the segmentation procedures. Moreover, creating CenterLine
masks for 1, and FA images in SCT is quite time-
consuming, Although there can be no doubr that the
CLASS method 1 more laborious than is SCT, as it uses
more manual inpur from the operator, this disadvanrage
may be offset in part by creating sceipes 10 increase the effi-
ciency of the method, On the other hand, when the seg-
mentation is not sufficientdy accurate, the CLASS method
allows straightforward and prompe manual correction imme-
diately aftes the weration step. Thar 15 in conerast 1o SCT,
which requires sewing up appropriate threshold values for
cutting off less probable voxels of GM and WM, and uses
an addiconal software ol 1o make the appropriate correc-
tions manually. In order mare objectively to evaluate the
performance of the owo 1c techni n this
stody, bowever, no manoal corrections w cither CLASS ot
SCT segmentations were made.
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Although ber p 1al I may be seen in
the relatively low number of subjecss, the pawer of sturistical
analyses evaluarting the accuracy of segmentarions was genet-
ally sufficient due o muliple repetitions by several opetators.
As the machinedeaming algorithm  implemented in the
CLASS meshod is individually based, the toral number of sub-
pects analvzed is not really relevant from this persspective. Inas-
much as spine cutvature is relatively vatiable, howeves, a larger
study group could cover a wider spectrum of anatomical con-
figurarions and potentially provide more precise resules,

The choice as 10 the number of voxels marked for the
learning algorithm coubd also constitute a source of same
maccuracy. In this study, we used information from three
defined shces at upper, middle, and lower cervical levels,
This number of slices was ser empirically based on prefimi-
nary testing, and it was chosen as the best compromise
between accuracy and the time needed for processing. Nev-
ertheless, in patsenes with severe spinal deformity or aher-
ation of the spinal cord signal intensity, it may be beneficial
w provide 2 higher number of waching masks or 1o plice
them ar different spinal cord segments 1o achieve the best
results from the semi i segmentation. | h as
the algorichm uses voxel coordinares and intensitv of neigh-
boring voxels a5 a teaching fesrure, a small spinal coxd lesion
or mild compresion at the level of the teaching masks
should not have substantial negative impact on the resulting
segmentation, but the performance of the CLASS technique
in such pathological conditions is yet 1o be established,

To condude, the ITK-SNAP semiautomatic segmenta-
tion technique using machine learning i exploitable for dhe
segnentation of a human cervical spinal cord in strucrural
and DTT MRI dara and constimuees a conveniene alernartive
to an athis-based segmentavon method, Whik: SCT provides
rather more reproducible segmentations, the CLASS tech-
nique, on the other hand, lod better agreement of seg-
meattion masks with manual segmentation by the most
expetienced rater. Furthermore, the inoduced wechnique
for registration of DTT and T images appears to be applica-
ble for of diff scalar p s within
different tissues of the spinal cord, thus providing resules
carresponding to those of 4 more esablished atlasbased
technique wsed by SCT.
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Kepanrss Robuss woxedwise analysis using sract-tased spatial {TRSS) wgether with p jcal metiod

Diffusion wmar nagng Is standaedly used in analyzing diffusion 1ensor inaging (D71) of brale. A similar analytcal method could be

Spinal cord usefol when studying U1 of cervical spioal cond.

Vearlwian anafyss Based o swnstomical dutn of shay-four bealtlsy voluntesss, white (WM} sod gray matier (GM) misks wees
created sod subsequently reglssered into DTT space. Using TBSS, two sheleton types were created (single line and
dilatod for WM as well 2 GM) From { datn, age mates of overlop waze ailculated for all
du.lnnm in refation 10 WM and GM masis.

dysis of |l py values depesding on age and sex was condocted. Correlation of
fraction anisotropy valoes with age of subjocts was also evaluated ‘The o WM shelcton types showed a high
onverlap rase with WM msashs (~94%); GM skelemns showed kaver rates (56% and 429, repectively, lmslnlh
line and dilated). WM and GM areas where inmon anisotropy valoes differ b sexes were |d
7 < 048). Purth using lwi lysis such WM voxels were sdentified where fractaon anlsotrapy
walues diffor depending on age (p < CG“nMnlbacvmd»umr U of fractd I py amd age
(r= =057, p < .007) was canfirmed lysis. ‘11uks o d. was not proven when usieg WM
acstoomicnl masks (r = —(21, p = 10)
The analytical appaoact: presensed shiown 10 be usefal foe group anelysss of D17 data for cervical spinal cond
1. Introduction clinkcal practioe. Tt remains mastly o the research realm despite dm
this anatomical ares is impoctant for the d| sts of many log
Diffusion tensor mags i 1g (DTT) of b brain di [5]. Data acquisition and all oﬂmluc processing steps
ummmﬂymedmdnylnmnydinknllpﬂm(l'l There exis are move plicared and challenging when dealing with the spine

several softwages al approaches for quality coatrol, preprocessing,
post-processing, nnd quunnmnw anulysis of diffusion daza (2], One of
the mast sophi d for 3 whole beain analysis
of images fmm multiple subju:u is thac of mt(-hascd spatial amsdu
(TBSS) (4], TBSS is based on 8 g the
most possible voxeds of white matter (WM) across all subm pro-
Jecting diffuston par like fractional Py (FA) or mean
diffusivity (MD) of cach subject onta this skelcton, and then 1
voxelwise cross-subjocts statistios sach as > o i
inference [4].

On the other hand, DIT of human spine i not commonly used in
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rather than brain due to amefacts. lower sgnal to-noise ratio, betero-
geneovs anatomy, and the sanlkr dimensions of the spinal cord.
Noaetheless, there exist several software tools for spinal coed detection
or segmentation [6,7] and a few for robust analysis (K],

‘The aim of this study is to create and evaluate the accuracy of a new
methodological approach for analyzing D11 data that is based on some
of the algorithms used in lBsshubumctodtnhmunuwk'dml
cord with the possibility 1o apply 4 cross-

Medicine. The University Haspitnl Brmo and Masaryh University, Mhlavsid 240/20, 625 00 Broo,

O730.TISX/ 40 2020 The Authoes, Puldished by Elsevier Inc. This iv un ogon acoess artoke under the OC BY-NCND lioense
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Table 1
M) eequemoe parimeien.
Seqaenis Orlentaton TH [1s] TE [) Ay, wied slee ) Becnn voned shae ()
™Tse fgined 3500 120 0922127 %3 04 018 x 3
T Tranaverwe o a2 0842 067 x4 09 2009 <4
Lt Truaverse 30 1o 1xixa 80 < ORE > 4
Toweighted (Tyl, To* weighted (T, diffusion tensor imaging (DY), rep time (TR, echo thme (TE), tarbo spin echo (TSE), fast field echo (FFE)L
2. Material and methods 22, Diffiesion data preprocessing
The study group d af 64 vol (42 and 22 men) Diffusion tensar par were calculated for both DT1 stacks

aged 21-62 vears {mean age 34.52 with standand deviation 532 years)
in whom no patholagical spinal cord changes were found by experi-
enced neroradiologists (MK, MM, ASP).

All subjects underwent MR1 of the cersical spine in & 15T MR
machine (Philips Achieva, Best, Netherlands) using a 16-channs head
and neck coil. The i | included T2-weighted turbo sin
echa ('TSE) sequence in wgiml plane, twa Ty -welghted fast field echa
(FFE) seqquences in axial plane with the first stack coverage area being
from C1 ta C3/4 and the secondd continuousty linked to the firss stack
from C3/4 10 C7, and two DTI sequences with exactly the same geo-
metry as for the axial FFE sequences, DTT was aoquired by single-shot
echa planar imaging techaique (SS-EP) with 15 different directions of
diffusion gradient, with b-value = 800 «/mm?, with 6 excitatons (Le,
MEX = 6) and 1 bl image with NEX = 3 (lable 1), Both axdal stacks
were placed with maximum perpendiaddarity 1o the spinal cord while
taking Into vansideration the p af areas d the €C3/4 disc.
This approach partially eliminates the distorsions given by the cord
curvanwe and help 1o reduce banana effect, so shat other reglstrations
or data polations, which can b dditional scwce of bias, are
not entirely necessary,

This stady nsed Functional Magnetic Resonance Imaging of the
Brain Software Library (FSL [9],) for linear (FLIRT) and nanlinear
(FNIRT) wglstmlon muhely, [10] TBSS as inspérarion, Randomése
tool for nonpammetric satistical
lhtuboulng) 05 & ool for voxelwise nonparametric permutation in-
ference. and FMRIP's Diffusian Toolbox (FDT) for estimating diffusion
tersor parameters [11], Preprocessing and segmentation of spinal coed
tissie was done by MD using a semiautomated method (CLASS) bassd
an machine learming with teacher implemented in ITK-SNAP sofiware
[1 z) ‘This methad is not atlas based and as such does not need any large

g d it uses random forest and geodesic active contoor
lmhod CLASS method warks with each subject (ndividually without
any interpobati istration and it can reach belter agreement with

or
mamaal segmentasion than atlas based method, &s evaluated {n previows
wark [6]. All statistical tests were computed psing Statistica 12 saft-
ware {StaSoty, Tulsa, OK),

2.1, Anawmical dava preprovessing

In the first step, Use anaromical data of axinl Ty -weighted images
were aligned on the axis whereby one image of the entire cervical spinal
cord was created. This was carried out using rigid registration (3 de-
grees of freedom [PoF]) whereby coordinazes of the central canal of
overlapping areas were used 25 reference points for alignment. These
coordinates were derermined manvally by o radiologis (MK)
Segmentation of the entire spinal cord, white (WM) and gray (GM)
maiter was carried oun semi-aomatically using the CLASS meihod
The entire spinal cord was straightened slice by slice based upea co
ordinates for the center of gravity ol the binary mask of the emire spinal
cord and centeredd into the middle of the image uang 20 registration
with 2 Do¥.

using the FDT tool. Nexx, the two stacks were combined in the directian
of the axis in the same manner as in the case of T,* images. Based an the
FA image, the entire spinal cord was segmented wsing the CLASS
method, straightened, then centered (n the same manoer a8 in the case
of anatomical data. Finally, GM and WM segmentation masks were
rq;:uuedsﬂaaﬂadmhmmmnlmehmdtﬂﬂmma

bed dously (6], 'The pasition of axial slices corre-
sponding ta interv ‘dncsleznndcsﬂ were determined
mansally based on sagital 'T2-welghted (mages for all subjects. Axial
images outside of this area were removed.

2.3, Ardas craation

We calcudated the mean number of stices fram dises €172 w O6/7
far all 64 subjects (20,84 slices), rounded that numbes, then set it as the
optimal number of slices of the Ty* and FA atlases. We chose a similar
{terative registration approach as when creating a g Ity used MNI
152 brain adas [19)

In the first ep, 2 segmented, straightened, and centerad FA Image
of the subject's entire spinal coed with the mean number of slices and
the best Image quality was chosen as the reference Image The vaxel
sive was rescaled by a factor of 2 in all dimensions wsing trilinear in.
wrpolation implemented In FLIRT, That resalted Iy the dimensions
044 x 048 x 2mm and field of view was cropped o si2e
24.8 % 181 mm”. Images of the remaining sulbjects were either ex.
pandod or concracted to the number of 21 slices depending on the
length af the spinal cord, rescaled, cropped, and the correspanding
images were vegistered (3 DoF) based on the soardinates of the center
of gravity. The mean image across all objects registered in this mannes
wits set as the new reference image far the next step (4 so-called alpha
template).

In the slep, rigid registration of the carresponding
shices for all 64 subjects was again carried o whereby the alpha
template was the reference image and by means of averaging a bela
template was ceeated. In the final step, rigld regisration was used for
the third time whereby the beta template was the reference fmage and
after thar a nonlinear image reglstration (FNIRT) was used, Nonlinear
registration was carried oot in the multirssalution mode consisting of
four substeps, each with five iterations. Each substep vsed o ditferent
subsampling factar value {4, 2, 1, 1) and Gaussian filter with various
vadues for full width as half maximom (FWHM = 4; 2; 1; 0). The final
template of the FA image of the cervical spinal cord was created by
averaging across all subjects. All registration marrices and maps were
saved and subsequently used 1o create an atlas of WM and GM based an
the registered masks fram anatomécal space. The same method was used
1o create templates of analomical images of cervical spinal cord for
Individual tissues based on Ty* (mages By I labeling af in-
dividual discs, o probabilistic map of inferveriebral dises was created
(Fiy 5G) Ourpuss of the key steps ave displayed In iy 1.

a1

24, WM skefeton colculation

The template of the whale spinal card created in the previous step
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was chasen as the refecence image for the one-step linear and nanlinear
registration of FA images of individual subjects. A mean image fram FA
dota was usad 1o project an alignment-invariant tract representation
(single line &eleton) which identified voxels with the highest FA value
and created a single Line tract shared with the lasgest-possithle number
of subjects [J]. This binary curve shoukl most probably correspand 1o
the WM voxels across all subjects, In the vicinity of the ceniral canal
surroundex] by WM, bawever, the algorithm tencds o identify the voueds
in this area incotrectly a8 WM, Theretore, the atlas GM binary mask
(thresbald (1.9), which very probably represents the GM vaxels il the
ceniral canal aren, was subtracted from (e binary mask of the single

line skeleton, From a &
vantageous when more data are entening inta subssquent analyses.
Therefote, the single line skeleton can alternatively be extended by
binary pperation of dilation {matnx sixe 3 x 3 x 1) whereby a dilated
WM skedeton is created from a greater number of voxels, albeit prob
ably with greater risk of cerebrospinal fluld (CSF) contamination

isgical power viewpoing, it is genorally ai-

2.5 GM skelston caleuiation

By inverting and incressing contrast of the FA spinal cord image
(Eg. 1), the GM voxeis will have greater Intensity than do WM vaxels,

and therefore we cin use the same procedure to create the GM skeletan
(1)

where 1 & the new voxel value and FA is the fractianal anisotropy
valoue af the voxel. Dikatinn using the same matrix was applied also 10
the GM single line skeleton

2.6, Skeleron agrevment evaluation

To evaluate the accuracy of skeleton on an individual fevel, we
caleulated the ratks of the number of voxels of the WM skeleton iner-
sectian and of the registered WM, GM, or CSF mask to determine the
Inaccuracy rate according to kg

Mo 0 M

¥ (%)= . 100,
9

4
M )

where the numerator represents the mumber of voxes in the common

Magnei: Rsonance g 7

Fig. 1. lllsstmtion of atlas creation. Initinlly, mn the
original axlal T, % weigheed Image (A
axial v3ew) anly slices from the C1/2 1o Q6/7 reglon
were chosen and spinzl
This wis followed by seg
terpolation, and averagieg (21 The fnad trmage of the
wilas i depicted] in sagittal (C) and axial (€) v

sagital, D

and was strzightened (1, B)
tration of 4l subjecrs, in

~

intersection of the skeletan (My,) and the tissue mask (M, ). The de
nominntor i he mmber of sieletan voxels, In a case ot all skeletan
voxels correspanding 1o the vaxels of registered tissue mask M, the
value will be 100%,

Ta imagine what pereentage of vaxels of the given tssue s the
siedeton represents, the ratio was calculated acoording i), which
thearetically reaches 1000 if the skeleton covers all voxels aof the given
Hssne,

10 kg

Mt 0

e(F)m ——— 4 10

M 3

The threshold lor registered binary masks was set by an experienced
radiologist at 0.2 for WM and (.7 for GM. Voxels outside of the mask of
the entire spinal cond were assigned o CSF
vaxels was assigned to none of the tissues (WM, GM, CSF), which was
caused by the threshold of segmentation masks mxd their interpalation
during registration inte space of the FA Images. Both single as well as
dilated skeletons far WM and GM were evaluated in this manner

Median FA values obeained by means of registered segmentation
masks and skeletons of individual subjects were mutually compared
1sing pafred Sosdent's e-tess

By means of voxelwise nonparametric permutation statistics with
multiple testlg corre ihe eniire cohort based upon 5000 per-
muzations, the dependence af FA on sex for all skeletons types was
as the indepensdent covariate, The sa
deri's t-test an medlan data of registered

A small percentage ol

veritied where age
dence was tested using &

+ depen

segmentatian masks aof individual tissues

Using the same statistics, the dependence of FA oo age for all ske-
letom rypes was verlfied where sex was the Independent covariate.
Median values of statistically significant voxels identified by the pre
vios voxelwise analysis were subjected 1o regression analysis, The

same regressian analysis was applied (o data for registersd segmenia
tion masks of Indivichaal tissies. The significance level for all statistical

tests was sel at o = 0.05

All volunieers signed informe
the study, which was approved by the University Hospitals Ethics
Commitiee,

SENT AZELMENES [0 participaie in
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of the Neal tesmplate T
i Ch,

Fig. 2 Munranke
comrespond 1o venehral levels G2, G

3. Resulty

Atlases of cervical spinal cord were created In the reglon from dise
C1/2 10 disc C/7 for anatomical Ty* data as well as for FA data in
common space, Three axial slices of both atlases together with corre-
sponding sagittal and coronal plane are depected in Fig. 2.

Based oo the mean FA Image of all subjects, WM
and GM (Fig 3, b 1 line) ake
their dilated version ( , right column). To suppress voxels in the
area of the central canal in the W skederan, the GM atlas mask with
threshold (.9 was subtracted {} B)

The calenlated skeletons carrespond well visually 1o voxels of WM
and GM In the mean image, where the gray matter & visible as an area
L Quantilative verification of skeleton

, Which describes pereentage come-

upper line)

jons were calculated wgether with

with reduced FA value (

accuracy Is caprorexd (n Tabl
spondence of common voxels of skeletons and masks in individual tis
sues (WM, GM, CSF) for parameters s and ¢ Sratistically signiticant

differences were proven by means of paired stest between

& axinl (A), sgintal (8] and eoconal (C) plane and FA template in axil plane (D). Axial slices of both templates

single line andl dikated sheteton for all parameters shown in Tal Itis
the prajections of skedeton into
), where (1t Is obvious that,

nevertheless important akso to laok o
the tmages of (ndividual subjects (
despite the fact that nanlinear registration was used, the position of
gray matter for individoal subjects vardies a great deal in relation w
siederon GM. This, together with the low number of GM voxels, explains
the Jower values foe parameter ¢ in the case of determination of e GM

sheleron as GM

Voxdwise analysis af single line as well as dilated WM skeletons
Iderifet as having statistically significantly differens vaxels{p < .0
in the area of anteriar and lateral calumns of WM depending on sex of
subjects with age as covariate and with multiple testing correctian
(Fig 5A, B, ©) where the mean value (SD) of WM FA of szatistically
sgnificant voxels of the single line skel 653 (0.056) in
wamen and 0.730 (0,060} In men, Several voxeds where a significant
1in

m was

dependence of FA on sex was proven were ilentified alsa within
segment C2/7C3, In women mean {(SD) values of 0576 (0.050) |
(0 (0.051]). Stodent's ¢

measured in these areas. In men they were (L6

Fig. 3. Tstration of WM shelvlon befure (A} ind

and afier expansion by dilatio

respectively

rr () stibtracting GM mask {(here arv finwer voieks in the arvs of the comtrs

vzl 01} and! Veft posterior horn (21)

Origical FA image is copeured i image D and the GM skeleton together with sis calated version are In images E and ¥
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Table 2

Magneri: Rsonance drggag 77 (20N 2550

Verification of percentage currespondence beiwven WM imid GM skelotons before and afler dilation and between mésds of indivdunl tissues (e, peroemtage of
skolizan voxels cormesgonding with WM, GM, CSF mask or with oo eask.) Statistically significant differences (p < 05) wene proven between single Tine and dilased

skeleson for all parameters (paired raes)

Ningls Hine WM skoletas

Dilatrd WA sicrirton (%

N e %) 1 %) e %l
e C5F WM Nuse WM CsF aM Nure M
Mean 0. .95 03s 1604 012 S.67 0.79 9015
so 004 59 nae 1o oz 22 6% os? a0
Min om - ooo 1208 0. LM Lo 0.0 9
Max 0% was Lad 1867 1.3 an 6.4 el s
*Yaxels 202 TN

Single |ine GM rielrton Dilated GM shelesan [%)

vin e wl (%] e In
Tisowr o (= WM Nure GM (&) aMm wMm Nure o

0.00 56.07 LaRg 003 3018 0z s Lkl § 0 ax54

0,00 an 01 006 asa 0. 6.81 497 0.3 A79

0. on .8 oo 2387 0w 2820 6. 9% 0.00 LAY

0.00 7956 .21 o 4422 0% 260 T 1L1%& L
*Voxelr 174 J6a1

White matter (WM, gray matter (GM), voxels overfap (x), peroentage of voxels of the given tissoe (e skeleton represents (e), standand deviation (SUL

Fig. 4. Hustation of progection of WM 2ad GM skeletoas for four different subjects €3, 15, 37, 57) of corresponcing mdal slices.

test proved a statdstically sigalficant difference of FA values depending
on «ex (p < 05) in the case of registered GM masks, where the mean
(SD) FA wvalue in women was $.616 (0.036) and In men it was 0.638
(0.028). Similar dependence was not proven in WM with registered
data (p =~ 12}

In analyzing the influence of age an FA values using the single line
skeleton, no satistically significant areas were identified (p > .06), In
the area of darsal calumns af spinal card at leved C4/C5 when analyzing
the dilated WM skeleton, o deperddence of FA values on age of the
subjects was discovered where sex was a covaniate and afier mudtiple
testing correction (Fig. 5D, B F) To verify the resulis of voxelwise
analysis and for the sake of better comparison with reglsterad masks,
the dependence of FA median values measured within voxels identified
by voxelwise anstysls a3 significantdy dependent an age ol subjects was
verified also by means of linear regression. As expectexd, this method
confirmed the depenclence {r= —~0.56, p < 001) {Fig GA). Linear
regressian based on registered WM masks indicates decrease of FA with
aging (ngw = —0.21), hut statistical significance was not proven for
any of the tsses {Pya = 0.10) (Fig. 68)

Paired Stiddent's r-test proved statistically significant difference

berween the methods used (p < G01) In FA values of Individual sub-
jects for WM as well as for GM. WM single line skeleton reached higher
vadues than did other methods and lower values in the case of GM. All
methods demonstrated significantly {(p < .001) lower FA values of GA
than WM (Talie 3)

4, Discussion

This stady presents a robust approach to large-scale voxelwise DTT
data analysis of cervical spinal cord. This methodalogy does not require
the segmentation of individusl rissues or manual region-ol-inleresi
pasitianing, which unually is & scurce of large inaccuracies. Far voxel-
wise analysis, we used a method which is very well proven an brain DTI
data tor heaithy s well as sick subjects, with & minimal number of
Input parameters that increase iss user independence. The possibilities
of finding clusters in data without the mecessity for binary masks
(theeshold-free cluster enhancemens) and for multiple testing carrec-
tion using the family-wise emvor rale makes this method easier o use.

The peroentage correspondence between the rwe skeletons with
segmented WM mask is arcundd 94%, which may be regarded as a good
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Fig. 5. Whstrats
the FA values in voxels dopicted bn axin

maltiple resting cormection wherein age signif

of statisncally different voxels m W and GM single bine skeleton (p <
gl (B), and coranal (C) planes. llusemson of ssatiaieadly difforent voxels of dilazed WM dkeleton (p «
antly influessces the FA values in voxds depicted (o ool (D),

Magnerk Ssomance drggog /.

.06) with multiphe testing carrection im which sex significantly influences
05) with

gitzal (E|, anc! coronal (F) planes. Postaion of indiyicual

regments is Geploted m the probability map of discs crested according to template (G Position of axial skees corresponds to green gucing limes i cormespond ing

sagitial wnd coronad planes (Foe interpresation of the refervsess 16 colour b this Bgun Mgend, the e

resill. Due 1o skeleran dilation, there was anty a minimal incresse in
incorrectly specified vaxels bat there was a more than theee-fald in-
crease in the number of voxels entering the analysis and the percentiage
coverage of WM reached nearly 509 That brings greater statistical
power Lo the analysis and may play & key role Very law coataminastion
of WM skeletans by CSF voxels may be cricial in the final siatistics
because FA values of CSF are significantly lower than those far WM, In
contrast 1o this firdling., the percentage correspondence between GM
skeletons was around 569 in the case of the single line and 415 for the
dilatex! versian, Such fow numbess may be cavsed by lower number of
vaxels entering the TBSS algodthm so thar the same pumber of in-
correctly identified voxels means greater relative erroc and imperfect
fon of segmentation masks onto the template when an eroor
could occur during interpalatian ar data thresholding. Likewise, an

registy

Modan FA

25 40 5 80

Ao [ymirs]

a £

Fig. 6. (Mustran
skeletan (A) and meg

FA values of regasteced WM masks (5)

Meadan FA

om of linear regression of median FA values depescing on 2ge in voxels of ssansocally significant regions hased on vo

or 6 ooferend o the wob vendan of this artide, )

Table 3

Mo value of pedian FA values for mdividusl subjects + SO,

Fhpne 18I0 FAgy (50)
Mak DA™ (0029 DA (0038
Diated Zxeirmn 0n.70% (0029) 0431 M7

Single Lo skeleion 0.727 (0035 0607 (0.041)

Fraction anisotrupy (FAL white matter (WM), gray macier (GM), sandand de
viztion {SD).

error in the segmentation of GM oa T,* data itself can play a significant
role becanse this is a small anatoenical ssructare and therefore the error
rate of segmentatian methods is higher than in the case of WM [14-19]
On the other hand, percemtage coverage af GM by means of dilated

074

on

nes s - §

om

o

-

40 &

AQ lyean|

wise analysts of dilased WM
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skeleton reached 2 mean 83% in comparison to CLASS s
Mean FA values for single line skeleron aro lower than in the case of
registered GM masks, We can conclude from this, considering the zera
contaminarion by CSF vaxels, that this mask is less steained by partial
valume effect (PVE) in relotion to WM, where the presence of WM
would increase the mean valve, This conclusion cannot be stated,
however, for dilated GM skeleton, which reaches higher mean FA value
than do registered masks, and therefore a greater representation of WM
vaxels can be anticipated, ‘This can be caused also by the use of square
dilation mask 3 % 3, which may nol be optimal for the case of a specific
shape of GM with small volume. In cases of WM single line skeletan, the
mmtmmdnn of PVE & even mare distinct than In cases of GM, where,
ination by CSP and GM voxels, the PA values
are noumbly higher than In cases of registered WM masks. Although
skeleton dilation increases contamination by foreign tissue, the PVE is
nevertheless staristically signl foantly smaller than In cases of registered
masks, and, due 1o the higher number of voxels, the statistical power of
the tests is greater than in cases of using single line skeleton, On
, It in itself ins almost 505 of the volume of the

entire whln mamer identified by segmentations,

In a stdy from 2008 [20), a weak but statistcally significant de-
penderce of FA values of the entire spinal cond an age was praven.
Chan et al. proved the west depend nfl'Avnhmonupln

Magrvrt: Ssomance g 77 (208 2350

most likely prevailed over the differences caused by different sexes
Dependence of FA values on sex was proven in both the dilation and
single Bpe skedetons by lower numbers of vaxels, and that supports the
significance of this finding. Reglonal dependence of dilfusivity on sex
had been peaven eardier an beain data, and therefore it cannot be ruled
out that regional changes across sexes can oocur also in spinal cord
124]. Kerkovsky et al. praved changes in the app liffusion coef-
ficient of cervical spinal cord depending on sex in patients with de-
generative compression of the cervical splnal cord as well as (n healthy
cantrals

The authors were able (o find three studies that bl tken similar
appeaaches to analyzing cervical spinal coed Y11 dara, ‘The first study,
from 2010 [25]). identified by means of voxelwise analysis with mul
tiple testing correction reglons with different diffusiviry among a small
group of healthy volunteers {15) and patients {14) with amyatrophic
lateral scherosis (ALS), albeir at level of significance a = 0.1, Anather,
gimilar stady [26] dealt with vaxelwi lysis of region aof
cervical spinal cord {€1-C3) in 14 patients with multiple sclerosis (MS)
and having at least ane spinal cord lesian in this region. Thase authors
proved a statistically significant decline of FA values in the G2-C3 re-
glan in patienis with MS$ d to healthy val The dechi
was mostly in GM and at level of significance @ = 0.01, but without
multiple testing corvection. ‘The newest sody [27] used voxelwise

dorsal WM columns using manual segmentatian [21]. Accordingly, in
our stody a signiticans dependence of FA \uluea an age was proven at
same levels of dorsal col i lysis of difated ske-
letan vaxels, Vedantam et al, pwved a srang dependence of FA values
on age in healthy subjects over 55 years of age in all levels of cervical
spinal cond for cross-section of the entire spinal coed [22]. Within a
graph from the same study showing dependence of FA va)unmmlat
the middle segment (C4-C6), 2 weak negati b FA
values and age is noticeable also [n subjects wnder 55 years of age,
Considering that the age campasition of our cohort corresponds rather
o the subgroup up (o 55 vears of age in the study just cited, in this
respect & comvesponding carvelation can be seen In our finding of age
dependence of FA in voxels of middle segments of spimal cord (C4-C5),
Differences between segments In age dependlence of FA values conkd be
explained in part by the study of Valsasina et al,, who in a group of
healthy volurgeers proved within the same segment (C4-C5) a come-
lation between cervical cord atrophy and age of subjects bassd ca 30
Ti-weighted images [22], This reality could 10 a centaln extent intho-
ence the diffusivity of spinal card in the mentioned region, bt manal
correlation of spinal cord volume and diffusion parameters would need
to be further verified.

In contrast to the voxelwise analysis, we did not prove significant
correlation between FA values and age when using lnear regression of
WM and GM mean values fram (1ASS segmentatian. This further
docummu nnvmlag«s of the voxelwise method, which enables the

of

gional ch of spinal cord diffusivity that can

disappear when eval d within the entire WM
ott‘.ll Ald\emdm.lnﬂ*cm-luxtmnnlmwpommrme
lysis was canfirmed whena g ber of voxels was

34

Included. On the other band, signilicam nondatlon with age was not
proven when using single line skeleton.

The ouhoes of same of those studies cited above also evaluated the
dependence of FA values an sex. Chan et al. compared FA values be-
tween sexes in differént segments for entire spinal cord crosssection
and found no sgnificant difference [21), Nor did Vedantam ot al. in
evaluating FA values of the entire spinal cord, as well as in white and
gray matter, prove 8 stacistically significant difference berween sexes
[22]. The results of the wark presented here differ from those cited
mainly by the fact that, unlike that of Chan el al., this woek employed
vaxel-based statistical analysés, which leads to lon of reglanal

lysis of allas segs d WM tracts in 20 patients with cervical
spondylotic myetopathy foe the level of disc C2/C3 and (dentified re-
gians with different diffusivity in comparison 1o a group of healthy
volunteers (18} In the cervical spinal cond region, the anthors found
only one study using the TBSS like algorithm directly to detect WM
basexd on corumary D1 data [25], but that was withoul any quantitative
testing for accuracy,

This study has sevesal limitations The first relates to its wse of a
L5T machine, which can result In a poorer signal-to-nolse ratio in
lower segments of cervical spinal cord and therefore alsa in lower re-
solution of anatomical imag d o i from machines with
higher field Far that reasan, sqmemuﬂcm muk: In this region can be
degraded or the estimate of diffusion sensor can be less accurate [22). A
second limitation can be In the absence of U1 data with reverse phase
encoding direction or use of sequences with reduced phase field of view
(ZOOM FOCUS) lo better corvect for distorted artefaces, This short-

i 1, h . by using n machine with
lwm ﬂcld um b)' 13 phy:lcal nature produces smaller numbers of
d to machines with higher indoction The
next limitation could be the relatively low mean age and arrower age
span of the subjects. As a eesult, direct camparison with other studies
dealing primarily with the influence of age oo spinal cord diffustvity is
limited and the resufis obtained less robust, Despite this Emization,
however, it was possible to prove the correlation of FA values of spinal
cord with age by the method used. Furthermore, i1 is necessary 1o think
abawt using fixation means oe shot triggering of 71 data with ECG o
eliminate movensent ariefacts that can in the end lead to acquiring
move robust resualts. These methods were not utitized In an effort 1
move claser to an MR image protocol of spinal cord diffusion that could
b wrtlized in real sinaations where such wols usnally are not used due
to time and technical constraints.

In closing, we can stare thar this ssudy quanizazively verified the
applicability of voxelwise analysis by a tract-based spatial statistics
approach an DTT data of cervical spinal cond in healthy volunteers not
only for white but also for gray matter, High accoracy of this method

for voxel detection of individusal tissues in carrelation with i
matic segmentation of WM and GM while llh(mb!nj lll.' plnw VO-
lume effect was praven. Using this method, a signifs T of

fractional anisotropy o age and sex was proven axl which move or less
carvesponds with the assumptions and previous sudies dealing with

differences. In their work, Vedantam et al. compared a smaller mumber
of subjects (12 men and 13 women) ascross a large age span
(20-89 years). Therefoce, the difference i FA values caused by age

spinal card or brain DTL
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Although machine learning (ML) has shown promise across disciplines, out-of
sample generalizability is concerning, This is currently addressed by sharing
multi-site data, but such centralizadon is challenging/infeasible to scale due to
various limitadons. Federated ML (FL) provides an alternative paradigm for
accurate and generalizable ML, by only sharing numerical model updates. Here
we present the largest FL study to-dace, involving data from 71 sites across 6
continents, to generate an automatc wmor boundary detector for the rare
disease of glioblastoma, reporting the largest such dacaset in the fiterature
(ri=6,314). We demonstrate a 33% delineation improvement for the surgically
targetable tumor, and 23% for the complete tumor extent, over a publicly
trained model, We anticipate our study to: 1) enable more healthcare studies
informed by large diverse data, ensuring meaningful results for rare diseases
and underrepresented populations, 2) facilitate further analyses for glio-
blastoma by releasing our consensus model, and 3) demonstrate the FL
effectiveness at such scale and task-complexity as a paradigm shift for muld-
site collaborations, alleviating the need for data-sharing.

Recent technological advancements in healthcare, coupled with
patienty” culture shifting from reactive to proactive, have resulted in a
radical growth of primary observations generated by health systems.
This contributes to the bumout of clinical experts, as such observa-
sons require thorough assessment. To alleviate this skuation, there
have been numerous efforts for the devdopment, evaluation, and
eventual climical transkation of machine leaming (ML) methods to
identify el relationship m these observath thereby
reducing the burden on clinical experts. Advances in ML, and parti-
cularly deep learning (DL), have shown promise In addressing these
complex healthcare problems. However, there are concerms about
their generalizability on data from sources that did not participate in
model training. i.e. “out-of-sample” data®’. Literature indicates that
training robust and accurate models requires large amounts of data™*,
the diversity of which affects model generalizability to “out-of sample”
cases”. To address these concerns, models need o be trained on data
orlginating from numerous sites representing diverse populadon
sampies. The current pavadigm for such multi-sie collaborations is
“centralized learmning™ (CL), in which data from Jiferent sites are
shared to a centralwed location lollowing mter-site agreements” .

However, such data centralization s difficuit to scale (and might not
even be femible), especially ot 2 global scale, due o concerns™
relating to peivacy, data ownership, intellectual property, techmnical
challenges (eg, network and storage lmitations), as well as com-
pllance with varying regulatory policies (eg., Health nsurance Port-
abilicy and Accountability Act (HIPAA) of the United States' and the
General Data Protection Regulation (GOPR) of the European Union™).
In contrast to this centralized paradigm, Tederated learning™ (FL)
describes a paradigm where models are trained by only sharing model
parameter updates from decentralized daa (he., cach sl vetalns ks
data focally)"™'V* ™, without sacrificing performance when compared
to Claramed models™ "~ Thus, FL can offer an alternative to C1,
potentially creating a paradigm shift that alleviates the need for data
sharing, and hence increase access to geographically distinet colla-
borators. thereby increasing the size and diversity of daca used to train
ML models.

FL has tremendous potential i healthcare™ ", parthoularly
towards addruslm: health disparities, underserved populations, and
“rare” di “, by bling ML Sels to goin knowledge from
ample and dhmw data that would otherwise not be available. With
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that in mind, here we focus on the “rare” disease of glioblastoma, and
particulady on the detection of its extent using mult-parametric
magnetic resonance imaging (mpMRI scans”. While glioblastoma s
the mast common malignant prmary brain tumor'™ ™, it is sl clas
sified as 2 “rare” disease, as its incidence rte (i.e., 3/100,000 people) s
substamtially kower than the rare disease definition rate (ie, <10/
100,000 people)™. This means that single sites cannot collect targe
and diverse datasets 1o train robust and generalizable ML models,
necessikating collsboration between geographically distinct sies,
Despite extensive efforts to improve the prognosis of glioblastoma
patients with intense multimodal therapy, their median overall survival
is oaly 14.6 mooths after scandard-of-care treaument, and 4 months
without treatment™. Although the subtyplog of glioblastoma has been
improved” and the standard-of-care wreatment opthons have expan-
ded during the last 20 years, there have been no substantial
improvements in overall susvival”', This reflects the major obstacle in
treating these tumors which is their intrinsic beterogeneity ™, and the
need for analyses of Langer and maove diverse data toward a better
understanding of the disease. In terms of radiologle sppetrance,
ghoblastomas comprise of three main sub-compartments, defined as
(1) the “enhancing tumor” (E1), representing the vascular blood-brain
barrier breakdown within the tumor, (i) the “tumar core” (TC), which
includes the ET and the necrotic (NCR) part, and represents the sur-
wically relevane part of the tumor, and (1) the “whole twmor™ (WT),
which s defined by the unlon of the TC and the pentumonal edema
tous/infiftrated tssue (ED) and represents the complete tumor extent
relevant to radiotherapy (Fig. 1b), Detecting these sub-compartment
boundaries, therefore, defines 3 multi-parametric mult-class learming
problem and s 2 cricical first step towards further quantfying and
assessing this hetevogeneous vare disease and ultimately Influencing
dinical decslon-making.

Coauthors in this study have previously introduced FL in
healtheare in a simulited setting” and Turthy Jucted a tf
quantitative perdformance evaluation of different FI workflows” (refer
o supplementary figures for illustragion) for the same use-case as the
present study, ie. detecting the boundaries of glioblastoma sulb-
compartuments. Findings from these studies supported the superiority
of the FL workflow wsed in the present study {ie, based on an aggre
giation server™), which had almost identical performance to CL. for
this usecase. Another study" has explored the flrst real-world fed-
cratlon for o breast cancer classification task using 5 slwes, and
anocher™ used electronic medical records along with xoray Images
from 20 sites to wrain a classificr to output a label corvesponding to
future oxygen reguirement for COVIDI9 patients.

This study describes the Largest to-date global FL effort to develop
an accurate aod generalizable ML maodel for detecting glioblastoma
sub-compartment boundarkes, based on dats from 6314 glioblastoma
patients from 71 geographically distnet sites, across six continents
{Fig. 1a). Notably, this describes the largest and most diverse dataset of

ma patients ever considered in the lit It was the use
of FI. that successfully enabled our ML moded 1o gain knowledge from
such an unprecedented dataset. The extended global footprint and the
task complexity are what sets this scudy apart from curvent literinure,
since ®t dealt with a mudti parsmetsic muiticlass problem with refer
ence standards that require expert cliniians following an involved
manual annotation protocol, rather than simply recording a catego-
vical entry from medical records™ ", Moreover, varying characteristics
of the mpMiRI data due to scanner hardware and soquisition protocol
differences ™ were handled at each collabarating skce via established
harmonized preprocessing papelines™

The scientific contributions of this cript can be summarized
by (i) the instghts garmered during this work that can pave the way for
more successful FL studies of increased seale and task complexkiey, (i)
making a potential impact for the treatment of the rare discase of
ghoblastoma by publidy releasing clinically  deployable trained

corsensus maodels, and most importancly, i) demomsorating the
effectiveness of FL at such scale and sk complexity as a paradigm
shit redeflning mudti-sice collaborations, while allevtating the need for
data sharing,

Results

The complete federation foll I a staged approuch, starting from a
“public initial model” (tralned on data of 231 cases from 16 sites), fol-
lowed by a “preliminary consensus maded” (nvolving dats of 2471
cases from 35 sites), to conclude on the “final consensis model”
(developed on data of 6314 cases from 71 sites), To quantitatively
evaluace the performance of the traimed models, 20% of the total cases
concribuged by each participating ske were excluded from the model
training process and used as “local validation data”, To further evaluawe
the generalizabilky of the models in unseen data, & sites were not
imvolved in any of the training stages 0 represent an unseen “out-ol-
sample” data population of 590 cases. To facilieate further evaluation
without burdening the collaborating sites, a subset (n =332) of these
cases was aggregated to serve 28 a “centralized out-of-sample” dataset.
The traming was initiated from a pretrained model (Le, our public
initial modef} rathier than a rendom initislization point, in order to have
[aster convergence of the model performance ™", Model performance
was quantitatively evalimated here using the Dice sionilarity coefficient
(DSC), which assesses the spatal agreement between the moded’s
predicton and the reference standard for cach of the three tumor sub-
compartmenss (E1, TC, WTh.

Increased data can Improve

When the federation began, the public inital model was evaluated
against the Jocal valldadon data of all sies, resulting In an average
(across all cases of all sites) DSC per sub-compartment, of DSCyy =
0.63, DSCyc=0.62, DSCyyy = 075 To summanize the model perfor-
mance with a2 single collective score, we then calculate the average DSC
(across all 3 wimor sub-compartments per case, and then across all
cases of all sites} as equal to 0.66. Following model traiming across all
sites, the final consensus model gamered significant performance
improvements against the collaborators’ local validation data of 27%
(e <1x107), 33K (pyc<1 %107, and 16X (pyy < 1% 10, for €T,
TC, and WT, respectively (Fig. Ic). To furth I the p ial
geaeralzabdity improvements of the final consensus model onunseen
data, we compared ftwith the public inittal model against the complete
out-of -sample data and noted significant performance improvements
of 1SN (pyr =< 1% 1079, 27% (prc<1% 10"}, and 16% (pwy < 1% 107), for
ET, TC, and WT, respectively (Fig. 1), Notably, the only difference
between the public mitial model and the final consensus model, was
that the latter gained koowledge during trainkng from increased
datasets contributed by the complete set of collaborators. The con-
cluston of this finding reinforces the Importance of using farge and
diverse data for generalizable models to ultimately drive patient care,

Data size alone may not predict success
This is Initlally observed in our federated setting, where the com-
parative evaluation of the public Initkal modcl, the preliminary con-
seasus model, and the final consensus model, against the centralized
out-of-sample data, indicated performance improvements not directly
related to the amount of data used for training. Specifically, we noted
major significant {p<7=10", Wilcoxon signed-rank test) perfor-
mance Improvemenis between the public Inital model and the pre-
liminary consensus model, as opposed to the inslgnificant (p = 0.067,
Wilcoxon signed-rank test) ones between the preliminary and the final
comensus model, a8 quantified in the centralized out-of-sample data
for all sub-compartments and their average (Fig. 25,

We further expanded this analysis to assess this observation in a
non-federsted configuration, where we sclected the largest collabor
ating sites (comprehensive cancer centers contributing > 200 cases,
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and famidiar with computational analyses), and coordinated indepen:
dent model training for each, starting from the public initial modef and
using only their local traning data. The findings of this evaluation
indicate that the final consensus model performance is ofways superior
or insignificantly different (Dpnp- =01, P =03, pye=02, pyi=
0.06, Wilcoxon signed-rank test) to the ensemble of the local models
of these four largest contributing collaboragors, for all twmor sub-
compartments (Fig. 2). This finding highlights that even large sites can
benefit from collaboration,

FL Is robust to data quallcy Issues

Data quality Issues refating to erroneous reference annotations (with
potential negative downstream effects on output predictions) were
identified by monitoring the global consensus model performance
during training. However, only data quality issues that largely affected
the global validation score could be identified and corrected during
training. Those with more subtle effects in the global validation score
were only identified after the completion of the model training by
looking for relatively low Jocal valdation scores of the consensus
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model across collaborating sites. An example of such a quality tssue
with erroneous reference labels (from Site 43) ks shown in Fig. 3c.
Looking closer, local validation scores at Site 48 (Fig. 1b) are sig
nificantly different (0rr<3%10%, pre<3%10 9, pyr<3=10 % Wil
coxon signed-rank test) than the average scores across the federation
{Fig. 3a). Significant differences were calculated by sample paires for
each federated round, where a sample pair consists of the mean vali-
dation score over samples for Site 48 paired with those across all sites,
These local validation scores (Fig. 3b) indicate that the model is not
gaining knowledge from these local data, and their comparison with
the average scores across the federation (Fig. 1a) indicates that the
ghobal consensus model performance is not adversely affected. This
finding supports the importance of robustness at a global scale,

FL benefits the more challenging tasks

The complexity ol boundary detection drops when moving from
smaller to larger sub-compariments, e, from ET w0 TC, and then wo
WT'" ¥, This Is further confirmed here, as evidenced by the model's
relative performance Indicated by the local validation curves and their
underlying associated areas in Fig. .a. Since the current clinically
actionable sub-compartments are TC (i.e., considered lor surgery) and
WT (ie, considered for radiotherapy)®, performance improvements
of their boundary detection may contribute 1o the model’s clinical
impact and rebevance.

Our findings indicate that the benefits of FL are more pronounced
for the more challenging sub-compartments, |.e.. larger performance
improvements for ET and TC compared to WT (Fig. 1ch. Notably, the
largest and most significant improvement (33%, p<7x 10 “} is noted
for the TC sub-comparument, which i surgically actionable and not 2
trivial sub-comparument (o delineate accurately” . This finding of FL
benefiting the more challenging tasks rather than boosting perfor-
mance on the refatively casier task (e.g,, thresholding the abnormal T2/
FLAIR signal for the WT sub-compartment) by gaining access to larger
amounts ol good quality data holds a ot of promise for FL in
healthcare.

Optimal model selection is non-trivial
Using the performance of the global consensus moded doring training
across all local validation cases, two distinct moded configurations
were explored for selecting the final consensus model. Analyzing the
sequence of consensus models produced during each federated
round, we selected fowr different models: the singlet. for which the
average DSC across all sub-compartments scored high, and three
Independent models, each of which yielded high DSC scores for each
tumor sub-compartment, i.e., ET, TC, WT. We delined the collection of
these three independent consensus models as a eipler,

To ideneify the best maodel, 5 singlers and 5 triplets were selected
based on their relative performance on all local validation cases and
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evaluated against the centralized out-of sample data. Only small dir-
ferences are observed between the singlet and riplet models, and
these differences diminish as the sub-compartment size increases,
Comparing the means of singlet and tripler, the larger (and only sig-
nificant) performance improvement difference compared to the pulby
lic initial model is noted for the ET sub-compartment (mproved
by < 3%, pyy = 0.02), followed by TC (improved by < L4%, pye = 0.09),
and then lastly WT (improved by < LIX, pywy = 0.2) (Tables St and S2),
However, the decision of using a singlet or a triplet moded should akso
rely on computational cost considerations, as friplets will be three
times moce expensive than singless during model inference.

Discussion
In this study, we have described the largest real-world FL effort to-date
utilizing data of 6314 glioblastoma patients from 71 geogrophically
unique sites spread across 6 conti to develop an accurate and
generalizable ML model for detecting glhioblastoma sub-comparment
boundarkes. Notably, this extensive global footprint of the collabor-
ating sites in this study also vields the lorgest dataset ever reported in
the literature assessing this rare disease, It is the use of FL that suc
cessfully enabled (i) access 1o such an unprecedented dataset of the
most common and fatal adult brain wmor, and (i) meaningful ML
training to ensure the generalizabllity of models across out-of sample
data. In comparison with the limited existing real world FL studies™ ™,
our use-case Is larger in scale and substantially more complex, since it
(1) addresses a molti-parametric multi<lass problem, with reference
standards that require expert colliborating clinicians o follow an
involved manual anmotation protocol, rather than simply recording a
categorical entry from medical records, and (2) requires the data to be
preprocessed In a harmonized manner to account for differences In
MRI acquisition, Since glioblastoma boundary detection is critical for
treatment planning and the requisite first step for further quantitative
analyses, the models generated during this study have the potential to
make a far-reaching clinical impact.

The large and diverse data that FL enabled, led to the final con
sensus model gamering significane performance improvements over

the public Indtial model against both the collaborators” focal validation
data and the complete out-of sample data. The improved result is o
clear indication of the benefit that can be afforded through access to
more data, However, increasing the data size for maodel training
without considerations relating 1o data quality, relerence labels, and
potential site bias (e.g., scanner acquisition protocols, demographics,
or sociocultral considerations, such as more advanced presentation
of discase at diagnosks in Jow income regions'’) might not always
improve results, Literature also indicates an ML performance stagna-
tion eflect, where each added case contributes less o the model per-
formance as the number of cases increase®. This is in line with our
finding in the federated setting (Fig. 2), where performance improve-
ments across the public initlal model, the preliminary consensus
model, and the final consensus model, were not directhy/linearly rela
ted to the amount of data usedd for training. This happened even
though the fimal consersus model was trained on over twice the
number of cases (and included 2 of the targest contributing sites - Sites
1 and 4) when compared to the preliminary consensus model Further
noting that the preliminary federation model was already within the
intra- and inter-rater variability range for this use-case (20% and 28%,
respectively)”, any further improvements for the full federation con-
sensus model would be expected 1o be minimal”™ .

To further assess these considerations, we coordinated indepen-
dent moded training for the four largest collaborating sites (e, >200
cases) by starting from the same public Initial model and using only
their Yocal training data, The ensemble of these four largest site Jocal
models did not show significant performance differences t the final
consensus model for any twmoee sub-compantment, yet the final con-
sensus model showed superior performance indicating that even sltes
with large datasets can benefit from collaboration. The underlying
assumption for these results is that since each of these collaborators
initiated their training from the public initial model (which included
diverse data from 16 sites), their independent models and their
ememble could have inherited some of the initial model's data diver-
sity, which could justify the observed Insignificant differences (Fig. 2
and Supplementary Fig. 3), Though these findings are an indication
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that the nclusion of move data alone may not lead to better perfor-
mance, It 5 worth noging that these four angest sies used for the
independent mode raining represent compeehensive cancer centers
{compared to hospitals in community settings) with affiliated sophis-
ticated labs focusing on brain tumor research, and hence were famidiar
with the intricacies of computational analyses, Further comsidering the
slorementicaed ML performance stagnation effect, we note the need
for generalizable solutions to guandfy the contribution of collaborat-
ing sites to the final consensus model performance, such that future FL
studies arc able to foemally assess both the quantity and the quality of
the contributed data needed by the collaborating sites and decide on
their potenciad Inclusion on use-inspired studies.

As noted In our results, due to the lack of such generalizable
solutlons, we were only able to Identfy quality Issues after the model
tralning. Specfically, we hypothesize that although Site 48 had data
quadity issues, its effect on the consensus model performance was not
significant due to ks relatively small dataset (n = 46) when compared Lo
the other collaborating sites. The curves of Fig 1a indicate that the
global consensus model continues to consistently gain knowledge
from the federation as & whole during training, highlighting robustness
to such data quality issues. It remains unknown, however, how much
better the consensus model would have performed if sites with pro-
blematic data were excluded or if these specific problematic data at
Ske 48 wore excluded or comrected. These findings are aligned with
litermuve observations (on the same use-casel”’, where a DL model"™
wrained on 641 glioblastoma cases from 8 sites produced higher quality
predictions on average than those created as reference standand labels
by radiology expert operators. Quality was judged by 20 board-
certfied newroradiologists, in a blinded side-by-side comparison of
100 sequestered unseen cases, and concluded that perfect or near-
perfect refevence labels may not be required w produce high-quality
prediction systems. In othes words, DL models may kam to see past
imperfect reference traiming labels, These findings provide the
impetus for further experimentation as they have implications for
future FL stisdes. Future h s ded 1o 2t ically detect
anvenalles In the comsensus model performance during tatning, par-
ticularly assockated with contribations from individual sites.

There are a number of practical considerations that need to be
taken ino account 1o set up a mudti-natonal realworld federation,
starting with a substantial amount of coordination between each par-
uiclpoting site. As this study Is the fivse at this scale and task complexity,
we have complled a set of governance Insights from our experience
that can serve as coasiderations for future successful FL studies. These
insights differ rom previous litemture that deseribes studies that were
stmaller in scale and imvolved Simpler tasks™ ™, By “govermance” of the
federation we vefer both to the accurate deflnition of the problem
statement (ncluding reference labels and hanmonization considera-
vons accounting for Inter-site variability), and the coordinadon with
the colluborating sites for eligibility and compli with the probl
statement definition, s well as security and technical considerations.
For future efforts siming to conduct studies of a similar global scale, it
would be beneficial to Identify a soluton for governance prios wo
initiating the study ikscif,

The coordination began with engaging the sccurity teams of
collaborating sites and providing them access to the source code of
the platform developed to facilitate this study. These security dis-
cusshors highlighted the benefit of the platform being open-source,
making security code reviews easier. Resource gathering was then
carried out by Mentfying technical leads and assessing computa-
tlonal resources at cach site. With the technical leads, we then
proceeded to test the complete workflow to further identily gaps in
the requirements, such a8 network configurations and hardware
requirements. We then proceeded with data curation and pre-
processing, and finally connected Individual sices to the aggrega-
tion server to iitiate their participation,

Following the precise definition of our problem statement ™',
ensuring strict compliance wich the preprocessing and annotation
protocol for the generatkon of reference standards was vital for the
model 1o learn comect information during traiming. To this end, we
instituted an extensively and comprehensively documented annota-
tion protocol with visual ple rep stions and ¢
expected erors (s observed in the literature™ ) Lo all collaborators.
We have further circulaced an endo-end platform™ developed to
facilicate this federation, providing to each collaborating site all the
necessary functionaltties to (1) uniformiy curate their data and account
for interske acquisition variabilicy, (i) generate the reference stan-
dard labels, and (W) participace in the federated tmining process.
Finally, we held Interactive sessions to complement the theoretical
definition of the reference standards, and further gulde collaborating
sites. Fartkcular pain points regarding these admintstrative tasks
included managing the lange volume of commumication (ie,, email
and conlerence calis) Jed (0 2dd: guestions and issues that
arose, 25 well 2s the downtime incurred in FL training due Lo issues that
had 0ot yet been dentified and were adversedy affecting the global
model Though we developed many ad-hoc tools for this workflow
ourselves (particularly for the data processing and orchestration
steps), many ssues we encountered were common enough in retro-
spect (for example common Transport Layer Security (T1LS) ermors)
thet mature automated sofutkons will address them. Many of these
automations will be use-case dependent. such as the MRI data cor-
ruption checks we used from the FeTS tool”. For these usecase:
dependent sutomation, move assoctated tools are expected to become
available a5 various domain experts enter into the FL community, while
sotne will be move gener al purpose. As our inspection of both local and
wlobal moded validatkon scores was manus during our deployment, we
Inretrospect see greac value In automated notifications (performed at
the colbborator infrastructure to help minimize data information
leskage) to alert a collaty (or the go } when their local or
obal model validation is significamly low. Such an alert can indicate
the patential need to visually inspect example failure cases in thelr data
for potential issues, With continued efforts towards developling auto-
mated administration tools around FL deployments, we expect the
coordination for large FL deployments to become easier.

In general. debugging issues with the mputted local data and
annotatkons is more difficult during FL due to the level of coordination
and/or privacy issues involved, since the data ave always retalned a the
collaboratkng ske. We gained substantial experience during thes effort
that weat into Further development of use-ispired but generafizable
data sanity-checking functionality in the tools we developed, towards
facilicating further multisite collaborations.

Upon conclision of the study, sites participating in the model
training process were given o survey to fill in regarding varkus aspects
of thelr expertence. According to the provided feedback, 96% of the
sites found the comprehensive documentation on preprocessing and
data curation essential and thought that lack of such documentation
could have resulted in inconsistent annotations. Additionally, 92%
found the documentation relating to establishing secure connectivity
to the ageregation server easy to follow and essential to expedite
reviews by the related groups. Turthermore, 84% of the skes appre-
ciated the userfriendly interface of the provided tool and its asso-
ciited complete functionality (beyond its FL backend), and indicated
their intention to use it and recommend i¢ for profects and data ana-
lysis pipelines beyond the scope of this study. To generate the refer-
ence standard tabels for thelr local data, 86% of the collaborating sites
indicated that they used either the FeTS Tool™* (Le,, the wol developed
for this study), CaPTE™, or ITK-SNAPS, whereas the remaining 145 used
either 3D-Slicer™, the BraTs wolkit, or something else. o wrms of
lardware requirements at each site, 88% used a dedicated workstation
for their local workioad, and the remaining 12% used cither a con
tainerized form of the FeTS tool or a virtual machine,
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Although data are always retained within the acquiring sice during
FL (and hence FLIs defined as private-by-gesig), different security and
privacy threats remaln™ ", These threats include sttempred extracthon
of training data information from mtermediate and final models,
mod:l theft, andsubmbﬁm of potson madel updates with thegoolol

scenarios wich the potentiad for great impact on rare diseases and
underrepresented populations.

Methods
The study and results presented i this manuscript comply wich all

L d model behavior (including i wing the
model to memorize more information about the mhlug data i sup-
povt of subsequent extracthon, Le. keakagel. A number of technologles
can be used to mitigate seourity and privacy concems during FL7
Homoemarphic encrypeion”™, secure mudtiparty compuce”, and trusted
execution enviroaments (TEEs)™ " allow for collaborative computa-:
tions to be performed with untrusted parties while maintaining con-
fidenciality of the Inputs 1o the computacion. DMferentially private
wralning algorithons' ™ allow for mitgadon of information leakoge
from both the collabovator model updates and the global consensus
amgregated models. Finally, assurance that remaote compatations are
executed with integricy can be designed for with the use of hardware-
Dused trust provided by TEES, as well as with some software-based
Integyity checking™. Each of these technologies comes with its own
benefits in terms of security and/or privacy, as well as costs and lim-
itations, such as increased computational complexity, associated
hardware requirements and/or reduced quality of computational
output {(such as the reduction ol model utility that can be associated
with differentially private model traling). Further experimentation
needs to be done In order to best inform prospective federackons as to
which technologies 1o use towards addressing their specific concerns
within the context of the collaborator infrastructure and trust levels,
depending oo the use-case, the extent of the collaborating network,
and the level of truse wichin the involved parties. Our study was based
on 4 collabosative network of trusted sites, where suthentication was
based on personal communlcacion across collaborating skes and the
combination of TLS and TEEs were considered sufficient,

Although our study has the potential to become the baseline upoa
which luture ML research studies will be done, there is no automated

| ethical regulations and follow appropriste echical standards in
conducting research and writing the manscript, following ol applic-
able laws and regubations regarding the treacment of human subjects.
Use of the prvite rerospective data collection of each collaborating
site has been approved by their respective institutional review board,
where mformed consent from all participants was also obtaimed and
stoved.

Data

The data considered in this study described patient populations with
adult-type diffuse glioma™, and specifically displaying the radiological
leatures of globlastoma, scanned with mpMRI (o characterize the
anatomical tissue structure . Each case is specifically described by (i)
mative Tl-weighted (T1), (1) Gadolnmium-enhanced Thweighted (T1Gd),
(i) T2-weighted (T2), and (v) T2weighted Huid-Anenuated Inver
sion-Recovery (T2 FLAIR) MRS scans. Cases with any of these sequen-
ces missing were not included in the stisdy. Note that no inclusion/
exclusion criterion applied relating to the type of scquisition (ie., bath
20 adal and 3D acquiskions were Included, with a prefesence for 30 If
avallable), or the exact type of sequence (e.g., MP-RAGE vs. SPGR), The
onfy exclusion crterion was for THFLAIR scans that were intenclonally
exclided to avoki mixing varying tissue appearance due to the type of
sequence, across native Tl-weighted scans.

The publicly available data from the Inemational Brain Tumor
Segmentation (BraT$) 2020 challenge™ ., was used to train the public
Initial model of this scudy. The Brals challenge™ ", sceking metho-
dological advancements in the domain of newo-oncology, has been
providing the community with (i) the fargest publicly avaibable and
manually-curated mpMRI dataset of diffise glioma patients (an

mechanism to assess inputted data quality lrom collab s, which
could result in models trained using sub-optimal data Addigonally, we
used a single offthe-shelf neural network architecture for training. but
it has been shown that model ensembles perform bester for the task at
hand™ ™, and & remains to be explored how such a strategy could be
explored In a federated stady. Moreover, the instantiation of the fed-
craton lnvolved a significant amount of coordination between cach
ske and considering the limited read-world FL studies at the time, there
were no ok avallble to sutomate such coordination and orches:
tration. These involved (i) getting interviewed by information security
officers of collaborating siees, () ensuring that the harmonized pre-
processing pipeline was used effectively, () clear communication of
the annotation protocol, and Iv) testing the network communication
between the agzregator and each sice. This amount of effort, if noc
aided by d tools, will continue to be a huge roadblock for FIL
studies, and dedicated coordination and orchestration resouwrces are
required to conduct this in o reproducible and scalabl

ple of which is Blustrated in Fig. 1b), and (i) & hanmoaized pre-
processing pipeline 7 1o handle differences In incer-site acquisition
protocols. The public initial model was used to initalize the FL train-
gL i d of a randomly ger d mitialization, as starting from
pre-trained model keads to faster converggence”’. The complete BraTS
2020 dataset oviginally included cases from sites that also pardcipated
In this study as independent cofaborators. To avold any potentlal data
leakage. we reduced the stze of the complete Bral$S dataset by
removing cases acguived by these specific sites, resulting in a dataset
of 231 cases [rom 16 intermational sices, with varying contrituting cases
across sices (Fig le). The exact site 1Ds that construct the daa of the
publbic initial model are: 47, 51, 55, 57, 58, 61, 62, 63, 64, 65, 66, 67, 68,
69, 70, and 7L Subsequently, the resulting dataset was splic at a 421
ratlo between cases for tralning (1 - 1851 and validation (1~ 46}
The eligibifity of collaborating sites to participate in the federa-
tion was determined based on data availabiliy, and approval by their
pective imstitutional review board. 55 sites participated as inde-

We have demonstrated the utidey of an FL workflow to dm:lopan
accurite and generalizable ML maded for detecting glioblastoma sub-
comparument boundaries, a finding which is of particular releyance for
newrosurgical and radiotherapy planming i patients wich this disease,
This study is meant to be used as an example for fugure FL studies
between collaborators with an inherent amount of trust that can result
in climcally deployable M. models. Further research §s requived o
assess privacy concerns i @ detalled manner™™* and to apply FL to
different tasks and data types™ ™. Building on this study. a continuous
FL consortium would enable dowastream guantiative analyses with
implications for both routine practice and clinical trials, and most
importantly, increase access to high-guality precision care worldwide.
Furthermore, the lessoas leamed from this study with such a global
footprine are invaluable and can be applied to 2 broad amay of dinkcal

pendent collaborators in the study defining a dataset of 6083 cases,
The MRI scanners used for data acquisition were from multiple ven-
dors (i.e.. Siemens, GE, Fhifips, Hitachi, Toshiba), with magnetic ficld
strength ranging from IT to 3T, The data from all 55 collaborating sites
followed a makesfemale ratio of L47:1 with ages ranging between 7 and
94 years.

From all 55 collaborating sices, 49 were chosen o be part of the
tralning phase, and 6 sites were categovized as “owt-af-sample”, Le.,
none of these were part of the tratming stage. These specific 6 out-of
sample sites (Site 1058, 11,19, 20, 21, 43) were allocated based on their
availability, ie., they have indicated expected delayed participation
rendering them optimal for model generalizatality validathon. One of
these 6 out-of-sample sites (Sice 11} contributed aggregated a peiorl
data from a multi-site randomized climical trial for newly disgnosed

Nstum Communications | (2022)13:7346

-116-



Article

ntipay/dol.org/10.9%038/641467-022-33407-5

dichbstoms  (ClinicalTeislogov  Mdentifier:  NCTOOS84741,
RTOGOS25™", ACRING686 ™), with inberent diversicy benefiting the
intended generalizability validation purpose. The American College of
Radiology (ACR - Site 11) serves as the custodian of this trial's imaging
data on behall of ECOG-ACRIN, which made the data available for this
study. Following screening for the availability of the four required
mpMRI scans with sulficient signal-to-noise ratio judged by visual
observation, o subset of 362 cases from the orlginal trial data were
included in this study. The outofsample dota totaled 90 cases
inentionally beld out of the federation, with the intention of valiiating
the consensus modded in completely unseen cases. To facilitate further
such generalizability evaluation without burdening the colkrborating
shees, a subset consisting of 332 cases (including the multh-sie clinkeal
data provided by ACR) from this out-of-sample data was aggregated, o
serve as the “cemmalized out-of sample” dataset. Furthermore, the
49 sites participating in the training phase define 2 collective dataset of
5493 cases. Theexact 49site IDs ave: 1, 2.3,4,5,6,7,9.10, 12,13, 14,15,
16,17,18. 22,23, 24, 25, 26, 27, 28, 29,30, 31, 32,33, 34, 35, 36,37, 38, 39,
40,41 42, 44. 45, 46, 48,49, 50, 52,53, 54, 56, 59, 60. These cases were
automatically split a each site following a 4:1 ratio between cases for
training and local valikfation. Buring the federated training phase, the
data used for the public initial model were also included as a dataset
from a separate nodde, such that the contribution of sites providing the
publicly avallable dota ts not forgotten within the global consensus
model. This results i the final consensus model being developed
based on data from 71 skes over a total dataset of 6314 cases, Collective
demographic mformation of the inclded population & provided in
Table S3.

Harmonized data preprocess!

Once each collaborating site identified ts Jocal data. they were asked
10 use the preprocessing functiopality of the software platform we
provided. This functionality follows the harmonized data preproces-
sing protocol defined by the BraTS challenge' ", a5 described below.
This would allow accounting for interite acquisition protocol varia-
sons, e.g. 30 vs. 2D axkal plane acquisitions.

Filla-type conversion/patient de-identification. The respective
mpMRI scans (e, T1, TIGA, T2, T2-FLAIR) of every case are down-
foaded onto a Jocal machine in the Digital Imaging and Comamumica-
vons In Medicine (DICOM) format™ ™ ond converted to the
Newrolmaging Informatics Technology Inldative (NIFTT fife format™ to
ensure easker parsing of the volumesric scans during the computa:
tonal process. The conversion of DICOM to NITT files has the benefit
of eliminating all patient-identifiable metadata from the beader por-
tion of the DICOM formar™ ",

Rigid regstration. Once the scans are converted w0 the NIfT1 fomm
each volume is tcpslered toac 3l space,

the SR124 atlas™, to ensure a cohesive data shape ([240, 240, l“])
and an isotrepic voxel lution (1 mm’), thereby facilitating in the
tandem analysis of the mpMRI scans. One of the most common
types of MRI nokse Is based on the inhomogeneity of the magnetic
field™. It has been previously” shown that the use of non-para-
metnic, non-uniform imensity normalization to correct for these
bias fields™ " obliterates the MRI signal relating to the regions of
abnormal T2-FLAIR signal. Here, we have taken advantage of this
adverse effect and used the bias fleld-corrected scans to generate a
more optimal vigid registration solution across the mpMRI
sequences, The bias field-corrected Images are registered to the
TIG image, and the TIGd image is rigidly registered to the SRI24
atlas, resulting in two sets of traasformation matrices per MRI
sequence. These matrices are then aggregated into 2 single matrix
defining the transformation of each MRI sequence from its original
space to the atlas, We then apply this single aggregated matrix to

the NIFT1scans prior to the application of the bias fleld correction to
maximize the Rdelicy of the finally registered images.

Brain axtraction. This process focuses on generating a bram mask to
remove all non-brain tissue from the image (including neck, fat, eye-
balls, and skull), to enable lfurther computational amlyses while
avoiding any potential face reconstruction/recognition™. For this step
we utilized the Brain Mask Generator (BrainMaGe)™, which has been
exphicitly developed to address brain scans in presence of diffuse
#oma and considers brain shape as a prior, hence being agnostic to
the sequence/maodality input.

Generation of sutomated baseline delineations of tumor sub-
compartment boundaries. We provided the ability to the collaborat-
Ing sites o generate sutomated delincations of the wmor sub-

from three popud haods from the BraTs challenge,
umg models traned using the challenge’s Uraning data: (i)
DeepMedic®, (i} DeepScan™, and (i) nntNec. Along with segmen-
tations from each method, fabel fuskon strategies were also employed
to provide a reasonable approximation to the reference labels that
should be manually refined and approved by expert newroradiologists
to create the final reference labels, The label fusion approaches con-
sidered were i} standard voting™, (i) Simudtaneous Truth And Perfor-
mance Level Estimation (STAPLEY™, W) majority voting”, and Iv)
Sclective and kerative Method for Performance Level Estimation
(SIMPLEY™.

Manual refinements towards reference standard labels It was
communicated to all participating sites to leverage the annotations
generated using the astomated mechanlsm a5 a baseline on which
manual refinements were needed by neurovadiology experts, follow-
ing o consistently communicated annatation protocol. The reference
annotatioas comprised the Gd-enhancing tumor (ET-label ‘4), the
pericumoral edematous/invaded tissue (FD-label 27, and the necrotic
tumor core (NCR-label 7). ET i generally considered the most active
portion of the tmor, described by areas with both visually avid, as well
as faintly avid, enhancement on the T1Gd scan, NCR is the necrotic part
of the tumor, the appearance of which is hypointense on the TIGd
scan. ED s the peritumoral edematous and infiltrated tissue, defned by
the aboonmal hyperintense signal emvelope on the T2FLAIR scans,
wiich Includes the Inflitrative non-enhancing tumor, as well as vaso-
geake edema In the pertumoral reglon™ ™ (an illustration can be seen
in Fig. 1b).

Data splits. Once the data were preprocessed, training and validatioa
coborts were created randomly in 3 4:1 ratio, and the splits were pre-
served durlng the entive durathon of the FL tralnlng o prevent dat
leakage. The performance of every model was compared agalnst the
local validation data cobort on every federated round.

Data loading and processing

We leveraged the data loading and processing pipeline from the
Cenerally Nuanced Deep Leaming Framework (GaNDLF)™, to enable
experimentation with various data augmentation techniques. Imme:
diately after data loading, we removed the all-zero axial, coronal, and
sagittal planes from the image, and performed a z-score normalization
of the noa-zero image intensities™. Each tumor sub<compartment of
the reference label is first splic into an Individual chamned and then
passed o the newal network for processing. We extracted o single
random patch per mpMRI volume set during every federated round.
The patch size was Kept constant at [128, 128, 128] to ensure that the
traived model can fic the memory of the baseline hardware require-
ment of each collaborator, Le., 3 discrete graphics processing unic wich
A minimum of 11GB dedicated memory, For data augmentation, we
added random noise augmentation (= 0.0, o= 0,1) with a probabity
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of p=0.2, vandom rotations (90° and 180°, with the axis of rotation
being uniformly selected n each case from the set of coronal, sagittal,
and axdal planes) each with a probability of g~ 0.5, and a random flip
augmentation with a probabilicy of p = 1.0 with equal likelibood of flips
across the sagittal, coronal, and axial planes,

The neural network architecture

The trained model to delineate the diffevent tumor sub-compartments
was based on the popular 30 U-Net with residual connections (30
ResUNet)™ ", an illustration of which can be seen in the Supplemen:
tary Fig, 1. The network had 30 base filkers, with a learning rate of
Ir =5 %10 optimized using the Adam optinizer™ . For the loss func-
son used in training, we used the generalized DSC score' ™™ (repre-
sented mathemacically in Eq. (11 on the absolute complement of each
wmor sub-compartment independently. Such mimored DSC loss has
been shown 1o caplure varations in smaller regions better™. No
penalties were used in the loss function, due (o our use of ‘mirrored’
DSC loss™ " The final fayer of the model was a sigmoid layer, pro-
viding three channel outputs for each voxed In the input volume, one
ouput channel per tumor sub-compartment. While the generalized
DSC score was calculated using 2 binarized version of the ouput
(check sigmoid value against the threshold 0.5) for the final prediction,
we used the floating point DSC'™ during the training process.

2JRL ¢ P\
_ R Py
OSC= et < w, M

where RL serves as the reference Label, PM is the predicted mask, o s
the Hadamard product” (Le., component-wise multiplication), and
Il is the Ll-porm™, e, the sum of the absolute values of all
Componems),

The Federation

The ative k ol the pr stsdy spans & continents
{Fig. 1), wich data from 71 geographically distinct sites. The training
process was initiated when each collaborator securely conoected to a
central aggregation serves, which resided behind a firewall at the
University of Pennsylvania, We have identified this FL workRow (based
on a central aggregation server) as the optimal for this use-case, fol-
fowing 2 performance evaluation' for this very same task, e,
detecting globlastoma sub-compartment boundartes. As soon as the
secure connection wos established. the public initlal model was passed
to the collaborating site. Using FL based on an aggregation server
{refer to supplementary figures for illustreation), collaborating sites
then tained the same network architecture oa their local data for one
epoch, and shared model updates with the central agevegation server.
The centrul aggvegation sexver recelved model updates from all cok-
laborators, combined them (by averaging model parameters) and sent
the consensus moded back to each colborator to contimue their local
training, Exch such iteration is cifled a “lederated round™. Kesed on our
previously conducted peformuance evaluation for this usecase’, we
chose (o perform aggregation of all collaborator updates in the pre-
sent study, using the federated averaging (FedAvg) approach™, Le.,
average of collaborator's maodel updates weighted according to cod
laborator's contribiging data. We expect these aggregation strategy
choices to be use-case dependent, by providing due consideration to
the collaborators” assockited compute and network infrastructure. In
this study, all the network communications during the FLL model
training process were based on TLS", to mitigate potentlal exposure of
information during transit. Additonally, we demonstrated the feasi
bility of TEES“ for federated training by running the aggregator
workload on the seaure enclaves of Intel’s Secure Guard Extensions
(SGX) hardware (Inrel® Xeon® E-2286M Wro B-Core 24-5.0GHz
Turbo), which ensured the confidentiality of the updates being
aggregated and the integrity of the consensus model, TUS and TEES con

1ty

help mitigate some of the security and privacy concerns that remain
for FL™. After not obsesving any meaningful clanges slice round 42,
we stopped the training after a total of 73 federated rounds. Addi-
tionally, we performed all operations on the aggregator oa secure
hardware (TEE™), in order to increase the trust by all parties in the
confidentiality of the model updates being computed and shared, as
well & to increase the coafidence in the integrity of the computations
belng performed™,

We followed a staged approach for the training of the global
consensus model, starting from a preliminary smaller federation
across a subset (n=35) of the participating sites to evaluate the
complete process and resolve any knitial network issues. Note that
16 of these 35 sites were used o trak the public Inital model, and
used in the prefiminary federadon as an aggregated dataset. The
exact 19 site 1Ds that participated In the training phase of the pre
liminary federation, as independent sites are= 2, 3, 9, 14, 22, 23, 24,
27,28, 29,31, 13,36, 37, 41, 46, 33, 54, and 59. The total daty hedd by
this smaller federation represented approximately 42% (n - 2471) of
the daty used in the full federation. We also trained Individual
models (mitialized using the public initial model) using centralized
training at all sites holding >200 training cases, and performed a

'y ive evaluation of the ¢ us madel with an ensemble
of these “single site models™, The per voxel sigmoid outputs of the
ensemble were computed as the average of such outputs over the
Individual single-ske models. As with all other models in this scudy,
binary predictions were computed by comparing these sigmoid
outputs to a threshold value of 0.5, The single-site model ensemble
wtilized (via the data at the single site) approximately 33% of the
total data across the federation.

Model runtime in low-resource settings

Chnical environments typically have constrained  computational
resources, such as the availability of specialized hardware (eg, DL
acceleration cards) and increased memory, which affect the runtime
performance of DL inlerence workloads. Thus, taking into considera-
tion the potential deployment of the find consensus moded In such
lowresource settings, we decided to proceed with a single 30-Resl)-
Net, rather than an ensemble of multiple models. This decision

i a reduced putational burden when compared with run-
ning multiple models, which & gpically done in academic research
projects® .

To further faciliate use In low-resource environments, we have
provided a post-araining run-time opdmized”’ version of the final
comsensus model. Graph level optimizations (Le., eperators fusion)
were initially applied, followed by optimizations for low precisicn
inference. i.e., converting the floating point single precision model 1o a
fixed precsion St oteger model (a process known  as
‘quancization™ ). In  particular, we used  accuracy-aware
quantization’™, where moded Tayers were iteratively scaled to a lower
precision These optimizations yielded nam-time performance
benefits, such as lower inference latency (a platform-dependent
F48 xaverage speedup and 229 xveduced memory reguirement
when compared with the original consensus model) and higher
throughpie {egual to the 4.48 xspeedup improvement since the
batch size used is equal to 1), while the trade-off was an insignificant
(Pavesage < 7 % 107} drop in the average DSC.

Clinically-deployable consensus models. To further encourage the
reproducibility of our study, and conssdering enhancing the potential
impact for the study of the rare disease of ghoblastoma, we publicly

| ! the trained models of this study. We specifically released the
final singler and triplet consensus models, including the complete
source code used in the project Taking into consideration the
potential deployment of these models in clinical settings, we refrained
from training an ensemble of models (as typically done in academic
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research projects™ ), due to the addtionad computational burden of
running multiple models. Furthermore, o facilicate use n low-
resource environments, we aso provide a post-training run-time

1o encourage further research on FI' and is avalable at gthub.cony
Intel/openil. The opamizadon of the ¢ s model infe
worldood was performed  via  OpeaVINO™  (aithub.com/

optimized™ version of the final consensus moded that obwviates the
need for any specialized hardware {(such as DL acceleration cards ) and
performs insignificantly different from the final consensus model
when evaluated agains the centralized out-of-sample data.

Reporting summary
Further information on research design is available n the Nature
Research Reporting Summary linked to this articke.

Data

The datasets used In this study, from the 71 pardcipating sites, are noc
made publicly avallable as a coflective data colfecthon due to restrc
o imposed by acquiring sites. The public initial model data from
16 sites are publicly available through the BraTS challenge™ ™ and are
available from https/www.med upennedu/ciea/bras2020. The data
from cach of che 55 collaborating sites were aeither publicly avaltable
during the execution of the study, nor shared among collaborating
sites or with the aggregator, They were instead used locally, within
each of the acquinng sites, for the training and validation of the global
consensus model at each federated round. The amtomical template
used for co-registration during preprocessing is the SRI24 atlas™ and s
avallable from haps:'www.nitre ong/projects/sr 24,

Source data are provided with this paper, Specifically, we provide
the raw data, the associated python scrigds, and specific instructions to
repraduce the plats of this study in a GithHub repository, at: gihb,
com/FETS-AL2022 Manusaript Supplement. The file ‘SourceData gz,
In the twp directory holds an archive of csv files representing the
source data. The python sorlpts are provided i the ‘seripts” folder
which utilize these source diata and save ".png’ images to disc and/or
print litex code (for tables) to stdowe. Farthermaore, we have provided
three sample validation cases, from the publicly avaiable BraTS data-
set, to qualicatively showcase the segmentation differences (small,
moderate, and large) seross the final global consensus model, the
public inittal moded, and the ground tnnh annotations in the same

Code availability

Motivated by findability, accessibility. Interoperability, and reusability
(FAIR) criteria In sclenefic research™, all the code used to design the
federated Tumor Segmentathon (FeTS) platform'™ for this study s
available through the FeTS Tool™ and it i available ot wchub.com/
TETS-AlFront-End. The functionalty refated 1o preprocessing (ie.,
DICOM o NIfTT comversion, population-tused barmonized pre-
processing, co-registration) and manual refinements of aanotation &
derived from the opensource Cancer Imaging Phenomies Tookic
(CaPTk, ghubcom/CIICA/CaPTR)™ ™", The coregistration is per
formed using the Greedy framework™, available via CaPTK"™7, ITK-
SNAPY, and the FeTS Tool'". The brain extraction & done using the
BrainMaGe method”, and & avallable ot github.com/CBICA/
BrainMaGe, and via GaNDLF™ at github.osm/mlcommons/GanNowr,
To generate automated annotations, DeepMedic's' integration with
CaPTk was used, and we wsed the model weights and mference
mechanism provided by the other algorithm developers (DeepScan™
and nnU-Net"™ (github coonMIC-DKFZnnumet)). DeepMedic’s original
implementaton is avaifable I @ithub comydeepmedic/ decpmedic,
whereas the one we used In this study can be found at gichub.com/
CHICA/deepmedic. The fusion of the [abels was done using the Label
Fusion tool™ avaitable at github.com¥ ETS-AVLabelf usion. The data
loading pipeline and network architecture were developed using the
GaNDLF framework™ by using PyTorch'™. The data augmentation was
done via GaNDLF by leveraging Torchl0', The FI hackend developed
for this project has been open-sourced as a separate software libeary,

ivopenvino/tree/2021.4 1), which is an opensource
tml&k enabling acceleration of neural network models through var-
ious optimization technigues. The optimizations were evaluated on an
Intel Core® i7-1185G7E CPU @ 2.80 GHz with 2 < 8 GE DDR4 3200 MH2
memory on Ubuntu 18.04.6 OS and Linux kernel version 5.9,0-050900-
generic.
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Moderni techniky MR zobrazeni u roztrousené

sklerézy

State-of-the-Art MRI Techniques for Multiple
Sclerosis

Souhm

Magretickd rezonence (MR] (o v sculasnostl Mitovou souddstl dagnostiky roctroubend sklecdey
Krome knrwentnich technlh zslofemich na hodnocen| padtu @ kkalizace viditelopeh B9 ok
3 michy zarnamendvame v poskedaich letech rpchly roevigy novych tachnik MR 2obrazen), krerd
poskytuji newe kvamitativl tiomarkery Bpe charabieiific patoloocks strubturding zmeny thand
perardlniho nenessho systému vanilé v disdeda demyslinizanibo onamocednl Vicmtodanky
Jsou shmury nows trendy v MB dlagnestios retroulent shisrdly po rrance 1echinickich 28dedd
jednceivich metod, maEnost! analyzy dat | ejich praktichdho vyufitd

Abstract

Magnetic rescnance magng (MR} is cunantly a key component of mulipie scherogs diagnostics
In adEren 1o comventional technigues, tased on the svaustion of The fumber and localization
of visitiz brain and spinal cond acas, i recent years we have sean a rapid development of new
MR technigues providing few Guanitstiee blomarkess which benear charactérize pathologesl
sructurdl Changesd I Cantral nenous syalem TEsued Ooourng due 1o 4 dermyslingtng dheddse
This anticle summarizes new trends in WAL disgnostics of muitiple sclerosls 1 terms of the
tachnikcal foundstions of differers methods possibitites for data analysts and their practical
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{ a hvantifikace stupné maoak

2drojova dara vypudty
e MR zobrazen!, kb

YEn

Ind radic

fou zrovert poudity pro b
dcké hodnocerd Pro valdnd volumomettic

I tyto kornencnd sekvence

musi spihowar Lrdird
dosratedné p

ni m

£ro Ui

ové atrofie jo obvyle vy

y echa

Qivena 30 T

kvenca qradiantrdd

s velikostf voxely kotem | men®, Pro kvans

fikad T2 hyperintenarich 1é2] ze s viho-
dou wyudir 3

wiho echa 5 variabilnl bodnotou skldpé

) FLAIR sekvence arbo-spino

Hu dsporujel obdobné vysckym roalile-

i (28] MR protokoly poudivané pro dia

grostihu FS je wmdy tfeba do urdité mery op-
nrndizovat, ab

data bydo madné poudit pro

miéna pro Ui

0JEMil y
leegitudrdinite sled
rird U indvwddinich padentd e pro dosa

ch wystedkll feba

VO )R QORI

2end co najkorgistentmé)s
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zdlraznit také potieby standardizace mon-
razovac dagnestiby fednd e o provaden|
lontolnich vySesfen! pokud mo2oo na stej-
ném MR pfistro)l 23 pomod stancaronibe
dhagnostkeho protokolu a providini ana-
19z chorazovych dat pfi pouditi stake stejnich
softwarovich nistrojd. Ji2 v poditku ane-
macnénl mdids zEnnl podtu plipadnd -
|ermus hyperntenzrich loZisek v T2 obram
pemechv odhadu pacentowy proanozy. Sa-
maotnd plifomnast T2 hyperintenznich k-
Zisek v pocitky onemochini 3 sebou nese
takn korverze CIS do klinicky dfinitival
RS v diouhodobém horizontu v 60-80 %
opeatl 20% rlalky korwerze pit negativnim
vstapnim MR ndleay (€ Raca auton] visk
uckivh 82 3s00act pottu 3 celkového obe
|erm T2 hypatintenznich labsek detekoya-
nych v pofitku onemocnéni se avidanim
rizkerm pordis imnverne da Kinicky defint:
tvni K5 129

Podle starbich studiipii daliim sadovini ka-
reluje podet a chiem 621 5 vivopm dicubo
dobe disabiity fi2 relstivee mene Tento jev
|e aznacovdn jako kinickoradiclogicky para-
dee 300 Dokl ieogitudindh stude nicmén
prokazaly borelao zhotsent Minickéha stavu
v defim Casovam obdodi 5 wisim podiem
a obgerrem lodissk detekavaryeh v réholks
prynich fetach onemoonénd [31]. Néktai 3u-
0 poukatup 14F ria viznam cbjermnu T2 by
penntenzaich lodizek na ystupnim VA vwiet-
fenl z hlediska razveje kréthndobé dissbility
s zhordenim shiee EDSS {Exparded Dhability
Hatus Scale) [32.23) Daléim paramatrem, kteey
|ze pormea vypodatnl analizy obrazu kvant i
kovatz kanvendnich 1=chnk 11 30 2obrazeni,
jemira mozkove atrofie Progresivnl zteata ob-
Jeenu sk thing je otwykhym rysemn RS,
24 143 st0fi 22ymena T1dta rrpein U a obgoden-
drocytd & v nepesledn fade | zbrita neuronl
a newroglis Sedé hraty mazkove 343%) A3
v roo= 1999 zuoli Dastidar <t &l packszali ko-
relaci cbjermu kompartmenty mazkomitnihe
moky vyadiuficibe stuper atrofie s kinic-
kym sidre EDSS (34, Markowd atrofie by v 145
poviZoving 2a pormame Casnou marmiy BS
2753 WYV0) v PIVNim 16Ce f& vi2nanmngm pre.
diktnim fakterem pro budowsl zhordeni [37].
Autoll Minnebco et al poukinyi na vyzoam
iy atrofie ek pro prediba vivole Miric-
kého postifend v prvnich latech onarmocnéni
Fs 22

Jedak tieba s aminit 0 tam, 22 mifeng
mény objemu mozku nem byt dany
pouze kutetnou atrefii podmindnou -
tou mozkows thang V néiolika studich byl
poscrovan pokles objemu moku plede-

WM v prvnm mee imuneenodulacn Sy
oproti kentrednim skupndn Naopak v dru-
hém a thetim rece byl poacrovan protektivii
efakt by v podobe redubee 2trity otyermu
mozky (38); abdotné amény byly patmy 142
& pacientl l&cenych natahizumabem [29].
Tento |ev, amadovany (ako preudostiofle’,
by mchl byt spajen s dstupem adému moz
koved thind v ivodu Kiby a = tieba 5 nim
poditat pi interpeetic visdkd vudii 2kou-
majicich peotektivn| GSnky $¢by u pecentd
3RS [40)

Jz 182 midrme, & pdnotive oblasi mozku
mohou strofovat thznou rychlost, napf
attefie corpus callasum, thalamu, hypotha-
larmu, putamen, nucleus caudatus & mazko-
vého kmene se ukizls jako vimamny pre-
diktor konverzs CI5 do kKincky definitini
5 [4142) 23 vyznamnd |z= povadovar 2e-
jredina zniny objermu thalamt & kalamihe
12iza Rada suton uvded siné koslace atro-
fizace thamu 1 Minickou progeesi onemoc-
ndni [43]. Autcdi Vansitosd et al udivai atro-
il kalomino rdlesa v pedbshu prmibo cku
onemacnén| |#ko viznamny predktor 1oz
vojs pozdes| dsstl ity Pro kvantifkac: je ade
vyudito [ednoduche s v praxi apthovatelng
méfoni plochy kaldaniho 18esa na sgitdl
nkh MA ohrazech [44) Kinicky vyznam stio-
fe v ostatnich zrefavanych oblastech je
tieks Je3t8 ovéfit [43]

Regiondini zmény ebjemu mozku |&
abecn® moné kvantfikovat pomocl rliz-
nyeh vics & ménd automatizavanych tech-
nik Jako phiklad 128 uvést walnd dostupré
softwarcvé nistroje VEM fvoxel-basad mon
pharretry) platformy SPM {statistic para-
metric mappingd |45 Obdobna je atuace
v pipacdé velumometricks snalyzy celko-
vého olyemu mozky, fake piidsd suto-
matipvandhio feienl umoihujicikic stano-
venl calkoveho objemuy mozu, chlemu
1edd 3 Dibs hmoty s obsernu kompsrtmentu
mozkomiinthe moky mizeme uvést soft-
ware SENAX [46)

2 vyiz wedendho j= zfajmé, 2= kvantifi-
kace pedtu a obiemu 72 hyperintenznich
leat | méfeni mozhowé atrofie |& canny nd-
stro) umodnujici prackkovat kinkky vyvoj
wpacientd s RS a deckovat oddpoved nalébu
Tyte 1echalby tak sl tesincu Sana groadit
1V praxi 3 Thit se standardni souddst MR
dugnestiky 1 pecentd s RS VELim praktic-
s roztifen tichte retod doposud bedn|
2ojménia nutrest pouditi axtemnich woftwans-
wyrh aplikaci, co2 2vylupe 2asovou naoinost
3 celkove v praxd komplluje hodnocent Byls
by prota FEdouci Sl implementace vyyooe

automatzovanych saftwarowich ndstrol
o kovmernich splikeds vyuivanieh g -
nnnl hodagceni MR vyltetiani

Zobrazeni difuze
Jako difuzs s oznaduje nihodny pohyb
mokekul vody ve tkini canacavany jako 12w
Browndy pohyb. Citlivostl sekvenci spino-
viho i gradientniho acha MA zobrazen| viigi
torruto jevi (2e docilit poulitin piidatesha
magnetick&ho aadientu, jehof charaktaris-
Nk (2 amplitudu a Easovg probsh) vy
Jackuje tzv b fakter [47) Mi difuzivity mo-
lakul yody ve thkini == dé vy)adiit Elseiné
hodrotou ADC lapparent diffuton coef-
fickent) K vypodtu ADT mapy |e tebe dvou
méfan 3 rizrou hodnotou b faktoeu.

S nire, de v ramel derrpsbrizadnich B2
dochda ke zméndm dfuzivity. Autof) Chris-
tiansen ot al publikevali )iz v roce 1993 pricl

-analyujich ADC hodnoty u mal skupiny

pacientd 5§ AS 1 ndlezem sianifikannd vyi-
fich ADC hodnot chronickych demyelini
zanich 1€3 v poroyndnl & noomdlné vyhlide-
10 blleu hmateu inormal appeanng white
matter, NAWM), ale 182 2vylent ADC hod-
not u akutnich plak (48] Cbdobn Yurtsever
at 3 udivall zviden| ADC hodnot u aktivnich
1€20 v poroynani 1 NAWM MO] Nowdill dcije
viak poukazod na skutednost, 2e difudivita
abutnich demyelinizaénich €21 se rapidné
mieni 2gména v prvnich 10 driech od ataky,
Agtofi Eivete et 3l popisuli obraz restrikce di-
fuizs se snidenim ADC hodnot uakutnich 21
v roamezi -7 dre od vardku kinckychobtidy,
pseudonammalizaci ADC hodret v 7<10 dni
& 2etenl ADC hodnot v sezimadl 10 dni a2
A tydnd (obr 3 150] Lae tak Aoy, S amény di-
funvity patii do cbeazu RS 3 2 pohledu neu-
raracdiologs tak mancou mit urtity wyznam
v diferencidini dizgnestios tohoto cnemoc-
nénd V nepodedni fads miderne uvsst b2
aminy difuavity u lodsek progreseni mul-
fifakdini levkpencataiopatie (PML), kterd |e
molnou korolkac u pacientd 5 RS ¥ie-
ayeh biologicou ety (511

Technika 20brazen tenaoru difuze (G-

“futkon tenser Imaging, OTI) & pestaena na

prncipech difuznibo MR zobeazenl Kizo-
vy prokiemje sdeviok detelre smfrove 28
skt dfuzivity melekul vody ve than v 23-
vistosti na sméry poustého magnetického
gradientu, tav anizotrople difuavity (57
Tusa sméroyou zéwistost |22 charaktenameat
peamioti opekovanych mifeni 1 promminnou
onentad imEre magnetického gradentu
Kanetnym vysedkem & matematickd kon-
stukce 30 elipicidu, jetol tvar a coentace

Cosk Soy Newol N 2017; B0/ 113(6; 647-659
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MODERNI TECHNIKY MR ZO8R

AZENI U RE

ZTROUSENE SKLERO2Y

FaalGn

Faafl sion u Madion
QxS
FRalWBezL s Yions

Obr. 7, Mil videtioni u pacienta s roztroutenou sklerdzou s hypednten mim médnim lodiskem patrnym na axidloim T2 wiieném obraze
gradientniho acha (Epka na panely a), Léze je dedovatalng i v obraze zobrazent tenzoni difuze v podobé snifeni intenzity sgndlu na

map frakind anizotropie (FA) (d)

Che 7, ¢) Ukdzka sernizatomatické secamentace Blé hrroty (elend), Jedé hrmoty (2ervent) & pamiogduito ladiska imad o) pomad aplikace
ITHSNAR Po regs tacd segrentadich masak rread T2 a FA obrazem l2e kvantifikovar hodnoty FA v fednotivich tednid

Che. 7¢) Ropd'ly mea 3adou a blou hmotou a hyperingenaeimi lodishy jo maéné jednodusa grahcky vyisdiit pomoc krabicométn gratu

Fla. 7, MR examination in a patlent with multipde sclerosis siith & hyperntense spinal cond plague apparent on the axial T2 welghted

mage of gradient echo artow on panel a), The lesion is porcoptible also m the diffusion tensor imaging image in the form of redoced
signal intensity on the fractional anisotropy (FA) map (d)

Demoratraton of sefri-asros

o 1 OSIINg

rovrEnY 3 vizanymi profocy, u kterych v di-
séechu magretickych Interakel & okalnirm
rmakromolekulami dochazd k velm ryche
lémus tozfdzovinri magnetizace a j5ou proto
charakteriaovary velmi krétgymi T2 dasy
V pfipadé fe mou vizané protony satuno-
visy pomod vlddrdho saturatniho rado-
frekvendnihe pultas Loffrescrance”), Gojde
k vyméné magnetizace (magnetizadnimu
wansferu) mezi tdmito protony & protocy
volrigml, co ovlivnl magnetizaci volrgh
protorsd B5] Terto jev vede k viditenérmu
sridend [nteraity sianalu v MR obraze, exs-
nl wisk | modnost |eho kvantifikace. Pa-
trné nejcastdl poulivary a nejpdooduili
2plzob je vyudtl ndexs MTR {magnetza-
fion transfer retio), ktery pfedstavujeralatvry
rozdil e dvéma méfenimi, 2 nidh poue
u jednobo 2 nich je agikovan zmifovary
off-resorance” satrady puz. MTR tah ne-
Eimo ocr a3 rodre zastoupeni makramole-
ko we thdri  umoddule mimo jné detekovat
2t myelicns a v mend mite axonSnd dea-
Infacraci [66]. Ma vyudit MTI v disgnostice
RS lzs rabliZat jako no wéitou paratzlu OT1

ey and whitema

2.und FAIr

Bla prokazana radukce MTR akutrich i chro-
nickych demyelinizadnich 142 [67), ob-
dobond jako u DT byla | v péipada MT] zamé

fana porormost na amdry v rimci NAYA
1 NAGM ¢ prikazem signifikenmi redukee
MTR u neplengitich fenotypG RS vE nejdas
néftich Minickyeh stadl 68, Abnormaity
MTR 248 die nékrerych autord korsbuf 5 dél-
wou trvard onemocnéni a 5 1 kinidého
postideni [63.69.

MR spektroskopie

MR spektoskepre & analytickd metoda
umodfiuid deteka a kvantifkao rlznych
oudenin ve thére K 2fskécd MR spekirs jo
modno vyuldft jddra rlangch prvkl v ki
rické prad se viadk nejfastdi pougivd dro
vodiku [70], V praxi se obwylle uplan'ue
Jedra ze dvou zékladnich techeik spektro
skopického scbrazerd, Prvri 2 mich e tav
ungle-vorel soektroskople SV3), kterd 20b-
rze spektrum metabolind z @dindho pfe
demn definovandhio voxelu Druhou mod-
nostl j& spakmalrd skvizice 2 vice womald
fir¥ oblast mazku cznadovand nékdy jsko

Y IRATET (e

e

o8 (DIUES Lang

). and pamwlogcal 853

15Us% o De

JNIGNENC TRIGNANCE 3PeCTOsCopy Ima-
gng” (MRSH mebo dremical dhiftimaging”.
Pomod obay amifovargch tachnik ke de
mhkovat korcentrac rwjrdzndjlich metabo-
i3 v mozkowé tkani, |2ko jsou napl. tuky,
aminokyseliny (zejm. alariry glutarmin, lak-
tat, N-acetylaspartar (NAA), krestin (G,
aryodnasitol [71),

Pro potfeby diagnostky padentl 5 &5
2 nejlastdj Wlva daetekce a kvannfiace
NAA, resp pomény NAA/Cr, dile cho
lirns, laktdng a myo-inositalu NAA e obsa-
2en v mitodhonddich neurond, vaxonedy
a dendntech, jeho pokles proto nastdvd ph
Jejich podkozend 21 2aniku. Xe srident jeho
koncenmace de mide dojir | relanvné ph
adému ¢l pfechodnd phi ormezenl neuro-
rlnl funkee, Poldes NAA e pamng 2ejména
v akutrd fazi onemocnéni {obr. 8), béhem
emize potm mide dochdzet k jeho £as-
taind normalizaci. Cholin j& za roma-
rich okalrost vazan v bunéinfch mem
trdndch, k nadstu detekovateiné volné
porce dochdzl phl rozpadu bandh K rorrd
mie dochdzat mapf. pfi zanétu, tedy | v pfi-
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MODERNI TECHNIKY MR ZOBRAZEN| U ROZTROUSENE SKLEROZY

3 @ 2ernéna u i2 Wcenich pacenth vahle-
dem K [&ha 2aste2né normalizad v pribehu
terapie [71,73), Detekos snldeného obsahu
NAA 8 zéroven zvyienych bhodnot cho-
linu & laktdtu se my jako potancidini mar-
ker akutniho postiZen| b€ hmoty fasové
predehiasiicn karelit v keawenenim cliraze
MR

Zaver

Prestad= konventnl radiolegické hoane-
canl piitomnosti viditelnych 182 magku
a michy 20stiwd dopodud hlavnim nésto-
jern v oblasti Mt diagrasuky RS, exstuje
nepieberné mmolstvl dikexd o nevdjlich
wechnikdcn, jake jeou rept DT, MT1 & spek-
troskopie, kterd umodiul plesndi deteko-
wat patclogicks amény thdnl CNS Tylo tech-
niky proso maji potencidl st we cenngm
nistrojem v ramei dferencidin diagnastiky
v incdinich sadich denyelinizatnibio one-
macnénl & v datlim pricéhy copktivnim
markerem & prediktorem Kinického v
vole 3 odponid| na &by Urlstou nevjho-
dou tachto technik jsou ndmky na skenovaci
Cas [28jm. OT] & spekticsbopied o obezogm
problémem vyte diskutovanjch meted je
deposud nedostatek standardizace akvi-
2enich pratotedd & v ndkisryeh plipadach
| -omezend teprodukovateinost méfenich
dat ezt iz MR piistro)i [63) Dalfim as-
pektem, kieny do urtitd miry branl vetdimu
praktickSmy roziifen sichto metod, j& ne-
jednatnos technik softwarows analyzy na-
mifenich dat 3 poreémé mald mira imple-
mentace automatizovanych technik analfzy
obrazu do komedndhe wftwanovihs vwbs-
ven| doddvanéno hlavnimi vyroba MA pil-
strogd. Budouer yyzkum by prota mél byt
Zarrdlen ra tyto otazky tace 1pojend $ tach-
nikou vysatienl 2 na hisdini novich dobie
teprodukovatelnjch a kyantfikovataingeh
parametrls PO vivol timte smirem, e
v budoucriu céekivat inkzrporan hocno-
ceni tichto novyeh biomarkerl v rdmel stan-
dardnl dagnostiy u pacentd 3 RS
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MR Diffusion Properties of Cervical Spinal Cord as a Predictor of
Progression to Multiple Sclerosis in Patients with Clinically
Isolated Syndrome

Marek Domtl@, Milos Kerkonin]@. Jakub Stulik, Josel Bednarik, Petra Praksovd, Monika Hulovd,
Yvonne Benesova, Eva Korltikovd, Andrea Spridkova-Pukova, and Marek Mechl
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ABSTRACT

BACKGROUND AND PURPOSE: This study’s aim was to investigate diffusion properties of the corvical spinal cord in patients
with clinkeally ksolated syndrome {€1S) through analysis of diffusion tensor imaging (DTI) data and thereby to assess the capacity
of this tachnique for predicting the progression of (1S to clinically definite muitiple sclerosis (CDMS).
METHODS: The study groups were comprised of 47 patients with CIS {15 of them with progression to COMS within 2 years
of follow-up) and 57 asymptomatic controls. All patients and is had undergo gnetic @ imaging (MR1} of the
cervical spine including DTI and brain MRL Methodological approaches included histogram analysis of the corvical cord's diffusion
a ters and evaluation of 12 hyperintense lesions of the spinal cord and braln, All p ters were d bet the
mndy groups. Sensitivity and specificity calculations wer then performed with a view to predicting cotmnion to COMS.
BESULTS: The patient subgioups defined by progression to COMS differed significantly In values of fractional anisotropy (FA)
kurtosis measurad within white matter (WM) and normal-appearing WM (NAWM). The same parameters also differed significantly
when patients with progression to COMS were compared to healthy controls. Receiver operating characteristic {ROC) analysis
revealed sensitivity and specificity of FA kurtosis of WM and NAWM of 039 and 72%, respectively, in terms of predicting CIS to
CDMS progression.

CONCLUSION: This study presents evidence that histogram analysis of diffuston parameters of the cervical spinal cord in

patients with CIS may be helpful in predicting conversion to (DMS.
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Introduction

Multiple scleronis (MS] is 8 chrorse inflammatory disease of the
cenwal nervous system (CNS), It is characterized histopatholog:
ically by inflammatory infiltration, demyefination, axonal loss,
and glioss in various areas of the CNS,' Clinscally isolated syn-
deome [CIS) is the term used to describe the first clinical event
exhibitisg symptoms of ether an inflanmatory demyelmating
attack ar the initial stage of MS.*

Magnetic resomance imaging (MR i currently the key
tethod for obtaning data used in the disgnostc algorithm fos
MS, Conventional M RI is based on Ty weighted sequences and
is able to detect hyperintense lesions of the brain and spinal
cord dssues, These findings carry recognized prognostic value
in terms of CIS o chnically definite MS (CDMS| conversion as
based on the McDosald criteria”

Other MRI imaging techniques are also available, however,
mich as thase known to detect the sructural pathology of white
matter [WM) with a higher degree of sensitivity than do the

108 ©2020 American Society of Neuroimaging

more commonly sed sequences. One of these iy diffusson fen-
sor imaging (\DT1), which is based on the analysis of anisotropy
and the directional characteristics of water diffusivity in tissue. !
The remarkable sengidvity of this technigue has been docu
mented in a mumber of reports detailing caes of cocult dam-
age occurring in WM in the absence of sbnormalities vishle
on Ty weighted images [normal appearing WM [NAWM]) in
the beain.”* Although DT scans of the spine are technically
more demanding and comparatively less intensively studied,
severad reports have: drawn atiention to the powes of DT in de-
tecting demyelinating changes in the spisal cord.™ Howeyer,
the value of DT of the spinal cord in teoms of precioting the
conversion of CIS o CDMS remains ay vet unknawn.

The main purpaose of this prospective stdy, therafore, was
to investigate diffuxion properties of the cervical spanal cord in
patients with easly-stage CIS through histogram analves of DTI
data and to establish the strength of this technigoe in predicting
the conversion of CIS to CDMS.
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Table L. Clinical and Demographic C1 af Patients anid Healthy Contrals
Nonpeogressed {n = 32) Progressed (n = 15) Controls in = 67)

Age lyears) Memn 8D) 32.9 (74} 36.6{10.4) 34.6 (R.6)

Medan (MMR] 325140 37 (20.61) 34 11162
Sex Males 13 [40.6%) 5123.3%) 20 {35.0%;)

Females 10 [59.4%) 10 66 7%) A7 (64.9%)
“Teoatment You 7 (631% 12 (80%)

No 15 4GS 3 [20%)
Clisica) lewion Visund pathway 16 4

Motor pathway a9 7

Servory pathway 5 3

Branstem 3 1

Spinal con 5 a

Muan SD = stasdard dwviation) and ssedian MME = s -aueaeaun range age @ duwvn. Abouhsie vabuse suleie vidiin| uv diows in cass of sex and

The rategories of cRaical symp
evalusted independestly in sll mbjects 0, member of sub)scts @ 3 groop

Methods
This cross-sectional snady included a group of 47 patients with
CIS (18 males and 29 females) with median and mini
maximum range (MMR! age of 34 (20.6]) years and a group
of 57 newralogically asymptomatic controls (20 males and 37
fermales! with median and MMR age of 34 (2162) years. All
pa.denm undenmm a dinical neurological exumination in-
of expanded disability status scale (EDSS],
Iﬂ:oulmy testing of blood and cerebrospingl Duid, and such
electrophysiclogical or ather testing as designed to exclude
other causes of particular episodes. C1S was disgnosad on the
basis of typical clinical findings, such as sensitivity or motor
disordess, vertigo, axd optic neuritis (Table 1). The patients
were clinically monitored al F-month intervals 1© register
any further clinical attacks, The exclusion criteria for healthy
controls, as verified by a questionnaire, included any lustory of
symptoms suggestive of MS Jasting longer than 24 hours, Also
exchided were subjects with history or suspicion of meningoen-
cephalits, stroke, tansitory ischeoiic attacks, epilepsy, and
systemic inflammatory diseases, us well as subjects with known
blood relatives suffering from MS. Two patient subgroups were
subsoquently dassified according to progression ta CDMS
emerging during a 2-year period of clinical fallow-up after theic
instial MRI sean. These subgroups eventually consisted of 32
patients without progression {12 males and 19 females), median
[MMR]) age 33 (2047) years, and |5 patients with progression
ta CDMS (5 males and |0 females), median (MM R] age 57 {20-
61) years. The progression to CDMS was defined in accordance
with the Poser coitersa indicating a further clinscal demyels

overlap, s vimme of 1he pativits doplaysd mediple clinical symy

. aad the g of spinal conl sympdoms: was

imaging peotocal of the spine consisted of STIR (short-4s in-
version recovery), Ti- and Ty-weighted images in the sagital
plane, T, weighted fast field echo (FFE) images dually cov-
ering C1-C¥ and C3-C7 spinal seginents in the axial plane,
and DT] images implementing the sngle-shot echo planar tech-
nigue acquired with the same geometry and coverage as that of
the T," FFE imnages in the axial plane with 4 mm shce thickness,
The DT sequence magnetic gradient was applied in 15 direc-
tione with a bvalue of 800 /mm’. A total of &x excitations
INEX] were acquired for diffusion images and a total of three
NEX for the BO image. The tmaging protocol for the beain con-
sisted of T, and 30 T weighted images in the transverse plane
and 3D fluid-attenuated inversion recovery (FLAIR] images in
the sagittal plane (Table 2).

Two experienced radiologists (Milos Kerkovsky and |akub
Stulik) evaluated by comsensus the spanad cord and brain irmages
for the presence of Ty, T.", or FLAIR hyperintense lesions and
classified the findings in terms of their dissemination in space
|DIS] in accordance with the 2017 McDonald criteria.” Final de-
cisions in doubtful cases were made by group consensus while
including the other cosnthors (Andrea Sprlakova-Pukova and
Marek Mechl),

The next step in data snalysis was segmentation of the
spinal cord in axial T, weighted images udng [TK-SNAP
5.4 software,'! Segmentation of the entire spinal cord (ESC)
was performed, with WM and gray matter (GM) separated,
by use of the semiantomatic classification mode, This method
uses machinedearning al;omhxm [random forest claxsfier and

ing disease amck."’ frcn(mm( with first line dl»ear modifying

desic achive ¢ ) bused on the training of the contex-
mil information abom intensity of neighboring vaxels, and co-

(i on bea or g ) was initiatecd dur-
ing the l'ollowﬂp period i in 12 [807%) of the progressed patients
and in 17 (53%) of the nonprogressed patients.

All subgects sgned informed consent forms in order (o pas-
ticipate in the stady, which was approved by the Ethics Com-
mittee of the University Hosgatal.

All participants underwent an M RI scan of the braan and ces-
vicad spine with a 15T MR device (Philips Achieva) wsing a 16-
channel head and neck cail. The patient examination was pes-
formed within the first couple of manths after the first recorded
clinical attack (median [MMR] 7 [0-19] months). In 39 patients
treated with corticosteroids, the examinations were perfarmed
after aninterval of at lease 3 weeks from the last such dase, The

or of Is from multiple image layers were desived.
Becanse training is done on the same sabject as is segmenta
tion, the dataset need not to be so large as those required by
fully antomatic segmentation algorithme, and it ls a more per-
sonal approach, This method produces broad overlapping with
mamsal segmentation.” Furthermore, T, - hyperintense lesions
of the spinal cord, if present, were segmented in manoal mode
by Milog Keikovsky in T, -weighted axial images. The remain-
ing WM volume was then classfied as NAWM [Fig 1),

DT data analysis was conducted using the Functional MR
of the Brain Software Library (FSL),” which calculated four
different maps of diffusion scadas ters: mean diffusvity
MDY, fractional anisotropy (FA), radial diffusivity (RD], and

Dostdl et al: DTl of spine as predictor of CIS progression 108
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Table 2. Magoetle Resunance Inage Acguisition Protocod

Seque Qr ) Slices TR (ms) TE (ms} Acq. voxel size (mm) Flecon vaxel size (mm)
Spine Ty TSE Sagittal I 100 7R 08 x| x3 086 x 0.36 x
T, TSE Sagittal It 3500 2o 075 08«2 020« 029 x 3
STIRTSE Sayittal 1 &0 1x L12x ) 047 % 097 x 4
T," I'FE Thursverse 2x M RRT 921 06 w0« & 049 « 039 « 4
| Trunsverse 2x M 3200 923 I x1x4 088 » 0.88 « 4
Beains I3 TSE Tiarsvonse 2 4850 10 09 % 11 =5 0O X089 =35
FLAIR 3D sagittal 57 A0 05 14> 12%12 07 x 043 « 03

Pacamenees of MRT sequences

Abbreviations: Acq., acopesttion; TIT], @ Susce tomsar imagging. FFE, faw fiodd ecbo; FLATR, fuld ssonmated inveeson meovery; Recon, reeansmction; STIR, shom san

bvenion meovery; TIL time bo echo TR, repetition tme: TSEL turbo spin echo

Fig 1. MR examination in a patent with hyperintense spnal cord plague appasent on the adal T; -welghted Image (A of gradient scho
(arrows in panals A, C, and E) and on the sagittal T,-wsighted image of fast spin acho (E). The lesion is also perceptible n the difusion tensor
imaga in the form of reduced sgnal intansity on the factional anisotropy map {C). Demonstration of semiautomatic white matier (grean), gray
matter (red), and T; -hyperntense asion (blus) segmentation using tha ITK-SNAP apglicason (8 and D)

uxial diffusivity (AD), Segmentation of ESC wis also performed
in DTT (FA] images using the same technique as described
above. Ty and 1T volumes were subisequently registered s
ing the contours of the segmented spinal cord as landmarks.
I'he technique of segmentation and subsequent DT data analy
six has been further described and evaluated in & recent study. '
Various tissue masks (ESC, WM, GM, NAWM, and T," hy-
perintense lesions) rendered at T, -weighted axial images were
applied acress the registered DTT images. Histograms of the
aforementioned DT parameters were determined in all sub
jects as a set of values measured in all voxels constituting the
segmented volames. Further statistical analyses were conducted
by taking mto consideration parameters characlerzing those
histograms of the varous DITT scalars: mean; median, mini-
mum; maximum; Sth, 23th, 7th, and 95th quantiles; standard
deviation (SDJ; skewness (Fxy. 1); and kurtosis (Eq. 2).

n AN =AY \
n.n—ljn:n—i:lz' s I

win4 1) (x-x) Se= 1)
(n=1){n~2{r~3) I (n=2Z)im~ 3]

where # is the sample size, A, is the @h X value, X isthe mean,
and sis the ssmple sp.

A separate anafysis {comprising 44 statistical tosts given by
combination of the four maps of diflusion scalar parameters

with the 11 histogram parameters) was performed for each (dif-
fering tissie sample: ESC, WM, NAWM, and GM. Compar-
isons of the measured parameters between subgroups of pa
tients defined by progression 1o CDMS as well as between each
patient subgroup and controls were performed using Mann
Whitney U test. Although ege and gender were comparable
among all subject groups based on Mann-Whitnev 17 wst and
Fisher's exact test, respectively, the effects of these two polen-
tial confounding factors were oliminated from the data prior
statistical testing using finear regression in order to avoid bi
ased results. Furthermore, a receiver operating characteristic
(ROC} analysis was conducted in order to evaluate the sensi-
tivity and spec
eters between the patent subgroups. The subjects’ quantitative
characteristics (such as age) and EDSS valies wore described as
mean with SD and/or median with MMR and were compared
between the groups wsing Maon-Whitney U test. The subjects’
categonical characteristics (such as sex, treatment, inckdence of

ty of significantly dilfering diffusion param

clinical spinal cord symploms, preseace of spinal cord lesions,
or McDonald DIS criteria) were summarized using absolate
connt and pereentage and tested between groups using Fisher's
exact test. In addition, sensitivity and specificity of McDonald
DIS eriteria, and particutarly of the recorded presence of spinal
cord kesionis), were calenlated on the basis of predicted pro-
gression o CDMS, The significance level for all statistical wests
was selat P 05, In cases of comparing diffusion parameless
between the groaps, false discovery rate (FDR] correction for
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Tabde 4. Frutivaal Anisocropy Kenosis

Modian (MMA) Fractonal Anisotropy k ¥

Tiszse Controly in = 57} Nongrogressed (0w 32| Progressed (n = 15)
WM Q.18 [-013- 1.82) 0.26 (023 0.68) 0401 (-0.7 0.37)
NAWM Q8 [-00) 1L.82) 026 («-0.230.71} 002 [«0I50.3¢)

Medan MMR ~ sssdmum-maximnm range vidwes of facson seatropy kimoss in white satter WM! sed nocmal aggeanig white aatter NAWM) of 8 groaps
Hiferences of prognesed pasionts from noeprognesssd patents as well as controls were statistically stgntcant even alier the falie discovery mte coneoson for omliiple

COMpArBOn.
Albreviation: s, unmbers of sabjeces in group.

!o- 2: D Ny
2«. :i” / '
+ =3 " PIERE

. = W | »

an o ow L Ll on LU Ll "a mwm wm
en o e . o LA e o T o

o e o FA values
-Vecon [JaenTe% T v B One paticol with progressios B One patient witheat progrossiss

Fig 2. {A) Bax plot of the kurtosis vakies of fractional anisotropy histograms measured within white mattee. These values damanstrato e
COMPparson between with prograssion to chnically definite muliple scierosts (COMS). at lsft, and those wihout prograssion (chnically
solated syndrome [CIS]) at night (B) Histog of fractional ani iy (FA) values measured in the white matiar (WM) of f1e spinal cord in
two patiems salectad to demonstrase the differences In kurtosis (Kurt), The histogram belonging to the pasent without progression 1o COMS
(orangs) cppears to present a highaer kurtosis level (0.7 1) compared ta the kurtosis level (-0 13) of !he pasent n whom the corversion to

COMS was nated after an 8-month period foliowing the intial MRI scan (blue).

multiphe comparisons was further applied for each tissue sum-
ple. The statistical analyses were perlormed using IBRM SPSS
Statstics 25, R 341, and Statistica 12 (StatSofi).

Results

No significant differences were obiserved with regard to the age
(all P .23} and sex (all P > 65) of the subjocts between the
patient subgroups and the control group. The discrepancy in the
number of treated patients across the two subgroups, mentioned
in the Methods section, was not statistically significant (P= .11).
The median (MM R} interval between the M R1 scan and clinscal
progression to CDMS in the subgroup of 15 CIS patients who
developed CDMS was seven (0-19] months.

Mean (SD} and median (MMR] baseline EDSS scores in
patients withont progression and in patients with recorded pro-
gression 10 CDMS were 1,73 (L17); 2(0-5) and 233 {070, 2 {1-
3.35, respectively. This difference was found to be statistically
significant [P = 0.026). The incidence of clinical spinal cord
symptoms {Table 1] differed significantly betwoen the patient
subgroups defined by their progression ta CDMS (#= .006).

Comparisons drawn between healthy controls and nonpro-
gressed path Jed o scally significant differences
between thase groups altes FDR correction.

The patient subgroup with progression to CDMS differed
significantly from the control group after FDR correction
in kurtosis of FA measured within bath WM and NAWM
(bath P < (K005). Similarly, kurtesis of FA within WM and
NAWM was significantly different after FDR correction when
comparisons were made within the patient sabgroups defined
by their pragression Lo CDMS (buth £« 001} [Table 3, Fig 2A,
B The remaining parameters did oot demonstrate significant
dilferences.

ROC analysis reveabed that a histogram showing kurtosis of
FA values appeared as a powerful parameter for distinguishing
patients with progression to CDMS, reaching sensitivity of 04%
und specificity of 72% with cutoff 014 when measarod within
both WM and NAWM, The areas under curve (confidence in-
tervals) of FA kurtosss for NAWM 2nd WM were 0798 (0.667-
0.929) and 0,796 (0.661-0.930), respectively.

In the nonprogressed patient subgroup, T, -hyperintense
spanal cord lesions were found i 25% of subjects, while in

Dost4l et al; DTI of spine as predictor of CIS progression 111
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Table 4. T, Hypedntease Lesioas in Nonprogressed and Progressed Patienss

Parameter Nonprogressed {n - 32) Progressed (n = 15} Fovatue

8C lesions Yes B{25.0%] 9 [0 027
No 24 (750%) 6 (40.0%)

DIs Yeu 15 [46.9%) 12 {S0.0%) 036
No 17 (681%) 3(20.0%)

Pacametens of the patient sbgroups deflnod by prosence o absenco of grogression 1o cinically dofiaite mradiplo scherosts i sbaokate coams (rekative vakses)
Abbrevistiony: D18, MrDossM disessastion in rpace crtena evaduating both spinal cocd sad bram images; =, mamber of wibjects i group: SC lesboms, persencn of

Ty:" hypesintense spiaal cond Sesion(s)

the progressed patient subgroup they were present in 60 of
mibjects. This differenice was statistically significant (£ 027)
(Table 4).

The peesence of spinal cord T, hyperintense lesson(s| pee-
dicted conversian te CDMS at sensitivity and specificity of 60%
und 75%, respectively, The McDonadd criteria also integrated
into the evaluation of brain scans demanstrated sensitivity of
B0 and specificity of 53% i teems of conversion prediction.

Discussion

The aim of this study was to investigate the potential for quan-
ttative analysss of diffusion scalar parameters histograms per-
taining to the cervical spinal cord in order 10 predict potential
conversion to CDMS in early-stage CIS patients, From a dini-
cal perspechive, the identification of high-risk patients with CIS
present is a matter of high importance, Several other research
groups have atempted o establish biomarkers that would in-
dicate the clinical conversion based on conventional brain
MRI scans while using different analytical methods. Wottschel
et al achieved relatively high sensitivity and specifiaty (77%
and 6%, respectively] when predicting conversion in CIS
disgnosed patients by analyzing 11 different peedictocs derived
from pratan density and T, weighted images while using ad-
vanced machine-learming dgnrilhnn.“

It has previowsly been demonstrated that quantitstive his-
togram analysis of diffusion parameters, as has been used in this
stucly, may provide more infosmalion in comparison to con-
ventional analyss thar evaluates only mean or median valnes.'
Histogram analysis of DT data was also used by Yu etal to eval-
uate a case of occult damage 1o ponmal-appearing whate and
gray beain matter in patients with CIS and CDMS.*

Corsidering that the p of spinal cord lesons that are
detectable using a conventional MRI scan can serve & an in-
dependent predictor of CDMS development in patients with
CI1S," iris a logical step to focus on the ultrastructural pathaology
of the cervical spinal cord in CIS-diagnosed patients, Nonethe-
less, consderably fewer anthors have focused on diffusion MRI
of the spinal cord in patients with CIS or CDMS, A review
by Martin et al reports a total of 69 studies actively address-
ing DT1 of the spmal cord, bat only & very low number of
these are directed to patients diagnosed with CIS or MS.™ All
present somnewhat varying results. Certain authors using ROI-
based analysis appear to have demnonstrated differences in the
R values recarded in the spinal cord of MS-diagnosed patients
when compased o healthy controls withont significant changes
in mean FA values @ Toosy et al have revealed several vox-
elbs pertaning to the upper segmients of the cervieal spanal cord
with sgnificantly differing FA and RD values in MS patients
compared to healthy controls.® Valssina et al have used his-

togram analysis of FA and MD in MS diagnosed patients and
revealed significant decrease in mean FA compared to healthy
controls.” So far as we are able (o edablish, however, there ex-
ists no previous study aiming to investigate the predictive power
of a T scan of the spinal cord in relation to CIS to CDMS
convession.

This sudy has demonstrated significant differences in kur-
tosis of FA measured in WM and NAWM when comparing
the subgronp of patients with progression to CDMS ta the suby
group of progression-free patients and to the group of healthy
conols, Changes in anisotropic diffusion may generally reflect
distinct uloastuctural isue changes constituing nerve tract
disintegration.”

However, the mean and median FA values did not differ sig
nificantly between thase mudy groups investigated. This may
be explained in part by heterogeneity of the difusivity changes.
present in the spinal cord Hssue samples, and minor abnarmal-
ities located within a certain spinal segment may have been
missed by averaging measurements across the whole cervical
cord volume, These may, however, be detected with a higher
degree of accuracy by other histogram porameters reflecting
their distribution with greater precision,

Based on the results presented heresn, it appears that normal
spinal cord tissue is characterized by the predominant peak of
what we may term “ideal® medium FA values, complemented
by relatively low numbers of “extreme” voxels related possibly
to the effect of crossing fibers or other features of the neural
tissue structure’s physialogical lexity. ibility arte-
facts, and ather influences, This mmlu in high mcmu‘d kurta
=s values. Contrarily, m pathelogical spanal cord tissue, which is
assumed 0 be analyzed in patients with progression to CDMS,
this middle peak of what we may term “normal” values seems
to be reduced, and relatively more frequently occurring vox-
els with lowes or higher values may mare likely be refated to
the real structural disintegration of tissue (Fig 2B). Linking the
alterations of FA kurtosie specifically with the ultwastructural
changes of the spinal cord in CIS ar MS patients is neverthe-
less not seraightforward and, so far as we ase able (o establish,
no specific explanation can be found for this in pm\'mu: stud-

cs. Further investigation |eg., by studies using I models)
is lhetefote rexquired,

It has previomly been proven that the kurtosis parameser is
dependent on sample size, howeves, and the variance of kurlo-
seis small when the sample size is greater than 750, 1n this pa-
per, mean (SD) sample size (voxel comnt] of WM and NAWM
was 147510 (252.06) and 1456.97 (266.44), respectively. The
histagrams may therefore be considesed sufficienty robust to
enable reliable snalyss of kurtosis. Some authors have dis-
cussed the theoretical basis of skewness and kurtosis and ques-
tianed the reliability and usability of those 34 On
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the other hand, several recently published studies have wsed
these metrics [e.g., for tumor differentiation] and, upon evalu:
ating their repeatahility and correlations with dinical findings,
bave reported promising tesults. '™ Based on these findings,
kurtosix may be regarded as a reliable biomarker with certain
clinical potential if the analyzed data setis sufficiently Jasge,

The diagnostic power of FA kurtosis in terms of CIS pro-
gression to CDMS was very similar when meassured within WM
and NAWM, reaching sersativity of $3% and specificity of 72%
fos both tissues. Thus, FA kurtosis of WM, in particular, may
be an interesting biomarkes of later clinical progression, and
one whaose calcalation does not require manual segmentation of
T," hyperintense lesions. We similasly atternpted to find some
significant pasameters also using ESC volume analyss, which
wanld permit dispensing with separate segmentation of WM
and GM. U, , we did not discoves such an ESC pa-
rameter and 30 GM and WM segmentation remains a crucial

The presence of spinal cord T, hypermtense lesions was of
refatively lower sensitivity (60%) in terms of clinical conversion
to CDMS compared with the diffiudon MeDonald
criteria (DIS) in this study demonstrated high seasitivity (80%)
but comparatively lower specificity (53%). Similar data verify-
ing the predictive power of the McDonald criteria have been
presented in other studies, Hyun et al report a sensitivity and
specificity of 88% and 3%, respectively.” Another recent study
by Filippi et al reports sensitivity of 91% and specificity of 23%
in terms of predicting CIS progression to CDMS Y

Based on the aforementioned faces, it would appear that
analysis of diffusion data of the cervical spinal cord can be su-
periar Lo tional MRI technigues. Addition of brain DTI
analysis might yield results even mose robase.

This study had a number of limitations. Among these was
use of the L5T MRI device, which may, when compared to
4T systems, provide poorer signal-to naise ratios. On the other
hund, & lower static magnetic field may reduce susceptsbality
artefacts and distortions that present fundamental problems in
spinal cord diffusion MRL Also, a relatively low member of
subjects were meluded in this ungle-center study. Although the
number was high enough to provide statistically significant re-
sulty, resull verification using largers subject groups would be
beneficial. Furthermore, a 2 year follow-up period is & rela:
tively short wneﬁwuemdunwhchmwalmdwpotﬂnnl
for CDMS conversion. As shown by loag-term studies, how-
over, while progression to CDMS may occur after an interval
of many yeass, it also happens Lo occur most frequently dusing
the first few years after the first clinical symptoms emerge.”*
With this in mind, a 2-year monitoring period was decmed suf-
ficient when taking mito consderation the previous notion that
relapsing activity during the initial 12 years of the disease's
cowaempmenmmthMScmmmalpmpmcnnpot
tance in anticipating the severity level of future damage.™ A
certain humlydnhvemoulo‘lhe:ﬂmdhm
indtsated during the follow-up period in patients belonging o
both subgronps. Althoagh the numbers of treated patients were
not signdficantly different between the patient subgroups as de-
fined by their progression 1o COMS, the rate among treated
patients does appear sornewhat unequal and may prove signif-
icant in the case of a larges data set. Although this fact could to
some extent influensce the measured diffusion parametors, any
observation of this disease’s natural progression, while a theo-

retically optimal methodology, is unacceptable fram an ethical
standpoint,

In conclusion, this study presents evidence that diffusica pa-
rameter hustogram analysis of the cervical cord m patients with
early atage CIS may be helpful in predicting the conversion of
CIS to CDMS during the iritial 2-year period,
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Original Investigation

i»

Evaluating Magnetic Resonance
Diffusion Properties Together with
Brain Volumetry May Predict
Progression to Multiple Sclerosis

Jakub Stulik, MD, Milos Kerkovsky, MD, PhD, Matyds Kuhn, MSc, Monika Svobodové, MD,
Yvonne Benesova, MD, PhD, Josef Bednarik, MD, PhD, Andrea Spriakova-Pukova, MD, PhD,
Marek Mechl, MD, PhD, MBA, Marek Dostal, MSc, PhD

Rationale and Objectives: Although the goid standard in pred cling fulure prograsaion from cinicaly isolated syndroma (CIS) to sincally
definite mulple scleross (COMS) consists in the McDeonaid anlena, effonts are being mads 1o employ vanous advanced MR technques
for predcling dincal progresson. This study’s man &m was o evaluate the predictve power of diffusion tensar imaging ([DTY) of the bran
and brain volumelry 1o distnguish between patients havng CIS with future progression to CDMS from thase wihoul progresson during
tha folowing 2 years and to compars those paramelens with conventiona MAI evauation.

Materials and Methods: Al paricpants underwert a0 MAL scan of the bran. DTl and volumelne data were processed and vanous
paramelers were compived between the study groups.

Rasults: We found s:gn ficant diferences betwean tha subgroups of patients diferng by Miture progression 1o COMS inmast of thoss DT1
and volumelre parameters maasured Fractonal anisotrogy of watee d¥uson proved 10 be the sironpes! predclor of cincal conversion
among all parameters evalualed, demorstraling aso hghear speciicily comrpared o evalualon of conventiona MRI rrages accordng lo
MeDanakd criera

Conclusion: Conciuson; Owr results provide evdenca that the evaluation of OT| paramaters together with bran volumetry n patents with

eany-stage C1S may be useful n pradctng converson to COMS within the lollowing 2 years of the dseass course,

Key Words: Bran volumetry; Cinically soated syndrome. Diffus on 1ensor imegng, Magnetic rmeonanca magng. Mull pie scerncss.
© 2021 The Assecation of Unversity Radioiogista. Pubiished by Elsever Inc. This 8 an open access antcle under the CC BY-NC-ND

license (ntip://oreatvacommons. argdl Gensesby na-nait 0/)

INTRODUCTION

ulaple sclercsas (MS) i a chronic mflamematory
disease of the central nervous system arising from

mftammatory infiltzanion and  causing
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demyelinanon of axons and their subsequent destrucoon n
vatious areas of the central nervous systemn (1), Clinically so-
lated syadrome (CIS) 15 a monophase dimcal episode wath
patient-reported symproms and objective findings reflecting a
focal or mulifocal inflammatory demyelinating event in the
central necvous system. developing acutely or subacutely and
lastang at least 24 hour. There may be one or muluple affected
areas {2). CIS patents may or may net progress mto dimcally
definne mulaple sclerosis {CDMS).

The gold standand m predicting future progresson from
CIS to multzple scderosis conswsts 15 the McDonald cnteria (2),
which combine chinical findings, laboratory results, and find-
ings on MRI examinanons of the brain and spinal cord. The
MR ctena evaluate dissermananion in space, wiuch means to
assess the number and distmbuson of hypenntense lesions
the white matter visible i T2-weighred or fluad attenuared
mvesion recovery (FLAIR) images, and disserination in
time, which means the presence of new lesons or lessons
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enhancing after gadobnium contrast administration, Due to
the evolving capabilities of advanced MRI techmiques, an
effort is beiny made o use them Lo refine the predicuon of
chmecal progresmon m patents with CIS to defimove multiple
sclerosis. The main aimn of this prospective single-<entre study
was Lo evaluate the predictive power of diffussion MR of the
bran and bran velumetry to dstingush patients with CIS
with future progresson to CDMS from those wathout pro-
gression andd compare those parameters with evaluation of
canvennonal MRL

MATERIALS AND METHODS

The study was approved by the etiucx comemittee of the uai-
versty hospatal, and all subjects ngned miormed consent
forms in order to participate in the study, Two groups of sub-
Ject were mcluded i the prospecnve study, The fisse group
comprised 72 patienits with CIS, who wese fusther divided
uto two subgroups: 50 patients without chinseal progressaon
w0 CDMS and 22 panens with progression during the
observed 2-year penod since the ininal MRI examination.
The second group comtisted of 62 commumity-tecruited
healthy controls. More detailed information aboat the study
participants 15 shown in (Tables 1 and 2),

TABLE 1. Charactaristics of Patient and Control Groups

All patients underwent a clinical neurological examination
including evaluadion of expanded disability stanus scale
(EDSS), laboratory testing of bloed and cerebrospanal fusd,
and such electrophymoclogial or other testing as demgned to
exclude other canses of particular episodes. CIS was diag-
nesed on the basis of typical disucal Gndings, such as sensaty-
#y or motor disorders, vertigo, optik neunts, ete. The
progresson to CDMS was defined m accondance with the
Poser entena indicanng a further clinical demyelinanng dis-
case attack (3). The patients were dinically monitored ar 3-
month intervals to regaster any further chinscal attacks, The 2
patient subgroups were subsequently clasaified according to
progression o CDMS emerging during a 2-vear period of
disical follow-up after their initial MRI scan. Treatment
wath first-line disease - modifying dnugs (interferon beta or gla-
tiramer acetate) was initiated dusing the follow-up petiod in
24 of the non-progressed parients and in 16 of the progressed
patents {Fable 2). The exclusion catess for healthy coatrols,
as verified by a questonnaire, included any hestory of symp-
toms suggestve of MS, Also excluded were subjects with lis-
Loty or swpiion of menimgoencephalits, stroke, transitory
wchemae attacks, epilepsy, and systemic mflammatory dis-
cases, as well a5 subjects with known blood relatives suffering
from MS and subjects with sigmificant load of incidentally

Healthy Volunteers [ « 62) Patients (0 = 72) o
Sex Wamen 45 (12.6%) 48 {66.7%) 0.573
Man 17 (27.4%) 24 (33.3%)

Age lys) Mean + SD 333474 341484 0.779
Median (min - max} 32,5{19.9-51.3) 331 (19.9-61.3)

M8l devico MR 47 {75.8%) 64188,9%) 0.065
MA2 15{23.2%) 3(11.1%)

Demographc characterstics of study part o pants sand number of exarminations performed on two different MR devces (MR1 and MR2). Sta-
tistcal signficance of diferences between groups 15 gven by p-vaues caoulated usng Fsher's exact test or Mann-Whitney U test. as

applcable

TABLE2 Characteristics of Patients Subgroups

Patiants withoul progression i = 50)

Pabents with prograssion §1 = 22) D

Sex Wormen 32 (BA.0%)
Men 18(36.0%)
Age lys) Mean + 8D 337+78
Madian (min- max) 32.9{21.3-50.8)
Treatment Yes 24 (48.0%)
No 28 (52.0%}
EDSS Mean + SD 17412
Madian (min-max) 2(0-5)
MAIl device MR 48 (06%)
MA2 2{4%)

16 (72.7%) 0.501
6(27.2%)

249+99 0.774
24.4 (19.8-61.3)

16 (72.7%) 0.072
6(27.3%)

22-08 0,063
2{1-3.5)

16 (72.7%) 0.008
6(27.3%)

Damographc characterstics of palients classfiad accordng 1o ther later cinical progression wihin 2 years of observation. Numbers of
exarinatons perfomed on two diferent MA! devces (MRT and MRZ) are also shown as wall a8 nurrbers of ireated patients wihn both sub-
groups. Expanded disahiity status scale (EDSS) at the first MR examnation. Statistical significance of dfferences betweean groups & gven by
pvakes calculated usng Fisher's exact test or Mann - Whitney U 185t 55 appiicable
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found T2 hypenntensities fulfilling the dissernination in space
(DIS}) cateda sccording to the 2017 McDonald critena,

All pamcxp.um underwent an MRI scan of the bran wing
one of two 1.5T MR devices {an older Phaips Achieva device
or a newer Philips Ingenia device) using a l6-charmel fead

size, were estimated with SienaX {6}, which & part of FSL
(7}, wsing T1-weighted 3D images. Nosmalization was done
by SienaX scaling Gactor. Pre-processing included also auto-
matic lesson segmentation and lesion filling procedure wang
the lesson growth algonthm (5,4) as implemented in the IST

and neck coil. Detailed proportions of per-
formed on each scanner ameng all study growps are shown
(Tables | and 2), Patient examinations were performed
within the fisst couple of months after the first recorded clini-
cal attack {(median [minimuwm— maxitmum) 2 [0 =8] months),
In patients treated with corticosterowd, the exammations
were performed after an interval of & least 3 weeks from the
last such dose. The protocol compeised sequences for struc-
mral wmaging and subsequent volumetric analvses (T2,
FLAIR 3D, and T1 3D) and diffusion tensor imaging (D'TY)
sequence. Details about the wmging protocol are shown in
{Tubde 3). DT was acquized with b factor O and 1000/mm”
using 32 directions of the magnetic gradient. Two expen-
enced racdsologasts (MK and 5] evaluated by consensus the
images for the presence of T2/FLAIR hyperintense lesions
and classified the findings 1n terms of the DIS in accondance
with the 2017 McDomald critenia. Fnal decsions i doubtiul
cases were made by group consersus while including the
other co-authors (AS and MM).

DT data processing was done usng FMRIB's Software
Labrary (FSL) (), starting with bram extraction, eddy current,
and movement correction and calenlation of maps of the sca-
las diffusion patametess {factioml anisotzopy [FAJ, mean dif-
fusivity [MD], axal diffisivity [AD], and eadial diffusiviey
[RD]). The data were subsequently analyzed by voxel-wise
tract-based spatial stanistics (TBSS) (13) and s stacstical mod-
ule (Randomize) to comp the diffuson  parameters
between the study groups with multiple compansons corzec
tion and subjects’ age. sex, and MR device set as covariares,
Mean values of the aforementioned scalar parametens were
extracted from the sum of white matter voxels differing sig.
nificantly (p < 0,05} between thase groups being compared,
and those values were then entered into further stanstical
analyses,

The toaal bram volume and volumes of winte matter
(WM) and grey matter (GM), normalized for subject head

TABLE 3. Parameters of Magnatic Resonance Imaging
Protocol

Sequence Ovientalion TR{ms) TE fms) Acquisition Voxsl

lbox vession 3.0.0 (www statstcad -nodelling de/ b )
for statistscal paramietsic mapping.

For overall evaluation of brain abnormalites i panents
with CIS, all DTT and volumetric parameters were compared
berween the whole group of patients and healthy controls.
To evaluate the predicive value of those parameters, we
mutually compared the data of mndividual subgroops of
patients defined according to progression to CDMS using
Mann—Whitmey U test. The subjects” age wis described as
mean with SD and/or median wath mzmrmum—tmaamuom
values and was compared between the groups using Man-
n=Whitney [ test. The subjects’ categorncal charactenstcs
{much as sex, treatment, or scanner type} were tested between
groups uang Fisher's exact test, Effects of potentaal confound -
ing factos {age and sex of the subjects and MRI scanaer !ypc)
were elmpuated from the data prior to statisscal testing wsang
binear regresmon in order to avosd based results. Simalady,
these parameters were set as covanates for voxel-hased analy-
sis of diffusion parameters nsing Randomize. Furthennore, a
recesver openting chanactensic (ROC) analysis was con-
ducted in order to evaluate the sensitivity and specificity of
significantly differing diffusion and volumetric parameters
becween the patent subgroups.

To evaluate the possible influence of the two different MR
scanners on the power of DT and volumetric parameters
predict clinical progressice, we included also separate analysis
of those modaives evaluating oaly the group of 64 panents
(41 women, 23 men, mean age 3.7 yean), who were exam-
ined solely on the MR device {more desails abour the group
are shown in Table 28 in the supplemmentary matesial).

Ia addibon, senatvity and specificty of McDonald DIS
catena were calculated on the basis of predicted progression
to COMS. The significance level for all statistical tests was set
at p < 005, Stanstical analyses were performed using TBM
SPSS Statwstics 25, R 3.4, 1, and Statistsea 12 {StatSoft),

RESULTS

There were no stanstically significant differences in the age or
sex of the subjects berween panents and controls or between
the patient subgroups. Emplovment of the two MRIscatiners
yielded ngmficantly different outcomes between the two
patient subgroups (Tables | and 2). The differences i num-

Size fmm)
T27TSE transverse 4651 10 09 x132+5
FLAIR3ID  sagitlad 8000 215 12212214
TI 3DFFE transverse 26 41 090818
on lransverse 21000 62 22222

Pararnelere of magnelic resonance maging protoca. TSE, lurbo
son wcho; TR, rapettion tme: TE, echo tme; FLAIR, fhed attenua-
tion nyersion recovery; FFE fast fiaid acho; DT, dffuson tensor
raging.

ber of meated panents were not satstcally agnificant
between the subgroups defined by progresaon to CDMS
(I'sble 2). The medan (mun—max} mterval between the
MRI scan and climical progression to CDMS in the subgroup
of 22 CIS pavents who developed COMS was 11.5 (0 =19)
months,

TBSS analysis of the diffusion data identified extensive
areas within the bram WM diffening significantly in FA, MD,
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Figure 1. Graphc representation of the resuits of fraci-based spaba statstics (TBSS) analyses. The selected bran rrages show red - yallow
areas where signifcam differences were found between subgroups of CIS pabents with and without progresson to COMS n the pararmelers
of fractonal ansatropy (FA), mean diffusivty (MO}, and radal dffusiwty (RA) The skeleton of white matter tracts used in data processng |15

mar<ed o green (Coor versan of ligure 18 avaiable oning)

and RD between the subgroups of CIS patrents as defined by

1), Several areas within

thetr later progression to COMS {1
the brain also differed sgnificantdy in FA, MD, and AD values
when all patients were compared with controls. The differen

ces m FA and MD were apparently more widespread across
the brain nssues in patients wih progressson compared to the
prograssion-free subgroup than i all patents compared to
healthy controls (Fig 2). The number of voxels {percentage of
all significant voxels) with sigmficantly difierent FA and M2
values ovedapping between the two TBSS analyses came o
9872 (19.63%) and 5202 (9.5

} voxels. respectively, The
median values of the diffusion parameters extracted from the
agrmbeant voxels (based on TBSS analyses) differed signifi-
n—Whi

). ROC amlyss of the diffusion parameterss in

candy between the groups alvo according 1o M: ey
U test {Tabl

terms of predicting progresson from CIS to CDMS revealed

FA x the stroagest predictor (ensiiviy 77.3%, spex Ly
wtivaty 63.6%, spectficaty 78%) and RD

itavity 63.6%, specthicty 86%) (Table 5, Fig 4)

The analvses of the DT data of the group of 64 pattents

excluding those examined on the MR2 device revealed

mil
lar results m tenms of predicton of the dimical converson

ensitvity 68.8% and speaifiairy 93.7%, ML) sensinvaty

and specificity 87.5%, RID: sensitivity 68.8% and speci

es 48 and

ficity 35, 4%). More detuled results are shown in tabs
58 n the supplementary matezial
By ¢

y wacnal evaluation of T2-w and FLAIR. images,
we identfied 18 (81.8%) subjects among the progressed

1496

patients who met DIS cntena, winle 12 the group of non

progressed panents DIS criteria were et in 26 (52%) sub

pects. Thus, the sendtavaty of DIS in terms of predicting dini
cal progression was 81.8% and the speaficity 48%

All mesured volumetric parameters {whole brain, WM,
and GM) differed significantly between patients and controls,
revealing genenlly lower volumes in patents (Table ). S
lazly, the volume of bram WM and whole bran volume were
sigificandy reduced in patients wath progression compared
to non-progressed patients, but the volume of GM did nos
differ sigmificanty between these subgroups {Table 6). In the
subsequent ROC analy=ms, the volume of WM was able to
predict the conversion of CIS o CDMS with

1SETVILY
90.9% and specihicity 58.0% (Ta 1) Very simnilar results
were obtamned when anly the 64 patients exarmined on MR
were imcluded i the analysis of the WM volume parameter
to diffe ate between CIS and CDMS subgroups (reveal-
mg sexsativity 87 o). More detaded
the supplementary

and speaficity 5

results are shown n tables 55 and 65 »

material

DISCUSSION

Thus study’s aim was to explore the potential of diffusion
scalar parameters and brain volumetry analyss to predice
the clintcal convernon to CDMS n patients wath early
sta

CIS, From a clinical point of view, idenofying

patients with CIS having high-risk of conversion o
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Figure 2.  Graphc presentaton of dfferencee n dstrioubon of difusvity changes Datwasen tha two tract-bassd spatal slat slcs (TESS) anal-
yses comrparnng patents and heathy confros and both subgroups of patients. Dstriution of voxes with sgnficantly diferent lractona
ansotropy [FA) {a - c) and mean diffusivity (MD) (- 1) values between the groups compared n axia) (a, d), coronal b, &), and sagittal (c, f) pro-
scton. Biue coour rapresents voxe's with sgnficant diferencas betwean al pat ents and haalthy controls, Graen colowr raprasents voxe's
with aignificant differences betwaan the subgroups of patents dalinad by ther later cinca progreesion, and red colour marks the sgnficant
voxals common for both analyses (Color version of ligure & avalae oning)

CDMS is o matter of great importance, In recent years, a
number of other groups of rescarchers have endeavoured
to introduce methods {or predicting the progression of CIS
to COMS based on climcal, electrophyniological, labora
tory, or imaging findings {9, 10)

If we focus on these studies wsing diagnostic imaging

MRI sequences or to find new advanced methods of MR1
and posably mrroduce them into rounne clinscal practice. An
example of a study employing advanced techaiques of struc

tural MR data analysis 2 that of Bendfeldt et al. (11), whach
evaluates combinanon of clinxal and demographic data wath
evaluation of image-based lesson-specafic geometry and bran

methods, efforts are being made either to find new possibih volume. The highest prediction accunmcy of 70.4% was
ties for evaluating and quannfying findings on conventional achieved by 3 combination of lesion-specific geometnic
TABLE 4. Diffusion T Imaging P, s in Patients and Heaithy Controls
Pammetor Patents Controbs p Vaxels Patients with Progression  Patients withowt p Vaxels
Median (M) Madian (MM) Median (MM) Prograssion
Median(MM)
FA 0532 (0.398-0.574) 0.545(0,472-059 0,001 19303 0,394 (0,343 -042%) 0.426 (0.3 -0.455) <0.001 50278
MO 1679 730 (562-800) 736 699 -773) =0,001 1521 835 (702 - 969) 811 (647 -B64) < 0,001 54227
AD[10°" 1168 (881 -1235) MTS117-1234) - 0.001 48301 - - -
RD[10Y . 650 (587 - 780) 624 (515 683) ~0.001 76755

FA, fractional ansotropy; MD. rmean diffusivity; AD. axal diffusvity, RD, reda dffusviy; MM minmum-maxmum . p-aues reprasent ng
slalistcal agnficance of diferances balween patents and conlrois (pfl avd batween the palent subgroups o} were calicualed usng Man-
n-Whiney U last wih comacton for age. sax, and scarmer. Nurmiber of voxels dentified as sgnificanly {p«<0.05) diferent belween patients
and controis and hetween both subgroups of patents as revealed by tract-based spatal statstics (TBSS) fvoxe!s{and vaxesirespacivaly)
RO used for the two analyses (| and 1} only partly overlap: therafore, the vaues entarng those analyses ara not fuly comparabs
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TABLE 5. Receiver Operating Charactertstic (ROC) Analysis of Significant Diffusion Tensor Imaging and Volumetric Parameters

Parameter ROC area (C1) p Cut-Off Sersifivity Specificity
FA 0,880 {0,806-0.974) ~0.0m 0.408698 773 80.0
MO 0.707 {0.562-0.852) <0005 0.000826 636 78.0
RD 0.750 {0.615-0.8835) - 0.001 0.000645 636 86.0
White matier 0.753{0.643 - 0.863) ~0.000 725609.4 %04 58,0
Whala brain 0,628 {0.488 - 0,768) 0.085 1480222 8 500 70.0

FA, lractional ansotropy, MD, mean dffusaty, RD, radal diffusty

(image-based) and demographic and/or chnscal features (1),
Similarly, Wotschell et 3l (12} report the potenual of
machine-learmng algonthms for predicting convenson to
CDMS by analysis of conv al p densty and T2.
weigited 1mages, revealing sensitivity of 77% and specificity
of 66% during 1 year of observation.

We have chosen TBSS, a module of FSL, for the analysis of
D'T1 data, This tool represents 2 widely accepted approach to
diffuston data analyss wsmg nonlinear registration of FA
maps, reconstruction of makn WM tacts, and projection of
FA values of individual subjects onto ths skeleton (13). This
fully sutornatc method = virtwally operator independent and
also ame efficient. which are the magor benefits over manual
techmigues based upon region-of-interest that may be prone
to subjective error and may provide poorer reproducbdity
compared to TBSS {114).

Our resulbes generally cozrespond with previous findings of
changes in DTI parameters of brain WM m patents wath
multiple scleroms (15) or CIS (10) m companson to healthy
controls, In the normal, healthy populanon, bran WM,
unlike the GM, has a comparatively high FA value and low

ROC Curve
e
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=
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Figure 3. Recever oparatng characteretic (ROC) curve of the frac-
fional anisatropy (FA) parameter as & predclor of prograssion to

Inicely definde multiple i n patenis wih cincally soated
syncroma,
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MD values {17). As the bran ages, gradual physiologsal
degeneration has been observed, and thus there i gradual
decrease in FA and mcrease in MD in the WM (15). Si-
lazly, i our study, mean values of MD were higher and val-
ues of FA lower in patients with progression compared o
those without progression, which, from the penpective of
diffugion propesics of the brain WM, may resemble an sccel-
erated process of aging, In contrast, we observed moderately
lower MD values in jome WM areas {mostly parietal and
frontal lobe WM, Fig 2d-() within the group of all patients
compared to the control group. It is necessary to realize that
the reported values of scalar paramieters are not fully compara-
ble between the two analyses, becanse they were measured
wathin different aress of WM 2 given by TBSS analysas,
Physiologseal structural heterogeneity probably plays some
role here, Furthermore, according to previous studies, eady
demyelnating changes may demonstrate sorne degree of
restrcted diffusion (1Y) in contrast to chronic changes 1
CDMS patients, withun whom higher MD values were found
(20), Inasmuch as the MRI examinations were performed
quite early after the iniual clinical artack (approximarely 42%
of patieats examuned within the firt month, median 2
mounths), we may speculate that Jower MD values in the
whaole group of carly-stage CIS patients compared to controls
may generally be related to casly demyelination, but compar-
atvely higher MD values i selected patients with fusther
clinical progression compared to non-progressed patients
tnay be due to undedying {possibly subclinseal) chronic wlira-
structural abnommalitses that are asociated with rsk of future
chmcal progression,

The differenices in FA and MD were generally more wide-
sprexd across the bram {eg, cerebellum) when the subgroups
of patients defined by later progression to CDMS were mutu.-
ally compared than m the case of companng pavents o
healthy controls (I'ie 2). Moreover; patients differed from the
control group m AD, and, conversely, we proved sgmificant
differences m RID in patients with progression compared to
those without progression. Those two parameters may be
atbuted to different ultrastructural abaormalicies of WM,
where RD is recognized as a marker of demyelization while
changes 1 AD may more hikely reflect axonal disitegracon

21). From the perspective of diffuston properes, therefore,
the changes in panents with liter dinical progression appear
moderately specific and show different charactenstics com-
pared to general abnomalities in CIS patents found in com-
patsson to headthy subjects.
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TABLE 6. Volumatric Paramaters in Patients and Healthy Controls

Volume  Palients Controks P (value) Patients with Progression Pafients withoul Progression p' {value)
Median (MM) Median (MM) Median (MM) Median (MM)

GM([cm?] 787 (674.2-800.6) 812.5(636.1-939.3) -0.001 780 {7054-807.6) 787 (E74.2-9006)  0.832

WM [em]  717.5 (644.5-799.8) 731.4{624.3-810.6) -0.05 604.2(644.5-749.2) 735 (655.4-709.8) «<0.001

WB[em”] 1511.9(1348-1627) 1537613791728 <000 1451.3{1365 1623 15151 (1348-1627) =0.05

GM, grey matte; WM. wite matter; WB. whoie brain. MM, minmum—maxmum; p-values represant ng statslical significance of difansnces
batween patents and controis (o) and betwean palent subgroups (o]) ware calculated usng Mann-Whinay U test with correction for ags,

sexand scanner,

The FA salar parameter quantafying ansotropy of diffu.
sion within brain tissue may be perceived as a general marker
of nerve fibre integnty disraption (22). In our study, FA of
brain WM appeared as the strongest predictor of convession
to COMS, with sensitivity of 77.3% and speaficity of 90%.
There is not much data in the literature about the potenuial of
MRI diffusion techniques for predicting CIS to CDMS con-
version. One presiows study from Gallo et al. (23) found sig-
ntficant DT abnormalities within normal appearing white
matter (NAWM) in the beains of patients with CIS, but it did
not find significant differences becween a subgroup of panents
wath CIS mitally fulfilling McDonald criter3a for disermina-
tien in space wath later progresaon to CDMS and a subgroup
without progression. Conversely, Kugler et al. (24), in their
study {and smlacy to our study), proved alterations of FA 1n
cerebellar tssues as 3 predictor of convemsion to CDMS.
Moreover, histogram analyss of cervical cord's diffusion
parametess also has been wsed in a recent study to predict CIS
to CDMS progresson with senativity and speafiaty of FA
kurtosis of Both WM and NAWM of 93% and 72%, respec-
tively (25), Conventonal evaluation of structural MR data
according to McDonald DIS catenia revealed sensitvity of
BL.8% in termy of prediction to CDMS. That was comparable
to the predictive power of FA, but the speaficity of the con-
ventional criteria and evaluation was substantially Jower, at
4826 From this perspective, i may appear thal e anaysis of
diffusson data 1s more accurate than 15 conventsonal MR

Several studses have been published confirming brain vol-
ume teduction in pageats with CDMS. Morcover, the rate
of volume reduction corzelates with progresion of the du-
ease’s chmcal symptom (26), Some studies have also evalu-
ated cerebral arophy m CIS patients (27) or even considered
using brain volume measurements as a predictor of progres-
sion from CIS to COMS while taking imto connderation sep-
arately GM and WM volumes (26), One of the studies of a
nature similar to that of ours is the study of Dalton et al, (25),
In this work, the only gatistically sipnificant predictor of din-
ical progresdon was reduction in the volume of GM. The
volume of WM was not significantly different in the two
investigated groups. These Gndings contradict the results of
our study, which evidence statstically sgnifcant reduction of
whole brain volume and of WM to be maost pronounced m
patients with progression to CDMS within the next 2 years.
The reason for these discrepancies may relate to a sraller

aample of patents in the case of the fisst study and especially
differences 1 methodology, as the ated older study uses not
3 T1 3D sequence for segmentanon bue only a 2D T2
sequence. In such case, a poorer WM / GM conmast can be
expected and the resulting weaker spatial resolution may pro-
vide less precise volumernic data, We believe that our results
are logical, given that demyelination generally affects WM
more than GM (29) and WM awzophy correlates with the
chimcal state of the patents (40). WM volume demonstrated
comparatively low specifiaty {(58.0%) with respect to predice-
g clinseal converdon in patients with CIS, bat the senstivity
was comparatively higher (90.9%) and the dscrimination
pawer of val Y Was g lly weaker compared to those
of DT parametess.

This study had several hrmitatioas. Some may consider as a
Irmitation the we of 3 15T MRI device that provades imagex
with genenlly lower signal-to-noise ratio compared to 3T
systerms, On the other hand, this shostcoming is partially ofi-
set by the fact that a lower magnetic field, by its physsal
nature, produces smaller numbers of swsceptibibity artefacts
compared to machines with higher induction that may
become impaortant especially in anatomical areas near the
skull base. Furthermaore, one of the recent multicentre studies
has shown that most of the diffision MR1-derived parimeters
are robust even across 1.5T and 3T scanners (31}

Ancthes limitation x the we of two different MR devices,
as the hardware had been replxced dunng the study.
Although both scamnen were 15T devices from the same
manuficturer and the exammanons on the newer MRI
device were pedormed uang exactly the same acquetion
pamameter settings, the mfluence of diferent MRI hardware,
especnally on the diffuson scalar parameters, may be signifi-
cant (32). Becawse the propomtions of exanunatons per-
formed on the two MRI devices were not equal among the
study groups, the MRI device was incuded a5 4 covanate
into all statisncal analyses to correct for posable influence of
this factor; such approach has already been reported in the lie-
erature {13). Moreaver, to further valihite the results, we
provide also the key analyss companng progressed and mon-
progresied patients restricted mevely to the group of 64
patients exammned on a angle MRI device, Inmsmuch as these
data do not differ substannially from the whole-group analyss,
we believe that the influence of the different MR hardwase
is not cruczal. [nany case, the reproducibality among different
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MRI devices with differens field strengths should be studied
in relanon to this topic before the rechniques invesngated
here can be used i routine dumm

Another lizmtation 15 the rel y small size of the study
group due to recruitment of patimt: from oaly one multiple
sclerosn:enm Ahhwghdxcnumbero[p:nmnnﬁﬁmm
w pr ~ ql'y 1, it 1.4 be m
prate to venify the results on a larger number of patients, In
sddition, the 2-year follow-up period is a relanvely short
tirne frame within which to evaluate the potentual for CDMS
converaon. The tme to conversion to CDMS in CIS patents
reported in the literature is somewhat vasiable, In a large
study wich more than 1,000 patients, for example, the median
tirme to conversion was 1,096 days (34). Another study inves-
tigating a smaller group of patsents indbeated mean time to
converson of 11 months ('i) With this in mind, a 2-year
momtozing pcnod was comdered scceptable, especially
wiven that relapss during the 1l 1 =2 years of
dacdumsooummpmnnwhl\bud'cmaﬂpmgmb
tc importance in anticipating the seveaty level of (uture
damage {35). It 1 smportant to note, Gowever, that the con-
verson rate 1 CIS patients 1 the next 20 years reported
long-term studies reaches up to 50% —60% (36,57), Consid-
ering the loser convession rate estabdished in our study
{(30,6%), we may expect that some of the pabents who
remained diniclly stable for 2 years may develop further
clinical attack in future. Thus, the predictive power and lon-
ginudinal evoluton of DTT and volumetne parameters need
to be further investigated by long-termn studies.

A certain bias may also have arisen from the effects of treat-
meats initiated during the follow-up pedod i patients
belonging to both subgroups. Although the numbes of
treated patients were not ugrficantly different between the
patient subgroups as defined by their progresson o CDMS,
this Gact could to some extent influence the meaured diffu-
sion pazameters. Nevertheless, any mtentsonal observation of
thas disease's natural progressson, while a theoretically optamal
methodelogy, would be witally unacceptable from an ethical
standpoint.

CONCLUSION

This study provides evidence that the evalwmtion of DT1
pacameters together with bram volumetry in patients with
eady-stage CIS may be wseful in predicting CIS converson
to COMS withm the following 2 years of the disease.
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