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1. Uvod

Zobrazeni magnetickou rezonanci (MR) je v soucasnosti dobfe etablovanou zobrazovaci
metodou, kterad je standardni soucasti diagnostiky nejriznéjsich onemocnéni centralniho
nervového systému (CNS). Tato modalita je ocefiovdna zejména pro excelentni kontrastni
rozliseni, neinvazivitu a absenci zatéze pacientl ionizujicim zarenim. MozZnosti zobrazeni
pomoci MR jsou velmi Siroké a heterogenni, nebot tato metoda umoznuje vyuziti velkého
mnoZstvi zobrazovacich sekvenci, z nichZ kazda nabizi jiné charakteristiky vysledného obrazu

vySetfovanych tkani z hlediska kontrastu a prostorového rozliseni.

Jakkoliv je vSak metoda MR jiZ od svych pocatkl inovativni a technicky vyspéla, v nékterych
oblastech zobrazovaci diagnostiky pfi vyuZziti konvencnich sekvenci jiz nardzi na limity svych
moznosti. Jednou z téchto oblasti je zobrazeni bilé hmoty mozku ¢i michy, ktera se pfi pouZiti
konvencnich technik jevi fyziologicky jako pomérné homogenni tkan bez moznosti
diferenciace dalsich detaild jeji vnitfni struktury (1). Bila hmota mozkova je pritom, jak
znamo, slozita vysoce strukturdlné organizovana tkan s anatomicky definovatelnymi
nervovymi drahami rdzného pribéhu; zobrazeni této struktury za fyziologickych i

patologickych podminek stale predstavuje urcitou vyzvu pro zobrazovaci metody.

Jednou z nejnadéjnéjsich metod, ktera se v poslednich letech na tomto poli vyrazné
prosazuje, je technika zobrazeni tenzoru difuze (diffusion tensor imaging, DTI), jejiz technické
zaklady byly popsany v roce 1994 (2). Tato metoda umoznuje in-vivo vizualizaci pribéhu
nervovych drah pomoci pokrocilych metod analyzy anizotropie difuzivity (traktografie) (3),
v mnoha odbornych studiich se téZ ukazalo, Ze tato technika skytd obrovsky potencidl pro
diagnostiku nejrdznéjsich onemocnéni a poskytuje novy pohled na ultrastrukturalni
patologické zmény zejména v ramci bilé hmoty mozku ¢i michy (1; 4; 5). Prace na tomto
tématu nicméné zdaleka neni ukoncena; hlavni proudy vyzkumu v této oblasti se

v soucasnosti zaobiraji vyuzitim DTI v diagnostice jednotlivych onemocnéni nervového
systému a aplikovatelnosti této metody v klinické praxi. Pomérné casto jsou diskutovana i
témata reprodukovatelnosti méreni, redukce artefaktd ¢i vyuZiti riznych technik analyzy

obrazovych dat (6; 7).



Témto vySe uvedenym tématlim je vénovana i tato habilitacni prace, ktera je koncipovana
jako soubor komentovanych publikaci. U sedmi z téchto praci je autor této prace prvnim

autorem a u jedné ze tfi uvedenych spoluautorskych publikaci je autorem korespondencénim.
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3. Technické aspekty DTI

3.1. Zobrazeni difuze

Pod pojmem difuze se rozumi ndhodny pohyb molekul vody ve tkdni oznacovany jako tzv.
Brownuv pohyb. Tento jev mlze za urcitych podminek ovlivnit intenzitu signalu sekvenci
spinového i gradientniho echa MR zobrazeni. Zobrazeni difuze umoznuje vyuziti
symetrickych magnetickych gradient(, které ve voxelech se stacionarnimi protony (nizkou
difuzivitou) zplsobi rozfazovani a opétovné zfazovani precese spin(, takze nedojde

k Zddnému Ubytku signdlu. Oproti tomu ve voxelech s vysokou mirou difuzivity molekul vody
dojde pouze k neldplnému zfazovani precese, coz ve vysledku vede k poklesu intenzity

signalu (8).

V soucasnosti je vétsSina difuzné vazenych sekvenci zaloZzena na Stejskal-Tannerové technice
(9; 10). Tato vyuziva umisténi dvou casové zcela symetrickych pulzl gradientl magnetického
pole okolo radiofrekvencéniho 180° pulzu spinového echa. Senzitivita sekvence vUci difuzi
muze byt upravena amplitudou a ¢asovym trvanim zminovanych gradient(l. Parametr
sekvence definujici miru difuzniho vazeni se oznacuje jako tzv. b faktor, ktery je funkci
amplitudy, trvani a prostorové distribuce gradientnich pulzt (11). Hodnoty b faktoru se

v praxi obvykle pohybuji v rozmezi 0-1000 s/mm?. V praxi se dnes nej¢asté&ji vyuziva sekvenci
typu ,single-shot” (SSh), kde je pouzit pouze jeden excitacni (90°) radiofrekvencni pulz a poté
je nabran cely k-prostor technikou echo-planarniho zobrazeni (EPI) (12). Vyhodou tohoto
fesSeni je predevsim vysoka rychlost akvizice dat, nevyhodou muze byt naopak vysokd

citlivost sekvence vici susceptibilnim artefaktim nebo nizky pomér signal/sum (13).

3.2. Anizotropie difuze

Vyznamnym jevem v souvislosti se zakladnimi principy techniky DTI je tzv. anizotropie difuze.
Jedna se o zdvislost miry difuzivity na sméru pouzitého magnetického gradientu, ktera je
v prostiedi vysoce strukturdlné organizované tkané bilé hmoty mozku ¢i michy dana

skutecnosti, Ze difuze molekul vody probiha snadnéji podél dlouhé osy nervovych svazk(i nez
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ve sméru pricném. Tuto smérovou zavislost miZeme bliZze ozfejmit pomoci opakované
aplikace gradientu magnetického pole v nékolika rtiznych smérech (typicky v 6 aZ 64).
Vektory vyjadfujici miru difuzivity v jednotlivych smérech jsou potom vyuZzity pro
matematickou konstrukci 3D elipsoidu, jehozZ tvar a orientace charakterizuje anizotropii
difuze v jednotlivych voxelech (14). Tvar elipsoidu mGze byt popsan pomoci tfi hodnot (A1,
A2 a A3), které reprezentuji velikost tfi jeho hlavnich os a jsou oznacovany jako tzv. vlastni
vektory (eigen vektory). Z téchto parametrui je mozné vypocist celou fadu skalarnich velicin,
pomoci kterych je mozné kvantifikovat rGizné aspekty difuzivity. Casto pouzivanymi
parametry jsou frakéni anizotropie (FA), kterd udava relativni miru anizotropie v daném
voxelu (0-1), a hodnota stiedni difuzivity (mean diffusivity, MD), ktera vyjadfuje celkovou
miru difuzivity nezavislé na anizotropii difuze (11). Dalsi pokrocilejsi moZnosti zpracovani DTI
dat je tzv. traktografie (fiber-tracking). Tato technika je zaloZzena na ,,stopovani“
prevladajiciho sméru difuze za predpokladu, Ze tento odpovida skutecnému sméru pribéhu
nervovych traktd (15). Umoznuje tak virtualni rekonstrukci pribéhu jednotlivych nervovych
drah s moznosti jejich projekce do zakladnich strukturalnich obraz konvencénich MR

sekvenci.

3.3. Metody analyzy dat

V otdzce metodiky analyzy obrazovych dat DTl obecné existuje cela fada pristup(. Za
nejjednodussi Ize povaZzovat méreni parametrd difuzivity v rdmci manualné definovanych
oblasti zajmu (region of interest, ROI) ve zvolenych oblastech mozku ¢i michy. Nevyhodu
tohoto postupu mohou predstavovat nepresnosti v umisténi ROl a nasledné zkresleni
vysled(l. S timto problémem se snazi vyporadat nékteré automatizované techniky analyzy
DTI dat, které jsou jiz dobre etablovany zejména v oblasti DTl zobrazeni mozku. Jednou

z Casto vyuzivanych metod je TBSS (tract-based spatial statistics) zaloZzena na platformé FSL
(Functional MRI of the Brain Software Library). Tato metoda umoznuje automatizovanou
analyzu skaldrnich parametr( difuzivity bilé hmoty v celém méreném objemu mozku a je
vhodnd zejména pro ,voxel-based” statistické porovnani rlznych skupin zkoumanych

subjektl (16).



V pripadé zobrazeni michy existuje relativné méné moznosti vypocetni analyzy obrazovych
dat, nezbytnou soucasti takovych postupt je segmentace obraz( michy v obrazech MR a
registrace s daty DTI. V této oblasti bylo popsano nékolik technik pouzitelnych pfi
segmentaci celé michy nebo separatni segmentaci Sedé a bilé hmoty misni (17). Kromé
manualni segmentace zkusenym operatorem, kterd je ¢asto pouzivana jako zlaty standard
pro porovnani s pokrocilejSimi metodami, Ize vyuzit kupfikladu intenzitné zalozenych
segmentacnich metod vyuzivajicich prahovani intenzity signdlu jednotlivych tkani (18) nebo
deformacnich metod, které jsou zaloZzené na postupné deformaci uzaviené kfivky s cilem
minimalizovat jeji energii na zakladé modelu vnéjsich a vnitfnich sil (19). K pokrocilejsim
technikam se radi klasifikacni a atlasové metody, které jsou zaloZzeny na prostorové registraci
segmentovaného obrazu a standardizované predlohy (20). V posledni dobé jsou stdle Castéji
vyuzivany pokrocilé metody segmentaci vyuZzivajici metod strojového uceni a neuronovych

(21).

V soucasnosti jsou nicméné stale hledany robustni a reprodukovatelné metodické pristupy
zahrnujici co nejpresnéjsi segmentaci Sedé a bilé hmoty michy, registraci s DTI daty a
statistické vyhodnoceni parametr( difuzivity. Touto problematikou se zabyva metodicky
zamérena publikace I. (Dostal et al., ) Magn Reson Imaging 2018), ve které je predstaven
uceleny postup pro analyzu dat DTl zobrazeni kréni michy. V této praci je aplikovana
semiautomaticka klasifikacni metoda vyuZivajici prvkd strojového uceni (ITK-SNAP) pro
segmentaci Sedé a bilé hmoty michy ve strukturdlnich T2 vazenych obrazech s ndslednou
registraci ziskanych segmentacnich masek s daty DTI. Uvedend metoda je zde podrobena
dikladné analyze hodnotici jeji presnost a reprodukovatelnost véetné dopadu na variabilitu
mérenych skaldrnich parametr( DTl a je v téchto aspektech porovnana s vysledky
segmentaci zaloZzenych na lépe etablované atlasové metodé Spinal Cord Toolbox (SCT).
Shoda jednotlivych segmentacnich masek mezi porovnavanymi skupinami byla
kvantifikovana pomoci parametrd Diceho koeficientu a Hausdorffovy vzdalenosti. Ziskana
data byla podrobena statistické analyze hodnotici vzajemnou miru shody jednotlivych
segmentacnich technik a intra- i inter-observer variabilitu segmentaci provedenych pomoci

jednotlivych metod.

Jednim z hlavnich vysledk( této studie je prikaz lepsi shody klasifikacni metody se zlatym

standardem manualni segmentace v porovnani se SCT, naopak nebyly zjistény vyznamné



rozdily v mérenych hodnotach FA michy mezi obéma semiautomatickymi segmentacnimi

metodami.

Silnou strankou této studie je zejména kombinace pokrocilych metod segmentace MR
obrazl michy s ndslednou analyzou DTI dat, takZe je moZné uvedenou metodu na zékladé
ziskanych vysledk( nabidnout jako jeden z moznych komplexnich metodickych pristupl

k analyze difuzivity kréni michy. Autor této habilitacni prace je korespondenénim autorem
uvedené publikace, podilel se velkou mérou na celkové koncepci studie, na akvizici dat i

jejich analyzach.
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4. Vyzkumné a klinické aplikace DTI

Jak bylo zminéno vyse, vysoce organizovana mikrostruktura normalni bilé hmoty CNS je
pri¢inou vyrazné anizotropie difuze v této tkani. Ukazuje se, Ze rlizné patologické zmény v
bilé hmoté Casto vedou ke sniZeni anizotropie pfi patologickém narustu difuzivity molekul
vody napfi¢ nervovymi trakty, coZ je mozné detekovat pomoci DTI; senzitivita této techniky
byla v tomto smyslu mnohokrate potvrzena, véetné experimentu na zvifecich modelech (22).
Zejména index FA je v soucasnosti povaZzovan za parametr vysoce senzitivni vici naruseni
integrity bilé hmoty a je také jednim z nejcastéji sledovanych parametr( ve studiich
vyuzivajicich DTI zobrazeni (4). Néktefi autofi téZ poukazuji na skutecnost, Ze pfi podrobné;jsi
analyze smérové charakteristiky difuzivity je mozné odlisit poskozeni bilé hmoty na podkladé
axondlni dezintegrace, kdy dochdzi zejména ke snizeni podélné difuzivity (A1) od
demyelinizace, kdy je zvySena difuzivita pri¢na (23). Na skalarni parametry difuzivity je proto
mozné nahliZet jako na cenné biomarkery, které mohou prispét je zpfesnéni MR diagnostiky
u nejrliznéjsich onemocnéni mozku ¢i michy. Pfidanou hodnotou je moznost jejich
kvantifikace, coz mlze ddle prispét k objektivnéjSimu zhodnoceni ultrastrukturalnich

patologickych zmén v postizené tkani.

4.1. Zobrazeni mozku

Jednou z oblasti, kde je technika DTl v posledni dobé hojné vyuzivana je vyzkum a
diagnostika roztrousené sklerézy (RS). Existuji dikazy o korelaci parametr( difuzivity s
histopatologickymi nalezy demyelinizace a axonalni dezintegrace (24). Abnormality difuznich
parametr( byly zjiStény v rdmci demyelinizacnich T2 hyperintenznich plak v porovnani

s normalné vyhlizejici bilou hmotou (NAWM) (25) a patrné nejpozoruhodnéjsi je skute¢nost,
Ze zmeény difuzivity lze prokazat i v rdmci samotné NAWM i NAGM (Seda hmota normalniho
vzhledu) v porovnani se zdravymi jedinci (26). DTI Ize tak vnimat jako citlivéjsSi metodu pro
detekci patologickych zmén u pacient( s RS v porovnani s konvenénimi technikami MR
zobrazeni. Této problematice je mimo jiné vénovana prehledova prace Il. (Kefkovsky et al.,
Cesk Slov Neurol N 2017), ktera shrnuje vicero modernich technik zobrazeni MR, které jsou

vyuZitelné v diagnostice RS. V ramci této prace jsou publikovana i vlastni data autora
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dokumentuijici diagnosticky vyznam DTI zobrazeni mozku u pacient( s klinicky izolovanym
syndromem, u kterych byly nalezeny vyznamné zmény parametra difuzivity (FA a MD)
v rozsahlych oblastech bilé hmoty mozkové v porovnani s kontrolni skupinou pomoci metody

TBSS a nasledné voxel-based statistické analyzy.

Jako priklad dalsi skupiny onemocnéni, kde Ize DTI vyuzit jako citlivy detektor patologickych
zmén v bilé hmoté mozkové, jsou onemocnéni psychiatricka. Tato technika byla aplikovana
kupfrikladu v radé praci dokumentujicich zmény difuzivity bilé hmoty mozku u pacient( se
schizofrenii, coz poskytuje novy nahled na patofyziologii tohoto onemocnéni a podporuje
teorii patologické konektivity bilé hmoty mozkové jako jeden z vyznamnych faktor( vzniku
tohoto onemocnéni (27; 28). Jednim z vystupl spoluprdce autora této habilitacni prace

s kolegy z oboru psychiatrie je publikace lll. (Huttlova et al., Cerebellum 2014). V této praci
jsou porovnavany parametry difuzivity v pribéhu vybranych rekonstruovanych nervovych
drah (kortikospinalni drahy a hornich mozeckovych pedunklt) mezi zdravymi kontrolami a
podskupinami pacientl se schizofrenii liSicimi se klinickym nalezem motorickych abnormalit
dle skére NES (Neurological Evaluation Scale). Statistickou analyzou byly nalezeny vyznamné
zmény difuzivity v pradbéhu pravostranné kortikospinalni drahy u pacientd bez zjisténé
poruchy motoriky. Naopak u pacientl s prokazanou alteraci sekvencovani pohybu byly
zjistény zmény difuznich parametrd v oblasti levého horniho mozeckového pedunklu. Tato
zjisténi mohou prispét k pochopeni patogeneze motorickych abnormalit u pacientl se
schizofrenii. Na této publikaci se autor podilel po strance akvizice MR dat v rdmci Sirsiho
projektu zahrnujiciho krom DTl i funkéni MR zobrazeni zamérené na hodnoceni abnormalit

motorickych funkci u souboru pacient(l se schizofrenii.

Metoda DTI byla v fadé studii pouzita téZ ke studiu bilé hmoty mozkové u zdravych subjekt(.
Pfikladem mohou byt zavéry nékolika autord poukazujici na zmény difuzivity bilé hmoty

v korelaci s vékem nebo pohlavim zkoumanych subjekt( (29; 30; 31). Do této skupiny studii
Ize zaradit i recentni publikaci IV. (Kefkovsky et al., EurRadiol 2019), ve které jsou hledany
korelaty v obrazech DTI a dalSich pokrocilych modalit MR zobrazeni s mirou vyskytu ndhodné
nalezenych T2 hyperintenznich loZisek v bilé hmoté mozkové u kohorty mladych
neurologicky asymptomatickych subjektd. V této praci byl kvantifikovan vyskyt téchto lozZisek
za pomoci segmentace se stanovenim jejich poctu a objemu. Finalni analyza dat zahrnovala

jednak porovnani difuznich parametrt mérenych v rdmci loZisek s primérnymi hodnotami
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NAWM, parametry poctu a objemu lézi byly dale korelovany s difuznimi parametry
mérenymi v celé bilé hmoté mozkové za pomoci TBSS analyzy. Na zakladé vyse uvedené ROI
analyzy jsme zjistili signifikantné vy3$si hodnoty MD v porovnani s difuzivitou mérenou

v ramci NAWM, na druhou stranu vsak nebyla prokazana korelace objemu ani poctu loZisek
se skalarnimi parametry difuzivity bilé hmoty pomoci TBSS. Tato skutecnost proto naznacuje,
Ze ultrastrukturalni abnormality jsou u téchto asymptomatickych jedinct limitovany pouze
na lokalitu samotnych T2 hyperintenznich lozisek a nepostihuji rozsahlejsi oblasti ostatni bilé
hmoty. Z dalSich modalit zkoumanych v této publikaci byly dale nalezeny signifikantni zmény
funkéni konektivity mezi nékolika oblastmi mozku v korelaci s narUstajicim objemem a
poctem loZisek. V zavéru prace je diskutovan vyznam téchto vysledkl pro budouci studie
zahrnujici hodnoceni kohort asymptomatickych subjektl, u nichZz vyskyt T2 hyperintenzit

v bilé hmoté mozku muize mit vliv na zkoumané parametry pokrocilych technik MR

zobrazeni.

Jednou z klinicky orientovanych aplikaci DTI je vyuziti této techniky pro predoperacni
zobrazeni trakt(l bilé hmoty mozku u pacientl s mozkovymi tumory pred planovanou
resekci. Vyuzivana je zejména deterministicka traktografie, kterou je mozné pouzit pro
rekonstrukci riznych drah v zavislosti na lokalizaci tumoru. Tato technika umoznuje
zobrazeni prostorového vztahu urcité drahy k patologické Iézi, pfipadné odliSeni jejiho
odtlaceni tumorem od pfimé infiltrace a destrukce (32). Spolehlivost této techniky byla
potvrzena v fadé praci, které prokazuji dobrou korelaci peroperacni subkortikdlni stimulace
motorickych i jinych drah bilé hmoty s pribéhem drah rekonstruovanych pomoci DTI (33;
34). Obrazy rekonstruovanych drah je mozné integrovat do systému stereotaktické
neuronavigace, coz umoznuje neurochirurgovi ziskat lepsi predstavu, v jakém prostorovém
vztahu se pfislusna draha nalézda v operacnim poli ve vztahu k tumoru (35). Pomérné ¢astym
predmétem zajmu predoperacniho DTI vySetieni je kortikospinalni draha, ktera je jednim z
nejdllezitéjsich traktd z hlediska mozného peroperaéniho poskozeni a nasledného vzniku
funkéniho neurologického deficitu. Pri zpracovani muize byt vyhodou integrace dat funkéni
MR mapujici motoricky kortex pro spravné a specifické umisténi oblasti zajmu pouzitych pro
rekonstrukci drahy (36). Néktefi autofi poukazuji na vyhody soucasného vyuziti traktografie
kortikospinalni drahy se zminovanou technikou peroperacni elektrické stimulace za Ucelem

minimalizace funk¢niho deficitu pfi operacich tumort v motorickych elokventnich oblastech
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(37). Ukazka vysledk( predpoperacni traktografie je zahrnuta v publikaci V. (Kefkovsky et al.,
Cesk Slov Neurol N 2010). V této prehledové praci jsou dale shrnuty technické aspekty DTl a
rdzné moznosti klinického ¢i vyzkumného vyuziti této metody pro zobrazeni mozku

s prezentaci vlastnich zkusenosti autora s touto technikou.

4.2. Zobrazeni Kr¢ni michy

Lze Fici, Ze v oblasti patefe a michy je realizace DTI vySetreni stale urcitou vyzvou, coZz mimo
jiné dokumentuje fakt, Ze pocet studii zabyvajicich se timto tématem je vyrazné mensi

v porovnani se zobrazenim difuze mozku. Dlvod je moZno spatfovat patrné ve vétsim riziku
zatiZzeni obrazl artefakty podminénych nehomogenitami magnetického pole v oblasti patefe,
obecné horsim pomérem signal/sum a zaroven potrebou vysokého rozliseni pro podrobnéjsi
zobrazeni relativné malého objemu michy. Méné Casté je téz rozsifeni vhodnych sekvenci,

které navic obvykle vyZaduji velkou miru optimalizace (38).

Pfesto lze konstatovat, Ze DTl zobrazeni michy je prakticky proveditelné a je vyuzitelné mimo
jiné pro blizsi charakteristiku nejriiznéjsich misnich loZiskovych lézi, kde je konvenéni MR
diagnostika obecné obtiznd vzhledem k ¢asto nespecifickym nalezim. DTI vySetieni v této
oblasti mUzZe prispét jak kvantifikaci skalarnich parametrd difuzivity, tak rekonstrukci misnich
drah pomoci traktografie (39). Za klinicky vyznamnou lze povaZovat zejména detekci akutni
misni ischémie pomoci vizualizace restrikce difuzivity v ramci ischemického misniho loziska
(38). Jini autofi poukazuji na potencial DTI v otdzce blizsi charakteristiky miSnich tumoru i
vlivu expansivni léze na pribéh nervovych traktd michy (40; 41). Obdobné jako v pfipadé
analyzy difuzivity mozkové tkané i v pripadé zobrazeni michy plati, Ze pomoci kvantifikace
skalarnich parametr( anizotropni difuze Ize s vysokou citlivosti detekovat ultrastrukturalni
zmény misni tkané u nejrdznéjsich neurologickych onemocnéni jako je idiopaticka
transverzalni myelitida (42), amyotroficka lateralni skleréza (43) nebo roztrousena skleréza

(44).

ZkuSenosti autora této prace s vyuzitim techniky DTl pro MR diagnostiku rliznych misnich lézi
tumordzni i netumordzni etiologie jsou shrnuty v ¢lanku VI. (Kefkovsky et al. Cesk Slov

Neurol N 2013). V této prdci je retrospektivné analyzovan soubor 11 pacientl s nalezem
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loZiskové misni léze rlizné etiologie, u nichz bylo provedeno DWI nebo DTl zobrazeni michy.
Hodnoceni zahrnovalo kvantifikaci difuznich parametrt a v pfipadé DTl i rekonstrukce
misnich drah pomoci traktografie, diskutovan je zde vyznam téchto ndlezd pro odliseni
jednotlivych misnich patologii. V této praci je poukdazdano mimo jiné na nalezy restrikce
difuze v rdmci loZisek misni ischémie a roztlaceni nervovych drah michy u pacienti s miSnim
ependymomem. V této souvislosti je tfeba konstatovat, Ze nalezy patologickych zmén michy
tumordzni i netumordzni povahy jsou pfi konvenénim MR zobrazeni mnohdy nespecifické,
takZe se pri hodnoceni ¢asto nevyhneme neurcitym zavérim, které v daném casovém
okamziku neumoziuji zahdjeni specifické 1écby (45). Pridatné informace, které poskytu;ji

nové techniky MR zobrazeni véetné DTI jsou proto z klinického pohledu velmi cenné.

Nalez DTl zobrazeni u pacienta s radiac¢ni myelopatii byl publikovan podrobnéji jako
kazuistické sdéleni VII. (Kefkovsky et al., ] Neuroimaging 2015). V této praci je popsano
zejména ve své dobé unikatni in-vivo pozorovani ischemickych zmén s restrikci difuzivity

v postizeném segmentu michy v korelaci s patofyziologickym konceptem vaskularniho podilu

na nekrotizujicich patologickych zménach misni tkané u pacient( s radiacni myelopatii (46).

Zbyvaijici tfi publikace jsou vénovany problematice vyuziti DTl u pacientl s degenerativni
cervikaIni myelopatii (DCM). Tato diagndza predstavuje urcity problém pro konvenéni MR
diagnostiku s ohledem na skutecnost, Ze individualni tolerance michy vici kompresi je
pomérné variabilni (47), a z toho vyplyvajici ¢astou diskrepanci mezi mirou miSni komprese a
klinickou manifestaci myelopatie (48). Tuto skutecnost doklada téz relativné casty vyskyt

nahodnych ndlez(l degenerativni misni komprese u asymptomatickych jedinct (49).

Potencial DTl Ize v této oblasti spatfovat v detekci zmén difuzivity vzniklych v disledku
strukturalnich abnormalit navozenych misni kompresi, které by pfipadné umoznily detekovat
incipientni zmény v ramci kompresivni myelopatie citlivéji nez konvencni techniky MR
zobrazeni a korelovaly lépe s klinickym obrazem. Vysledky jedné z prvnich studii zabyvajicich
se touto problematikou byly publikovany v praci VIII. (Kerkovsky et al. Spine 2012). V této
prospektivni studii zahrnujici 52 pacient(i s misSni kompresi a 11 zdravych kontrol byly
hodnoceny parametry difuzivity kréni michy v misté maximalni komprese a v referencni etazi
bez komprese (C2/3), zaznamendny byly téZ morfologické parametry kvantifikujici miru

degenerativni spinalni stendzy. Statistickym porovnanim skupiny vsech pacientl s kontrolni
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skupinou byl prokazan signifikantni pokles hodnoty FA michy v misté misni komprese u
pacientl v porovnani s referenénim mérenim u kontrolni skupiny. Tyto zmény byly
prokazany jak u podskupiny symptomatickych pacient(, tak i u pacientl bez znamek klinicky
manifestni myelopatie, nicméné pfi pfimém porovnani téchto podskupin byl pokles FA u
symptomatickych pacient( signifikantné vyraznéjsi v porovnani s asymptomatickou
skupinou. Statisticky vyznamny byl téZ narlist hodnot aparentniho difuzniho koeficientu
(ADC) u symptomatickych pacient(i. Naproti tomu morfologické parametry (pramér
paterniho kanalu a plocha michy) nebyly schopny spolehlivé odliSit symptomatické a
asymptomatické pacienty, DTl parametry vykazovaly téz vyssi prediktivni hodnotu pfi
nasledné ROC analyze v porovnani s nadlezem abnormalit zjiSténych pfi elektrofyziologickém
vysSetreni. Z téchto dat vyplyva, Ze kvantifikace DTI parametrud koreluje s klinickym obrazem
myelopatie |épe neZ nalezy konvenéniho MR zobrazeni i elektrofyziologického vysetreni.

K obdobnym zavérim dosli dalsi autofi v nasledujicich publikacich (50; 51), v posledni dobé
je poukazovano téz na moziny potencial DTl v otdzce predikce pooperacniho klinického
vyvoje u pacientd s DCM (52). Aplikace této metody by tak mohla pomoci v presné;jsi
identifikaci pacient(, ktefi by mohli profitovat z indikace operaéni dekomprese patefniho

kanalu.

Horkym tématem v oblasti DCM je téz otazka predikce rozvoje symptomatické myelopatie u
pacientd s asymptomatickou misni kompresi. Touto problematikou se zabyva publikace IX.
(Kadanka Z Jr et al., Brain Behav 2017), kde figuruje autor této habilitacni prace coby
spoluautor zajistujici akvizici MR dat, méfeni morfologickych parametrt i analyzu dat DTI.
Tato prospektivni observacni studie hodnoti kohortu 112 pacientd, u kterych je korelovana
rada klinickych i MR parametr( s rozvojem klinicky symptomatické cervikalni myelopatie ve
sledovaném obdobi minimalné dvou let. Rozvoj myelopatie byl vyznamné asociovan

s nékolika klinickymi parametry (napf. radikulopatie), s elektrofyziologickymi nalezy a

s morfologickymi parametry mérenymi na konvenénich MR obrazech jako je predozadni
pramér paterniho kanalu nebo plocha michy, nicméné prediktivni hodnota DTI prokazana

nebyla.

V posledni priloZzené publikaci X. (Kefkovsky M et al. J Neuroimaging 2017) je poukazano na
multifaktoridlni povahu zmén difuzivity u pacienttdi s DCM. V této praci jsou zkoumany DTI

nalezy u skupiny 130 pacientl s degenerativni kompresi kréni michy a 71 zdravych kontrol.
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Hlavnim cilem prace bylo zjistit, do jaké miry hodnoty FA a ADC kréni michy ovliviiuji krom
jeji komprese dalsi faktory, jako je pohlavi a vék pacientl nebo etaz kréni patere, ve které
jsou uvedené parametry méreny. Ve skupiné pacientl s miSni kompresi byly zjiStény
signifikantni korelace obou difuznich parametri s klinickou manifestaci myelopatie a také
s mérenymi morfologickymi parametry kvantifikujicimi miru spindlni stenézy a misni
komprese, coz je v souladu s nasimi driveéjSimi zavéry. Dale vSak byla zjisténa i statisticky
vyznamna zavislost obou mérenych parametr( na etazi ve skupiné zdravych kontrol,
vyznamna korelace hodnot FA s vékem ve skupiné pacientd s miSni kompresi a vliv pohlavi
subjektd na ADC hodnoty u pacient(l i kontrolni skupiny. Tyto zavéry mohou byt vyznamné
z hlediska interpretace nalezG DTI u jednotlivych pacientl s DCM a pro stanoveni

normativnich hodnot.

Na zakladé naseho zkoumani vyuZiti DTl u pacientl s DCM lze fici, Ze DTI je metoda schopna
velmi citlivé detekce ultrastrukturdlnich zmén kréni michy spojenych s projevy klinicky
symptomatické myelopatie. Tato skute¢nost mize mit vyznam napfiklad v klinicky nejasnych
pfipadech, kdy je otdzkou mira vyznamnosti pfitomné misni komprese. Pfi interpretaci
absolutnich mérenych hodnot skalarnich parametrt difuze je vsak tfeba zohlednit dalsi
faktory, jako je vék a pohlavi subjektl nebo etdz, ve které jsou zmény difuzivity michy
zkoumany; v tomto ohledu bude tfeba dalSich studii za Ucelem ziskani komplexnéjsich
normativnich dat. Prediktivni hodnota DTI v otazce budouciho rozvoje myelopatie prozatim
dle nasich zkuSenosti neni dostatecné robustni, urcity potencial vsak v tomto ohledu mohou
skytat novéjsi slibné techniky akvizice a analyzy obrazovych dat zaloZzené na principech
difuzniho MR zobrazeni jako je napf. NODDI (neurite orientation dispersion and density

imaging) (53) nebo DKI (diffusion kurtosis imaging) (54) .
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5.Zaver

V této habilitaéni praci jsou shrnuty vyzkumné zkuSenosti autora s jednou z pokrodilych
technik MR, kterou je DTI zobrazeni aplikované v oblasti CNS. V publikacich je dokumentovan
ve shodé se svétovou odbornou literaturou velky potencial této metody, kterd je u rady
onemocnéni citlivéjsi v otazce detekce ultrastrukturalnich patologickych zmén tkani mozku Ci
michy nez konvencni techniky MR zobrazeni. Tato metoda proto pfedstavuje nejenom cenny
vyzkumny nastroj, ktery mlze prispét k detailnéjsimu pochopeni patofyziologie rady
onemocnéni, nybrZ i vyznamnou diagnostickou modalitu, ktera mizZe nabidnout kvantitativni
biomarkery v podobé skaldrnich parametra difuzivity vyuZitelné pro primarni diagnostiku
nebo predikci klinického vyvoje u jednotlivych pacientl. K dosaZzeni tohoto cile je tfeba
rozsahlého vyzkumného usili ve smyslu podrobného a reprodukovatelného zhodnoceni
diagnostické vytéznosti této metody u jednotlivych onemocnéni, k ¢emuz se snazi pfispét i

autor touto praci.
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7. Abstract

MR diffusion tensor imaging of the central nervous system

Diffusion tensor imaging (DTI) is a relatively novel MRI technique which has recently
demonstrated a great potential for the imaging of central nervous system (CNS). This
method can detect subtle ultrastructural changes within brain and spinal cord tissues using
the measurements of various diffusion scalar parameters. However, a lot of research effort is
to be made to introduce DTI as a routine clinically applicable tool as it is necessary to
develop well-reproducible methods of data acquisition and analysis and objectively evaluate

the diagnostic power of this method in various clinical settings.

The author of this work summarizes his experience with the research applications of DTl in
neuroimaging as a collection of ten research papers published within past nine years. Most
of the presented studies focus on DTI of the spinal cord emphasizing the issue of
degenerative cervical spinal cord compression. DTl applied in this field proved as a promising
diagnostic tool closely correlating with the clinical manifestation of myelopathy. Other cited
studies deal with different topics comprising neuroimaging in schizophrenia or investigation
of the structural and functional correlates of asymptomatic brain white matter
hyperintensities in healthy subjects. One methodically oriented study focuses on the
advanced techniques of the cervical cord DTl data analysis, a few of the papers review

technical aspects and state-of-the-art clinical applications of DTI.

This work presents DTl as a valuable modern diagnostic tool, which provides clinically
relevant results in various areas in compliance with up-to-date literature data, and further

contributes to the current state of knowledge.
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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 Dostéal, MS,"? Milos Kerkovsky, PhD,?* Eva Korit'dkova, PhD,?
Eva Némcova, MD,? Jakub Stulik, MD,? Monika Starkova, 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 diffusivity are challenging. When appropriately segmented, diffusion tensor imaging (DTI) of
the spinal cord might be beneficial in the diagnosis and prognosis of several diseases.
Purpose: To evaluate 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 DTI parameters.
Study Type: Prospective.
Subjects: Twenty healthy volunteers.
Sequences: 1.5T, turbo spin echo, fast field echo, single-shot echo planar imaging.
Assessment: Three raters segmented the tissues by manual, CLASS, and atlas-based methods (Spinal Cord Toolbox,
SCT) on Tp-weighted and DTI 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 were statistically evaluated for dependency on method, rater, or tissue.
Statistical Tests: t-test, analysis of variance (ANOVA), coefficient of variation, Dice coefficient, Hausdorff distance.
Results: CLASS segmentation reached better agreement with manual segmentation than did SCT (P <0.001). Intra- and
interobserver repeatability of SCT was 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
all methods was sufficient, with mostly less than 2% variance.
Data Conclusion: The presented 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 to atlas-based segmentation.
Level of Evidence: 1
Technical Efficacy: Stage 2

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

sing such conventional magnetic resonance imaging methods are insufficient, however, for imaging WM’s inter-

. . . . 1 . .
(MRI) techniques as T;- and T,-weighted images, radi- nal structure.” WM is an organized fibrous structure that
ologists are able to discern gray matter (GM), white matter results in water diffusion becoming anisotropic and with

(WM), and cerebrospinal fluid (CSF). These conventional preferred diffusion along the direction of the fibers. One
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TABLE 1. Imaging Protocol

Type Orientation TR TE FOV [mm]
[msec] [msec]

Ti-w  Sagittal 400 7.8 255X255X33

Ty-w  Sagittal 3,500 120 255X255X33

To-w"  Axial 334 9.21 170X170X56

DTT*  Axial 3,200 923 170X170X56

same center of FOV (Fig. 1).

T1-weighted (T1-w), T2-weighted (T2-w), diffusion tensor imaging (DTT), repetition time (TR), echo time (TE), field of view
(FOV), turbo spin echo (TSE), fast field echo (FFE), single shot echo planar imaging (SS EPI), average (Avg).

*Performed in two separate continuing acquisitions from C1 to C3/C4 and from C3/C4 to C7 with emphasis on maximal perpendic-
ularity to the spinal cord and while being attentive to minimizing gap or mutual overlap of these FOVs. T2-w and DTI had the

Matrix Slice Other information
thickness [mm]

528X528 3.3 TSE, Avg = 4

528X528 3.3 TSE, Avg =8

432x432 4 FFE, Avg = 4

192X192 4 SS EPI, 1 b=0, 15 dir

(b = 800s/mm?), Avg=06

method currently used for assessing the quality of WM’s
internal structure is diffusion tensor imaging (DTI). In
pathological states, WM fibers are degraded, thereby dis-
turbing their structural integrity and resulting in more iso-
tropic water diffusion (decrease in anisotropy). DTT is used,
for example, in studies of brain tumors, multiple sclerosis
(MS), epilepsy, ischemic stroke, as well as tumors and other
lesions of the spinal cord.?

A necessary and frequently crucial step in analyzing
DTT images of the central nervous system is segmentation
of WM, GM, and CSF. There exist many methods for seg-
menting brain images,” but there are far fewer methods for
spinal cord segmentation.* Most of these methods segment
the entire spinal cord (ESC) and CSF at various levels of
automation (semiautomatic or fully automatic) and from
various image modalities (T;, T,, DTI, and others).5711
Only a few methods are able to segment not just the ESC
but also WM and GM.”?"*"?

The main objective of this study was to evaluate the
possibilities for using a semiautomatic segmentation method
(CLASS) based on a semisupervised machine-learning tech-
nique implemented in ITK-SNAP?** for segmentation of
MRI data of the cervical spinal cord and to utilize this tech-
nique for analyzing diffusion parameters of different spinal

cord tissues.

Materials and Methods

The study group consisted of 20 volunteers (16 women and 4
men) aged 23 to 40 years (mean age of 28.05 and standard devia-
tion of 4.6 years) in whom no pathological spinal cord changes
were found by an experienced neuroradiologist (M.K.). All volun-
teers signed informed consent agreements to participate in the
study, which was approved by the University Hospital’s Ethics
Committee.

MRI data were acquired using a 1.5T MR (Philips Achieva,
Best, Netherlands) with a 16-channel head and cervical coil. The
scanning protocol is shown in Table 1. T,-weighted fast field echo

and DTI sequences had the same geometry covering in two parts
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spinal cord segments C1-C3/C4 and C3/C4-C7, while taking
into consideration the overlap of areas around the C3/C4 disc and
the best perpendicularity to the spinal cord of both parts (Fig. 1).
The first step in data analysis was to join upper and lower
T, and DTI images into the same space orientation. Coordinates
of the spinal canal were manually set on the two images (upper
and lower), rigid registration was performed, and one image of the
entire uninterrupted cervical spine was created. Based on sagittal
images, only axial slices ranging from the level of the posterior
arch of C1 to the cranial endplate of the C7 vertebral body were

used for all other steps. Functional MRI of the Brain Software

Library (FSL) was used for processing all images,25 ITK-SNAP v.
20,23,24

3.4 for manual and CLASS segmentation (heep:/ Iwww.

FIGURE 1: Example of T,-weighted 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/C4-C7, while
taking into consideration the overlap of areas around the C3/
C4 disc and the best perpendicularity to the spinal cord of
both parts.
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itksnap.org/pmwiki/pmwiki.php) and Spinal Cord Toolbox (SCT)
% (https://sourceforge.net/projects/spinalcordtoolbox/) as a repre-
sentative of atlas-based segmentation methods.

All segmentations were done by three raters and three meth-
ods, as shown below. Rater 1 (M.D.) trained segmentations with
ITK-SNAP for at least 20 hours. Raters 2 (E.N.) and 3 (J.S.),
both with 5 years of practice in radiology, trained for 3 hours and
1 hour, respectively. Rater 1’s manual segmentations were super-
vised by a neuroradiologist with more than 12 years of MRI prac-
tice (M.K.) and were regarded as a reference standard. All raters
are coauthors of this article.

Manual segmentation of the ESC, GM, and WM on T,
images was performed independently by three raters using ITK-
SNAP software for the entire group and then three more times on
seven randomly selected subjects (two men and five women) at mini-
mum 2-day intervals between these assessments. Only ESC was man-
ually segmented on DTI (FA) images in the same design as T,
images. During manual segmentation, raters paid attention to the
best possible tissue separation to minimize the contamination with
CSE T, images were registered into DTI space by identical matrix.
The center of gravity of each slice of the binary mask was calculated
for both T, and DTI masks, and the centers of gravity of both images
were registered by a simple 2D translation algorithm. Then 3D non-
rigid registration was applied. Each step of the registration was
repeated for GM and WM binary masks using exactly the same regis-
tration matrices as were calculated when ESC was registered. This
method enables determination of FA values for ESC, GM, and WM.

ESC segmentation by SCT (sct_propseg algorithms) was per-
formed in three different initialization settings with constant
parameters (radius 4; detect-n 4; detect-gap 4; nbiter 200; max-
area 120; max-deformation 2.5; min-contrast 50). The first setting
was in default mode, which is fully automated (Default); the sec-
ond was in three-point mode, wherein raters manually set three
points within the central canal of the spinal cord on three different
axial slices (3 Point); and the third was in CenterLine mode, where
raters manually marked the position of the spinal cord central
canal by one voxel on all axial slices (CenterLine). WM and GM
were segmented using the sct_segment_graymatter algorithm under
default settings, and the threshold of the obtained probabilistic tis-
sue masks was set to 0.5.

ESC segmentation by ITK-SNAP was performed by a classi-
fication method (CLASS), which consists of three steps. The first
step (presegmentation) includes manual labeling of voxels of two
or more different classes (in our case this means ESC as the first
class and the nearest surrounding like CSF or vertebrae as the sec-
ond class) on three slices (second, middle, and penultimate). Spe-
cial care was taken to avoid contamination of the ESC area with
voxels of surrounding tissues at the borderline zone to decrease the
partial volume effect. These manually defined volumes were subse-
quently used as a training set for classification of the tissues within
an individual subject. Based on this training the contextual infor-
mation about intensity of neighboring voxels and coordinates of
voxels from multiple image layers were derived. These data, which
allow for correctly classifying structures without marked image con-
trast due to their different texture, are used as an input for a ran-
dom forest classifier’’ and geodesic active contour method.””?®

The contour represents closed surface, which is evolving according
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to partial differential equation, where internal forces (derived from
contour’s geometry) and external forces (given by the image infor-
mation) affect the contour evolution. For more mathematical back-
ground concerning the methods used, see Yushkevich et al,?°
Yushkevich and Gerig,23 Yushkevich et al,24 and Caselles et al.?”
The number of trees (100 trees) as well as tree depth (50 trees)
was constant for each run. An output of the presegmentation step
is "speed image," which is a product of the speed function as one
component of evolving force. Its value is close to 0 at the edges of
intensity in the input image or close to 1 in regions where inten-
sity is homogeneous. The second step initializes the segmentation
by manual placement of the seed points over the spinal cord area
on every even-numbered slice. In the last step (evolution), the user
sets the weights from the active contour equation, which affects the
expansivity and smoothness of segmentation masks, and iteratively
runs the evolution. The number of iteration steps varied around
100, and each iteration took around 30 seconds to complete.

Several preprocessing steps 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 T,-weighted images. We therefore
assumed that 20% of ESC voxels with the highest intensity corre-
sponded mainly in GM. Voxels with extremely high and low inten-
sity were “homogenized” by applying an upper threshold and
threshold, respectively (Eq. 1):

Igis I <lIgis
[new: ! ]Q15 <I< [Q90 (1)
Igoo 1> Igao

where I, is the voxel value after homogenization; Igis and Iqeo
are values of the 15% and 90% intensity quartiles, respectively;
and I is the current value of the given voxel. This step ensured that
15% of the least intensive and 10% of the most intensive voxels
have the same respective intensity values (ie, they are homogenous).

Subsequently, all voxels were modified according to the formula:

-1, 2
L= —225 2)
10

where I, is the calculated voxel value, Igsy s is the value of the
82.5% intensity quartile, and I is the current value of the given
voxel. This step ensured that the intensity of voxels with a large
probability of being GMs is close to zero and all others have
higher values (ie, the background has a value equal to zero). This
step makes segmentation easier because the algorithm does not
need to recognize three different tissues (WM, GM, background)
with similar intensities but only two tissues (WM, the rest)
(Fig. 2B).

The segmentation of GM and WM was similar to that of
ESC. Raters manually segmented GM, WM, and also a small area
of background around ESC on three slices of the original T,
image. The algorithm, however, uses the information from both
images (original T, and the modified one, which was described in
a previous paragraph) as a teaching feature. Iterated segmentation

was done afterwards, and the GM and background masks were
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FIGURE 2: Original T, image of splnal cord (A), preprocessed image before GM segmentation by ITK-SNAP (B), result of segmen-
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 subjects (F), projection image of the main diffusion tensor vector onto the x-axis (G), squared
projection image of the main diffusion tensor onto the x-axis (H), final entire spine cord segmentation on image H (), and on FA

image (J) with good result including blurred area.

obtained (Fig. 2C). Only voxels included within the ESC mask
were considered to be GM, however (Fig. 2D). ESC voxels, which
are not classified as GM, represent WM. WM and GM masks
were registered into the DTI space in the same way as described
for the manual segmentation method.

When preprocessing DTT data, we applied eddy current cor-
rection (FSL) and diffusion tensor was fitted by dtifit script (FSL)
for upper and lower images. After that, both parts of the cervical
spinal cord were connected with the same transformation matrix as
in the case of the T, image, and thus a whole cervical spinal cord
DTT image was created. For manual segmentation, an image of FA
values was used (Fig. 2F). The FA image and squared projection
image of the main diffusion tensor vector (MDTV) onto the x-axis
(marked by FSL as V) were used for segmenting ESC and CSF
using the CLASS method.

The original V; image (Fig. 2G) was squared to remove the
negative sign and sharpen edges between ESC and CSF (Fig. 2H).
Raters manually segmented ECS on the FA image, while the
CLASS algorithm uses both FA and V; images for teaching, which
improves the segmentation accuracy. The segmentation mask was
shown in parallel on both the FA and V; images (Fig. 21]) for
visual examination.

Two metrics were used to verify segmentation agreement:
similarity and distance. The 3D Dice coefficient (DC) was used to
represent the similarity metric:

2(S:NSy)

DC:i
IS1]+1Sa]

(€)

where S; and S, are counts of voxels acquired by segmentations 1
and 2, respectively. The numerator denotes double the number of
voxels which have both segmentations in common, and the
denominator delineates the total combined voxel count of the two
segmentations. The result ranges from 0 to 1, where 1 indicates
identical segmentation and 0 indicates absolutely different segmen-
tation. The DC coefficient is highly sensitive to the total number
of voxels, which has a larger impact on evaluations of small struc-
tures like GM than on large structures.>!

The distance metric is described by the Hausdorff distance
(HD):
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HDZmax(h(A,B),h(B,A)) h(A,B)=

max min ||a—b||
acA beB
(4)

where h(A,B) is the direct Hausdorff distance between finite point sets
A and B and ||a — b]| is the Euclidean distance of two points a and b
from point sets A and B, respectively.’* HD is expressed in millimeters
and describes maximal imprecision of the two segmentations. Both
metrics were performed using EvaluateSegmentation script.”’

The first step in evaluating the segmentations was a mutual
comparison of the CLASS and SCT methods (in three different
modes) with manual segmentation of the most experienced (gold
standard) operator for ESC segmented on the T, image. The two
best modalities, SCT CenterLine mode and CLASS method, were
then statistically evaluated and compared with manual segmenta-
tion in more detail for both image contrasts (T, and FA) and for
different tissues (WM and GM). Furthermore, intra- and interob-
server repeatability were evaluated for segmentation of all tissues
using manual and both semiautomatic segmentation techniques
(SCT, CLASS). Finally, the influences of rater and segmentation
method on FA values of different spinal cord tissues and their
repeatability were appraised.

For evaluating intraobserver repeatability, images of seven
randomly chosen subjects were segmented four times by all three
raters using different methods: manual segmentation, SCT (Cen-
terLine), and CLASS. Masks obtained by a single rater from a sin-
gle subject using a particular segmentation method were paired off

in all possible combinations, representing six independent pairs
4

(combination number ( >=6). For each method, 126 DC and
2

HD were calculated (seven subjects, three raters, six combinations)
and mutually evaluated by #test separately for every tissue.

In the case of interobserver repeatability, masks obtained by
segmentation in all 20 subjects by all three raters were paired off
in all three possible combinations. All in all, we obtained 60 DC
and HD for every method and tissue.

Binary masks of ESC, GM, and WM created based on
images of 20 subjects by CLASS and manual segmentation meth-

ods were registered into the DTT space. Because SCT masks were
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FIGURE 3: Mutual comparison of four semiautomatic segmentations of entire spinal cord on T,-w image with manual segmenta-
tion represented by 3D Dice coefficient and Hausdorff distance on box-and-whisker plots (min, 25% quartile, median, 75% quar-
tile, max). Boxes of different colors represent agreement of different semiautomatic methods with manual segmentation from the
perspective of 3D Dice coefficient and Hausdorff 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.

generated directly in DTT space, they did not need registration.
Analysis of variance (ANOVA) was used to compare how applica-
tion of different segmentation methods performed by various raters
impacts FA values of different tissues. Factorial ANOVA was per-
formed with FA values as dependent variables and with raters,
methods, and tissues as categorical factors.

FAs intraobserver repeatability was verified on seven subjects,
each segmented four times by three raters and three methods. An
intraobserver coefficient of variation (CoV) was calculated based on
four median FA values of the same subject, method, and rater. In the
case of interrepeatability, median FA values obtained from 20 sub-
jects, three raters, and three methods without repetition were used.
Inter-CoV was calculated based on three median FA values for the
same subject, method, and different rater. CoV values of different

methods for individual tissues were mutually compared using #tests.

Statistics

Student’s #test was used for statistical comparison of different seg-
mentation methods quantified by DC and HD values as well as
for comparison of repeated segmentations in terms of inter- and
intraobserver repeatability evaluations. ANOVA and Tukey’s post-
hoc test were used to compare FA values of various tissues obtained
by different methods and raters and CoV was used to quantify the
repeatability of FA values obtained by means of different segmenta-

tion techniques.

CoV (x)=8D(x)x (5)

CoV is a ratio of the standard deviation (SD) of quantity x and
the mean value of this quantity (x). It is expressed as a percentage.
The lower the value, the better is the consistency.

Statistical tests were computed using Statistica 12 (StatSoft,
Tulsa, OK) software, graphs were created with the same software,
DC and HD were performed using EvaluateSegmentation script®!

and for all statistical tests the significance level was set to 0.05.

Results

Mutual Comparison of the Methods
Rater 1 segmented the ESC of all 20 subjects by all five
methods (manually, CLASS, and SCT in three different set-

tings). DC and HD were calculated for semiautomated
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methods compared to manual segmentation (Fig. 3). Based
on these results, and inasmuch as the other two modes cor-
responded unsatisfactorily with manual segmentation, for
further segmentations we used SCT only in the CenterLine
mode.

A detailed comparison of the two most promising
semiautomatic methods with manual segmentation done by
Rater 1 was determined for ESC segmented on T, and FA
images and for GM and WM segmented on T, images in
all 20 subjects. CLASS segmentation performed by a skilled
rater generally resulted in stadstically significantly more
masks being similar to manual segmentation than did SCT
segmentation in CenterLine mode for both T, and FA

images (Fig. 4).

Intraobserver Repeatability

This section evaluates the consistency of different segmenta-
tion methods repeated by the same rater on the same sub-
ject (Table 2). For ESC and WM segmentation, both
semiautomated methods are more consistent than is manual
segmentation performed by all raters (Fig. 5). This is dem-
onstrated by the significantly higher DC values and lower
HD values achieved by the semiautomatic methods as com-
pared to the manual method. In the case of GM segmenta-
tion, semiautomated methods also yielded higher DC
values, while CLASS also produced higher HD values than
both manual and SCT. In nine cases, the SCT method seg-
mented ESC on the FA image inaccurately, thereby resulting
in lower DC and higher HD values (outliers in Fig. 5).

Interobserver Repeatability

The consistency of segmentation methods across different
raters is shown here (Table 2). In the case of ESC segmenta-
tion, both semiautomated methods produce more consistent
results across raters (Fig. 6). SCT is the most consistent
method for GM and WM segmentation across raters. The
CLASS method is slightly poorer than manual segmentation
for WM and poorer when GM is segmented.
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FIGURE 4: Comparison of entire spinal cord (ESC) segmented on T, data, ESC on DTI data, gray (GM) and white matter (WM) seg-
mented on T, data in all 20 subjects is represented by 3D Dice coefficient and Hausdorff distance on box-and-whisker plots (min,
25% quartile, median, 75% quartile, max). The blue boxes represent a comparison of the Spinal Cord Toolbox (SCT) method with
the CenterLine seed mask against manual segmentation as the gold standard. The orange boxes compare ITK-SNAP classification
method (CLASS) with manual segmentation. A t-test was performed to evaluate statistical differences between agreements of dif-
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 Interrepeatability of Three Segmentation Methods and Four Different Segmen-
tations Described by 3D Dice Similarity Coefficient and Hausdorff Distance

Median DICE (IQR)

Median HD [mm] (IQR)

ESC
Intrarepeatability Man 96.5(2.0)
SCT 98.7(0.7)
CLASS 99.0(1.2)
Interrepeatability Man 95(2.1)
SCT 98.7(0.9)

CLASS 98.7(1.3)

ESC DTI GM
96.6(2.3)  80.3(8.9)
99.0(0.4) 87.3(4.5)
97.6(2.1) 82.3(17.3)
95.5(1.7)  70.1(6.5)
98.8(0.8) 87(5.8)
96.7(2.4)  65.4(19.3)

WM

91.9(5.1)
95.9(1.6)
95.9(2.9)
86.8(3.1)
95.8(1.6)
87.5(3.5)

ESC ESC DTI GM WM

0.79(0.3) 0.89(0.4) 1.15(0.4) 0.88(0.2)
0.96(0.4) 0.89(0) 0.96(0.4) 0.96(0.4)
0.56(0.5) 0.89(0.4) 1.55(1.4) 0.92(0.3)
0.88(0.2) 1.25(0.4) 1.62(0.3) 0.96(0.2)
0.96(0.9) 0.88(0.4) 1.04(0.4) 0.96(0.6)
0.57(0.3) 0.88(0.4) 2.56(1.1) 1.18(0.2)

The interquartile range represents the distance between the 25% and 75% quartiles. Manual method (Man), Spinal Cord Toolbox in
CenterLine mode (SCT), ITK-SNAP in classification mode (CLASS), entire spinal cord (ESC), gray (GM), white matter (WM),
entire spinal cord segmented in DTI data (ESC DTI), 3D Dice similarity coefficient (DICE), Hausdorff distance (HD), and inter-
quartile range (IQR).
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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 T,-w [ESC] and on DTI [ESC DTI], gray [GM] and white matter [WM]). All possible pair-combinations
of segmented masks were created, and 1134 3D Dice coefficients (DICE) and Hausdorff distances (HD) were calculated. Box-and-
whisker plots show the results (min, 25% quartile, median, 75% quartile, max) and each box represents 126 coefficients. Blue
boxes represent intrarepeatability of manual segmentation; orange boxes show results of Spinal Cord Toolbox (SCT) method with
CenterlLine seed mask; and green boxes represent ITK-SNAP classification method (CLASS). A t-test was performed to evaluate
statistical differences between agreements of different methods. *P<0.01, **P<0.001, and ***P<0.0001. Pairs with no asterisk
did not differ significantly (P>0.05).
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FIGURE 6: Interrepeatability of three segmentation methods performed by three raters on 20 subjects and four tissues (entire spi-
nal cord on T,-w [ESC] and DTI [ESC DTI], gray [GM] and white matter [WM]). All possible pair combinations of segmented masks
were created and 720 3D Dice coefficients (DICE) and Hausdorff distances were calculated. Box-and-whisker plots show results
(min, 25% quartile, median, 75% quartile, max), and each box is assembled from 60 coefficients. Blue boxes represent interre-
peatability of manual segmentation; orange boxes show results of the Spinal Cord Toolbox (SCT) method with CenterLine seed
mask; and green boxes indicate the ITK-SNAP classification method (CLASS). A t-test was performed to evaluate statistical differ-
ences between agreements of different methods. *P<0.01, **P<0.001, and ***P<0.0001. Pairs with no asterisk did not differ sig-
nificantly (P>0.05).

0.74 Evaluation of FA Values
0.72 We showed no dependence of FA values on rater
0.70 (F[2,513] = 0.22, P=0.8006), but the effects of method, tis-
068 sue, and their interaction term are statistically significant
< 0.66 (F[2,513] = 13.68, P <0.0001; F[2,513] = 198.49,
w 064 P<0.0001; and F[4,513] =5.92, P<0.005, respectively).
S No other effect was statistically significant. Tukey’s post-hoc
2 0.62 test was performed on the method—tissue interaction term
0.60 (Fig. 7) and shows that the manual segmentation of GM
0.58 was significantly different from both other methods
0.56 (P<0.005). Divergence between median FA values of man-
0.54 ual and semiautomated methods were equal to 0.02 (Cen-

ESC GM WM
# Left:Manual  Middle:CenterLine H Right:CLASS

FIGURE 7: Tukey's post-hoc test of method-tissue interaction

terLine) and 0.04 (CLASS). The semiautomated methods
show very good agreement for all tissues.

term shows significantly higher median FA value obtained by
manual segmentation of gray matter (GM) in comparison with
both 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-
tiles. The FA values of entire spinal cord (ESC) and white mat-
ter (WM) are not significantly dependent on segmentation
method or rater.

Repeatability of FA values for all methods was
sufficient, with mostly less than 2% variance. SCT produced
the most consistent results and the repeatabilicy of the
manual method was similar to that of the CLASS method
(Table 3).

20 Subjects Without Repetition

CoV [%] Intrarepeatability (IQR)

TABLE 3. Median Values of Coefficient of Variation Describe Intrarepeatability of Three Segmentation Methods
on Three Tissues Done by Three Different Raters in Four Repetitions on Seven Subjects and Interrepeatability on

CoV [%] Interrepeatability (IQR)

Tissue\Method =~ Manual CenterLine ~ CLASS
ESC 1.4(0.5°  0.1(0.04) 1(0.6)°
WM 1(0.7) 0.1(0.04) 0.4(0.2)
GM 1.2(0.4) 0.2(0.3) 1.8(1.1)

Paired CoV values marked with *, +, and @ symbols are not significantly different (#test, P> 0.05); other pairs are significantly dif-
ferent (P < 0.05). Coefficient of variation (CoV), entire spinal cord (ESC), gray matter (GM), white matter (WM), Spinal Cord Tool-
box segmentation in CenterLine mode (CenterLine), ITK-SNAP in classification mode (CLASS), interquartile range (IQR).

Tissue\Method  Manual CenterLine  CLASS
ESC 22(1.7)*  0.1(0.1) 1.3(1.5)*
WM 1.3(1.2)7  0.1(0.2) 1.6(1.0)"
GM 1.8(1.2) 0.4(0.3) 3.8(3.4)
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Discussion

In this article we introduced the application of ITK-SNAP
segmentation in classification mode on the structural and
DTI MRI data of cervical spinal cord. Requirements for
this method included a capability for accurate segmentation
of the ESC area, separate segmentation of WM and GM
from T,-weighted images, as well as segmentation of the
ESC area from DTI images and differentiation of its con-
tours from CSE We focused on the clinical applicability
and employment of the method for analysis of the diffusion
parameters of spinal cord.

There exist several approaches to spinal cord segmenta-
tion. Basically, three main groups of segmentation methods
further divided into various subgroups can be differenti-
ated.* In older studies, there generally predominated use of
intensity-based methods such as thresholding, edge detec-
tion, or intensity-based classifiers.””*> Other authors
used surface-based segmentation like active contour or

deformable models®1%17:36:37

and the last main group
adopted such image-based methods as graph-cut, atlas defor-
mation, or classifiers.””'>'® From the perspective of this clas-
sification we may consider ITK-SNAP as a hybrid method
using some of the components from all three of these
groups due to its employment of active contour algorithms,
random forest classifier, and texture information about
intensity and voxel coordinates. This approach has the
advantage that it does not use atlas deformable algorithms.
That makes this method more personalized, eliminates the
risk of misregistration, and may also make it more accurate
in specific pathological conditions when the spine is
deformed or abnormal, eg, in case of severe spinal cord
compression. Work-flow of the segmentation in ITK-SNAP
also enables easy separate segmentation of the visible spinal
cord lesions, which can further be used for separate analysis
of diffusion parameters within these areas. On the other
hand, this method may be more sensitive to image quality
compared to atlas-based models and could yield poorer
results in situations where the contrast- or signal-to-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 atlas-based method may be beneficial.
ITK-SNAP was introduced as a general segmentation
tool with a user-friendly interface and was originally evalu-
ated on segmentation of caudate nucleus.”® Since that time,
its use has been reported in more than 1700 articles.** The
first classification method based on random forests is avail-
able from ITK_SNAP v. 3.2 (January 2015) without imple-
mentation of texture information. This additional technique
was added into v. 3.4 (January 2016) and it allows advanced
learning methods such as multimodal segmentation,
whereby learning algorithms take information from several

. . . . 2324
different images for better classification. 324 As far as we are
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aware, these semiautomatic techniques have not yet been
systematically evaluated for the segmentation of human spi-
nal cord.

Older studies and studies dealing with
DTI'"'* mostly use MR with 1.5T induction, taking
advantage of lower susceptibility artifacts in DTI acquisi-
tion. Of the aforementioned studies, the CLASS method

33,34,36,37

presented in this article achieves the most accurate results in
segmenting the entire spinal cord from a T, image. The
more recent studies and studies dealing with WM and GM

14-1 . . .
3791471938 15 mostly MR with 3T induction.

segmentation
Ty-weighted images from such MR devices have better
signal-to-noise ratios, and thus the contrast between 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 is usually poorer than
in the case of upper cervical segments. On the other hand,
DTI data are more affected by susceptibility artifacts. Our
presented method is therefore not the most accurate in seg-
menting GM and WM, but it is still among the most accu-
rate methods published to date.

It should be noted, however, that the comparison of
different segmentation methods based on DC and HD coef-
ficients with literature data is complicated due to the vary-
ing acquisition parameters and image quality. Therefore,
using the same dataset, we decided to perform direct com-
parison of the newly applied CLASS method with the
better-established and commonly published SCT technique.
A similar approach was used in a study by Prados et al,’®
who compared the capabilities of different segmentation
methods on dedicated MR data. That study provides a
broader overview of different up-to-date techniques. The
methods generally reached median DC values for GM seg-
mentation between 0.6 and 0.85 and median HD values
ranged from 1.5 to 7 mm in comparison to manual segmen-
tation. Compared to this, the benefit of our study may be
seen especially in the extension of the segmentations also on
the DTT data to connect anatomical information with diffu-
sion. Thus, we can introduce a comprehensive and clinically
usable methodological approach of cervical cord DTI data
analysis. In any case, the CLASS method may merit further
evaluation as part of the ongoing GM segmentation chal-
lenge project®® in order to be compared with more techni-
ques than just SCT.

Some publicationsl0’14’15’18’33’36’37

quantify segmenta-
tion repeatability by comparing areas or volumes of segmen-
tation masks or on the basis of various derived coefficients
(coefficient of variation or intraclass correlation coefficients
[ICC]). We do not consider such approaches to be optimal
for quantifying the segmentation method, because congru-
ence of areas or volumes does not automatically imply con-
gruent segmentations. Therefore, we believe it is more

suitable to use a similarity metric (Dice coefficient, Jaccard
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coefficient, global consistency error, or the like) together
with a distance metric (such as Hausdorff distance or Maha-
lanobis distance), which correlate mutually as little as possi-
ble and thus do not yield redundant information.”’

As for DTI data analysis, we evaluated the reproduc-
ibility and influence of different segmentation techniques on
FA, which we chose as a representative scalar parameter
quantifying anisotropic diffusion. FA values measured within
ESC and WM appeared to be very consistent among 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 slightly, but statistically significantly, higher FA values
as compared to both semiautomatic methods. Given that
FA of normal GM is physiologically lower than that of
WM, the higher FA values of GM measured within the
masks of manual segmentation may be attributed to incor-
rect inclusion of a greater number of WM voxels by less
experienced raters. From this perspective, measurement of
lower GM FA by both semiautomatic methods may be con-
sidered more plausible.

To measure FA within WM and GM, we used a tech-
nique of 2D registration of segmentations on T, and FA
images using a spinal cord contour as a landmark. Due to
the large variability in spinal cord curvature, lack of unam-
biguous landmarks, and small dimensions, affine or non-
rigid 3D registration is almost impossible.” Therefore, we
had to apply 2D rigid registration for the entire spinal cord
contour segmented from particular axial scans and applied
the resulting transformation matrix on the masks of individ-
ual tissues. For the lowest possible deviations of T, and
DTT images, emphasis was given to congruence of their geo-
metric acquisition parameters. Visual examination was also
performed by overlapping the images along the z-axis in the
sagittal plane. Perpendicularity of axial sections is necessary
for maximizing contrast between WM and GM in a T,
image and minimizing the partial volume effect in a DTI
image.”” The acquisition was therefore divided into two
parts, with emphasis on maximum perpendicularity of the
individual sections and avoiding mutual overlap of these
acquisitions.

The technique described above did not reveal signifi-
cant differences of measured FA values for GM, WM, and
ESC between the CLASS and CenterLine SCT methods.
This result indicates that our approach may provide a func-
tional alternative to a more established atlas-based technique
for quantifying diffusion parameters. Both methods revealed
statistically significant differences in FA between WM and
GM. This supports the accuracy of the measurements, as it
is difficult to establish the gold standard of WM and GM
segmentations in DTT data by visual control due to compar-
atively low contrast and resolution.
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The
expressed by CoV was generally low among all techniques,

inter- and intraobserver variability of FA
which denotes the generally good reproducibility of this bio-
marker. However, the variability of FA measured using the
CenterLine method showed the lowest rate. Minor manual
input combined with the atlas-based technique is probably
the reason for similarly better agreement of the segmenta-
tion masks themselves between different raters and repeated
measurements compared to the CLASS method.

This work has several limitations that originate in part
from the intention to examine the clinical applicability of
the method. One of those limitations is the setting of fixed
SCT parameters, which may influence the results. We
decided on a constant setting in order to maximize the ben-
efits of the automatic method with relatively minimal input
from the operator. Moreover, the degree to which a com-
mon user will comprehend all of the parameters may not be
sufficiently high to enable precise optimization of all param-
eters for individual segmentations. As discussed above, the
use of a 1.5T magnetic field could constitute another
limitation.

The time aspect and labor intensity could also play a
role in determining the practical applicability of this
method. The mean duration of segmentation in one subject
by rater MD performed on seven subjects was estimated at
635 seconds for SCT and 644 seconds for the CLASS
method. Although the segmentation of all spinal cord tissues
(with visual inspection of each segmentation mask, but
without any postprocessing or manual corrections of seg-
mentation masks) by SCT requires less time than does the
CLASS method; the difference is not so great as one might
expect when considering the higher degree of automatization
in the case of SCT. This may be caused by the need for
extra checking of the particular steps in SCT processing,
which are done automatically by the CLASS method during
the segmentation procedures. Moreover, creating CenterLine
masks for T, and FA images in SCT is quite time-
consuming. Although there can be no doubt that the
CLASS method is more laborious than is SCT, as it uses
more manual input from the operator, this disadvantage
may be offset in part by creating scripts to increase the effi-
ciency of the method. On the other hand, when the seg-
mentation is not sufficiently accurate, the CLASS method
allows straightforward and prompt manual correction imme-
diately after the iteration step. That is in contrast to SCT,
which requires setting up appropriate threshold values for
cutting off less probable voxels of GM and WM, and uses
an additional software tool to make the appropriate correc-
tions manually. In order more objectively to evaluate the
performance of the two semiautomatic techniques in this
study, however, no manual corrections to either CLASS or
SCT segmentations were made.
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Although another potential limitation may be seen in
the relatively low number of subjects, the power of statistical
analyses evaluating the accuracy of segmentations was gener-
ally sufficient due to multiple repetitions by several operators.
As the machine-learning algorithm implemented in the
CLASS method is individually based, the total number of sub-
jects analyzed is not really relevant from this perspective. Inas-
much as spine curvature is relatively variable, however, a larger
study group could cover a wider spectrum of anatomical con-
figurations and potentially provide more precise results.

The choice as to the number of voxels marked for the
learning algorithm could also constitute a source of some
inaccuracy. In this study, we used information from three
defined slices at upper, middle, and lower cervical levels.
This number of slices was set empirically based on prelimi-
nary testing, and it was chosen as the best compromise
between accuracy and the time needed for processing. Nev-
ertheless, in patients with severe spinal deformity or alter-
ation of the spinal cord signal intensity, it may be beneficial
to provide a higher number of teaching masks or to place
them at different spinal cord segments to achieve the best
results from the semiautomatic segmentation. Inasmuch as
the algorithm uses voxel coordinates and intensity of neigh-
boring voxels as a teaching feature, a small spinal cord lesion
or mild compression 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 to be established.

To conclude, the ITK-SNAP semiautomatic segmenta-
tion technique using machine learning is exploitable for the
segmentation of a human cervical spinal cord in structural
and DTI MRI data and constitutes a convenient alternative
to an atlas-based segmentation method. While SCT provides
rather more reproducible segmentations, the CLASS tech-
nique, on the other hand, revealed better agreement of seg-
mentation masks with manual segmentation by the most
experienced rater. Furthermore, the introduced technique
for registration of DTI and T, images appears to be applica-
ble for measurements of diffusion scalar parameters within
different tissues of the spinal cord, thus providing results
corresponding to those of a more established atlas-based

technique used by SCT.
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Moderni techniky MR zobrazeni u roztrousené

sklerézy

State-of-the-Art MRI Techniques for Multiple
Sclerosis

Souhrn

Magnetickd rezonance (MR) je v soucasnosti klicovou soucasti diagnostiky roztrousené sklerézy.
Kromé konvencnich technik zaloZzenych na hodnoceni poctu a lokalizace viditelnych lézi mozku
a michy zaznamendvame v poslednich letech rychly rozvoj novych technik MR zobrazen, které
poskytuji nové kvantitativni biomarkery Iépe charakterizujici patologické strukturaini zmény tkanf
centrdlniho nervového systému vzniklé v disledku demyeliniza¢niho onemocnént.V tomto ¢lanku
jsou shrnuty nové trendy v MR diagnostice roztrousené sklerézy po strance technickych zakladd
jednotlivych metod, moznosti analyzy dat i jejich praktického vyuziti.

Abstract

Magnetic resonance imaging (MRI) is currently a key component of multiple sclerosis diagnostics.
In addition to conventional techniques, based on the evaluation of the number and localization
of visible brain and spinal cord lesions, in recent years we have seen a rapid development of new
MRI techniques providing new quantitative biomarkers which better characterize pathological
structural changes in central nervous system tissues occurring due to a demyelinating disease.
This article summarizes new trends in MRI diagnostics of multiple sclerosis in terms of the
technical foundations of different methods, possibilities for data analysis and their practical
use.
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Uvod

Roztrousena sklerdza (RS) predstavuje chro-
nické zanétlivé onemocnéni centrélniho
nervového systému (CNS), které je z pato-

morfologického hlediska charakterizovano
pritomnosti zanétlivé infiltrace, demyelini-
zace, axonalniho poskozeni a glidzy v rlz-
nych oblastech CNS. Predilekéné jsou po-

Obr. 1. MR vysetieni na 3T pfistroji u 29letého pacienta s klinickym obrazem klinicky
izolovaného syndromu (CIS).

Obr. 1a) 3D sekvence FLAIR (fluid attenuated inversion recovery) v sagitalni roviné s nélezem
periventrikuldrniho loziska pfi trigonu pravé postranni komory (Sipka) a dalsiho drobnéjsiho
loZiska mozecku (zelend sipka).

Obr. 1b) Rekonstrukce FLAIR obrazu v axialni roviné znazorrujici subkortikalni 1ézi vlevo fron-
talné (Sipka).

Obr. 1¢) T2 vézeny obraz v axidlni roviné s nalezem loziska v levé mozeckové hemisfére (Sipka)
a v pravém mozeckovém pedunklu (zelena Sipka).

Obr. 1d) STIR (short-tau inversion recovery) zobrazeni kréni michy v sagitdlni roving, Sipka
oznacuje misni loZisko v etdzi C2. LoZiska mozecku byla detekovdna nové v porovndni's minu-
lym vysetfenim, nélez tak splriuje kritéria diseminace v prostoru i v ¢ase, coz znaci progresi CIS
do klinicky definitivni roztrousené sklerézy.

Fig. 1. MRI examination on a 3T device in a 29-year-old patient with a clinically isolated
syndrome (CIS) clinical image.

Fig. 1a) Fluid attenuated inversion recovery (FLAIR) 3D sequence in the sagittal plane indi-
cating a periventricular plaque near the trigone of the right lateral chamber (arrow) and ano-
ther smaller plaque of the cerebellum (green arrow).

Fig. 1b) Reconstruction of the FLAIR image in the axial plane showing the subcortical lesion
in the left frontal lobe (arrow).

Fig. 1c) T2-weighted image in the axial plane indicating a plaque in the left cerebellar hemi-
sphere (arrow) and in the right cerebellar peduncle (green arrow).

Fig. 1d) STIR (short-tau inversion recovery) imaging of the spinal cord in the sagittal plane, arrow
marking the spinal cord plaque at the level of C2. Cerebellar plaques were newly detected in
comparison to the previous examination, and the finding thus fulfils the criteria of dissemination
in space and time indicating the progression of CIS into clinically definitive multiple sclerosis.

stizeny zrakové nervy, mozkovy kmen,
mozecek, dale periventrikuldrni a subkorti-
kalni bild hmota mozkovych hemisfér [1]. Je
téz zndmo, ze patologicky proces u pacient(
s RS neni limitovan pouze na bilou hmotu,
nybrz postihuje casto i oblasti korti-
kalnf a hluboké subkortikdIni Sedé hmoty
mozku [2]

Magnetickd rezonance (MR) hraje v soucas-
nosti klicovou roli v diagnostice RS. MR dia-
gnostika je zalozena pfedevsim na vyuzitf
T2 véZenych sekvenci a zobrazeni FLAIR (fluid
attenuated inversion recovery), pomoci kte-
rych Ize detekovat hyperintenzni Iéze mozku
¢i michy. Ukazuje se viak, Ze konvencni tech-
niky MR zobrazeni neumoznujf zcela kom-
plexni nahled na patofyziologické procesy
v rdmci RS. Tyto limitace Ize dokumentovat
napf. pomeérné chabou korelaci MR nalezd
s klinickou symptomatikou a diskrepanci mezi
MR zobrazenim a histopatologickymi na-
lezy [3/4]. Dale je zndmo, Ze konven¢ni tech-
niky MR maji relativné omezené moznosti de-
tekce ézf Sedé hmoty a difuznich zmén v bilé
hmoté [5].V poslednich letech se zacinaji vyu-
Zivat nejriznéjsi nové techniky MR zobrazeni,
jejichz rozvoj je spjat s celkovym vyvojem MR
technologie a které nabizeji komplexnéjsi na-
hled na strukturdini poskozeni CNS v rdmci
RS. U nékterych technik je nespornou vyho-
dou moznost kvantifikace nejriznéjsich pa-
rametr(, které se mohou stat cennymi bio-
markery v diagnostice a sledovani vyvoje
demyeliniza¢niho onemocnénti. V dalsich od-
stavcich pojedndme o vybranych technikach
MR zobrazovani z hlediska zékladl techniky
a analyzy ziskanych dat i moznosti praktic-
kého vyuziti u pacientl s RS.

Konvenc¢ni techniky
Detekce T2 hyperintenznich loZisek je zakla-
dem konvencniho radiologického hodno-
ceni MR vysetieni u pacientl s RS nebo s kli-
nicky izolovanym syndromem (CIS), ktery
predstavuje inicidlni stadium demyelinizac-
niho onemocnéni [6]. Z hlediska diferencialn{
diagnostiky a predikce vyvoje CIS do klinicky
definitivni RS je zasadni zejména zhodno-
ceni poctu a lokalizace loZisek, pfipadné je-
jich postkontrastniho syceni a dynamiky
MR nélezu v Case. Tyto atributy jsou sou-
¢asti plvodnich tzv. McDonaldovych kritéri,
aktudlné v posledni revizi z roku 2010 s na-
slednym upfesnénim doporucenimi skupiny
MAGNIMS pro radiologické diagnostickd MR
kritéria z 2016 (obr. 1) [7].

I v oblasti téchto tzv. konvencnich technik
viak dochdzf k urcitému vyvoji, v této souvis-
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losti je vyznamna zejména otdzka senzitivity
detekce loZisek. V oblasti zobrazeni michy je
kromé T2 zobrazeni k dispozici jiz bézné vyu-
zivana sekvence STIR (short-tau inversion re-
covery), kterd disponuje lepsim kontrastnim
rozliSenim demyelinizacnich 1ézf v porovnani
s T2 vazenym obrazem, a usnadriuje tak je-
jich detekci [8]. Zejména na 3T MR pifistro-
jich Ize s vyhodou vyuZit téZ nové techniky
3D zobrazeni sekvenci FLAIR, které disponuiji
vys$sf senzitivitou pro detekci demyelinizac-
nich lozisek bilé hmoty mozkové [9].

Daldi zajimavou moznosti je zobrazenf
,double inversion recovery” (DIR). Tato sek-
vence pomoci dvou inverznich pulzd po-
tlacuje zéroven signal mozkomisniho moku
i bilé hmoty mozkové, ¢imz zvysuje kontrast
mezi bilou hmotou a kortexem [10]. Bylo pro-
kdzéno, Ze tato sekvence vykazuje vyssi sen-
zitivitu pro detekci 1ézf v bilé hmoté oproti
T2 a FLAIR vzhledem k vyssimu kontrastu lo-
zisek vici okolf, umoznuje téz lepsi detekci
|ézi infratentoridlnich (obr. 2) [11]. Dalsi vyho-
dou techniky DIR je lepsi detekce intrakor-
tikdInich 1ézi [12]. Jiz delsi dobu je z histo-
patologickych studii zndmo, ze kortikalni
postizeni je soucasti patofyziologie tohoto
onemocnén( [13] a pomoci techniky DIR byly
kortikalnf léze prokdzany fadou autor(, a to
i v nej¢asnéjsich stadiich onemocnéni [14]
nebo u pacientd bez viditelnych |ézi v bilé
hmoté [15]. Néktefi autofi téz poukazuji na
signifikantni korelace poctu kortikédlnich
lézf s tizi kognitivniho deficitu u pacientl
s RS [16] nebo na korelace s mirou fyzické
disability [14].

Na hranici konvencnich technik MR zob-
razeni Ize fadit susceptibilné vazené zobra-
zeni (susceptibility-weighted imaging, SWI).
Susceptibilitou oznacujeme fyzikdIni viast-
nost, kterd charakterizuje miru magnetizace
ur¢itého materidlu v magnetickém poli [17].
Celkovou susceptibilitu mozkové tkédné ur-
Cuje prevazné podil diamagnetické vody
ve tkdni, pfitomnost paramagnetického ze-
leza, stupen oxygenace krve v kapildrach
a vénach a v neposledni fadé zastoupen
diamagnetickych slozek myelinu [18]. Jed-
nou ze zajimavych moznostf této techniky
je zobrazenf centrdIni venuly v rdmci demy-
eliniza¢nich 1ézf (obr. 3), coz umoziuji silné
paramagnetické vlastnosti deoxyhemoglo-
binu v téchto zilnich strukturach [19]. His-
topatologické studie potvrzuji perivendzni
lokalizaci demyelinizacnich plak [20], v sou-
ladu s tim fada studii pomoci SWI zobrazenf
prokézala pfitomnost centrdlni vény u vét-
siny demyeliniza¢nich loZisek u pacientt s RS

Obr. 2. Srovnani sekvenci 3D FLAIR (fluid attenuated inversion recovery) (a) a DIR
(double inversion recovery) (b) u pacienta s pokrocilym postizenim v rdmci roztrousené
sklerézy. Obraz DIR disponuje zfetelné lepsim kontrastnim rozlisenim demyeliniza¢nich lézf
vzhledem k potlaceni signalu normalni bilé hmoty. Lépe jsou detekovatelnd zejména drobna
loZiska mozecku (Sipky).

Fig. 2. Comparison of 3D FLAIR (fluid attenuated inversion recovery) (a) and DIR

(double inversion recovery) (b). Sequences in a patient with advanced multiple sclerosis
disability. The DIR image shows a markedly better contrast resolution of demyelinating
lesions due to suppression of the signal of normal white matter. In particular, small cerebellar
plaques are better detected (arrows).

Obr. 3. Porovnani sekvence SWI (susceptibility-weighted imaging) (a) a konven¢niho
T2 vazeného obrazu (b) v axidlni roviné u pacientky s roztrousenou sklerézou.

SWI umozniuje zobrazit centraini venulu v rdmci periventrikuldrniho demyeliniza¢niho
loZiska (oznaceno Sipkami) v podobé jemného hypointenzniho prouzku.V T2 obraze cent-
ralni venula prakticky nenf detekovatelna.

Fig. 3. Comparison of the SWI (susceptibility-weighted imaging) (a) sequence and

a conventional T2-weighted image (b) in the axial plane in a patient with multiple
sclerosis.

SWi allows for displaying the central venule within the periventricular demyelination plaque
(marked with arrows) in the form of a tiny hypointense band. In the T2 image the central
venule is practically undetectable.

v porovnani s vyznamné mensim zastoupe-
nim tohoto nélezu u lozisek odlisné etiolo-
gie [21,22]. Autofi Tallantyre et al udavaji 80%
vyskyt perivenuldrnich loZisek ze viech hod-
nocenych T2 hyperintenznich lézi u skupiny

pacientd s RS oproti 19 % u kontroln{ sku-
piny subjektd s T2 hyperintenznimi loZisky
jiné etiologie. Jako hrani¢ni hodnota pro od-
liseni pacientl s RS je zde uvadéno 40 % pe-
rivenuldrné lokalizovanych [ézf [22]. V dalsf
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TE

Obr. 4. Ukdzka automatizovaného méreni objemu T2 hyperintenznich lézi a méreni ob-
jemu celého mozku.

Obr. 43, b) Maska segmentace |ézi v bilé hmoté mozkové na podkladé rekonstrukce 3D
FLAIR (fluid attenuated inversion recovery) zobrazeni v sagitalni (a) a transverzalni (b)
roviné. Pro segmentaci je vyuzito nékolika nastrojl platformy FSL umoznujici separatni seg-
mentaci $edé a bilé hmoty mozkové. Za pomoci registrace s normalizovanym obrazem bilé
hmoty jsou segmentovany hyperintenzni Iéze se stanovenim jejich celkového objemu [27].
Obr. 4c, d) Maska segmentace celého objemu mozku pomoci aplikace SIENAX. Tento algo-
ritmus vyvinuty pro platformu FSL umoZriuje automatizovanou segmentaci celého objemu
mozku normalizovaného na velikost hlavy, dale separdtni segmentaci a zméfeni objemu sedé
a bilé hmoty a objemu kompartmentu mozkomisniho moku [28].

Fig. 4. Demonstration of automated volume measurement of T2 hyperintense lesions and
volume measurement of the entire brain.

Fig. 4a, b) Mask of lesion segmentation in white brain matter on the basis of a recon-
structed 3D FLAIR (fluid attenuated inversion recovery) display in the sagittal (a) and transver-
sal (b) planes. Several instruments of the FSL platform are used for segmentation, enabling
separate segmentation of grey and white brain matter. Using registration with a normali-
zed white matter image, hyperintense lesions are segmented and their total volume is deter-
mined [27].

Fig. 4c, d) Segmentation mask of the entire brain volume using the SIENAX application.
This algorithm developed for the FSL platform enables automated segmentation of the
entire brain volume normalized to head size as well as separate segmentation and
measurement of the volume of grey and white matter and volume of the cerebrospinal fluid
compartment [28].

praci autort Kilsdonk et al je dokumento-
van relativné mensi rozdil v zastoupeni |ézf
s centralni venulou u pacientl s RS (74 %)
oproti pacientlim s lozisky vaskuldrni etio-
logie (47 %). Pri stanoveni cut-off hodnoty

52 % vsak pfi spole¢ném hodnoceni celko-
vého poctu lozisek a pfitomnosti centrdlni
venuly bylo stidle mozné odlisit jednotlivé
etiologicky rtizné skupiny pacientd se senzi-
tivitou a specificitou 88 % [23]. SWI tak skyta

urcity potencidl pro odliseni demyelinizac-
nich lézf od lozZisek odlidné etiologie, coz Ize
povazovat v ramci diagnostiky RS za obecny
problém. Zaroven je vsak tfeba Fici, ze speci-
ficita tohoto biomarkeru nenf doposud zcela
ovérena a byla studovdna jen ve vztahu
k omezenému mnoZstvi patologickych
stavd mimo RS. Jeho spolehlivost proto musf
byt jeSté ovéfena [24]. Praktickému vyuzitf
této techniky téz prilis nepfispiva skutec¢nost,
Ze je v soucasnosti doménou prevazné ex-
perimentalnich ,high-field” MR pfistroji [25].

Dalsi zndmkou, kterou lze pozorovat na
sekvencich typu SWI, jsou plosné hypoin-
tenzity v ramci demyelinizacnich 1ézf nebo
jemny hypointenzni lem v periferii loZisek.
Tyto nélezy jsou téz nékterymi autory uva-
dény jako relativné specifické pro CIS nebo
RS v porovndni s jinymi druhy neurologic-
kych onemocnéni [23,26], ackoli patofyzio-
logicky podklad tohoto jevu nenf doposud
zcela objasnén; zvaZzovan je zejména podil
depozit metabolitl Zeleza, pfipadné i role
volnych radikal( ve spojitosti se zanétlivym
procesem [27].

Volumometrie

V souvislosti s ndstupem novych lé¢ebnych
preparatl jsou vyvijeny velké snahy najit
spolehlivé prognostické markery, pomoci
nichz by bylo mozné individudliné prediko-
vat budouci préibéh a aktivitu choroby. Jako
slibné se v této souvislosti jevi zejména mé-
feni poc¢tu a objemu T2 hyperintenznich
léz a kvantifikace stupné mozkové atrofie
(obr. 4). Vyhodou téchto technik jsou ob-
vykle semiautomatizované postupy a sku-
te¢nost, Ze jsou jako zdrojova data vyuzity
konven¢ni sekvence MR zobrazeni, které
jsou zdroven pouzity pro bézné radiolo-
gické hodnoceni. Pro validni volumometric-
kou analyzu vsak i tyto konven¢ni sekvence
musi splfovat urcité nalezitosti, a to zejména
dostatecné prostorové rozlisenf; pro ucely
hodnoceni mozkové atrofie je obvykle vy-
uzivéna 3D T1 sekvence gradientniho echa
s velikosti voxelu kolem 1 mm?. Pro kvanti-
fikaci T2 hyperintenznich 1ézf Ize s vyho-
dou vyuzit 3D FLAIR sekvence turbo-spino-
vého echa s variabilni hodnotou skldpéciho
Uhlu disponujici obdobné vysokym rozlise-
nim [28]. MR protokoly pouzivané pro dia-
gnostiku RS je tedy tfeba do urcité miry op-
timalizovat, aby data bylo mozné pouZit pro
validni méfenf objemu. Zejména pro Ucely
longitudinalniho sledovani vyvoje onemoc-
néni u individualnich pacientd je pro dosa-
Zeni co nejkonzistentnéjsich vysledkd tfeba
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zdlraznit také potfebu standardizace zob-
razovaci diagnostiky. Jedna se o provadenf
kontrolnich vysetfeni pokud mozno na stej-
ném MR pfistroji za pomoci standardniho
diagnostického protokolu a provadéni ana-
lyz obrazovych dat pfi pouziti stale stejnych
softwarovych ndstrojd. Jiz v pocatku one-
mocnéni mdze zjisténi poctu piipadné ob-
jemu hyperintenznich loZisek v T2 obraze
pomoci v odhadu pacientovy progndézy. Sa-
motna pfitomnost T2 hyperintenznich lo-
Zisek v pocatku onemocnéni s sebou nese
riziko konverze CIS do klinicky definitivni
RS v dlouhodobém horizontu v 60-80 %
oproti 20% riziku konverze pfi negativnim
vstupnim MR nélezu [6]. Rada autor(i viak
udévé téz asociaci poctu a celkového ob-
jemu T2 hyperintenznich loZisek detekova-
nych v pocatku onemocnéni se zvysenym
rizikem pozdéjsi konverze do klinicky defini-
tivni RS [29].

Podle starsich studif pfi dalsim sledovani ko-
reluje pocet a objem |ézi s vyvojem dlouho-
dobé disability jiz relativné méné. Tento jev
je oznacovan jako klinicko-radiologicky para-
dox [30]. Dalsi longitudinalni studie nicméné
prokazaly korelaci zhorsent klinického stavu
v delsim ¢asovém obdobi s vyssim poctem
a objemem lozisek detekovanych v nékolika
prvnich letech onemocnéni [31]. Néktefi au-
tofi poukazuji téZ na vyznam objemu T2 hy-
perintenznich loZisek na vstupnim MR vyset-
feni z hlediska rozvoje kratkodobé disability
se zhorsenim skére EDSS (Expanded Disability
Status Scale) [32,33]. Dalsim parametrem, ktery
Ize pomoci vypocetnianalyzy obrazu kvantifi-
kovat z konvencnich technik T1 3D zobrazen!,
je mira mozkové atrofie. Progresivni ztrata ob-
jemu mozkové tkané je obvyklym rysem RS,
za niZ stoji zejména ztrata myelinu a oligoden-
drocytl a v neposledni fadé i ztrata neuron(
a neuroglie Sedé hmoty mozkové [34,35]. Jiz
v roce 1999 autofi Dastidar et al prokazali ko-
relaci objemu kompartmentu mozkomisniho
moku vyjadfujiciho stupen atrofie s klinic-
kym skore EDSS [36]. Mozkova atrofie byva téz
povazovana za pomérné ¢asnou znamku RS
a jeji vyvoj v prvnim roce je vyznamnym pre-
diktivnim faktorem pro budouci zhorsenf [37].
Autofi Minneboo et al poukazuji na vyznam
miry atrofie mozku pro predikci vyvoje klinic-
kého postizeni v prvnich letech onemocnéni
RS [32].

Je vsak treba se zminit o tom, ze mérené
zmény objemu mozku nemusi byt dany
pouze skute¢nou atrofii podminénou ztra-
tou mozkové tkané. V nékolika studiich byl
pozorovan pokles objemu mozku prede-

vsim v prvnim roce imunomodula¢ni Iécby
oproti kontrolnfm skupindm. Naopak v dru-
hém a tretim roce byl pozorovan protektivni
efekt [é¢by v podobé redukce ztraty objemu
mozku [38]; obdobné zmény byly patrny téz
u pacientl lécenych natalizumabem [39].
Tento jev, oznacovany jako ,pseudoatrofie”,
by mohl byt spojen s Ustupem edému moz-
kové tkdné v Uvodu lécby a je tfeba s nim
pocitat pfi interpretaci vysledkd studif zkou-
majicich protektivni tcinky lé¢by u pacientd
s RS [40].

Je téZ zndmo, ze jednotlivé oblasti mozku
mohou atrofovat rliznou rychlosti; napf.
atrofie corpus callosum, thalamu, hypotha-
lamu, putamen, nucleus caudatus ¢i mozko-
vého kmene se ukdazala jako vyznamny pre-
diktor konverze CIS do klinicky definitivni
RS [41,42]. Za vyznamné lze povazovat ze-
jména zmény objemu thalamU a kalézniho
télesa. Rada autor(l uvadi silné korelace atro-
fizace thalamu s klinickou progresi onemoc-
nénf [43]. Autori Vanéckova et al udévajf atro-
fii kalézniho télesa v prdbéhu prvniho roku
onemocnén( jako vyznamny prediktor roz-
vyuZito jednoduché a v praxi aplikovatelné
méreni plochy kalézniho télesa na sagital-
nich MR obrazech [44]. Klinicky vyznam atro-
fie v ostatnich zminovanych oblastech je
tfeba jesté ovefit [43].

Regiondlni zmény objemu mozku je
obecné mozné kvantifikovat pomoci rdz-
nych vice ¢i méné automatizovanych tech-
nik. Jako priklad Ize uvést volné dostupné
softwarové nastroje VBM (voxel-based mor-
phometry) platformy SPM (statistical para-
metric mapping) [45]. Obdobna je situace
v pfipadé volumometrické analyzy celko-
vého objemu mozku, jako pfiklad auto-
matizovaného feseni umoznujiciho stano-
ven( celkového objemu mozku, objemu
sedé a bilé hmoty a objemu kompartmentu
mozkomisniho moku muizeme uvést soft-
ware SIENAX [46].

7 vyse uvedeného je zfejmé, ze kvantifi-
kace poctu a objemu T2 hyperintenznich
|ézi i méfeni mozkové atrofie je cenny na-
stroj umoznujici predikovat klinicky vyvoj
u pacientd s RS a sledovat odpoveéd na lé¢bu.
Tyto techniky tak majf redlnou Sanci prosadit
se v praxi a stat se standardnf soucasti MR
diagnostiky u pacientt s RS. Vétsimu praktic-
kému rozsifeni téchto metod doposud brani
zejména nutnost pouziti externich softwaro-
vych aplikaci, coz zvysuje ¢asovou ndro¢nost
a celkové v praxi komplikuje hodnoceni. Byla
by proto z&douci Sirsf implementace vysoce

automatizovanych softwarovych ndstrojd
do komercnich aplikaci vyuZivanych pro ru-
tinni hodnoceni MR vysetrent.

Zobrazeni difuze

Jako difuze se oznacuje ndhodny pohyb
molekul vody ve tkdni oznacovany jako tzv.
Brown(v pohyb. Citlivosti sekvenci spino-
vého i gradientniho echa MR zobrazeni v{ci
tomuto jevu Ize docilit pouzitim pridatného
magnetického gradientu, jehoZ charakteris-
tiku (zejm. amplitudu a ¢asovy prdbéh) vy-
jadfuje tzv. b faktor [47]. Miru difuzivity mo-
lekul vody ve tkédni se da vyjadrit ¢iselné
hodnotou ADC (apparent diffusion coef-
ficient). K vypoctu ADC mapy je tfeba dvou
méreni s riznou hodnotou b faktoru.

Je zndmo, Ze v rdmci demyelinizacnich lézf
dochazi ke zménam difuzivity. Autofi Chris-
tiansen et al publikovali jiz v roce 1993 praci
analyzujici ADC hodnoty u malé skupiny
pacientd s RS s ndlezem signifikantné vys-
sich ADC hodnot chronickych demyelini-
zacnich 1ézf v porovnédni's normalné vyhlize-
jici bilou hmotou (normal appearing white
matter; NAWM), ale téz zvyseni ADC hod-
not u akutnich plak [48]. Obdobné Yurtsever
et al udavaji zvyseni ADC hodnot u aktivnich
lézf v porovnani s NAWM [49]. Novéjsi udaje
viak poukazuji na skute¢nost, ze difuzivita
akutnich demyeliniza¢nich 1ézi se rapidné
ménf zejména v prvnich 10 dnech od ataky.
Autofi Eisele et al popisujf obraz restrikce di-
fuze se snizenim ADC hodnot u akutnich |ézf
v rozmezi 0-7 dnf od vzniku klinickych obtiZ,
pseudonormalizaci ADC hodnot v 7-10. dni
a zvyseni ADC hodnot v rozmezi 10 dni az
4 tydn (obr. 5) [50]. Lze tak fici, Ze zmény di-
fuzivity patii do obrazu RS a z pohledu neu-
roradiologa tak mohou mit urcity vyznam
v diferencidlni diagnostice tohoto onemoc-
néni. V neposledni fadé mdzeme uvést téz
zmény difuzivity u lozisek progresivni mul-
tifokalni leukoencefalopatie (PML), ktera je
moznou komplikaci u pacientl s RS Iéce-
nych biologickou lé¢bou [51].

Technika zobrazeni tenzoru difuze (dif-
fusion tensor imaging; DTI) je postavena na
principech difuzniho MR zobrazeni. Kli¢o-
vym prvkem je zde v3ak detekce smérové za-
vislosti difuzivity molekul vody ve tkéani v za-
vislosti na sméru pouzitého magnetického
gradientu, tzv. anizotropie difuzivity [52].
Tuto smérovou zavislost Ize charakterizovat
pomoci opakovanych méfeni s proménnou
orientaci sméru magnetického gradientu.
Kone¢nym vysledkem je matematickd kon-
strukce 3D elipsoidu, jeho? tvar a orientace
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Obr. 5. MR vysetieni pacientky ve véku 39 let s pfiblizné 8denni anamnézou parestezii koncetin.

Obr. 53, e) T2 vazeny obraz.

Obr. 5b, f) T1 obraz po aplikaci kontrastni latky.

Obr. 5¢, g) Izotropni zobrazeni difuze (b = 1 000 s/mm?).
Obr. 5d, h) Mapa ADC (apparent diffusion coefficient).

MR nalez mé charakter demyeliniza¢niho onemocnéni, spliuje kritéria diseminace v prostoru i v ¢ase. Sipkami jsou oznac¢ena loziska s réiznou
mirou difuzivity, u nichZ Ize proto usuzovat na rdzné stafi. Drobné lozisko kaldzniho télesa (a—d) se postkontrastné nesyti, vykazuje viak vyraz-
nou restrikci difuze se snizenim hodnoty ADG; dle literdrnich udajl Ize odhadovat stafi loziska na méné nez 7 dni. Naopak loZisko vpravo peri-
ventrikuldrné (e-h) se jiz postkontrastné syti a ADC hodnoty jsou zvysené, tato léze vznikla patrné o nékolik dni dfive [50].

Fig. 5. MRI examination in a 39-year-old female patient with approximately eight-day history of limb paraesthesia.

Fig. 53, e) T2-weighted image.

Fig. 5b, f) T1 image after administration of contrast medium.

Fig. 5¢, g) Isotropic diffusion-weighted imaging (b = 1,000 sgmm).

Fig. 5d, h) ADC (apparent diffusion coefficient) map.

MRI finding has the character of a demyelinating disease and fulfils the criteria of dissemination in space and time. Arrows indicate plaques
with various degrees of diffusivity in which various ages can thus be inferred. A small plaque of a callous body (a—d) does not enhance after
contrast medium administration, but does demonstrate substantial restriction of diffusion by decreasing the ADC value. According to the lit-
erature, its age can be estimated as less than 7 days. On the other hand, the plaque on the right periventricular (e-h) enhances after contrast

medium administration and ADC values are increased. This lesion apparently had formed several days earlier [50].

charakterizuji anizotropii difuze v jednotli-
vych voxelech. Tvar elipsoidu miZe byt po-
psan pomoci tif hodnot, které reprezentuji
velikost tff jeho hlavnich os. Z téchto para-
metr( se da vypocist nékolik skaldrnich ve-
licin, z nichz prakticky nejvyznamnéjsi jsou
hodnoty frakéni anizotropie (FA) udavajicf
relativni miru anizotropie v daném voxelu
a stfedni difuzivita (mean diffusivity; MD) ¢i
ADC, jez vyjadiuji celkovou miru difuzivity
nezavislé na anizotropii difuze [47].

Bylo zjisténo, ze pomoci kvantifikace uve-
denych skaldrnich parametr Ize citlivé dete-
kovat strukturdIni patologii tkdni CNS u nej-
raznéjsich onemocnéni; zejména index FA je
v soucasnosti povazovan za parametr senzi-
tivni k narusenf integrity bilé hmoty a je také
jednim z nejcastéji sledovanych parametrd
ve studifch vyuzivajicich DTl zobrazeni [53].
V minulosti byla publikovédna celd fada stu-
dif vyuzivajicich DTl pro detekci patologic-
kych zmén mozku ¢&i michy u pacientd s RS.

Existuji napt. ddkazy o korelaci parametr( di-
fuzivity s histopatologickymi nélezy demy-
elinizace a axondlni dezintegrace [54]. Tyto
patologické zmény vedou k narlstu difu-
zivity napfti¢ nervovymi trakty zpUsobuji-
cimu mimo jiné pokles hodnot parametru
FA v dUsledku snizené anizotropie difuzivity.
V souladu s tim je zjisténi, ze dochézi k sig-
nifikantni zméné skalarnich parametr( di-
fuzivity v rdmci T2 hyperintenznich loZisek
v porovnani s NAWM [55]. Patrné nejpozo-
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Obr. 6. Statistické ,voxel-based” porovnani hodnot frakéni anizotropie (FA) (a) a stfedni difuzivity (MD) (b) mezi skupinou 35 pacientt
s klinicky izolovanym syndromem a skupinou 32 zdravych dobrovolniki pomoci aplikace TBSS (Tract-Based Spatial Statistics).

Byly nalezeny rozséhlé oblasti bilé hmoty se statisticky vyznamnym (p < 0,05) snizenim hodnot FA (Zluté) a zvysenim hodnot MD (modfe) u pa-
cientl v porovnan{ s dobrovolniky. Zelenou barvou je znazornén prmérny skeleton hlavnich traktd bilé hmoty, na ktery jsou v priibéhu zpra-
covani projektovany hodnoty FA a MD jednotlivych subjektd.

Fig. 6. Statistical “voxel-based” comparison of fractional anisotropy (FA) (a) and mean diffusivity (MD) (b) values between a group of 35 pa-
tients with clinically isolated syndrome and a group of 32 healthy volunteers using a TBSS (tract-based spatial statistics) application.
Large areas of white matter with statistically significant (p < 0.05) decrease in FA values (yellow) and increase in MD values (blue) were recor-
ded in patients as compared to volunteers. Green colour marks the average skeleton of the main tracts of white matter upon which the FA and

MD values of the individual subjects are projected during processing.

ruhodnéjsi je skutec¢nost, Ze Ize prokdzat
zmény difuzivity i v rdmci samotné NAWM
i NAGM (Sedd hmota normalniho vzhledu)
v pomeéru se zdravymi jedinci [56]. DTl je tak
mozZno vnimat jako citlivéjsi metodu pro de-
tekci patologickych zmén u pacientl s RS
v porovnani s konvencnimi technikami MR
zobrazeni. Nékteff autofi poukazuji téZ na ko-
relaci zmén difuzivity mozku s tizi klinického
postizeni napt. po strance motorickych [57]
¢i kognitivnich [58] funkci. Technika DTl byla
v minulych letech aplikovdna Uspésné i pro
zobrazeni michy u pacientd s RS, kdy byla
prokazéna korelace parametr DTl s tizf kli-
nického postizeni [59] a obdobné jako v pfi-
padé mozku je poukazovano na abnormality
FA v oblastech michy bez patologického na-
lezu na konvenc¢nich sekvencich [60].
Existuje celd fada pristupl k metodice
analyzy dat DTI. Za nejjednodus’f Ize pova-
zovat méfeni parametr( difuzivity v rdmci
manualné definovanych oblasti z&jmu (re-
gion of interest; ROI) ve zvolenych oblastech
mozku ¢i michy. Nevyhodu tohoto postupu
mohou pfedstavovat nepfesnosti v umisténf

ROl a ndsledné zkreslenf vysledkd. S timto
problémem se snazi vyporadat nékteré au-
tomatizované techniky analyzy DTl dat, jako
je napt. TBSS (tract-based spatial statistics).
Tato metoda umoznuje analyzu difuzivity
v celém méreném objemu a je vhodnd ze-
jména pro skupinové statistické zpracovani
(obr. 6). Je zde vyuzito nelinedrni registrace
map FA nasledované konstrukci skeletonu
hlavnich traktd bilé hmoty a projekci voxell
jednotlivych subjektd na tento skeleton. Tim
je minimalizovano nechténé zahrnuti voxelt
sedé hmoty do analyzy [61].V pfipadé zobra-
zeni michy existuje relativné méné moznosti
vypocetni analyzy obrazovych dat. | zde
viak jiz bylo popsano nékolik technik vyuzi-
vajicich semiautomatickeé ¢i automatické po-
stupy pfi segmentaci celé michy nebo Sedé
a bilé hmoty [62], které mohou byt vyuZity
i v rdmci vyhodnoceni difuznich parametr(
(obr. 7).

Zavérem této Casti je tfeba pozname-
nat, ze DTl je stale spiSe v pozici vyzkumné
aplikace nez prakticky pouzivaného dia-
gnostického nastroje. Jednou z limitaci,

které branf vétsimu rozsitenf této techniky,
je pomérné velka c¢asové narocnost DTI sek-
venci. Dalsim a patrné vyznamnéjsim pro-
blémem je obecny nedostatek standardi-
zace po strance vlastni akvizice dat a jejich
nasledné softwarové analyzy. Doposud nenf
zcela vyredena otazka reprodukovatelnosti
mérenych skalarnich parametr( difuzivity pfi
vysetienich na rlznych pfistrojich [63] nebo
s nastavenim rliznych akvizi¢nich parame-
tr( [64], coz komplikuje porovnavani vy-
sledkd rGznych studii a stanoveni obecnéji
platnych prahovych hodnot.

Zobrazeni magnetiza¢niho
transferu

Zobrazeni magnetiza¢niho transferu (mag-
netization transfer imaging; MTI) predstavuje
dalsi metodu, kterd jde za hranice konvenc-
nich technik MR zobrazeni a umoznuje de-
tekovat diskrétni patologické zmény tkané
mozku ¢i michy, k nimz dochdzf v rdmci de-
myeliniza¢niho onemocnéni. Tato technika
vyuzivé odlisnosti v chovéni volnych pro-
tonl obsazenych v molekulach vody v po-
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Obr. 7. MR vysetieni u pacienta s roztrousenou sklerézou s hyperintenznim miSnim loZiskem patrnym na axidlnim T2 vdzeném obraze
gradientniho echa (Sipka na panelu a). Léze je sledovatelna i v obraze zobrazeni tenzoru difuze v podobé snizeni intenzity signalu na
mapé frakéni anizotropie (FA) (d).

Obr. 7b, e) Ukazka semiautomatické segmentace bilé hmoty (zelené), Sedé hmoty (Cervené) a patologického loZiska (modfe) pomoci aplikace
ITK-SNAP. Po registraci segmentacnich masek mezi T2 a FA obrazem Ize kvantifikovat hodnoty FA v jednotlivych tkanich.

Obr. 7¢) Rozdily mezi sedou a bilou hmotou a hyperintenznimi loZisky je mozné jednoduse graficky vyjadrit pomoci krabicového grafu.

Fig. 7. MRI examination in a patient with multiple sclerosis with a hyperintense spinal cord plaque apparent on the axial T2-weighted
image of gradient echo (arrow on panel a). The lesion is perceptible also in the diffusion tensor imaging image in the form of reduced
signal intensity on the fractional anisotropy (FA) map (d).

Fig. 7b, €) Demonstration of semi-automatic segmentation of white matter (green), grey matter (red), and pathological plague (blue) using
the ITK-SNAP application. After registering the segmentation masks between T2 and FA images, FA values in the individual tissues can be

quantified.

Fig. 7c) Differences between grey and white matter and hyperintense lesions can easily be expressed in a box plot.

rovnani s vdzanymi protony, u kterych v dd-
sledku magnetickych interakci s okolnimi
makromolekulami dochazi k velmi rych-
lému rozfazovéni magnetizace a jsou proto
charakterizovény velmi kratkymi T2 casy.
V pfipadé, Ze jsou vadzané protony saturo-
vany pomoci zvlastnfho satura¢niho radio-
frekvenc¢niho pulzu (,off-resonance”), dojde
k vyméné magnetizace (magnetiza¢nimu
transferu) mezi témito protony a protony
volnymi, coz ovlivni magnetizaci volnych
proton( [65]. Tento jev vede k viditelnému
snizeni intenzity signédlu v MR obraze, exis-
tuji vsak i moznosti jeho kvantifikace. Pa-
trné nejcastéji pouzivany a nejjednodussi
zplsob je vyuzitl indexu MTR (magnetiza-
tion transfer ratio), ktery predstavuje relativni
rozdil mezi dvéma méfenimi, z nichZ pouze
u jednoho z nich je aplikovan zminovany
,off-resonance” saturac¢ni pulz. MTR tak ne-
pfimo odradzi miru zastoupeni makromole-
kul ve tkani a umozriuje mimo jiné detekovat
ztratu myelinu a v mensi mife axonalni dez-
integraci [66]. Na vyuziti MTI v diagnostice
RS Ize nahlizet jako na urcitou paralelu DTI.

Byla prokdzéna redukce MTR akutnich i chro-
nickych demyeliniza¢nich 1ézi [67], ob-
dobné jako u DTl byla i v pfipadé MTI zamé-
fena pozornost na zmeény v ramci NAWM
i NAGM s prikazem signifikantni redukce
MTR u nejriznéjsich fenotypl RS v¢. nejcas-
néjsich klinickych stadif [68]. Abnormality
MTR téz dle nékterych autord koreluji s dél-
kou trvanf onemocnénf a s tizi klinického
postizeni [68,69].

MR spektroskopie

MR spektroskopie je analytickd metoda
umoznujici detekci a kvantifikaci rlznych
sloucenin ve tkani. K ziskdni MR spektra je
mozno vyuzit jadra rlznych prvkad, v kli-
nické praxi se viak nejcastéji pouziva jadro
vodiku [70]. V praxi se obvykle uplatiuje
jedna ze dvou zdkladnich technik spektro-
skopického zobrazeni. Prvni z nich je tzv.
single-voxel spektroskopie (SVS), kterd zob-
razuje spektrum metabolitd z jediného pre-
dem definovaného voxelu. Druhou moz-
nosti je spektralni akvizice z vice voxell
3irSi oblasti mozku ozna¢ovana nékdy jako

,magnetic resonance spectroscopy ima-
ging” (MRSI) nebo ,chemical shift imaging"”.
Pomoci obou zmifiovanych technik Ize de-
tekovat koncentraci nejriiznéjsich metabo-
litd v mozkové tkani, jako jsou napf. tuky,
aminokyseliny (zejm. alanin, glutamin), lak-
tat, N-acetylaspartat (NAA), kreatin (Cr),
a myo-inositol [71].

Pro potieby diagnostiky pacientd s RS
se nejcastéji uziva detekce a kvantifikace
NAA, resp. poméru NAA/Cr, déle cho-
linu, laktdtu a myo-inositolu. NAA je obsa-
Zen v mitochondriich neuron(, v axonech
a dendritech, jeho pokles proto nastava pfi
jejich poskozeni ¢i zaniku. Ke snizenf jeho
koncentrace ale mUze dojit i relativné pfi
edému ¢i pfechodné pfi omezeni neuro-
nalni funkce. Pokles NAA je patrny zejména
v akutni fazi onemocnéni (obr. 8), béhem
remise potom muze dochézet k jeho ¢as-
te¢né normalizaci. Cholin je za normal-
nich okolnosti vdzdn v bunécnych mem-
branach, k narlstu detekovatelné volné
porce dochazi pfi rozpadu bunék. K tomu
mUze dochdzet napt. pfi zanétu, tedy i v pfi-
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Obr. 8. MR vysetieni pacientky ve véku 67 let IéCené pro roztrousenou skler6zu od roku 1991 indikované pro zhorseni pravostranné
hemiparézy s prechodnou afazii. Pro upiesnéni diferencialni diagndzy atypického loziska levého thalamu (oznaceno Sipkami) bylo
provedeno téz spektroskopické vysetteni technikou ,single-voxel”.

Léze ma prevazné vysoky signal v T2 obraze (a), postkontrastné se intenzivné sytf prakticky v celém objemu (c). Spektroskopie v oblasti
loZiska (b) prokazuje relativni snizenf koncentrace N-acetylaspartdtu (NAA) vUci kreatinu (Cr) (NAA/Cr = 1,24) v porovnani s normalnim spekt-
rem ziskanym pfi kontrolnim méfen{ v oblasti kontralaterdlniho thalamu (NAA/Cr = 1,62) (d).

Absence elevace koncentrace cholinu svéd¢i proti tumordznimu plvodu loZiska, jako nejpravdépodobnéjsi etiologie je oznacena aktivni
demyeliniza¢ni plaka. V korelaci s tim doslo na kontrolnim vysetfeni za 2 tydny k vyznamné regresi T2 hyperintenzity i postkontrastniho sycenf.
Fig. 8. MRl examination in a 67-year-old female patient treated for multiple sclerosis since 1991, indicated for deterioration of right-side
hemiparesis with transient aphasia. To increase the accuracy of differential diagnosis of an atypical focal lesion of the left thalamus
(marked with arrows) a spectroscopic “single-voxel” examination was also performed.

The lesion has predominantly a high signal in the T2 image (a) and enhanced practically in its entire volume after contrast medium adminis-
tration (c). Spectroscopy in the area of the lesion (b) demonstrates a relative decrease in N-acetylaspartate (NAA) to creatine (Cr) ratio (NAA/
/Cr=1.24) in comparison to the normal spectrum obtained in a control measurement in the area of the contralateral thalamus (NAA/Cr = 1.62)
(d). Absence of an elevated choline concentration reduces the probability that the lesion is of tumorous origin. Active demyelinating plaque is
marked as the most probable aetiology. In correlation with this, at a follow-up examination 2 weeks later, a substantial regression of T2 hyper-
intensity and post-contrast enhancement occurred.

padé akutni faze RS. Obdobneé v akutni fazi  myoinositolu je spojen s vyssi metabolic- Vysledky studif v¢. metaanalyz nejsou
RS pozorujeme narlst hodnot laktdtu nd-  kou ¢i proliferacnf aktivitou astrocytl v pla-  zatim jednotné. Pfesto naznacuji, Ze by po-
sledkem zvysené anaerobni glykolyzy v te-  kdch RS na rozdil od I1ézi bilé hmoty jiné  kles koncentrace NAA mohl byt markerem
rénu zanétu. Bylo zjisténo, Ze narlst hodnot  etiologie [72]. predikce klinického postizenf pacientl s RS,
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a to zejména u jiz lécenych pacientl vzhle-
dem k jeho ¢astecné normalizaci v prdbéhu
terapie [71,73]. Detekce snizeného obsahu
NAA a zdroven zvysenych hodnot cho-
linu a laktatu se jevi jako potencidlni mar-
ker akutniho postizeni bilé hmoty ¢asové
predchazejici korelat v konvenénim obraze
MR [72].

Zaveér

Pfestoze konvencni radiologické hodno-
cenf pfitomnosti viditelnych lézi mozku
a michy zGstdva doposud hlavnim nastro-
jem v oblasti MR diagnostiky RS, existuje
nepreberné mnozstvi dikazd o novéjsich
technikach, jako jsou napft. DTI, MTI ¢i spek-
troskopie, které umoznuji presnéji deteko-
vat patologické zmeény tkani CNS. Tyto tech-
niky proto maji potencidl stat se cennym
nastrojem v ramci diferencidlni diagnostiky
v inicidInich stadiich demyeliniza¢niho one-
mocnéni a v dalsim pribéhu objektivnim
markerem ¢i prediktorem klinického vy-
voje a odpovédi na lé¢bu. Ur¢itou nevyho-
dou téchto technik jsou néroky na skenovaci
¢as (zejm. DTl a spektroskopie) a obecnym
problémem vyse diskutovanych metod je
doposud nedostatek standardizace akvi-
zi¢nich protokoll a v nékterych pfipadech
i omezend reprodukovatelnost méfenych
dat mezi riznymi MR pristroji [63]. Dalsim as-
pektem, ktery do urcité miry brani vétsimu
praktickému rozsiteni téchto metod, je ne-
jednotnost technik softwarové analyzy na-
méfenych dat a pomérné mald mira imple-
mentace automatizovanych technik analyzy
obrazu do komerc¢niho softwarového vyba-
veni dodavaného hlavnimi vyrobci MR pfi-
stroj. Budouci vyzkum by proto mél byt
zaméren na tyto otdzky Uzce spojené s tech-
nikou vysetfeni a na hledani novych dobre
reprodukovatelnych a kvantifikovatelnych
parametrd. Pljde-li vyvoj timto smérem, Ize
v budoucnu ocekévat inkorporaci hodno-
ceni téchto novych biomarker( v rdmci stan-
dardni diagnostiky u pacientd s RS.
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Abstract Deficits in the execution of a sequence of move-
ments are common in schizophrenia. Previous studies report-
ed reduced functional activity in the motor cortex and cere-
bellum in schizophrenic patients with deficits in movement
sequencing. The corticospinal tract (CST) and superior cere-
bellar peduncle (SCP) are fiber tracts that are involved in
movement sequencing. However, the integrity of these tracts
has not been evaluated in schizophrenic patients with respect
to the performance of movement sequencing yet. Diffusion
tensor magnetic resonance images (DT-MRI) were acquired
from 24 patients with schizophrenia and 23 matched control
subjects. Tractography was applied to reconstruct the CST and
SCP and DT-MRI-specific parameters such as fractional
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anisotropy (FA) and radial diffusivity (RD) were reported.
The patient group was further subdivided based on the score
of sequencing of complex motor acts subscale of the Neuro-
logical Evaluation Scale into those with deficits in sequencing
motor acts, the SQ™ group (n=7), and those with normal
performance, the SQ"*™ group (n=17). Schizophrenia pa-
tients of the SQ"™ subgroup had significantly reduced FA
and increased RD values in the right CST in comparison to the
control group; the SQ™ subgroup did not differ from the
controls. However, the SQ™™ subgroup showed impaired
integrity of the left SCP, whereas the SQ"™ subgroup did
not. Abnormalities in the right CST in the SQ"™ and in the
left SCP in SQ™" groups suggest that the patients with SQ*™
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represent subgroups with distinct deficits. Moreover, these
results demonstrate the involvement of the SCP in the patho-
genesis of movement sequencing in schizophrenia.

Keywords Schizophrenia - Psychomotor disorders -
Diffusion tensor imaging - Corticospinal tracts - Cerebral
peduncle - Cerebellum

Introduction

Patients with schizophrenia often have difficulties executing
simple repetitive movements, like tapping a rhythm with their
hands, or clenching the fist and forming a ring with two
fingers in a consecutive manner [1]. These subtle motor def-
icits are assessed as deficits of sequencing of complex motor
acts (the performance of consecutive movements over a period
of time) and are a part of the clinical battery tests for neuro-
logical soft signs (NSS) [2]. NSS are divided into sequencing
of complex motor acts (the performance of consecutive move-
ments over a period of time), motor coordination (the perfor-
mance of several movements at the same time), and sensory
integration (integration of multimodal sensory information).
In schizophrenia, sequencing of motor acts is the most fre-
quent impairment assessed by NSS and is present in about
30 % of patients [1]. NSS can be found in non-schizophrenics,
but they are more prevalent in schizophrenic patients [1], in
subjects at high risk for developing schizophrenia [3, 4], and
in antipsychotic-naive first-episode schizophrenic patients
[5-8]. NSS is independent of antipsychotic medication or
extrapyramidal side effects [5, 9], and so, it has been sug-
gested that these symptoms reflect the basic neurobiology of
schizophrenia [10].

Functional neuroimaging studies in schizophrenics with
NSS demonstrated a relationship between motor sequencing
tasks and the activation of a variety of regions in the brain
[11-14]. Using functional magnetic resonance imaging
(fMRI), we published on differences in functional connectiv-
ity between patients with deficits in sequencing motor acts
(SQ™") and patients with preserved abilities in movement
sequencing (SQ"™) [13]. The SQ*™ patients showed reduced
functional connectivity between the motor cortex and cerebel-
lum, suggesting that the connection between the motor cortex
and cerebellum plays a crucial role in executing movement
sequences and that this connection is impaired in patients with
deficits in sequencing complex motor acts. Cortico-cerebellar
connections are important as the cerebellum is not only in-
volved in movement but also in cognitive processes, such as
processing and coordinating information [15, 16]. Cognitive
processes are often impaired in patients with schizophrenia,
and the hypothesis of cognitive dysmetria suggests that these
deficits are linked to abnormal connectivity of the cerebellum
and the neocortex [11]. The neocortex and cerebellum are

GRO @ Springer

connected by the cortico-ponto-cerebello-thalamo-cortical
loop (CPCTC-loop) [17-20]. The superior cerebellar pedun-
cle (SCP) is the main efferent fiber leaving the cerebellum and
is a component of the CPCTC-loop. Apart of the CPCTC-
loop, a second major fiber tract of interest here is the
corticospinal tract (CST), which originates in the motor neo-
cortex and is involved in the execution of movement.

The involvement of the cerebellum in the pathology of
schizophrenia was not only explored by fMRI studies, but
also by volumetric methods and by spectroscopic imaging.
Magnetic resonance imaging (MRI) studies reported smaller
cerebellar volumes in schizophrenia patients, mainly in the
vermis [21, 22] and in the corpus medullare [23]. Additional-
ly, proton magnetic resonance spectroscopic imaging (1H-
MRSI) showed decreased level of NAA (N-acetyl-aspartate),
a putative neuronal/axonal marker, in the anterior cerebellar
vermis in patients with schizophrenia [24]. These studies
further support cerebellar dysfunction in pathophysiology of
schizophrenia.

The development of the tractography method allows now
the reconstruction of specific brain white matter fiber tracts
using diffusion tensor magnetic resonance images (DT-MRI)
[25-27]. DT-MRI provides a quantitative output of measures
such as fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD), and radial diffusivity (RD). FA is a
measure of the directionality of water diffusion [28] and has
higher values in the white matter (WM) regions with many
parallel axons [29]. AD is defined as water diffusion in the
direction of the axon and RD as water diffusion orthogonal to
the axon, whereas MD describes overall water diffusivity. DT-
MRI measures are very sensitive to uncover changes in the
white matter in vivo in human subjects, but are not specific in
order to describe the biological changes at the cellular level.
Interpretation of changes of water diffusivity in biological
tissues is based on animal experiments where DT-MRI was
acquired and histology performed. In the experiment on mice,
damage to the axon resulted in decreased FA and AD, whereas
demyelination of the axon resulted in decreased FA and in-
creased RD [30, 31]. Findings from DT-MRI of decreased FA,
increased RD, and unchanged AD in patients diagnosed with
schizophrenia suggest demyelination of axons in this disease
[32—37] and are in accordance with the hypothesis of dysfunc-
tional oligodendrocytes and subsequent abnormal myelination
[38-43].

In this study, we follow up on the findings of lower con-
nectivity between the motor cortex and the cerebellum in the
SQ™ group in the fMRI study [13] and explore the fiber tracts
connecting these regions. We have focused to examine WM
integrity of the CST and the SCP, the two major fiber tracts
involved in motor execution and planning, in patients with
schizophrenia (with and without movement sequencing ab-
normalities) and matched healthy controls. We anticipate to
find changes in WM of the SCP in the SQ®™" group that will
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correlate to the scores of the sequencing movement test. Based
on previously reported changes in Diffusion Tensor Imaging
(DTI) measures and demyelination of fiber tracts in schizo-
phrenia patients, we expected to find reduced FA and in-
creased RD in fiber tracts with abnormal WM integrity.

Methods
Subjects

Twenty-four schizophrenic patients and 23 healthy controls
matched for age, gender, and handedness participated in this
study (Table 1). Patients were recruited from the Department
of Psychiatry, Brno, Czech Republic, and were diagnosed
with schizophrenia (n=21) or schizoaffective disorder (n=3)
according to DSM-IV criteria and the Mini-International Neu-
ropsychiatric Interview (M.L.N.1.) [44]. Clinical characteristics
of the sample are shown in Table 2. All subjects were treated
with atypical antipsychotics; none of the subjects had a history
of head injury, psychoactive substance dependence, or neuro-
logical or systemic illness that might affect imaging measures.
Some patients with schizophrenia had neurological soft sign
abnormalities, but did not suffer from any neurological dis-
ease. There were also no signs of neurological dysfunction
during the basic physical and neurological examination.

Healthy controls were recruited from hospital staff and
from the general community. They were screened to rule out
psychiatric disorders using the M.I.N.I. Exclusion criteria for
healthy subjects included a family history of axis I psychiatric
conditions, head injury, psychoactive substance dependence,
or neurological or systemic illness affecting MRI
examination.

The local ethics committee approved the study protocol
and procedures. After a complete description of the study,
written informed consent was obtained from each subject.

Behavioral Examination

Movement sequencing performance was assessed on the sub-
scale of the NSS using the Neurological Evaluation Scale
(NES) [2]. The NES consists of 26 items divided into four
subscales: sequencing of complex motor acts (NSS-SQ), mo-
tor coordination (NSS-MC), sensory integration (NSS-SI),
and “other” (NSS-O). Each item is rated on a scale of 0 to 2
(O=relatively normal, 1=some disruption, 2=major disrup-
tion). Patients with schizophrenia were categorized into two
subgroups based on the NSS-SQ score. The SQ subscale
assesses the ability to perform a sequence of movements using
the “fist-ring test” (rapid alternation between clenching the fist
and forming a ring using the thumb and forefinger), “fist-
edge-palm test” (tapping the desk using the fist, edge of the
hand, and palm of the hand), “rhythm tapping test” (reproduc-
tion of several rhythms), and the “Ozeretski test” (both hands
are placed on the table, one palm down, one palm up, and the
subject is asked to simultaneously alternate the position of the
hands). Patients with a NSS-SQ score higher than 2 (at least
one major disruption) were classified as SQ™", while patients
with a N'SS-SQ score <2 were classified as SQ"*"™.

Extrapyramidal side effects of antipsychotic medication
were evaluated using the Barnes Akathisia Scale (BAS)
[45], the Simpson-Angus Scale (SAS) [46], and the Abnormal
Involuntary Movement Scale (AIMS) [47].

Magnetic Resonance Imaging and Image Preprocessing

Subjects were scanned using a Philips Achieva 1.5T scanner.
Diffusion-weighted images of the whole brain were obtained
using an echo-planar imaging single-shot (EPI SSh) DTI
sequence: TR 21 s, TE 62 ms, flip angle 90°, voxel size 2 x
2x2 mm, and FOV 224 x224 x 140 mm. The magnetic gradi-
ent with b-factor 1,000 s/mm2 was applied in 32 directions
and b0 image was acquired. For the DTI data acquisition, we

Table 1 Demographic characteristics of patients with schizophrenia and healthy controls

Variable Patients Controls Statistical Patients Statistical Patients Statistical
(n=24) (n=23) analysis, sQ®" analysis, sqQrem analysis,
patients x (n=7) patients SQ™"x  (n=17) patients SQ"°™ x
controls controls controls
Age (years=SD) 3275 (£9.67) 30.83 (x8.19) r=-0.73; p=0.47 36.86 (£6.64) t=—1.77;, p=0.09 31.06 t=—0.08; p=0.94
(£10.37)
Gender M/F 11 (45 %)Y13 11 (48 %)12  x*=0.002; df=1; 3 (43 %)4 x*=0.05;df=1; 847 %)9  x*=0.00; df=1;
(n, %) (54 %) (52 %) p=0.89 (57 %) p=0.82 (53 %) p=0.96
Handedness-right 24 (100 %) 23 (100 %) - 7 (100 %) - 17 (100 %) -

handed (n, %)

All subjects were right-handed as evaluated by the Neurological Evaluation Scale (NES) 11 subscale for handedness

M male, F female
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Table 2 Clinical and pharmacological characteristics of patients with and without movement sequencing abnormalities

Variable Patients (n=24)

Patients SQ™™ (n=7)

Patients SQ™™ (n=17)  Statistical analysis, patients SQ*"x Q"™

Duration of illness (years=SD)  9.70 (£7.64) 13.80 (£7.19)
Number of episodes 4.21 (£1.98) 5.71 (£1.25)
Antipsychotic dose (CPZ eq.) 364.50 (£203.14)  360.64 (+195.78)
BAS 0.67 (+1.93) 0.57 (£1.13)
AIMS 0.00 0.00

SAS 1.21 (£1.25) 1.71 (£1.50)
NSS-SQ (+SD) 217 (£2.12) 4.86 (+1.57)
NSS-SI (£SD) 0.88 (£1.36) 0.29 (£0.76)
NSS-MC (£SD) 0.17 (+0.48) 0.43 (0.79)
NSS-O (+SD) 0.75 (£1.30) 0.29 (+0.76)

7.81 (27.43) =—1.59; p=0.13
3.59 (+1.91) =—2.70; p=0.01
366.09 (+211.98) 1=0.06; p=0.95
0.71 (+2.20) 1=0.15; p=0.88
0.00 -

1.00 (&1.12) =—129; p=0.21
1.06 (£1.03) 1=—7.04; p=0.00
1.12 (£1.51) =139; p=0.18
0.06 (+0.24) t=—1.79; p=0.09
0.94 (+1.43) t=1.14; p=027

NSS-T neurological soft signs, total score; NSS-SO NSS, sequencing of complex motor acts; NSS-SI NSS, sensory integration; NSS-MC NSS, motor;
NSS-T neurological soft signs, total score; NSS-SQ NSS, sequencing of complex motor acts; NSS-SI NSS, sensory integration; NSS-MC NSS, motor
coordination; NSS-O NSS, others; CPZ eq. chlorpromazine equivalents in mg; BAS Barnes Akathisia Scale; SAS Simpson-Angus Scale; 4/MS Abnormal

Involuntary Movement Scale

used parallel acquisition technique (SENSE) with reduction
factor p=2. DICOM data were converted to nrrd files to
estimate tensors using the least squares method [48, 49].
Tensor estimation and the following tractography were per-
formed using the 3D Slicer software version 3.6.4-beta (http://
www.slicer.org/) [50, 51].

Regions of Interest and Tractography

Diffusion tensor imaging (DTI) data was used to perform
region of interest (ROI)-based tractography of the CST and
the SCP. Individual ROIs were selected based on the Human
White Matter Atlas [52]. ROIs were drawn on color by orien-
tation FA maps. ROIs were overinclusive to prevent the size of
the ROI being a limiting factor of the tractography analysis.
Tracts were delineated via streamline tractography, which was
based on Runge-Kutta protocol [25]. The tracts were recon-
structed in a three-dimensional view (Fig. 1) and checked
visually for consistency with respect to neuroanatomy, and
stray fibers were removed by additional exclusion ROIs.
Finally, mean values of FA, MD, AD, and RD were calculated
for each tract.

ROIs of the CST The superior inclusion ROI was drawn in the
most superior axial slice where the CST is surrounded by the
middle cerebellar peduncle and the transverse pontine fibers.
The CST runs in the superior-inferior direction, whereas the
cerebellar fibers cross the hemispheres. The second inclusion
ROI was placed at the most inferior axial slice where the CST
are surrounded by the middle cerebellar peduncle and the
transverse pontine fibers. To exclude stray tracts crossing the
hemisphere, an exclusion ROI was drawn on the midsagittal
slice over the corpus callosum (see Supplementary Material a).

GRO @ Springer

ROIs of the SCP The first inclusion ROI was placed at the
decussation of the SCP, which appears as a circular red dot
surrounded by green voxels on color by orientation FA maps
in coronal slices. The ROI was drawn over the red and green
area on the two most posterior slices where the decussation
was visible. The second inclusion ROI drawn after tracts were
seeded from the first ROL This preliminary tract included the
left and right SCP and the medial lemniscus and
corticopontocerebellar fibers. Viewing this preliminary tract
and the axial slices, we navigated through axial slices inferi-
orly until the SCP and medial lemniscus separated and then
drew an ROI posterior to each of the ventricles to include the
left and the right SCP separately. The corticopontocerebellar
fibers protrude beyond the thalamus and were excluded by
drawing an extensive exclusion ROI in the axial slice above
the thalamus (see Supplementary Material b).

Assessment of Reliability of Measures Two raters (J.H. and
Z.K.) blind to the diagnosis performed the reliability of the
tractography by drawing ROIs manually on a subset of ten
images for the SCP and 15 images for the CST. The intraclass
correlation coefficient of the FA values were 0.90 (right SCP),
0.97 (left SCP), 0.93 (right CST), and 0.92 (left CST). After
the reliability of the method was established, one rater (J.H.)
drew ROIs for all the cases.

Statistical Analysis

Statistical analysis was performed using STATISTICA soft-
ware, version 10 (www.statsoft.com). Descriptive statistics,
followed by normality testing using the one-sample
Kolmogorov-Smirnov test, were performed, and no signifi-
cant excursions from normal distribution were detected.
Group differences between patients with schizophrenia and
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Fig.1 Reconstruction of the SCP
and the CST: tracts of the superior
cerebellar peduncle (SCP, colored
pink), the corticospinal tract (CST,
colored blue) were reconstructed
from DT-MRI using tractography
and are viewed from the right (a),
respectively, from the posterior
(b). The panels ¢ through f show
the SCP and the CST tracts from
three randomly chosen subjects to
demonstrate the reproducibility of
the tract’s reconstructions. Panel ¢
and d show the tracts
reconstructed for the same subject
performed each by a different
rater. The background is the FA
image of the brain of a subject. 4
anterior, L left, P posterior, R right

healthy controls in diffusion parameters were tested using a
two-tailed two-sample ¢ test. The effect of movement sequenc-
ing abnormalities was analyzed using one-way Analysis of
Variance (ANOVA) with group as a factor (SQ"*"™ patients,
SQ™" patients, healthy controls). Between-group differences
were tested using post hoc Fisher LSD tests. The confounding
effects of demographic and clinical parameters were analyzed
using Pearson correlations between the confounders and dif-
fusion parameters. The level of significance was set to alpha
<0.05.

Effect size was determined using Cohen’s d based on the
means and the standard deviations of the DTI measures in the
CST and SCP. Power was calculated based on an alpha error
probability of 0.05 using G*Power3 software [53].

Results
Clinical and Behavioral Characteristics

All four groups, the patients altogether, the SQ**", and SQ"™
subgroups, and the controls, were well matched by age, gen-
der, and handedness (Table 1). The patients altogether and the
SQ™ and SQ™™ subgroups did not differ in duration of
illness, antipsychotic dose, extrapyramidal side effects (scores
on BAS, AIMS, SAS), or any of the NSS subscales, except
NSS-SQ, which served to divide the patient group (Table 2).
The SQ® group had significantly more episodes than the
SQ"™™ group. Nearly 66 % of the patients expressed at least
one minor movement sequencing abnormality (not reported

here), whereas 29 % of the patients, seven out of 24, had major
deficits in NSS-SQ (score>2) and were classified as the SQ*™"
subgroup.

Group Differences in Tractography Measures

There were significant differences between healthy controls
and patients with schizophrenia in the right hemisphere of the
CST (Fig. 2). We found significantly lower FA (1=2.56, p=
0.014) and higher MD (+=—2.67, p=0.011) and RD (+=—3.35,
p=0.002) values in the patients compared with controls. No
statistically significant group differences were found for the
SCP.

The Effect of Movement Sequencing Abnormalities

ANOVA showed a significant effect of group in the CST on
the right hemisphere for FA (F=4.89, p=0.012), MD (F=
4.76, p=0.013), and RD (F=8.04, p=0.001) values (Fig. 3).
Post hoc analysis revealed that only the SQ"™ group had
significantly lower FA (p=0.003) values and higher MD (p=
0.004) and RD (p=0.000) values than healthy controls, where-
as SQ™" patients did not differ statistically from the two other
groups.

Conversely, for the SCP, ANOVA showed a statistical
significance of group at trend levels for the effect of the fiber
tract for MD (F'=2.67, p=0.080) and RD (£=2.82, p=0.070)
values (Fig. 4). Post hoc analysis revealed statistically signif-
icant differences between SQ*™ patients and healthy controls
in the left SCP (MD, p=0.029; RD, p=0.023), whereas

Q Springer (GRC
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Fig. 2 Results of tractography of the CST. Tractography shows signifi-
cant group difference in DT-MRI parameters (FA, RD, MD) in the right
CST between patients with schizophrenia and healthy controls. CST
corticospinal tract, /4 fractional anisotrophy, RD radial diffusivity, MD

SQ""™ did not differ from the control group. Finally, SQ score
correlated positively with the SCP RD (=0.42, p=0.042) and
MD (»=0.41, p=0.045) measures in the patient group (Fig. 5),
supporting a link between the severity of the motor symptoms
and the impairments of the SCP integrity.

Effect Size and Power Analysis

Because of the small numbers of subjects per group, we
calculated the effect size and power. Power analysis indicated
a chance higher than 80 % of detecting large effect sizes
(defined by Cohen 1992) [54] in each individual tract between
the groups compared, significant at the 0.05 level, one-tailed.
The analysis for the right CST between healthy controls and
patients with schizophrenia indicated a large effect (Cohen’s
d=0.8) and a power (1-3) of 84 %, for the right CST between
healthy controls and SQ""™ patients indicated a large effect
(Cohen’s d=1.1) and a power of 96 %, for the left SCP
between healthy controls and SQ™ patients indicated a large
effect (Cohen’s d=1.0) and a power of 85 %.

mean diffusivity. Unit of RD, MD values 10> mm?/s. The presentation of
scattered dots is a graphical choice, so their distribution along the x-axis is
not relevant

Confounding Effects

There were no significant correlations between tractography
measures and age, illness duration, number of previous psy-
chotic episodes, or daily dose of antipsychotics in chlorprom-
azine equivalents. There was also no correlation with the
measures of extrapyramidal symptoms: BAS, SAS, and
AIMS score.

Discussion

The aim of this study was to investigate the integrity of WM
tracts involved in the execution and planning of movement in
patients with schizophrenia, with and without deficits in
movement sequencing, and control subjects. We used MR
postprocessing techniques to reconstruct the CST and the
SCP from DT-MRI data in these subgroups. Patients with
schizophrenia, as one group, showed significantly reduced
FA and increased RD values in the right CST, which we

0.70- o 0.65+ - 1.0 -
> 0.60- ) ‘ | |
0.65- ‘ ‘ 3 ‘E 0.9- A
= A =
A o 3 0.5 3 o
- -
il < 0.504 c Ala
S () 1] g N °®
0.551 ‘ C 045 : T, = 07
° °
A
0.50 0.40 T T T 0.6 T T T
’ . | norm abn b
sz sqQrerm sz sQ2bn controls sz sQ SZ sQ controls szsQ™™  szsQ™ controls

ANOVA F=4.89, p=0.012
Post hoc analysis ** p=0.003
Fig. 3 Effect of movement sequencing abnormalities: CST.
Tractography shows significant differences in DT-MRI parameters (FA,
RD, MD) in the right CST between patients with and without movement
sequencing abnormalities and healthy controls. Post hoc analysis revealed
a significant difference among healthy controls and patients without
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ANOVA F=8.04, p=0.001
Post hoc analysis ** p=0.000

ANOVA F=4.76, p=0.013
Post hoc analysis ** p=0.004

movement sequencing abnormalities. CST corticospinal tract, 74 fraction-
al anisotrophy, RD radial diffusivity, MD mean diffusivity, SZ SQ"*""
patients without movement sequencing abnormalities, SZ SO**" patients
with movement sequencing abnormalities. Unit of RD, MD values
10> mm?/s. **Significant group differences at p<0.01
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Fig.4 Effect of movement sequencing abnormalities: SCP. Tractography
shows significant differences in DT-MRI parameters (RD, MD) in the left
SCP between patients with and without movement sequencing abnormal-
ities and healthy controls. Post hoc analysis revealed significant differ-
ences among healthy controls and patients with movement sequencing

interpret as impaired integrity of the tract. When patients were
divided into SQ™™ and SQ™ subgroups and compared to
controls, difference in the right CST were significant only in
the SQ™™ subgroup, whereas the SQ™" subgroup did not
differ from the controls. Only the SQ™" subgroup showed
changes in the left SCP in comparison to the control group,
whereas the SCP measurements in SQ""™ were the same as in
the controls. The significant changes for SQ"*"™ subjects were
in the right CST and for SQ™™ in the left CST. This suggests
that schizophrenia patients represent distinct subgroups with
neuroanatomical abnormalities in specific fiber tracts.

The CST is involved in the execution of discrete voluntary
movement. The CST was previously delineated in healthy
subjects [55], in gymnasts [56], and in several patient groups,
including acute stroke [57] and amyotrophic lateral sclerosis
[58], but not in schizophrenia. Our study is, to the best of our
knowledge, the first to report the delineation of the CST in
schizophrenic patients using a tractography approach. Never-
theless, previously published DTI studies in schizophrenia,
which used whole brain WM analysis, such as tract-based
spatial statistics (TBSS) or VBM have reported lower FA in
the volume traversed by the CST in both first-episode schizo-
phrenic patients [59, 60] and in patients with adolescent onset
of schizophrenia [61, 62]. These reports are in accordance
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abnormalities. SCP superior cerebellar peduncle, RD radial diffusivity,
MD mean diffusivity, SZ SQ"*"" patients without movement sequencing
abnormalities, SZ SO**" patients with movement sequencing abnormali-
ties. Unit of RD, MD values 10> mm?/s. *Significant group differences
at p<0.05

with our findings. In this study, we went beyond reporting
only FA and measured also RD and AD in order to explore
microstructural changes in these tracts. To the best of our
knowledge, this is the first report of reductions in FA and
increases in RD, and no changes in AD reported for the CST
in patients with schizophrenia and also in the patient subgroup
with SQ"*"™. Similarly, we report increased RD of the SCP in
SQ™ patients. Increases in RD in the absence of any changes
to AD are increasingly being reported in WM in schizophrenia
and are interpreted as demyelination of the axon [32-37].
Accordingly, the findings in our study suggest demyelination
in the CST and SCP in schizophrenia patients.

The WM tracts of the cerebellum are of interest since the
cerebellum is implicated in movement and also in processing
and coordinating information as has been mentioned above.
The SCP is a component of the cortico-ponto-cerebello-
thalamo-cortical loop [17-20], which connects the neocortex
and cerebellum. The SCP is the main cerebellar efferent fiber
tract originating at the cerebellar dentate nucleus and
projecting to the contralateral thalamus [19, 63, 64]. Several
studies have found reduced FA values in the SCP of patients
with schizophrenia, [65-68] and one study reported no chang-
es [69]. Our study did not reveal any differences in FA or RD
values for the SCP in the whole schizophrenia group, nor in

Fig. 5 Correlation between SQ 0.8 1.1+
score and MD and RD values in A
the left SCP in schizophrenia oy R 2 10] A A
patients. SCP superior cerebellar % 0.7 ‘% A f 4
peduncle, RD radial diffusivity, £ A L E N
MD mean diffusivity. Unitof RD, O A & %91 Fy A A
MD values 10> mm?*/s S o064 i & A * .
ke . A O
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the SQ"*™ subgroup, but it did reveal significant increases in
MD and RD in the left SCP in the SQ*™ subgroup. Addition-
ally, the RD and MD values of the SCP correlated positively
with SQ score in the patient group, suggesting a relation
between the demyelination of the axons of the SCP and the
motor symptoms. Based on the findings of impaired integrity
of the SCP, we assume deficits of the cortico-ponto-cerebello-
thalamo-cortical loop in the SQ*™" subgroup. Deficits in the
middle cerebellar peduncle, the corticopontine tract, and
cortico-thalamic connections were reported in schizophrenia
patients using TBSS, a whole brain analysis study [60, 70,
71]. It would be of interest to follow up with a future study to
reconstruct the other fibers of the cortico-ponto-cerebello-
thalamo-cortical loop in both the SQ™" and the SQ™™ pa-
tient’s group in order to explore whether only the SCP or
whether additional fibers of the circuit are impaired.

There are several limitations of our study. First, all the
patients were taking antipsychotic medication, and although
we controlled for the effect of medication on anatomical
connectivity, the approach may not rule out all possible
long-term effects. Similarly, the effect of potential progression
of the anatomical changes during the course of the illness may
bias our results. We were, however, not able to find any
correlations between the anatomical connectivity measures
and illness duration, age, and the number of previous psychot-
ic episodes. We analyzed only a selected part of the network
that is presumably involved in the fine movement processing
and timing. We have reconstructed the efferent fiber tract of
the cerebellum, the SCP, but did not evaluate the thalamic or
the tracts of basal ganglia, which are also involved in move-
ment processing [72—77]. We were not able to explore the
structural connectivity of the basal ganglia since our data does
not allow the reconstruction of these fiber tracts based on
insufficient resolution. Lastly, our study was based on a lim-
ited sample size. However, the effect size for our tractography
findings suggests substantial differences between the cohorts,
and thus, the power of our study is sufficient.

Conclusion

The goal of the present study was to explore whether patients
diagnosed with schizophrenia can be subgrouped based on
movement sequencing abnormalities assessed both function-
ally and neuroanatomically. We divided patients in two groups
(SQ™™ and SQ*™) according to their performance on move-
ment sequencing tests. Tractography of DT-MRI data demon-
strated that these two groups differ based on abnormalities of
specific WM fiber tracts. When compared to the control
group, both groups showed increases in RD and no changes
in AD, which suggests demyelination of the tracts, but in the
SQ™™ group, these changes were found in the right CST,
whereas in the SQ™" group, the changes were in the left SCP.
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Abnormal SCP in SQ™" subgroup is especially interesting as
it demonstrates the involvement of the cerebellar fiber tract in
movement sequencing and supports the hypothesis of cogni-
tive dysmetria. The findings of this study may help to dissect
schizophrenia, a clinically heterogeneous disorder, into
neurobiologically defined subtypes and improve both diag-
nostics and treatment of individual cases in the future.
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Abstract

Objectives Although white matter hyperintensities (WMHs) are quite commonly found incidentally, their aetiology, structural

characteristics, and functional consequences are not entirely known. The purpose of this study was to quantify WMHs in a sample

of young, neurologically asymptomatic adults and evaluate the structural and functional correlations of lesion load with changes

in brain volume, diffusivity, and functional connectivity.

Methods MRI brain scan using multimodal protocol was performed in 60 neurologically asymptomatic volunteers (21 men, 39

women, mean age 34.5 years). WMHs were manually segmented in 3D FLAIR images and counted automatically. The number

and volume of WMHs were correlated with brain volume, resting-state functional MRI (rs-fMRI), and diffusion tensor imaging

(DTI) data. Diffusion parameters measured within WMHs and normally appearing white matter NAWM) were compared.

Results At least 1 lesion was found in 40 (67%) subjects, median incidence was 1 lesion (interquartile range [IQR]=4.5), and

median volume was 86.82 (IQR =227.23) mm®. Neither number nor volume of WMHs correlated significantly with total brain

volume or volumes of white and grey matter. Mean diffusivity values within WMHs were significantly higher compared with

those for NAWM, but none of the diffusion parameters of NAWM were significantly correlated with WMH load. Both the

number and volume of WMHs were correlated with the changes of functional connectivity between several regions of the brain,

mostly decreased connectivity of the cerebellum.

Conclusions WMHs are commonly found even in young, neurologically asymptomatic adults. Their presence is not associated

with brain atrophy or global changes of diffusivity, but the increasing number and volume of these lesions correlate with changes

of brain connectivity, and especially that of the cerebellum.

Key Points

» White matter hyperintensities (WMHs) are commonly found in young, neurologically asymptomatic adults.

* The presence of WMHs is not associated with brain atrophy or global changes of white matter diffusivity.

* The increasing number and volume of WMHs correlate with changes of brain connectivity, and especially with that of the
cerebellum.

Keywords White matter - Healthy volunteers - Diffusion tensor imaging - Functional magnetic resonance imaging
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Abbreviations

AD Axial diffusivity

FA Fractional anisotropy

FFE Fast field echo

FLAIR  Fluid attenuation inversion recovery
ICC Interclass correlation coefficient
IQR Interquartile range

MD Mean diffusivity

MS Multiple sclerosis

NAWM  Normally appearing white matter
RD Radial diffusivity

rs-fMRI  Resting-state functional MRI
TBSS Tract-based spatial statistics

TE Echo time

TR Repetition time

TSE Turbo spin echo

WM White matter

WMHs  White matter hyperintensities
Introduction

White matter hyperintensities (WMHs) in T2-weighted MRI
images are a common finding in neuroradiology. The preva-
lence of these lesions in neurologically asymptomatic individ-
uals has been investigated by several authors with rather var-
iable results ranging from 0.5% to more than 95% [1-4]. It is
known that the prevalence of WMHs increases with age [5, 6].
Their presence is associated with several diseases or risk fac-
tors, such as hypertension [7], cognitive impairment [8, 9],
and Parkinson’s disease [10]. Comparatively few studies have
focused on this finding in the populations under 40 years of
age [4, 11]. This topic is interesting not only from the perspec-
tives of aetiology, pathophysiology, and functional relation-
ships of WMHs but also because WMHs constitute an impor-
tant issue in differential diagnosis of several diseases. One of
these is multiple sclerosis (MS), wherein the number and
localisation of white matter (WM) lesions become crucial in
terms of the McDonald criteria [12]. Because MS usually
affects younger patients, investigating incidental WMHs in
asymptomatic subjects of corresponding age may be
beneficial.

Rapid development of MRI technology and data analysis
techniques in recent years has opened up new possibilities for
using such advanced methods as functional imaging (fMRI)
or diffusion tensor imaging (DTI). The application of these
modalities in relation to the presence of WMHs may contrib-
ute to knowledge about this topic, because the possible impact
of incidentally found WMHs on structural and functional
changes of the brain is not entirely known.

In this study, therefore, we set out to quantify the number
and volume of WMHs in a sample of young, neurologically
intact individuals and to evaluate the correlations between

@ Springer

lesion load and changes in brain volume, diffusivity, and func-
tional connectivity.

Methods

The study group included 60 neurologically asymptomatic indi-
viduals (21 men and 39 women) who had originally been recruit-
ed as a control group in another study concerning patients with
demyelinating disease. Their mean age was 34.5 years (SD =
8.3 years) and ranged from 21.4 to 62.1 years. The exclusion
criteria, as verified by questionnaire, included history of symp-
toms suggestive of MS lasting longer than 24 h, such as unilateral
visual disturbance, diplopia, vertigo, facial nerve palsy, paresis,
or abnormalities of skin sensitivity. Excluded also were those
with history or suspicion of meningoencephalitis, stroke or tran-
sitory ischemic attack, epilepsy, and systemic inflammatory dis-
ease (e.g. systemic lupus erythematosus, theumatic arthritis, or
vasculitis), as well as subjects with known blood relatives suffer-
ing from MS. All participants entering the study signed an in-
formed consent and the study was approved by an institutional
ethical committee.

MRI brain scan on a 1.5-T scanner (Philips Achieva) was
performed on all subjects. The protocol comprised sequences
for structural imaging and subsequent volumetric analyses
(T2, FLAIR 3D, and T1 3D), as well as DTI and resting-
state functional MRI (rs-fMRI) sequences. The imaging pro-
tocol is detailed in Table 1. DTI was acquired with b factor 0
and 1000 s/mm? using 32 directions of the magnetic gradient;
rs-fMRI data were measured at rest and awake for 7 min and
39 s in all subjects. A map of mean signal-to-noise ratio for rs-
fMRI data is shown in the electronic supplementary material.

FLAIR images were evaluated in all subjects by two radiolo-
gists having more than 12 and 5 years of experience with MRI
diagnostics (MK and JS, respectively). They searched for
WHMs to differentiate the group of lesion-free individuals from
those with at least 1 lesion. The two raters disagreed in four cases.
Final decisions were then made by group consensus while in-
cluding also the other co-authors (AS, MM). Both readers also
recorded the presence of lesions in different zones of the WM
(periventricular, paraventricular, and juxtacortical).

Furthermore, WMHs were segmented manually by MK in
3D FLAIR image using ITK SNAP v.3.4 (http://www.itksnap.
org/pmwiki.php). The volume of segmented lesions was
established in ITK SNAP and the number of segmented
lesions was counted automatically using SPM toolbox
function (spm_bwlabel). The latter labels connected areas by
analysis of spatial relationships among 18 neighbouring
voxels. A cluster of voxels was considered as one lesion if
the voxels had mutual contact with at least one side or edge.

WDMHs were segmented in ten randomly selected subjects
independently by a second reader (JS) using the same meth-
odology. The inter-observer variability as to the number and
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Table 1 Parameters of MR imaging protocol

Sequence Orientation TR (ms) TE (ms) Acquisition voxel size (mm) Reconstruction voxel size (mm)
T2 TSE Transverse 4851 110 09x1.12%x5 09x09x%6

FLAIR 3D Sagittal 8000 275 12x12x1.4 0.7 x0.625 % 0.625

T1 3D FFE Transverse 25 4.1 0.9%x09x%x1.6 0.84 % 0.84 x 0.80

DTI Transverse 21,000 62 2x2x2 1.75x1.75%2

rs-fMRI Transverse 3000 50 34x35x%x3.8 2.85x2.85%3.8

TSE turbo spin echo, TR repetition time, 7E echo time, FLAIR fluid attenuation inversion recovery, FFE fast field echo, D71 diffusion tensor imaging, rs-

fMRI resting-state functional MRI

volume of WMHs between the two readers was evaluated by
interclass correlation coefficient (ICC) analysis [13].

The number and volume of lesions were compared be-
tween males and females (Mann—Whitney U test) and corre-
lated with the age of the subjects (Spearman’s rank correlation
coefficient).

The total brain volume and volumes of WM and grey mat-
ter were estimated with SienaX [14], which is part of FSL
[15], using T1-weighted 3D images. The volumes were nor-
malised using SienaX scaling factor to reduce head size—
related variability between subjects. Pre-processing included
also a lesion-filling procedure as described by Battaglini et al
[16] to improve the accuracy of WM volume estimation. The
number and volume of WMHs corrected for age and sex of the
subjects were correlated with brain volumes using Spearman’s
rank correlation coefficient.

DTI data processing was done by FSL, starting with eddy
current correction and calculation of maps of the following
scalar parameters: fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD). The
data were analysed by tract-based spatial statistics (TBSS)
toolbox to find correlations of the scalar parameters with the
number and volumes of lesions, while age and sex were set as
further covariates. Furthermore, we registered FLAIR images
to BO images of DTI in individual subjects using linear regis-
tration (FSL toolbox FLIRT) and applied the transformation
matrices to the segmentation masks of WMHs. We then reg-
istered atlas-based masks of WM (MNI 152 standard space) to
T1 images in individual subjects using linear and non-linear
registration (FSL toolboxes FLIRT and FNIRT) and subse-
quently registered the resulting WM masks to DTI space.
Median values of the aforementioned diffusion parameters
were calculated within the segmented lesions and normally
appearing white matter NAWM) in individual subjects and
compared mutually using a paired 7 test. The median diffusion
parameters measured within the entire NAWM were also cor-
related with the number and volume of WMHs using
Spearman’s rank correlation coefficient.

The rs-fMRI analysis was done using the MATLAB-based
CONN toolbox [17]. One hundred twenty-eight regions of
interest (ROIs) derived from the software’s default brain

parcellation atlas were used to extract rs-fMRI signals from
various cortical and subcortical areas (average signals from
1-cm-diameter spheres centred at MNI coordinates described in
the atlas). The signal denoising consisted in regressing out the
movement parameters as well as the signals extracted from the
cerebrospinal fluid and WM. This involved motion scrubbing
and filtering using a 0.01-0.1-Hz band-pass filter. Using
Pearson’s correlation coefficient, 128 x 128 connectivity matri-
ces were created among all the ROI signals. These matrices
were used in subsequent analyses for calculating the main effect
ofthe number and volume of WMHs on the connectivity values
while correcting for age and sex of the subjects. FDR correction
was used to control for the multiple comparisons problem, and
thus, statistically significant connections correlating with the
lesion load were identified.

Statistical analyses of rs-fMRI data and DTI TBSS analy-
ses were performed using statistical modules of the aforemen-
tioned software tools. ICC estimates were calculated using R
and irr software (https://CRAN.R-project.org/package=irr),
and the remaining statistical tests were computed using
Statistica 12 (StatSoft). The significance level for all
statistical tests was set to p < 0.05.

Results

At least 1 lesion was found in 40 (67%) subjects, and median
incidence in all subjects was 1 lesion (interquartile range
[IQR]=4.5) (Fig. 1). Separately in the group of subjects with
WMHs, the median incidence was 3 lesions (IQR =11.5).
Results are detailed in Table 2.

At least 1 periventricular, paraventricular, or juxtacortical
lesion was found in 11, 32, and 22 subjects, respectively, and
in 5 (8.3%) subjects (3 women and 2 men of mean age
40.7 years), we observed simultaneous presence of at least 1
juxtacortical lesion and 1 periventricular lesion. Figure 2 pre-
sents a distribution map of the lesions.

ICC analysis of inter-observer variability of WMH seg-
mentations found excellent reliability for the number of le-
sions (ICC, 0.985; 95% CI, 0.943-0.996), and moderate
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Fig. 1 Histograms demonstrating distribution of the number (a) and volume (b) of white matter hyperintensities in all subjects

reliability was observed concerning lesion volumes (ICC,
0.621; 59% CI, 0.087—0.887).

In the subgroup of subjects with WMHs, we revealed no
statistically significant differences in the number or volume of
the lesions or in the mean volume of 1 lesion between males
and females. The parameters also did not correlate with the
age of the subjects (Fig. 3).

Neither the number nor volume of WMHs correlated sig-
nificantly with total brain volume or volumes of white and
grey matter.

We also found no statistically significant correlation be-
tween lesion load and any of the DTI scalar parameters
analysed by TBSS. There were no significant differences in
diffusivity parameters between men and women; FA correlat-
ed negatively with the age of the subjects in extensive areas of
WM (data shown in the electronic supplementary material).

Using analysis based upon region of interest, we found
significantly higher MD values within WMHs (median
876.5x 107, IQR 143.5 x 10~®) compared with all voxels of
NAWM (median 745 x 10°°, IQR 16.5 x 10"°) by paired ¢ test
(p<0.0001). The differences in other diffusion parameters
(FA, AD, and RD) were not statistically significant (Fig. 4).

Also, the median values of all measured diffusion parameters
of NAWM were not significantly correlated with WMH load.

By analysis of functional connectivity within a matrix of
128 x 128 connections, we revealed significantly decreased
functional connectivity between the cerebellar vermis and
right cerebellar hemisphere with the right supplementary mo-
tor area in correlation with the number of lesions. Increasing
volume of lesions correlated significantly with decreased con-
nectivity between the regions of the right and left cerebellar
hemispheres, between the left cerebellum and right caudate
nucleus, and between the left postcentral gyrus and right
paracingulate gyrus. The connectivity of the left frontal oper-
culum with the right pallidum was significantly increased in
correlation with WMH volume (Fig. 5).

Discussion

In this study, we quantified WMHs found in a randomly se-
lected sample of a normal young population and investigated
their impacts on various advanced modalities of MRI.

Table 2 Number and volumes of white matter hyperintensities (WMHs) in the group of 40 subjects with at least 1 lesion

Group Number of WMHs Volume of WMHs (mm?) Mean volume of one lesion (mm?)
All (n=40) 3 (11.5; 1-96) 86.82 (227.23; 13.12-5920.74) 24.02 (21.53; 10.97-168.98)
Females (n=25) 3(8; 1-64) 85.59 (225.31; 13.4-5920.74) 21.4(22.22; 10.97-168.98)
Males (n=15) 2 (205 1-96) 88.87 (394.02; 13.12-3394.18) 27.69 (17.67; 13.12-44.43)

<30 (F=5M=6) 2 (19; 1-74) 202.89 (559.86; 13.39-2929.33) 39.59 (25.3; 13.4-168.98)

3140 (F=12; M=4) 4 (8.25; 1-64) 77.11 (93.11; 13.12-1581.28) 16.41 (7.29; 10.97-44.43)

>41 (F=8;M=5) 2 (6; 1-96) 73.28 (235.16; 18.04-5920.74) 31.72 (15.31; 15.7-109.64)

The values are presented as medians along with interquartile range, minimum, and maximum values. The last three rows demonstrate the distribution of

lesions across different age groups
WMHSs white matter hyperintensities, F' females, M males
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Fig. 2 Overlay of all co-
registered segmentation masks of
white matter hyperintensities
(WMHSs) over several axial im-
ages reformatted from 3D fluid
attenuation inversion recovery.
Different colours of the masks
mark the areas with multiple oc-
currences of WMHs (blue=1,
green =2, orange = 3, and red =4
lesions)

We found relatively high incidence of WMHs, as at least 1
lesion was found in almost 67% of subjects investigated.
Although WMHs constitute a commonly reported finding in
asymptomatic elderly individuals [5, 6, 18], relatively fewer
studies have focused upon this finding in younger populations.
Generally lower prevalence is reported among the young. In a
retrospective study, Katzmann et al report incidence of WMHs
in only 0.5% of 1000 subjects with mean age 30.6 years (range
3-83 years) [2]. Other authors have found WMHs in 5.3% of
healthy individuals with mean age 36.95 years (range 16—
65 years) [4]. A comparatively higher number of WMHs was
reported from a study by Wen et al that had focused upon an
asymptomatic population aged 4448 years. They had used
automated segmentation and classification methods to evaluate
the presence and location of WMHs, finding these in 50.9% of
those subjects investigated [19].

The higher incidence of WMHs in our study may be due to
our employing 3D FLAIR imaging sequence or generally by
differences in imaging protocols between this study and the
previous studies cited. Katzmann et al have not used a
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standardised imaging protocol evaluating T1- and T2-
weighted images, they provide no details about the spatial
resolution of the sequences, and proton density images were
available only occasionally [2]. Similarly, Hopkins et al eval-
uated sagittal T1-weighted scans and T2-weighted axial scans
obtained with slice thickness of 5-mm and 2-mm interspace
gap [4]. Wen et al, who reported considerably higher preva-
lence of WMHs compared with both aforementioned studies,
used FLAIR images acquired on a 1.5-T MR device with slice
thickness of 4 mm and fairly high in-plane resolution of
0.898 x 0.898 mm [19]. On that account, we believe that the
imaging protocol may strongly influence the sensitivity for the
detection of WMHs, because especially the absence of FLAIR
sequence might underestimate the number of periventricular
and subcortical lesions. Most other recent studies dealing with
WDMHs in normal subjects or under various pathological con-
ditions use conventional 2D T2 or FLAIR sequences with
slice thickness ranging usually from 3 to 5 mm [19-23].
Inasmuch as there are a few studies reporting higher sensitiv-
ity of 3D FLAIR sequences for detecting WM lesions in
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Fig. 3 Graphical representation of the number (a) and volume (b) of white matter hyperintensities as a function of age in all subjects

@ Springer



7032

Eur Radiol (2019) 29:7027-7036

0,00120

0,00115

0,00110

0,00105

0,00100

0,00095

Median of MD

0,00090

0,00085

0,00080

0,00075

o
1

0,00070
NAWM Lesion
o Median 25%-75% I Min-Max

Median of FA|

I
1

0,30

0,25

NAWM Lesion
o Median 25%-75% T Min-Max o Outliers

Fig. 4 Boxplot of mean diffusivity (a) and fractional anisotropy (b) values measured within the voxels of white matter hyperintensities and normally
appearing white matter (NAWM). The differences in mean diffusivity values were statistically significant (p <0.0001)

patients with MS [24-26] compared with conventional 2D
techniques, we may analogously expect higher sensitivity also
in the case of WMHs found incidentally in normal subjects.
To our knowledge, however, no previous study has used 3D
FLAIR technique in this field. Thus, a study directly
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Fig. 5 Correlations of the number (a) and volume (b) of white matter
hyperintensities with functional connectivity, corrected for the age and
sex of the subjects. We found significantly decreased connectivity of the
cerebellar vermis (Ver9) and right cerebellar hemisphere (Cereb9 r) with
the right supplementary motor area (SMA r) in correlation with number of
lesions. Increasing volume of lesions correlated significantly between the
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comparing sensitivity of 2D and 3D FLAIR imaging for the
detection of WMHs in healthy subjects would be beneficial.
Data about WMH volumes found in healthy populations
are not uniform and are less available in the literature, because
many authors evaluate only the prevalence of the lesions or
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regions of the right and left cerebellar hemispheres (Cereb8 r, Cereb7 r,
Cereb3 1), between the left cerebellum and right caudate nucleus (Caudate
r), and between the left postcentral gyrus (PostCG 1) and right
paracingulate gyrus (PaCiG r). The connectivity of the left frontal oper-
culum (FO 1) with the right pallidum (Pallidum r) was significantly in-
creased in correlation with WMH volume
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use various semi-quantitative scaling systems. One of the
studies roughly comparable with ours reports WMH volume
of 547.12 mm” in a subgroup of subjects with at least 1 lesion
[19]. We have found comparatively smaller mean lesion load
(86.82 mm®) in a corresponding group. One possible explana-
tion for this may be higher sensitivity in our study for detect-
ing and segmenting very small lesions, as that would generally
increase the prevalence of WMHs while reducing the mean
volume of WMHs in lesion-positive subjects. In fact, the seg-
mented WMHs were mostly dot-like and with relatively small
mean volume (23.02 mm?). Even higher lesion load
(4773 mm®) was reported in another paper from Wen et al
[27], but they had investigated a study group between 60
and 64 years of age, and thus these results are not really com-
parable with our sample. Similarly, some other studies using
WMH volumometry deal with subjects of higher age com-
pared with those in our study [28, 29]. Our data indicate that
WMHs can be found commonly in younger age categories but
that both their numbers and mean total volume are low in most
subjects.

In contrast to previous studies [5, 30], our study found no
significant correlation for the number or volume of WMHs
with age. Habes et al had proven significant correlation of
WMH volume with age on a large cohort of volunteers, but
their mean age was higher (55.6 years) compared with our
study and the authors had observed that WMH volumes larger
than 2000 mm?® started to appear after the fifth decade of life
[31]. The lower age of our study participants, who were most-
ly under 40 years of age, may be considered as a possible
explanation for our results in view of the fact that ischaemic
changes may not yet play a significant role within this age
group. Also playing a certain role may be the thresholding
performed by Habes et al, who segmented only lesions larger
than 25 mm?® [31]. If WMHs in young subjects would tend to
be smaller compared with larger ischaemic lesions in elderly
subjects, then they could be underestimated when considering
volume only above the given threshold. Although we have not
proven significant correlation between mean volume of 1 le-
sion with age in our study group, this factor might become
important in studies encompassing a wider age distribution of
the subjects. For this reason, and considering that even the
small lesions were quite clearly distinguishable in 3D
FLAIR images, which was verified by double reading, we
have chosen not to threshold the segmentations by volume.

The lesions were distributed within all zones of the brain’s
WM. Although the subjects were free of symptoms suggestive
of MS, we did record in 5 subjects simultaneous presence of
juxtacortical and periventricular lesions. This finding would
fulfil the McDonald criteria for dissemination in space and
evokes the question of radiologically isolated syndrome,
which was first introduced in 2009 to define a relevant cohort
of individuals routinely encountered in clinical practice who
are at risk for future demyelinating events [32]. Although data

concerning the population-based incidence and prevalence of
radiologically isolated syndrome are scarce, that data available
does suggest this to be uncommon. Forslin et al indicate in
their population-based study a cumulative incidence of 0.1%
[33]. Our study group is not large enough to draw definitive
conclusions about incidence of radiologically isolated syn-
drome, but our results do suggest that the measured incidence
may be higher than reported previously if high-resolution
FLAIR imaging technique is employed.

There is some data in the literature pointing to alteration in
diffusivity of the brain’s WM in association with WMHs. We
measured significantly higher MD values within WMHs com-
pared with NAWM, which finding was similar to that from the
study of Meninenga et al [34]. This may be given by structural
disintegration of the WM tissue within the lesions in correla-
tion with prior neuropathological findings of neuronal loss,
demyelination, or gliosis [35], which result in enlargement
of the extracellular water component and increase in isotropic
diffusivity of water molecules. The aforementioned study also
proved the diffusivity changes within NAWM in correlation
with increasing WMH score [34]. In contrast, we revealed no
significant association between the diffusion scalar parameters
of NAWM and lesion load. A possible explanation for this
discrepancy is the lower age of the subjects in our study group,
in whom the WM structural changes seem to be limited only
to the WMHs themselves rather than to be associated with
widespread changes within NAWM. This fact may imply also
a different pathophysiological background for these lesions
relative to those in elderly individuals. The age of the subjects
was the only significant determinant of FA values, and these
were negatively correlated with age in many WM areas. This
is consistent with previous studies dealing with diffusivity
changes in normal ageing [36].

The lesion load in our study group did not significantly
influence the volume of brain white or grey matter. This find-
ing may correspond to the DT analyses, which do not indicate
structural changes within NAWM and, considering the fact
that the volume of WHMs in most of the subjects was rela-
tively low, the lesions were not able to influence global brain
volumes. On the other hand, we may expect atrophic changes
of the brain to be correlated with WMH load in older individ-
uals, as some authors have proven significant reduction of
grey matter to be linked with increasing lesion load in subjects
60 years of age and older [27, 37].

Given the significant alterations in functional connectivity
of the brain, and especially significantly reduced functional
connectivity between the cerebellum and several
supratentorial regions, the presence of WMHs may affect the
function of the brain’s neural networks. Because the lesions in
all subjects were located within the WM of the brain hemi-
spheres, we might assume disruption of the supratentorial seg-
ments of the neural loops connecting the cerebellum with
supratentorial structures.
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The cerebellum has long been known to be involved in the
motor control system [38], but there are several reports about
its relationship to such other specific functions as cognitive
processing or executive functions [39, 40]. Inasmuch as we
have no functional clinical data, we may only speculate about
the functional impacts of these findings. One possible impact
could be modest deficit in motor functions. Sachdev et al
proved an association between WMH volumes and poorer
motor functions [41], and this may generally concur with
our findings of decreased connectivity of the cerebellum.
Only by further studies using specific neuropsychological
testing, however, could these hypotheses be confirmed.

Only very sparse data is available in the literature regarding
the impact of WMHs on brain connectivity as measured by rs-
fMRI, and such data as are available are not fully comparable
with ours. Shi et al proved a significant correlation between
regional WMH volumes and intrinsic connectivity contrast
maps in various regions of the brain, including the left cuneus,
right superior occipital cortex, right superior corona radiate,
and left superior occipital cortex [42]. A study by De Marco
et al [43] using independent component analysis of rs-fMRI
data demonstrates correlations between WMH load within the
anterior default mode network (namely the left medial tempo-
ral lobe) and the salience network (right parietal cortex).
Those findings do not anatomically correspond to the changes
in connectivity found in our study, but it is also the case that
those authors used a different methodology in their data anal-
ysis and studied an older population (mean age 61.98 years).
Further studies are needed to confirm these findings and to
stratify the functional connectivity changes in different age
groups.

A question may arise regarding the approach to statistical
correlation of lesion load with the modalities investigated.
Alternatively, a comparison might be made between lesion-
free subjects and those having at least one lesion. We do not
consider such approach to be appropriate, however, due to the
relatively large proportion of subjects having just one or two
lesions that are not likely to cause significant changes in brain
volume or in structural or functional connectivity. On the other
hand, we are not able to establish a hypothesis for an alterna-
tive threshold to distinguish between “normal” and
“abnormal” subjects from the perspective of those advanced
MRI modalities. For this reason, we have chosen to correlate
the number and volume of WMHs as continuous variables.

In addition to the aforementioned lack of specific clinical
data, this study has some other limitations. One of them may
be seen in the use of a 1.5-T MR device, considering that 3 T is
widely used today in neuroimaging studies. Higher magnetic
field strength could provide better signal-to-noise ratio and
spatial resolution, thereby leading to more precise segmenta-
tions as well as even more robust results in terms of correla-
tions with advanced modalities, especially rs-fMRI. Another
limitation is the relatively small number of subjects, in which
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light this paper should not be regarded as an epidemiological
study designed to reveal WMH prevalence. Our results nev-
ertheless do suggest that the incidental finding of WMHs may
be greater than previously reported when 3D FLAIR sequence
is used. This fact may be especially important when evaluat-
ing examinations in patients suspected of having MS, for
whom the 3D FLAIR imaging techniques are increasingly
used. The topic thus deserves to be revisited from this per-
spective and analysed on larger study groups. Furthermore,
although the exclusion criteria were set to filter out mainly
those subjects with demyelinating or inflammatory CNS dis-
ease, we have no data about other comorbidities like diabetes,
hypertension, or migraine that might also influence the load of
WMHs. Thus, we are not able to discriminate the possible
effect of these factors, and the subjects included in the study
should be considered merely “neurologically intact” rather
than completely “healthy”. We believe, however, that in a vast
majority of neuroimaging studies using cohorts of “healthy”
subjects, the internal comorbidities are not set as exclusion
criteria. Thus, one of the benefits of this study may be seen
in its investigating impact of WMHs on the aforementioned
MRI modalities in a population sample similar to those that
are likely to be used in future neuroimaging studies comparing
control subjects with patients.

In this regard, the question may arise as to whether the
presence of incidentally found WMHs in cohorts of control
subjects should be reflected in neuroimaging studies.
According to our results, this is not the case for the global
volumes of the brain, where we found no significant correla-
tions with lesion load. Similarly, the impact of WMHs on the
brain diffusivity seems to be relatively minor. Inasmuch as we
have revealed significantly higher mean diffusivity within the
lesions themselves compared with NAWM, some influence
may become prominent in the case of ROI-based analyses in
individual patients if ROI masks would be placed over the
areas with high accumulation of WMHs. On the other hand,
it seems that the lesion volume is too small compared with the
overall WM volume to be able to affect global diffusivity
changes, as revealed by our TBSS analysis. Thus, it appears
that co-varying for the number or volume of WMHs in the
studies using this methodology is not essential. Finally, ac-
cording to our data, the load of WMHs seems significantly
to affect functional connectivity of the brain, so the lesion load
may be considered as a variable entering the rs-fMRI statisti-
cal analyses to eliminate this effect. Alternatively, those sub-
jects with obviously high number of WMHs may be excluded.
At this point, however, we are not able to differentiate whether
the lesion load is really an independent predictor of connec-
tivity changes or if the lesions are associated with, for exam-
ple, cardiovascular risks or other internal comorbidities. In
such a case, it would be advisable to reflect more carefully
those factors so that they match within patient groups.
Nevertheless, this hypothesis needs to be validated by further
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studies. To conclude, WMHs constitute a common finding
even in young, neurologically asymptomatic adults. The anal-
yses of multimodal MRI data revealed no impact of WMH
load on the global brain volumes, and the changes of diffusiv-
ity seem to be limited to the lesions themselves rather than to
the entirce NAWM. The lesion load correlates significantly
with changes in brain functional connectivity, and especially
that of the cerebellum.
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Diffusion tensor imaging — soucasné
moznosti MR zobrazeni bilé hmoty mozku

Diffusion Tensor Imaging — Current Possibilities of Brain White

Matter Magnetic Resonance Imaging

Souhrn

Zobrazeni tenzord difuze (diffusion tensor imaging, DTI) je pomérné nova technika vyset-
feni magnetickou rezonanci, ktera je v soucasné dobé jako jedind schopna zobrazit blizsi
strukturdlni detaily bilé hmoty mozku. Sofistikované softwarové zpracovani zékladnich dat
umoznuije vizualizovat jednotlivé drahy nebo mérit ¢iselné hodnoty parametrl DTI, které dle
dosavadnich publikaci citlivé reaguji na strukturdlni poskozeni bilé hmoty. Autofi této prace
si kladou za cil pfinést prehled soucasnych aplikaci DTI pro zobrazeni bilé hmoty mozku.
Probirdny jsou zakladni technické aspekty, moznosti praktického vyuziti této metody v bézné
klinické praxi a v neposledni fadé i ryze vyzkumné aplikace sméfujici k detekci a kvantifikaci
diskrétni ultrastrukturdlni patologie u réznych onemocnéni bilé hmoty mozkové.

Abstract

Diffusion tensor imaging (DTI) is a relatively new magnetic resonance imaging technique that
is capable of unique depiction of the structural detail in brain white matter. Its sophisticated
software algorithms provide either three-dimensional reconstructions and visualizations of
the particular tracts of the white matter or quantifications of various DTl parameters that ap-
pear, according to certain studies, to be highly sensitive to structural abnormalities in white
matter. The aim of the present paper is to review the current applications of DTI for the de-
piction of brain white matter. Some basic technical remarks are made and clinical aspects are
discussed, as well as purely research applications aimed at the detection and quantification
of the subtle ultra-structural pathology of brain white matter.
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Uvod

Zobrazeni magnetickou rezonanci (MR)
disponuje excelentnim kontrastem mék-
kych tkani. Zejména pro tuto vlastnost je
tato v soucasnosti jiZ pomérné dobre do-
stupna zobrazovaci modalita dnes a denné
oceriovana v bézné praxi. Z hlediska zob-
razeni mozku nabizi MR vyborny kon-
trast mezi Sedou a bilou hmotou a umoz-
fuje presnou diagndzu sirokého spektra
patologii. Nicméné ani tak technicky po-
krocild zobrazovaci technika, jakou MR
je, neni schopna pfi pouziti konvencnich
sekvenci zobrazit blizsi strukturdlni de-
taily bilé hmoty. Ta se na bézné pouziva-
nych sekvencich jevi jako viceméné homo-
genni tkan, kterd je hypointenzni oproti
sedé hmoté mozkové v T2 vazeném ob-
raze a mirné hyperintenzni v T1 vazeném
obraze.

Zobrazeni tenzord difuze (diffusion
tensor imaging, DTI) je pomérné nova
metoda MR zobrazeni, jejiz technické
zdklady byly poprvé popsany v roce
1994 [1]. Jednd se v soucasné dobé o je-
dinou metodu schopnou zobrazit nervové
drahy bilé hmoty mozku a michy, ktera
zaroven dokaze detekovat jemné struk-
turdlni abnormality bilé hmoty disponu-
jici v tomto sméru vyssi senzitivitou v po-
rovnani s konvenénim MR zobrazenim [2].

Tato prace si klade za cil prinést prehled
soucasnych aplikaci DTI pro MR zobrazeni
mozku v oblasti praktické neurodiagnos-
tiky i vyzkumnych aplikaci spolu se shrnu-
tim zakladnich technickych principt této
.mladé” zobrazovaci metody.

Technické aspekty

DTI je metoda vychdzejici z principt di-
fuzné vazeného zobrazeni (diffusion
weighted imaging, DWI). Proces difuze
predstavuje ndhodny pohyb molekul
vody ve tkani, oznacuje se jako tzv. Brow-
ndv pohyb. Difuze je ovliviiovdna mnoha
faktory, existuji velké rozdily v difuzivité
molekul vody v réznych tkanich a v né-
kterych pfipadech téZ mezi normdlini a pa-
tologicky zménénou tkani stejného druhu
(obr. 1). Sekvence DWI umoznuji zobra-
zeni procesu difuze za pomoci pouZiti
zvlastnich pridatnych magnetickych gra-
dientl, které konvencni MR sekvence
neobsahuji. V okrscich tkdné, jez obsahuiji
prevazné stacionarni protony vodiku va-
zané v molekuldch vody, zpUsobi syme-
trické, opacné orientované magnetické
gradienty rozfazovani a opétovné sfazo-

vani spinl, a tudiz nedojde k zadnému
Ubytku signalu. Nahodny pohyb molekul
vody v oblastech s vysokym stupném di-
fuze oproti tomu vede k nedokonalému
sfazovani spint a naslednym fazovym po-
suntim, coz v kone¢ném vysledku zpa-
sobuje pokles intenzity signélu [3]. Cim
je tedy vyraznéjsi difuze ve tkani, tim je
obrazu. Restrikce difuze naopak pUsobfi
hyperintenzitu.

Kdyby zobrazovand tkan méla abso-
lutné pravidelnou strukturu s nulovou
smérovou zavislosti (tzv. izotropni mé-
dium), vysledny obraz DWI by byl stale
stejny bez ohledu na smér pusobiciho
pfidatného magnetického gradientu. Ve
skutecnosti redlné tkané predstavuji vice
¢i méné komplexné organizovanou struk-
turu, kterd proto vykazuje urcitou miru
anizotropie difuze. Intenzita signalu DWI
obrazu je proto zavisla na pouzitém sméru
pridatného magnetického gradientu; pro-
ces difuze je anizotropni (obr. 2) [4,5].

DTI technika vyuziva této zakonitosti
aplikaci pridatnych gradientt opakované
v mnoha rtiznych smérech (typicky v 6 az
64). Vypocetni zpracovani namérenych
dat umozni stanovit smér, ve kterém di-
fuze molekul vody probihd nejsnadnéji
[6]. Bild hmota mozku a michy predsta-
vuje z hlediska difuze vysoce anizotropni

prostfedi vzhledem k paralelnimu prd-
béhu axond. Je nasnadé, Ze molekuly
vody v tomto prostfedi daleko snaze di-
funduji podél dlouhé osy svazkl nez na-
pfic. Dominantni smér difuze v bilé hmoté
proto v zdsadé odpovida sméru pribéhu
nervovych drah.

Vysledky DTI vySetfeni je mozno vyja-
drit graficky i ¢iselné. Jednim ze zaklad-

Obr. 1. DWI zobrazeni mozku u pa-
cientascerstvouischemiiv povodia. ce-
rebri media vpravo.

Hyperintenzita postizené oblasti znacf re-
strikci difuze (pIné Sipky), s tim kontras-
tuje nizka intenzita signalu likvoru (Sipka),
kde je naopak difuze velmi vyrazna.

Obr. 2. Sada zakladnich dat DTI vysetfeni (b-g).

Difuzné vazené obrazy mozku s pouzitim Sesti rdznych smérl pridatného magnetic-
kého gradientu (B), coz je minimalni pocet potiebny k rekonstrukci mapy FA a barevné
mapy smérové zavislosti difuze. V zavislosti na orientaci gradientu se méni intenzity

signalu v jednotlivych oblastech.

a) BO obraz nutny k vypoctu ADC mapy; jedna se o prosty T2 vazeny obraz bez apli-
kace pridatného magnetického gradientu. h) Izotropni DWI obraz je primérem obrazt
b-g; spolu s BO zobrazenim slouzi k vypoctu ADC mapy.
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Obr. 3. RUzné moznosti 2D prezentace DWI a DTI dat.

a) Izotropni DWI obraz vznikd zprlimérovanim intenzity signalu z vicecetnych (v tomto
pfipadé 32) opakovanych méfeni s rlznym smérem pridatného magnetického gra-
dientu. Smérova zavislost difuze zde proto nehraje roli.

b) ADC mapa kvantifikuje proces difuze ve tkani téz bez ohledu na izotropii. Pro vypo-
Cet je tfeba izotropni DWI zobrazeni s minimalné dvéma rliznymi hodnotami pridatného

gradientu (napf. 0 a 1 000).

¢) Mapa frakcni anizotropie vyjadfuje miru smérové zavislosti difuze v jednotlivych

oblastech.

d) Smérova mapa difuze s barevnym kédovanim dominantniho sméru difuze, potazmo

prlbéhu nervovych drah.

nich dvou parametrd kvantifikace DTI dat
je hodnota ADC (apparent diffusion co-
efficient) pouzivana i pfi DWI zobrazeni,
kterad vyjadruje celkovou difuzivitu vody
ve tkani bez ohledu na smérovou zavis-
lost difuze. Pro DTI je specifickym para-
metrem tzv. frakéni anizotropie (FA), jez
vyjadfuje miru smérové zavislosti procesu
difuze. Jde o relativni velicinu nabyvajici

hodnot v rozmezi 0-1. Cim je tato hod-
nota vyssi, tim je vySSi anizotropie a smé-
rové usporaddani struktury zobrazované
tkané. FA je v soucasnosti jeden z nejcas-
téji pouzivanych parametr ve vyzkumu
patologie bilé hmoty [2].

Softwarové zpracovani DTI dat ziska-
nych vlastnim méfenim nabizi nékolik
moznosti grafického znazornéni. Jednim

Obr. 4. 3D rekonstrukce komisural-
nich trakta kalézniho télesa (modra)
a obou kortikospinalnich drah (Zlut3,
cervena).

z nich je prostda mapa FA, kterd vizuali-
zuje hodnoty FA v jednotlivych oblastech
bilé hmoty v cernobilé skéle. Dalsi moz-
nosti je rekonstrukce barevné mapy ani-
zotropie. Zaklady této metody polozZili
Pajevic a Pierpaoli, ktefi v roce 1999 na-
vrhli barevné kédovana schémata za Gce-
lem zobrazeni komplexni prostorové in-
formace o architektonice bilé hmoty do
dvoudimenzionalniho obrazu [7]. RGzné
barvy predstavuji dominantni smér prd-
béhu nervovych vlaken (obr. 3).
Vypocetné nejndrocnéjsi je 3D zpraco-
vani — tzv. traktografie (fiber-tracking),
které je zaloZzeno na ,stopovani” prevla-
dajictho sméru difuze za predpokladu, ze
tento odpovidd skute¢nému sméru pri-
béhu nervovych traktd [8,9]. Tato tech-
nika tak umozriuje rekonstrukci pribéhu
jednotlivych drah a jejich zobrazeni ve
3D prostoru (obr. 4) nebo vytvorenf jejich
projekce do zakladnich strukturéinich ob-
razd konvencnich MR sekvenci.
Mluvime-li o technickych aspektech
DTI vysetieni, nelze se nezminit o néko-
lika vyznamnych technickych problémech
a limitacich, se kterymi se tato metoda
potykd. Jde predevsim o nejrliznéjsi arte-
fakty zakladnich obrazovych dat (pohy-
bové artefakty, distorze v dusledku ,,vi-
fivych” proudl atd.), které v kone¢ném
dasledku snizuji kvalitu rekonstrukci. Pri
zpracovani obrazu musime téz pocitat
s fenoménem , k¥izicich se drah”. V mis-
tech kfizeni z rGznych smérd probihajicich
nervovych drah muZe dochézet k artifi-
cidlnimu sniZzeni hodnot FA. Problém zde
mUZe nastat také u 3D rekonstrukci, kde
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Obr. 5. DTl vy3etfeni u pacientky s me-
tastdzou adenokarcinomu vpravo tem-
pordlné (plna Sipka) s rekonstrukci
kortikospinalni drahy (Sipka).

a) Prehledny 3D pohled.

b) Projekce do axialni roviny dobfe zna-
zorfiuje tésny vztah drahy k medidlnimu
okraji tumoru.

vypocetni algoritmus muaze mylné stopo-
vat pribéh kfizici drahy [10,11].

DTI jako predoperacni

vysetreni

Soucasnym trendem v neurochirurgii je
maximalni mozna ochrana funk¢né ddle-
Zitych struktur mozku; predoperacni MR
vysetfeni v tomto smyslu hraje dilezitou
roli [12]. Identifikaci kortikdlnich elok-
ventnich zén umoziiuje v soucasné dobé
mimo jiné funkni MR vysetieni (fMR),
které pomdha upfesnit strategii vlastni
|écby a peroperac¢né usnadriuje provedeni
kortikalni stimulace. Poranéni kritickych
korovych oblasti nicméné neni jedinym
rizikem vzniku neurologického deficitu,
k védznym dusledk@im maze vést také po-
Skozeni subkortikalné probihajicich drah
bilé hmoty.

Obr. 6. Predoperacni fMR a DTI vySetreni pacientky s low-grade gliomem v ob-

lasti levé inzuly.

a) Konven¢ni T2 vazené zobrazeni, loZisko tumoru zde ma vysokou intenzitu signdlu
(pIné Sipky). b) Projekce kortikospinalni drahy v koronarni roviné.

) Fuze MR a DTI dat simultdnné zobrazuje aktivaci primdrniho motorického kortexu
(otevrena sipka) a prirezovou projekci kranialni ¢asti kortikospinélniho traktu do axialni

roviny (Sipka).

d) Inversion recovery zobrazeni se zndzornénim prostorového vztahu pribéhu kortiko-

spindlni drahy k tumoru v axidlni roviné.

Technika DTI byla v posledni dobé
Uspésné pouzita pro predoperacni vyset-
feni u pacientl s tumory a dalsimi loZis-
kovymi lézemi. MnoZstvi autord potvrzuje
spolehlivost DTl vysledkd, kdyz proka-
zuji dobrou korelaci peroperacni subkor-
tikalni stimulace motorickych i jinych drah
bilé hmoty s pribéhem drah rekonstru-
ovanych pomoci DTI [13,14]. Tato tech-
nika umoznuje zobrazeni prostorového
vztahu urcité drahy k patologické lézi, pri-
padné odliseni jejiho odtlaceni tumorem
od piimé infiltrace a destrukce [15]. V né-
kterych pracich se popisuji moznosti inte-

grace DTI dat do morfologickych obrazi
urcenych pro peroperacni stereotaktickou
navigaci [16].

Pomérné castym predmétem zajmu
predoperac¢niho DTI vySetfeni je korti-
kospindlni draha, ktera je jednim z nej-
dalezitéjsich traktl z hlediska mozného
peroperacniho poskozeni a nasledného
vzniku funkéniho neurologického deficitu
(obr. 5). Pfi zpracovani mlze byt vyhodou
integrace dat fMR mapujici motoricky
kortex pro spravné a specifické umisténf
oblasti zajmu (ROI) pouZitych pro specifi-
kaci rekonstrukce drahy [17]. Kombinace
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téchto dvou metod tak predstavuje po-
krocilé morfologicko-funkcni predope-
ra¢ni zmapovani motorického systému
(obr. 6).

Dalsim prikladem neméné funkcné vy-
znamné drédhy je optickd radiace, ktera
vychazi z talamického jadra corpus ge-
niculatum lat., stac¢i se laterdlné a dor-
zalné ohybem oznacovanym jako Meye-
rova klicka a dale sméfuje dorzalné ke
zrakovému kortexu okcipitalniho laloku.
V literature je popséna technika rekon-
strukce této drdhy pomoci 3D traktogra-
fie, je zdlrazriovadna dulezitost vizuali-
zace této drahy pro chirurgii spankového
laloku [18]. Resekce spankového laloku
napf. u pacientd s epilepsii mdze pred-
stavovat riziko poskozeni rostralni ¢asti
Meyerovy klicky, které vede ke vzniku
kontralaterainiho defektu zorného pole.
Autori Nilsson et al (2007) a Yogarajah
et al (2009) v této souvislosti poukazuji
na variabilitu ulozenf predni ¢asti Meye-
rovy klicky, coz podtrhuje vyznam predo-
peracniho DTI vySetfeni pro posouzen ri-
zika vzniku zrakového deficitu u pacient
s planovanou resekci spankového laloku
(obr. 7)[19,20].

DTI jako citlivy ukazatel
patologie bilé hmoty

Jak bylo uvedeno vyse, vysoce organizo-
vand mikrostruktura normalni bilé hmoty
mozku je pficinou vyrazné anizotropie di-
fuze v této tkdni. Ukazuje se, Ze rlizné pa-
tologické zmény v bilé hmoté ¢asto vedou
ke snizeni anizotropie pfi patologickém
nardstu difuzivity molekul vody napfic
nervovymi trakty. Tato skutecnost je de-
tekovatelnd pomoci DTI, senzitivita této
techniky byla v tomto smyslu mnohokrate
potvrzena vcetné experimentld na zvife-
cich modelech [21]. Zejména index FA je
v soucasnosti povazovan za parametr sen-
zitivni k narusenf integrity bilé hmoty a je
nyni jednim z nejcastéji sledovanych pa-
rametr( ve studiich vyuZivajicich DTI zob-
razeni [2].

Z pohledu histologa je lidska bild hmota
mozkova velmi komplexni tkan sestdva-
jici z usporadanych neuronalnich axont
s rlznou mirou myelinizace a z néko-
lika typl podpdrnych bunék neuroglie.
Veskeré mikrostrukturdini abnormality,
které vedou ke zménam FA, nejsou jesté
v soucasné dobé do detailu znamy. Inte-
grita myelinovych pochev axont je jisté
jednim ze zasadnich faktord zodpovéd-

Obr. 7. Pacientka s tumordézni expanzi vlevo (gliom gr. Ill), u niz bylo provedeno
predoperacni DTI vySetfeni za ucelem posouzeni pribéhu levostranné optické

drahy.

a) T2 vazeny obraz v axidlni roving, tumor ma intenzity signdlu blizké sedé hmoté mozku

(pIné sipky).

b) Rekonstrukce obou optickych drah na prirezu v koronérni roviné. Vlevo je dobre
patrno odtlaceni drahy kranialné (Sipka), vpravo opticka radiace v obvyklém prabéhu

(otevrena Sipka).

¢) Projekce obou optickych drah v réznych rovinach, vlevo je zietelné odtlaceni dréhy.

nych za anizotropii difuze; tento fakt do-
klddaji mimo jiné cetné odkazy na sig-
nifikantni zmény FA u inkompletné
myelinizované bilé hmoty v prabéhu pre-
i postnatélniho zrani centrainiho nervo-
vého systému [22,23].

V poslednich letech se objevuje mnoho
praci zamérenych na problematiku DTI vy-
Setfeni u pacientl trpicich roztrousenou
sklerézou (RS). Z dosavadnich vysledkd je
zfejmé, Ze patologicky proces demyelini-
zace zpusobuje prokazatelné zmény v pa-
rametrech DTI méreni. Jednotlivi autofi se

vesmés shoduji ve zjisténi poklesu hodnot
FA v demyelinizacnich plakach a v blizké
z6né okolni bilé hmoty (obr. 8). Proka-
zany byly dokonce i vyznamné odchylky
FA v oblastech normalné vyhlizejici bilé
hmoty u pacientd s RS v porovnani s kon-
trolni skupinou zdravych subjektt [24,25].
Bester et al (2008) ve své praci analyzuji
FA bilé hmoty bez viditelného postizeni na
konvencnich sekvencich u pacientd s kli-
nicky izolovanym syndromem manifestu-
jicim se jako opticka neuritida. U skupiny
téchto pacientl byl zjistén signifikantni

140

Cesk Slov Neurol N 2010; 73/106(2): 136-142




DIFFUSION TENSOR IMAGING — SOUCASNE MOZNOSTI MR ZOBRAZENI BILE HMOTY MOZKU

Obr. 8. Méfeni hodnot ADC a FA v rdmci DTI vysetfeni u pacientky s roztrouse-

nou sklerézou.

Oblast zdjmu (ROI) umisténa vlevo do mista demyeliniza¢ni plaky (¢ervend), kde je zji3-
tén pokles hodnoty FA (0,31) a elevace hodnoty ADC (1,350). Vpravo méfeni prove-
deno v bilé hmoté bez viditelného postizeni v T2 vazeném obraze (modra); hodnota
FA je zde vy3si (0,531), ADC hodnota naopak nizsi (0,779).

pokles hodnot FA v oblasti splenia kaldz-
niho télesa v porovnani s kontrolni skupi-
nou zdravych dobrovolnikl [26]. Uvedené
skutecnosti potvrzuji vysokou senzitivitu
DTl v detekci patologie bilé hmoty v po-
rovnani s konven¢nim MR zobrazenim
a do budoucna mohou byt pfislibem prak-
tického vyuziti DTI u pacientl s RS.

RS nicméné neni zdaleka jedinym one-
mocnénim, kde bylo DTI zobrazeni po-
uzito pro hodnoceni diskrétnéjsich struk-
turdlnich zmén bilé hmoty. Jako dalsi pri-
klady této aplikace Ize uvést studie za-
mérujici se na vyuziti DTI v diagnostice
amyotrofické lateralni sklerdzy, kde byly
prokazany signifikantni abnormality FA
v pribéhu kortikospinalniho traktu v po-
rovnani s kontrolni skupinou [27]. U pa-
cientd s multisystémovou atrofii (MSA) se
dle vysledkd dosavadnich studif jevi pato-
logie bilé hmoty jako jeden z dulezitych
atributl tohoto neurodegenerativniho
onemocnéni [28]. Autofi Prakash et al
(2009) ve své posledni praci dokonce zmi-
Auji moznost odliseni rliznych typU atak-
tickych syndromd pomoci DTI [29].

DTl se v soucasné dobé téz stéle cas-
téji uplatniuje jako vyzkumny nastroj na
poli psychiatrickych onemocnéni, a to ze-
jména u pacientl se schizofrenii. Diagnos-
tika této choroby v soucasnosti predsta-
vuje vyzvu pro zobrazovaci diagnostické
metody, nebot konvenéni MR vysetfeni,
které je povazovano za 3picku v nynéj-
Sich moznostech zobrazeni mozku, ob-
vykle pfi klasickém vizualnim hodnoceni
neprokaze viditelné patologické zmény
u pacientd trpicich schizofrenii. Mlu-
vime-li stle o diagnostice pomoci kon-
vencnich MR sekvencdi, je pro detekci jem-
nych strukturalnich abnormalit mozku
tfeba podrobnéjsi analyzy obrazu se za-
pojenim sofistikovanych metod vypocet-
niho zpracovani na bazi volumometrie
a ,voxel-based” analyzy. Jiz dfive byly po-
psany méné napadné zmeény gyrifikace
prokazatelné pomoci méreni abnormal-
nich hodnot gyrifika¢nich indexd [30,31]
nebo zmény objemu Sedé hmoty mozku
v nejrliznéjsich oblastech kortexu [32].
Bylo dale zjisténo, Ze uvedené zmény ve
funk¢ni organizaci a strukturalnim vyvoiji

mozkového kortexu jsou Uzce spjaty s ko-
nektivitou jednotlivych kortikdlnich ob-
lasti [33]. Tato asociace kortikalni organi-
zace s funk¢ni'i anatomickou konektivitou
je z&asti vysvétlena v soucasnosti prijima-
nou patofyziologickou hypotézou funkeni
dyskonektivity mozku u pacientl se schi-
zofrenii [34].

DTl se v této souvislosti pro svoji zna-
mou citlivost k ultrastrukturdlni patolo-
gii bilé hmoty nabizi jako vhodny ndstroj
pro blizsi vyzkum patologické konektivity
u schizofrenickych pacientd. Na toto téma
bylo provedeno mnozstvi praci, které ve-
smés porovnavaji skupiny pacientd se
schizofrenii se skupinami zdravych dob-
rovolnikl. Pro zpracovani dat jednotlivi
autofi pouzivaji bud ROI (region of inte-
rest) analyzu, kdy jsou méreny parame-
try ADC a FA v konkrétnich oblastech
bilé hmoty, nebo slozitéjsi , voxel-based”
zpracovani. Jako potvrzeni vyse uvede-
nych tezi byly prokazany signifikantni
zmény FA v mnoha rtiznych oblastech bilé
hmoty mozku u pacientl se schizofreni,
a to zejména v prabéhu asociac¢nich drah
propojujicich frontalni, temporélni a pa-
rietdIni kortex, v oblasti cingula a kaloz-
niho télesa [35]. Nékolik malo autord se
zamérfuje téz na korelaci mezi klinickou
symptomatikou a mérenim DTI parametrd
s vesmés negativnimi vysledky [36]. Au-
tofi Shin et al (2006) nicméné ve své praci
prokazuji pozitivni korelaci ADC hodnot
bilé hmoty pravé inzuly se subskére nega-
tivni symptomatiky v rdmci skaly pozitiv-
nich a negativnich priznakd (PANSS) [37].
DTl ndm na tomto poli poskytuje novy na-
hled na patofyziologii schizofrenie a pod-
poruje teorii rozsahlé ultrastrukturaini ab-
normality bilé hmoty mozkové jako jeden
z vyznamnych faktord pro vznik tohoto
onemocnéni.

Zavér

Lze fici, Ze MR-DTI je unikdtni metoda,
kterd jako jedind prozatim umoZzriuje
podrobnéjsi strukturdini zobrazeni bilé
hmoty mozkové s vizualizaci jednotlivych
nervovych drah. Naléza praktické uplat-
néni jako predoperacni vysetieni u pa-
cientll s planovanym neurochirurgickym
vykonem, kdy umoznuje zobrazit vztah
patologické léze k jednotlivym draham,
¢imz pomdaha pfi stanoveni celkové strate-
gie lé¢by a umozriuje vhodné modifikovat
operac¢ni postup za Ucelem minimalizace
pooperacniho neurologického deficitu.
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Zaroven jde o metodu, kterd je vy-
razné citlivd k ultrastrukturdlni patologii
bilé hmoty s novymi moznostmi kvantifi-
kace, coz je skutec¢nost v poslednich le-
tech hojné vyuzivana pro vyzkum nejrliz-
néjsich onemocnéni bilé hmoty mozku.

Technika DTl prochazi neustalym vyvo-
jem z hlediska zakladnich parametrd sek-
venci i vypocetniho zpracovani. Soucasna
metodika DTI traktografie zalozend na
Gaussovském modelu procesu difuze
muZze selhavat v pripadé jeho komplex-
néjsi distribuce, jako napf. v mistech kii-
Zenivldken. Tento problém resi nové tech-
niky, jako napf. ,g-ball imaging”, kde se
pouziva vétsi pocet smérd pridatnych gra-
dientl o vys3i sile, nez je tomu v pfipadé
konven¢niho DTl zobrazeni [38,39]. Pfi
kombinaci téchto technik s potencidlem
doposud experimentalnich MR pfistrojl
disponujicich velmi vysokym statickym
magnetickym polem (7T) se mUzeme do-
¢kat dalsich prekvapivych vysledkl a vy-
hledové snad i implementace DTl vyset-
feni do standardniho diagnostického
protokolu u nékterych onemocnéni posti-
hujicich bilou hmotu mozku ¢ michy.
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SHORT COMMUNICATION

KRATKE SDELENI

Vyznam MR zobrazeni difuze michy
v diferencialni diagnostice misnich lézi

The Role of MR Diffusion Weighted Imaging in the Differential

Diagnosis of Spinal Cord Lesions

Souhrn

Uvod: Zobrazeni difuze pomoci magnetické rezonance (DWI) a zobrazeni tenzort difuze (DTI)
jsou metody pomérné casto vyuzivané pfi MR diagnostice mozku. Vyuziti téchto metod pro
Senosti autort s technikou DWI a DTI z hlediska mozného pfinosu pro diferencialni diagnostiku
misnich 1ézi. Metodika: Retrospektivné jsme hodnotili DWI/DTI nélezy u 11 pacientl s pato-
logickym nalezem michy pfi konvenénim MR zobrazeni. Spektrum diagnéz zahrnovalo misni
ischemii, demyelinizaci, ependymom, myelitidu, radia¢ni myelopatii a cévni malformaci. Méfili
jsme hodnoty ADC (Apparent Diffusion Coefficient) a v pripadé DTI i frakéni anizotropie (FA)
michy, déle byly hodnoceny nalezy deterministické DTI traktografie. Vysledky: U ¢tyf pacientd
s miSni ischemif byl pozorovan pokles ADC hodnoty v misté léze oproti nepostizenému Useku
0 36-61 %. Okrsky restrikce difuze byly patrné i u pacienta s radiacni myelopatii. U dvou
pacientl s ependymomem bylo patrné roztlaceni misnich traktd a vyrazné snizeni hodnoty FA
(0,247 a 0,299). U ostatnich pacientl nebyla patrna patologie na traktografii, u pacientd s de-
myelinizaci jsme pozorovali stfedné vyrazny pokles hodnoty FA (0,494 a 0,471). Zavér: DWI/DTI
michy maze dle nasich zkusenosti pfispét ke spravnému nasmeérovani diferencidlnédiagnostické
rozvahy zejména prikazem restrikce difuze u midnich ischemii a zhodnocenim obrazu trakto-
grafie u miSnich tumord. Dalsi vyzkum na vétsich souborech pacientl by mohl oteviit moznosti
diferenciace jednotlivych patologii pomoci kvantifikace DTI parametrd.

Abstract

Introduction: Diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) are mag-
netic resonance imaging methods, nowadays commonly used to depict the brain. Applica-
tion of these methods for the spinal cord imaging is technically more demanding and less
frequent. The aim of this pilot study was to summarize authors’ current experience with DWI
and DTl of the spinal cord, considering the potential value for the differential diagnosis of the
spinal cord lesions. Methods: We retrospectively evaluated DWI/DTI findings in a group of
11 patients with pathological findings of the spinal cord on conventional MRI examination.
The diagnosis comprised spinal cord ischemia, multiple sclerosis, myelitis, radiation myelopa-
thy and arteriovenous malformations. We measured apparent diffusion coefficient (ADC)
in all patients and, of the DTI data, we also measured fractional anisotropy (FA) values and
evaluated the deterministic tractography reconstructions. Results: In four patients with spinal
cord ischemia, we observed a decrease of the ADC values of the spinal cord lesions com-
pared to the normal-appearing segment within a range 36-61%. Small areas of restricted
diffusion of the spinal cord were found also in a patient with radiation myelopathy. In two
patients with spinal cord tumors, DTI tractography showed displacement and/or disruption
of the spinal cord tracts and marked decrease of the FA values (0.247 and 0.299). No abnor-
malities were observed on tractography in the rest of the patients, moderate decrease of the
FA values was found in patients within demyelinating lesions of the spinal cord (0.494 and
0.471). Conclusion: DWI/DTI of the spinal cord may contribute to the correct direction of
the differential diagnostic considerations through depiction of restricted diffusion within
the spinal cord ischemia and evaluation of tractography in patients with spinal cord tumors.
Further research with larger numbers of patients might enable differentiation of the spinal
cord lesions based on quantification of DTI parameters.
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Uvod

Vysetfeni magnetickou rezonanci (MR)
je v soucasnosti standardni diagnosticka
metoda u pacientd s klinickou manifestaci
misni léze [1]. Problémy v3ak mohou na-
stat pfi stanoveni diferencialni diagnostiky
misnich lézi, kdy se nékdy nevyhneme
neurcitym zavérdm, které neumoZiuji
v daném casovém okamziku zahajeni spe-
cifické lécby [2].

MR diagnostika v soucasnosti disponuje
metodami zobrazeni, které svym zpUso-
bem opoustéji rdmec konvencni zobra-
zovaci diagnostiky a zacinaji poskytovat
informace o mikrostrukturalni patologii
a patofyziologii nejraznéjsich onemoc-
néni. Mezi tyto metody se mimo jiné fadi
MR zobrazeni difuze (Diffusion Weighted
Imaging, DWI) a zobrazeni tenzor( difuze
(Diffusion Tensor Imaging, DTI), metody
v soucasnosti hojné vyuzivané pro zobra-
zeni mozku. V pfipadé zobrazeni michy
je jejich vyuziti z rznych ddavodt méné
Casté, byt technicky proveditelné [3].

Miru difuzivity molekul vody ve tkéni
Ize v rdmci DWI kvantifikovat pomoci mé-
feni tzv. hodnoty ADC (Apparent Dif-
fusion Coeficient). Technicky mazeme vy-
Setfeni DTl chdpat jako urcitou nadstavbu

DWI pfinasejici vsak zcela novy druh infor-
maci. Vyuzivdme zde opakovaného mé-
feni s mnoha rdznymi sméry gradientu
magnetického pole, ktery slouzi k mé-
feni difuze. Velikost a trvani tohoto gra-
dientu definuje zmény méfreného sig-
nélu v zavislosti na difuzi — tzv. b-faktor —,
coz platf i pro prosté DWI vySetfeni. Opa-
kovana smeérova aplikace gradientu ndm
vsak umozni zhodnocenf tzv. anizotro-
pie zkoumané tkané, kterad je vyrazna
u vysoce strukturalné usporadanych
tkani, jakou je napf. bild hmota mozku i
michy [4]. Pro kvantifikaci m&zeme vyuzit
parametr frak¢ni anizotropie (FA), ktery
odrazi miru smérové zavislosti procesu di-
fuze ve zkoumané tkani. Ze ziskanych ob-
razovych dat DTI je také moZno provést
rekonstrukci prabéhu misnich drah.

Obsahem této pilotni prace je retro-
spektivni analyza vySetfeni DWI a DTI
U pacientl s nalezem misni patologie pfi
konvencnim MR zobrazeni s cilem zhod-
noceni prinosu téchto metod pro diferen-
cialni diagnostiku misnich lézi.

Metodika
Zkoumany soubor tvofi 11 pacientd s kli-
nickymi projevy misni léze a s nalezem

miSniho postizeni na konvencnim zobra-
zeni MR, u kterych bylo provedeno téz
DWI ¢i DTI vySetfeni michy. U viech pa-
cientd Slo o obraz zvyseného signalu
michy na T2 vazenych obrazech v rozsahu
minimalné jednoho spinélniho segmentu
s variabilni mirou postkontrastniho sy-
ceni nebo projevd expanzivity. Spektrum
patologii zahrnuje misni ischemii, epen-
dymom, demyeliniza¢ni postizeni michy
v ramci roztrousené sklerézy (RS), myeli-
tidu, arteriovendzni malformaci a radia¢ni
myelopatii (tab. 1). Uvedena finalni dia-
gndza byla u viech pacientd stanovena na
zakladeé klinickych a laboratornich nélezu,
sledovanim vyvoje klinického obrazu a na-
lezG zobrazovacich metod v ¢ase a v pfi-
padé tumorl téZ histologickou verifikaci.

U vSech pacientt byly provedeny stan-
dardni zakladni sekvence pro zobra-
zeni patefniho kandlu — T1, T2 vazeny
obraz a STIR (Short-Tau Inversion Reco-
very) v sagitalni roviné, déle T2 FFE (Fast
Field Echo) v axialni roviné a krénim Useku
nebo bTFE (balanced Turbo Field Echo)
v axidlni roviné v hrudnim Useku.

U ¢ty pacientl s misni ischemii bylo
provedeno DWI vySetfeni technikou
echo-planarniho zobrazeni v prove-

Tab. 1. Klinickd data pacientt.
Inicidly  Pohlavi Vék Patologie Etaz Interval  Klinické pfiznaky
7¢ 5 81 ischemie Th3-6 1 den syndrom transyerzalm misni Ieze/v Urovni Th5-6, paraple-
gie, porucha sfinkterovych funkci
PK M cg i<chernie Cia6 7 dn kvadruparéza, hranice ¢iti distdlné od Th10, sfinkterova
dysfunkce
MR VA 13 ischemie Th11-12 1 den tézkda paraparéza, hranice citi distalné od Th7
e M 76 ischemie Th2-5 11 dnt paraparéza LDK, plegie PDK, hypestezie od Th12, sfinkte-
rova dysfunkce
AS VA 68 ependymom  C7-Th4 vice nezrok tézkd paraparéza akcentovana vpravo
HD 5 60 e | @A 3 mésice porycha CIT|I\{OStI DKK, paraparéza, mirna porucha sfinkte-
rovych funkci
EM VA 44 RS C5-6 9 mésicli  paraparéza, sfinkterovéd dysfunkce
MP 4 25 RS C3-7 3 mésice  centrdlni triparéza lehkého stupné na PHK a DKK
MM M 26 myelitida 27 7 dn garestgzue na LHK a LDK, paréza na obou HK, bolesti hlavy,
ysartrie
gs 5 24 AVM C1-7 9 dn kvacjru.pa'reza s levostrannou akcentaci, hypestezie na
koncetinach
D M 58 radlacnl' C1-5 2 tydny paraparéza DKK, v Uvodu parestezie DKK
myelopatie
7 - Zena, M — muz, interval — doba mezi vznikem klinickych priznakd a MR vy3etfenim, LDK — levé dolni kon¢etina, PDK — prava horni
koncetina, DKK — dolni koncetiny, PHK — prava horni koncetina, LHK levad horni koncetina, RS — roztrousena skleréza, AVM — arteriove-
ndzni malformace
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deni ,single-shot” EPI SSh (tloustka Fezu
4 mm, repetition time — TR 2 000 ms,
echo time — TE 75 ms, skldpéci uhel 90°,
matrix 112 x 137 ) v sagitalni a transver-
zaIni roviné s dvéma hodnotami b-fak-
toru pfidatného magnetického gradientu
(0 a 400 s/mm?). Ze ziskanych dat byl pro-
veden vypocet mapy ADC na pracovni
stanici MR extended workplace (release
2.6.3, Philips Medical Systems, Holand-
sko). ADC hodnoty byly vypocteny dle
vzorce S/S, = exp(-b x ADC), kde S od-
povida signadlu namérenému pfi zapnu-
tém gradientu difuze, S, signalu bez apli-
kace gradientu. Nasledné bylo provedeno
méreni ADC hodnoty na axiédlnich Fezech
michou pomoci ru¢niho vymezenf oblasti
zajmu (Region Of Interest, ROI). Méfeni
byla provedena v misté misni léze s pa-
tologicky zvysenym signalem v T2 obraze
a kranidlngji od postizené oblasti v misté
bez viditelného postizeni michy. U téchto
Ctyr pacientl jsme v ramci akutnich vyset-
feni neprovadéli DTI zobrazeni z ¢asovych
ddvodl a zejména kvali prevazujici loka-
lizace postizeni do oblasti hrudni michy,
kde pfi nutnosti pouziti civky SPINE neni
DTI v nasich podminkach realizovatelné
v dostatecné obrazové kvalité a pfi zacho-
vani unosné doby akvizice.

U ostatnich pacientt bylo provedeno
vysetfeni DTl pomoci 16kandlové hla-
vové a kreni civky s pouzitim sekvence EPI
SSh v axidlni roviné (tloustka fezu 4mm,
TR 3 549 ms, TE 83 ms, sklapéci uhel
90°, matrix 136 x 136, velikost voxelu
1,25 x 1,25 x 4mm) s opakovanym mére-
nim s 15 rGznymi sméry pfidatného mag-
netického gradientu o sile 900 s/mm?. Zis-
kana data byla softwarové zpracovana
pomoci aplikace FiberTrak, kterd je sou-
Casti vySe uvedené platformy MR exten-
ded workplace. Po provedeni registrace
DTl dat s korekci pohybu a artefaktd vi-
fivych proudl jsme rekonstruovali mapy
ADC a FA, nasledné jsme méfili hodnoty
FA a ADC na axidlnim prafezu michou
v misté miSni léze a v misté bez viditelného
postizeni pfi konvenénim MR zobrazeni.
V pfipadé ADC hodnot ziskanych pomoci
DTI zobrazeni $lo o izotropni difuzivitu,
jez byla v rdmci vypocetniho zpracovani
stanovena jako pramér anizotropni difu-
zivity odvozené z viceCetnych zdrojovych
nekolinedrnich méreni s rlznymi sméry
magnetického gradientu. Déle jsme pro-
vedli rekonstrukci drah michy pomoci ap-
likace FiberTrak, kterd vyuziva principl

Obr. 1. Difuzné vazené zobrazeni u 13leté pacientky s miSni ischemii.

Sagitélni difuzné vazené skeny s hodnotou b-faktoru 400 s/mm?; v oblasti miSniho konu
je zretelnd hyperintenzita (a, b). Pferusované ¢ary oznacuji mista méreni na mapach
ADC (Apparent Diffusion Coeficient) v axidlni roviné v misté ischemie (d) a kranialngji
v misté bez postizeni (c) s nalezem abnormalniho poklesu ADC hodnoty v misté ische-

mické léze.

deterministické traktografie, s umisté-
nim jedné vychozi oblasti zajmu (technika
.single-ROI") do oblasti misni léze pfi-
padné do sousednich nepostiZzenych seg-
mentU. Pro rekonstrukce traktografie byly
nastaveny parametry trasovani minimalni
FA 0,15, maximalni zména Uhlu 27° a mi-
nimalni délka vldken 10mm.

Vysledky

U pacientd s miSni ischemif jsme pozoro-
vali lokaIni zvy3eni T2 signalu michy v roz-
sahu 2—4 segment( s jejim lehkym rozsite-
nim, v DWI obraze bylo v misté postiZzeni
patrné zvyseni intenzity signdlu (obr. 1).
Pri kvantifikaci miry difuze jsme zazname-
nali pokles ADC hodnot v misté T2 hype-
rintenzni misni léze v porovnani s kranial-
néjSim nepostizenym segmentem, a to
v rozmezi 36-61 % (tab. 2).

U v3ech pacientl vysetfenych pomoci
DTI jsme provedli rekonstrukci mi3nich
drah; u obou pacientl s miSnim tumorem
vysledny obraz svédcil pro hrubsi struktu-
ralni abnormitu miSnich traktd a mél cha-
rakter odtlaceni a misty také moZného
preruseni misnich drah plsobenim expan-
zivni léze. Pfi umisténi ROI pfimo do ob-
lasti tkané tumoru nebyly nalezeny zadné
drahy pfi daném nastaveni trasovacich
parametr. Naopak bylo mozné stopovat
vldkna misnich drah ve tkani michy roz-
tlacené tumorem do periferie. U ostatnich
pacientl jsme pfi prostém vizudlnim hod-

noceni nepozorovali zfetelnou abnorma-
litu prabéhu midnich traktl v misté pato-
logické léze (obr. 2).

Pfi hodnoceni hodnoty FA jsme u pa-
cientd s miSnim tumorem pozoro-
vali vyrazny pokles hodnoty FA, a to
048 a 68 %. U pacientl s diagndzou RS
byl patrny stfedné vyrazny pokles hod-
noty FA 0 16 a 27 %. U pacienta s myelo-
patii vzniklou za sedm mésict po radio-
terapii s frakcionovanou davkou 30Gy na
oblast krénf patefe jsme pozorovali okrsky
restrikce difuze michy s vysokym signdlem
na DWI a s poklesem ADC hodnoty cca
030 %.

Diskuze

Onemocnéni michy tvofi heterogenni sku-
pinu postiZeni etiologie demyeliniza¢ni, za-
nétlivé, vaskularni ¢i tumordzni. Jde casto
0 zavazna postiZzeni s hrozbou vyrazného
funk¢niho deficitu, v mnoha pfipadech tr-
valého. Lze fici, Ze klinické symptomy mye-
lopatie jsou variabilnf a z hlediska etiologie
pomérné nespecifické.

K hlavnim ukoldm MR zobrazeni u téchto
pacient( patfi detekce patologické misni
léze a odliseni tumordzni a netumordzni
etiologie postizeni [1]. V praxi se viak obcas
setkdvame s pripady, kdy MR diagnostika
selhavd napriklad z pohledu nemoZnosti
pfesného stanoveni etiologie postizeni pfi
nespecifickém obraze [2] nebo z divodu
nedostatecné senzitivity konvencnich sek-
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Tab. 2. Méfeni hodnot ADC a FA (v pfipadé DTI vysetfeni) u viech pacientl s rdznym typem misni léze.
Inicialy Patologie Metoda ADC norm. abﬁ?)rcm. Zmé(rlz)ADC FA norm. FA abnorm. Zm?&a; FA
Z5 ischemie DWI 1,233 0,474 -61,6 X X X
PK ischemie DWI 1,194 0,765 -35,9 X X X
MR ischemie DWI 1,156 0,666 -42,4 X X X
JC ischemie DWI 1,235 0,788 -36,2 X X X
AS ependymom DTI 1,129 1,275 12,9 0,574 0,299 -47,9
HD ependymom DTI 1,669 1,696 1,6 0,775 0,247 —68,1
EM SM DTI 1,04 0,973 -6,4 0,682 0,494 -27,6
MP SM DTI 1,309 1,263 -3,5 0,562 0,471 -16,2
MM myelitida DTI 1,322 1,187 -10,2 0,624 0,613 -1,8
SS AVM DTI 1,237 1,038 -16,1 0,567 0,558 -1,6
D rad. myelopatie DTI 1,13 0,797 -29,5 0,623 0,634 1,8
DWI - Diffusion Weighted Imaging (difuzné vazené zobrazeni), DTl — Diffusion Tensor Imaging (zobrazeni tenzort difuze), ADC — Appa-
rent Diffusion Coefficient, FA — frak¢ni anizotropie

\

Obr. 2. 3D traktografie u dvou pacientl s postizenim michy rlizné etiologie.

Obr. 2a, b) Pacientka s miSnim tumorem. a) T2 vazeny obraz v sagitalni roving, Sipka znazornuje vlastni tumorézni loZisko, v okoli pa-
trny edém a znamky hydrosyringomyelie. Cervené linie znaci Groveri umisténi t¥ riznych oblasti zajmu pro traktografii — jedna upro-
stfed vlastniho tumordzniho loZiska, dalsi dvé kranialnéji, resp. kaudalnéji. b) Traktografie za pouZiti tfi oblasti zajmu demonstruje zie-
telné roztlaceni a preruseni misnich drah (projekce v korondrni roving). Ze zadné ze zvolenych oblasti zajmu nebylo mozné vystopovat
souvislé drahy probihajici pres celou oblast tumoru, jedna se zde o opakované rekonstrukce technikou ,single-ROI".

Obr. 2¢, d) Pacientka s dg. roztrousené sklerdzy. ) T2 vazeny obraz v sagitaini roving, patrna je hyperintenzni midni léze (Sipka). Cer-
vena linie znaci umisténi jedné oblasti zajmu pro traktografii pfiblizné uprostfed postizené oblasti. d) Traktografie miSnich drah na
podkladé izotropniho DWI obrazu (sagitalni rekonstrukce), neni zde patrna abnormalita prabéhu misnich traktd, které byly spojité re-
konstruovany z jediné oblasti zajmu umisténé do oblasti léze.

vendi, jako je tomu tfeba v ¢asném stadiu  biopsie michy jsou velmi omezené a ze- Za této situace se pro zobrazeni michy
midni ischemie [5]. Pfitom v pfipadé zobra-  jména u pacientl s miSni ézi potencidlné  jevi nadéjnym pouziti ,novych” technik,
zeni miSnich 1ézi je zvlasté dualezitd presnd  netumordzni etiologie mize vést ke zbyte¢-  jakymi jsou DWI a DTI. Jejich vyuZziti pro
diferencidlni diagnostika, nebot mozZnosti  nému iatrogennimu poskozeni [2]. diagnostiku misnich 1ézf je podstatné méné
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Casté, nez je tomu u zobrazeni mozku;
ddvod je mozno spatfovat zejména v tech-
nickych problémech danych mimo jiné ne-
homogenitou magnetického pole v zob-
razované oblasti patefe, ktera je pficinou
zvysené miry distorzi obrazu a susceptibil-
nich artefaktl, kvalitu zobrazeni snizuji téz
pohybové artefakty vzniklé v dasledku pul-
zaci michy. Problémem maZze byt také do-
stupnost vhodnych sekvenci, které navic
vyzaduji velkou miru optimalizace [5].
Pfesto je v3ak technika DWI a DTl pro zob-
razeni michy prakticky pouZitelnd, coz do-
klada vicero praci popisujicich moznosti vy-
uziti téchto metod v klinické diagnostice ci
vyzkumnych aplikacich [6,7].

Cilem této pilotni prace je shrnuti do-
savadnich zku3enosti autort s technikou
DWI/DTI u pacientt s miSni 1ézi z pohledu
praktické neurodiagnostiky. Tézisté vy-
znamu DWI vysetfeni je mozné spatfovat
v diagnostice misni ischemie. U Ctyf pa-
cientd s misni ischemii jsme pozorovali
zndmky restrikce difuze dokumentované
vyraznym poklesem hodnot ADC, co? je
ve shodé se zavéry nékolika dalSich au-
tor( zabyvajicich se timto tématem [5,8].
U lézi zanétlivé, demyeliniza¢ni ¢i tumo-
rozni etiologie jsme oproti tomu pozo-
rovali jen maly pokles ¢i naopak vzestup
ADC hodnot, v ¢emz Ize proto spatfovat
hlavni vyznam DWI pro diferencidlni dia-
gnostiku. Ackoliv moZnosti terapeutic-
kého ovlivnéni miSni ischemie jsou v sou-
¢asnosti pomérné malé, nasmérovani
diferencidlnédiagnostické rozvahy smé-
rem k ischemické etiologii maze celkové
pfispét k racionalizaci dalsi diagnostiky.
PFi standardizaci techniky DWI vy3etfeni
michy by snad tato metoda v budoucnu
mohla prispét i k zahdjeni ucinné vcasné
terapie.

U pacienta s probéhlou radioterapii na
oblast kréni patere byla v diferencialni dia-
gnostice kromé radiacni myelopatie zva-
Zovana moznost sekundarniho misniho
tumoru nebo koincidence zanétlivého
postizeni michy. V tomto pfipadé jsme
pozorovali drobné okrsky restrikce di-
fuze michy, ¢imz vznikl obraz charakteru
edému v kombinaci s drobnymi fokalnimi
ischemiemi. Na zakladé této skutec¢nosti
jsme oznacili radia¢ni myelopatii jako nej-
pravdépodobnéjsi etiologii postizeni.

Stejné jako je tomu u vySetieni mozku,
i v pfipadé DTI zobrazenf michy se u nej-

rlznéjsich patologii ukazuje, Ze zejména
kvantifikace hodnot FA umoziuje citli-
vejSi detekci ultrastrukturalni patologie
michy v porovnani s konvencnim zob-
razenim [9]. Autofi Ducreux et al ve své
praci poukazuji na moznost blizsi charak-
terizace miSnich tumord pomoci kvan-
tifikace hodnot FA [6]. Autofi Vargas et
al v neddvné publikaci popisuji DTI na-
lezy u skupiny 14 pacientl s rdznymi
typy misnich Iézi tumordzni i netumo-
rézni etiologie [10]. U pomalu progre-
dujicich patologickych procest, jako je
napf. ependymom, je popisovano roz-
tlaceni nervovych traktd michy, zatimco
u akutné vzniklych zmén, jako je ische-
mie ¢i trauma, bylo pozorovano prevazné
preruseni a defigurace vldken. Dle na-
sich prvotnich zkusenosti hrubsi patolo-
gie michy, jakou je misni tumor, pUsobi
obraz zfetelného roztlacenf ¢i eventudlné
preruseni misnich traktl na rekonstruk-
cich traktografie spolu s vyraznym snize-
nim hodnoty FA v misté patologické léze.
Oproti tomu u patologii, kde je mozné
ocekavat relativné méné vyrazné struktu-
ralni abnormity michy, jako je napf. de-
myelinizace ¢i myelitida, bylo snizeni hod-
not FA méné vyrazné a pfi rekonstrukci
misnich drah nebyla patrnd abnorma-
lita jejich prlbéhu. Timto zplsobem by
kvantifikace parametrt DTl spolu s hod-
nocenim obraz{ traktografie v budoucnu
mohla byt pfinosem pro vzajemnou dife-
renciaci miSnich lézi.

Ztejmym limitem této pilotni prace je
maly pocet pacientl neumoznujici kom-
plexnéjsi statistické vyhodnocenti. Jde nic-
méné o obecny problém praci publikova-
nych na toto téma, nebot s postizenim
michy typu ischemie ¢i tumoru se setka-
vame podstatné méné casto, nez je tomu
u onemocnéni mozku, situaci navic dale
komplikuje omezena moznost bioptické
verifikace; ucelené zhodnoceni pfinosu
DWI/DTI pro diagnostiku misnich lézi Ize
tedy ocekavat spise v delsim ¢asovém ho-
rizontu nejpravdépodobnéji cestou multi-
centrickych studii ¢i metaanalyz.

S vySe uvedenym souvisi téZ vétsi he-
terogenita struktury souboru pacientl
z hlediska etiologie onemocnéni michy.
Spole¢nym jmenovatelem naseho sou-
boru byl ndlez patologické misni léze pfi
konvencnim MR zobrazeni, ktery u vét-
siny z téchto pacientl vzbuzoval dia-

gnostické rozpaky. Za této situace bylo
vyuziti techniky DWI/DTI pfinosné z hle-
diska pomérné jednoznac¢ného odlisenf
miSni ischemie od ostatnich |ézi a spravné
nasmérovani diferencidlnédiagnostické
rozvahy mezi tumordzni a netumordzni
etiologii, coz je stézejni pro pldnovani
dalsi laboratornf i zobrazovaci diagnostiky
a v kone¢ném dusledku i zvoleni vhodné
terapie.

Dle nasich prvotnich zkusenosti tedy
technika DWI a DTl m(ze sehrat pozitivni
roli v rdmci diferencidlni diagnostiky my-
elopatii rlzné etiologie, byt komplexni
zhodnoceni této problematiky bude vy-
Zadovat dal3i prace s vétsimi soubory pa-
cientl. Jiz dnes Ize vsak vyuziti téchto
metod doporucit jako soucast rozsite-
ného protokolu MR vySetieni michy pro
jejich neinvazivitu a ¢asovou nendroc-
nost, nebot u pacientd s misni 1ézi ne-
jasné etiologie je jakakoliv nova infor-
mace prinosem.
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Case Report

Diffusion Tensor Imaging in Radiation-Induced Myelopathy
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ABSTRACT

Radiation myelopathy (RM) is a rare complication of spinal cord irradiation. Diagnosis is
based on the history of radiotherapy, laboratory tests, and magnetic resonance imaging of
the spinal cord. The MRI findings may nevertheless be quite unspecific. In this paper, we
describe the findings of diffusion tensor imaging in a case of the delayed form of RM. We
observed areas of restricted diffusion within the spinal cord which probably corresponded
to the ischemic changes. This would concur with the currently accepted pathogenetic

theory concerning RM.

Introduction

Radiation myelopathy (RM) is a rare complication of radiother-
apy occurring when the radiation dose to the spinal cord has
exceeded a certain threshold value. The condition develops af-
ter a latent period, which is usually longer than 6 months and
may range up to several years.'

Diagnosis of RM is based upon the history of irradiation with
spinal cord inclusion into the radiation field. The main neuro-
logical lesion must be explained by the pathology’s affecting
those spinal cord segments exposed to the radiation, and other
causes of the neurological dysfunction must be excluded.? Al-
though magnetic resonance imaging (MRI) is usually used to
depict the pathological changes of the spinal cord, the findings
may be unspecific and differentiation of the tumor lesion from
pathology of a different origin may be problematic.?

In this paper, we describe a case involving a patient with
delayed-form RM which developed after cervical spine irra-
diation. Soon after the onset of clinical symptoms, MRI was
performed of the cervical spinal cord and diffusion tensor imag-
ing (DTI) was part of the imaging protocol. Thus, we had an
opportunity for in vivo observation of the diffusion properties
within the spinal cord affected by RM. According to our best
knowledge, no other case of DTI application in RM has been
described in the literature.
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Case Report

A male patient 55 years of age had undergone a CT examina-
tion of the cervical spine for severe neck pain with a finding of
osteolysis of the first cervical vertebra. This had been subse-
quently confirmed by MRI (Fig 1). The CT-guided biopsy had
revealed plasmocytoma, and further testing had confirmed the
diagnosis of multiple myeloma (stage IA according to the Durie-
Salmon system). The patient was then treated with chemother-
apy (cyclophosphamide, thalidomide, and dexamethasone) and
radiotherapy (12 x 3 Gy/36 Gy) targeted to the affected first
cervical vertebra. The treatment technique was based on 2-
dimensional conventional planning with 2 laterolateral oppos-
ing fields. The local dose to the spinal cord was calculated by
planning algorithm and corresponds to the total dose. Autolo-
gous transplantation of stem cells was performed 5 months later
after high-dose chemotherapy.

Seven months after cessation of radiotherapy, the patient
complained of 2 weeks of progressing paresthesia and hypes-
thesia of the lower limbs and a central paraparesis developed.
Conventional MRI examination performed on a 1.5T device
discovered cervical spinal cord myelopathy, and DTI revealed
small areas of restricted diffusion within the affected spinal cord
segment at C2 level with decrease of apparent diffusion coef-
ficient (ADC) values (.797 x 10~® mm?/s) compared to the

836 Copyright © 2014 by the American Society of Neuroimaging



Fig 1. Plasmocytoma infiltration of the first cervical vertebra. (A) A sagittal T2-weighted image depicts normal cervical spinal cord. (B) A
short-tau inversion recovery image in sagittal plane. The right part of the atlas has increased signal intensity (arrow). (C) An axial, T1-weighted
image with fat saturation after application of contrast agent depicts marked enhancement of the tumor infiltration.

normally appearing spinal cord segment measured at C6 level
(1.13 x 10~ mm?/s). Fractional anisotropy (FA) values mea-
sured in this area were slightly increased (.63) compared to the
unaffected spinal cord (.623). The FA values measured within
the T2-hyperintense area more caudally (at C3 level) were mod-
erately lower (.587) compared to the normally appearing spinal
cord, and ADC value was 1.172 x 10~® mm?/s. The FA and
ADC values measured at C4 level were .604 and 1.130 x 1073
mm?/s, respectively.

Using tractography, we were able to reconstruct the spinal
cord fibers without substantial deviation or disruption (Fig 2).
For the DTI sequence, we used a single-shot echo planar tech-
nique (repetition time 4,438 ms, echo time 83 ms) with 4 mm
slice thickness and in-plane resolution 1.25 mm x 1.25 mm in
the axial plane, applying 15 directions of diffusion sensitizing
gradient with 900 s/mm? as the b value setting. For data anal-
ysis, we used the FiberTrak software package that is a part of
the MR extended workplace software (Release 2.6.3, Philips
Medical Systems, The Netherlands).

At this time, RM was stated as the most probable diagnosis,
particularly as cerebrospinal fluid (CSF) analysis did not prove
the presence of malignant cells. The follow-up MRI examina-
tion showed significant regression of the spinal cord’s patholog-
ical changes (Fig 3). The patient was treated symptomatically
and his clinical state progressively developed to that of persis-
tent quadriparesis.

Discussion

The differential diagnosis of RM may be difficult, because clin-
ical and radiological findings in these patients are unspecific.*
Differentiation from a tumor’s infiltration may be difficult. That

is especially the case when RM is at a fully developed stage, at
which time conventional MRI usually reveals the swollen spinal
cord with hyperintensity in a T2-weighted image and variable
contrast enhancement.’

In the case of our patient, we found small areas of the
restricted diffusion in the posterior part of the spinal cord,
which probably represented the areas of ischemic necrosis. This
finding corresponds with the conclusions of other authors previ-
ously analyzing MRI diffusion findings in spinal cord ischemia
of a different origin and who had reported ADC values for the
ischemic spinal cord areas in the range .23-.9 x 10~* mm?/s.5
The inference that these areas of restricted diffusion are indica-
tive of RM is also supported by the pathology of RM itself, as the
vascular changes leading to ischemic necrosis of the spinal cord
are thought to be among those pathogenic factors responsible
for the development of RM.! The findings at the other affected
segments of the spinal cord (C3 and C4) were not specific as
the FA and ADC values measured here were not considerably
different from the normally appearing spinal cord.

Blood-brain barrier dysfunction and related brain edema
lead to various neurological symptoms. The blocking of
leakage from brain capillary endothelium by angiogenesis
inhibitor (bevacizumab) seems to be a logical treatment strat-
egy and one that improves clinical outcome.” These new ther-
apeutic options make the early diagnosis of RM even more
important.

According to a few papers describing DTI findings in spinal
cord tumors, restricted diffusion is not characteristically found
within the tumors. Liu et al report significantly higher ADC
values for tumors compared to tumor-like lesions.® Neverthe-
less, the finding of areas with some level of diffusion restriction
may occur also for other types of spinal cord conditions. For

Kerkovsky et al: Diffusion Tensor Imaging in Radiation Myelopathy 837



Fig 2. MRI examination performed 7 months after radiotherapy of the C1 infiltration depicts myelopathy with high signal intensity in a T2-
weighted image (marked with arrowheads; A), with enhancing lesion after contrast agent’s application at C2 level (arrow; B). Tractography
reconstruction of the continuous spinal cord fibers without substantial distortions (C). The sagittal reconstruction of the isotropic diffusion image
of the spinal cord revealed small areas of high signal intensity in the dorsal part of the spinal cord (arrow) corresponding to the site of the
contrast enhancement depicted above (D). The diffusion restriction is confirmed by the small hypointense area in the right dorsolateral part of

the spinal cord at the axial image of the ADC map (arrow; E).

example, Zecca et al report a restricted diffusion pattern for
acute spinal cord demyelinating lesions.” Acute myelitis is also
one of the differential diagnostic possibilities in our case. There
are only a few reports about the DTI findings in myelitis. Lee
etal report decreased FA values of the spinal cord in acute trans-
verse myelitis that was in correlation with clinical outcome;'’
ADC values had not been measured in that case. In compari-
son to the findings from that report, the FA changes in our case
of RM do not seem to be substantial. Renoux et al also report
mostly decreased FA values of the spinal cord in patients with
myelitis of different etiology.!! Decrease of the ADC values is
in that paper indicated in part of the patients having multiple
sclerosis, but the ADC values in cases of acute transverse myeli-
tis were near normal. An inflammatory or demyelinating origin

of the myelopathy also was not likely in the case of our patient,
considering his normal values for CSF white cells, that his age
was not typical for multiple sclerosis, and that he had no history
of demyelinating attacks.

The question may arise whether the diffusion properties
of brain radiation necrosis are similar to those of RM. Sev-
eral authors have used diffusion-weighted imaging or DTI
to differentiate between recurrence of high-grade glioma and
radiation-induced changes of the brain. Hein et al report signif-
icantly higher ADC values within the radiation necrosis com-
pared to the glioma recurrence, and, according to their normal-
ized ADC values, both of the values were higher than those
measured in normally appearing contralateral white matter.'?
As it is known that ADC values of ischemic brain tissue
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Fig 3. The follow-up MR examination of the cervical spinal cord 1 week after the initial MR. (A) A sagittal T2-weighted image depicts partial
regression of the T2-hyperintense area (arrowheads). Also, enhancement of the lesion at C2 level is weaker (arrow) after contrast agent’s

application (B).

increase over time,'? the absence of diffusion restriction within
the brain radiation necrosis that is in contrast to our observation
in RM may be explained by different timing of the brain imag-
ing. A functionally critical spinal cord lesion may lead to earlier
indication of the MR imaging, and thus the chance to detect
areas with restricted diffusion could be greater. An important
role may play also differences in vascular supply of the brain
compared to the vascular supply of the spinal cord.

The tractography findings in most of the previously reported
cases had suggested severe abnormalities caused by the tumor
with displacement or disruption of the fibers."* In our case,
by contrast, we observed no gross abnormalities of the spinal
tract to suggest a mass effect from the spinal cord affection. On
the other hand, the true structural damage of the spinal cord
pathways was probably underestimated by the tractography
because of the spinal cord neurological symptomology present
at the time of the DTI examination. Similarly, the FA values
measured within the RM affection did not differ substantially
from those for the normally appearing spinal cord segment.
Despite partial regression in the extent of pathologic signal
depicted by the conventional follow-up MR examination, the
severe final neurological deficit may be seen as resulting from
evolution of destructive changes within the spinal cord.

The diagnosis of RM itself was in this case based on the
anamnestic data, lab tests, and repeated MRI scans. The ra-
diation dose for the spinal cord in this patient had been
within the currently accepted safe limits, but radiosensitivity
of the spinal cord might have been heightened due to the
chemotherapy.!

Although the described DTI findings should not be con-
sidered entirely specific for RM, this technique provided us
some additional information and supported the diagnosis of
RM. Thus, we were able to choose a “watch-and-wait” strategy
that finally led to confirming the RM diagnosis in time enough
to avoid spinal cord biopsy.
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Study Design. A prospective study evaluating a cohort of patients
with spondylotic cervical spine compression.

Objective. To analyze the potential of diffusion tensor imaging (DTI)
of the cervical spinal cord in the detection of changes associated
with spondylotic myelopathy, with particular reference to clinical
and electrophysiological findings.

Summary of Background Data. Conventional magnetic
resonance imaging (MRI) may provide confusing findings because
of a frequent disproportion between the degree of the spinal cord
compression and clinical symptoms. The DTI is known to be more
sensitive to subtle pathological changes of the spinal cord compared
with conventional MRI.

Methods. The DTI of the cervical spinal cord was performed within
a group of 52 patients with spondylotic spinal cord compression and
13 healthy volunteers on a 1.5-T MRl scanner. All patients underwent
clinical examination that differentiated between asymptomatic and
symptomatic myelopathy subgroups, and 45 patients underwent
electrophysiological examination. We measured the apparent
diffusion coefficient and fractional anisotropy of the spinal cord at
C2/C3 level without compression and at the maximal compression
level (MCL). Sagittal spinal canal diameter, cross-sectional spinal
cord area, and presence of T2 hyperintensity at the MCL were also
recorded. Nonparametric statistical testing was used for comparison
of controls with subgroups of patients.
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Results. Significant differences in both the DTI parameters
measured at the MCL, between patients with compression and
control group, were found, while no difference was observed at
the noncompression level. Moreover, fractional anisotropy values
were lower and apparent diffusion coefficient values were higher
at the MCL in the symptomatic patients than in the asymptomatic
patients. The DTI showed higher potential to discriminate between
clinical subgroups in comparison with standard MRI parameters and
electrophysiological findings.

Conclusion. The DTI appears to be a promising imaging modality
in patients with spondylotic spinal cord compression. It reflects
the presence of symptomatic myelopathy and shows considerable
potential for discriminating between symptomatic and asymptomatic
patients.

Key words: cervical spondylotic myelopathy, diffusion tensor
imaging, magnetic resonance imaging. Spine 2012;37:48-56

iffusion tensor imaging (DTI) is a relatively new tech-

nique based on magnetic resonance (MR), capable of

depicting structural detail in the brain and spinal cord
white matter.'> The DTT parameters, especially fractional an-
isotropy (FA), have been described as disclosing subtle patho-
logical changes in white matter integrity"®” and have been of
use in various spinal cord disorders.**

The DTI is a diagnostic approach employing the basic
principles of diffusion magnetic resonance imaging (MRI).%1°
However, in contrast with diffusion-weighted imaging, which
images just the rate of water diffusion at a given site, the
DTI relies on differences in the rate of water diffusion dic-
tated by various intrinsic alignments within the tissue struc-
tures, analogous to the anisotropy of certain crystals.!>!> The
DTI exploits such structural regularity by applying a special
diffusion-sensitizing gradient repeatedly in many different
directions. Computer analysis of the acquired data set en-
ables the determination of the dominant direction of diffu-
sion of water molecules.!® The results of the DTI examina-
tion may be quantified by 2 main parameters. The first is the
apparent diffusion coefficient (ADC) value, which refers to
the overall diffusivity of the tissue irrespective of directional
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dependence.'*'> The second parameter, known as the FA, re-
flects the directional dependence of the diffusion process.'¢
This is a relative number in a range from 0 to 1 and increas-
ing in relation to the diffusion anisotropy of the tissue being
evaluated.

The issue of clinical aspects and diagnostic imaging be-
comes particularly important in cervical spondylotic myelop-
athy (CSM), because the incidence of this disorder is high and
has the potential to lead to severe neurological disability. The
CSM s considered the most common cause of spinal cord
dysfunction in elderly patients.!”

MRI facilitates precise depiction of spinal canal stenosis
and spinal cord compression.'® However, individual toler-
ance to compression of the spinal cord may be somewhat
variable.” MRI findings can thus lead to confusion, arising
out of a frequent disproportion between the degree of spinal
cord compression and the clinical symptomatology.?*->2

Considering these data, we hypothesized that DTT param-
eters might be more sensitive in the detection of myelopathic
changes resulting from spinal cord compression and show a
better relationship to actual clinical signs of myelopathy in
comparison with standard MRI and electrophysiological in-
vestigations and parameters.

MATERIALS AND METHODS

Study Design

The study evaluated MR-DTI data in a consecutive series of
patients with both symptomatic and asymptomatic degen-
erative spondylotic cervical cord compression with respect to
clinical and electrophysiological findings and in comparison
with healthy volunteers.

Patients with cervical spinal cord compression were re-
cruited from consecutive patients examined clinically in the
Centre for Spondylogenic Myelopathy of the University
Hospital between June 2008 and December 2009, with signs
and symptoms of either cervical myelopathy, radiculopathy,
or chronic cervical pain, and in whom MRI detected signs of
spondylotic cervical spinal cord compression. MRI signs of
cervical cord compression were defined as impingement on
the cervical cord (i.e., a concave defect in the spinal cord adja-
cent to the site of disc bulging or osteophyte) and/or compres-
sion of the cervical cord (compression ratio of <0.4).2! DTI
was part of the standard imaging protocol in these patients.

Excluded were patients with previous spinal cord injury,
with cervical compression of other than degenerative origin
or those with documented or suspected significant spinal cord
or brain disorder that could mimic CSM. Those who agreed
were examined electrophysiologically within 3 months of
documentation of cervical cord compression.

The control group was recruited between January 2010
and March 2010 from healthy volunteers—employees of
the University Hospital. Originally, 15 age-matched partici-
pants without a history of any significant neurological disease
(including cervical spine or spinal cord lesion) agreed to take
part in the experiment. All were examined clinically (with no

Spine

signs of cervical spinal cord lesion found), and then the MRI
+ MR-DTI were performed. Data from 13 participants with-
out signs of cervical cord compression were finally included
into the analysis, while 2 participants with asymptomatic
spondylotic cervical cord compression detected on MRI were
excluded from the analysis.

Participants

The study group comprised a total of 52 patients with
MR signs of spondylotic cervical spinal cord compres-
sion—33 men and 19 women, average age 58 years, age
range 39 to 78 years. Patients with clinical signs and symp-
toms of cervical myelopathy, who displayed decreased modi-
fied Japanese Orthopedic Association scale (<18),% made up
the symptomatic CSM subgroup (A) and comprised 20 pa-
tients (13 men and 7 women, average age 59 years, age range
45 to 78 years). Thirty-two patients with cervical pain and/or
symptoms/signs of cervical radiculopathy, but without symp-
toms/signs of CSM, formed the asymptomatic spondylotic
cervical cord encroachment (SCCE) subgroup (B), made up
of 20 men and 12 women, average age 57 years, age range
39 to 71 years.

The control group consisted of a group of 13 healthy,
age-matched volunteers—9 men and 4 women, average age
57 years, age range 47 to 67 years—with neither evident
brain or spinal cord disease nor spondylotic cervical spinal
cord compression. Informed consent was obtained from both
patients and healthy participants. The study was approved by
the institutional ethics board.

Electrophysiological Evaluation

Short-latency somatosensory evoked potentials (SEPs), from
the median- and the tibial nerves (SEP), and motor-evoked
potentials (MEPs), elicited by means of transcranial and root
magnetic stimulation, were taken from 45 patients; 7 patients
did not consent to such examination. Central conduction ab-
normalities attributed to possible cervical spinal cord lesion
were defined and recorded. More details on the methodology
of evoked potential examination have been given in a previ-
ous publication.??

Imaging Procedures

All examinations were performed in the 2008 to 2010 pe-
riod on a 1.5-T MR scanner (Philips Achieva, Philips Medical
Systems, Eindhoven, The Netherlands) by using a 16-channel
head-and-neck coil. The protocol involved conventional se-
quences for the evaluation of the spine and spinal cord mor-
phology, including T1, T2, and short-tau inversion recovery
images in the sagittal plane and axial T2 fast-field echo scans
coherently covering 5 segments of cervical spine from C2/C3
to C6/C7 levels. The DTI scans were acquired in the axial
plane with 4-mm slice thickness, using the same geometry
settings as for the axial T2 fast-field echo images. Single-shot
echo planar imaging was employed for the DTI sequence
(repetition time 3549 ms, echo time 83 ms, flip angle 25°),
applying 15 directions of diffusion-sensitizing gradient with
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900 mT/s as b value setting. A parallel acquisition technique
of sensitivity encoding (SENSE) was used with a reduction
factor of P = 2. The T2-weighted single-shot (b = 0) image
was also acquired to calculate ADC maps (Figure 1).

Image Analysis

For the ADC and FA map calculations and measurements, a
FiberTrak software package (Release 2.6.3, Philips Medical
Systems, Eindhoven, The Netherlands), which is a part of
the MR extended workplace software, was used. Motion
coregistration of the diffusion data was performed before
the actual analysis. Region-of-interest analysis was applied
to the measurements. The regions of interest were placed on
a template of the axial isotropic diffusion-weighted images
covering the whole cross-sectional area of the spinal cord
(Figure 2). Special attention was given to avoiding the sur-
rounding cerebrospinal fluid and contamination through sus-
ceptible artifacts. The measurements were performed at the
C2/C3 level, both where the spinal canal was wide enough in
all patients and no compression of the spinal cord had been
recorded (no compression level, NCL), and at the level of
maximal spinal cord compression caused by the degenerative
spinal canal narrowing (maximal compression level, MCL).
This level was identified by the degree of spinal canal nar-
rowing as represented by the reduction of anteroposterior
(AP) spinal canal diameter. In patients with multisegmental
involvement and similar degrees of spinal canal stenosis, the
level with the smallest spinal cord area was chosen. Measure-
ments included mean FA and ADC values of the spinal cord
cross section at both levels, as well as the FA and ADC ratios
(FA or ADC value at MCL divided by the value at NCL). On
the T2—fast-field echo axial scans, we evaluated selected basic
morphological parameters (sagittal spinal canal diameter and
spinal cord cross-sectional area [CSA]) (Figure 3). Any pres-
ence of abnormal T2 hyperintensity of the spinal cord was
also recorded.

Data Analysis

Univariate robust statistical techniques were used to test dif-
ferences in continuous variables between groups of patients.
Standard Mann-Whitney U test and the Kruskal-Wallis test
were applied for mutual comparison of different subgroups of

Figure 1. (A) Apparent diffusion coefficient map of the spinal cord (ax-
ial plane). (B) Fractional anisotropy map in axial plane showing struc-
tural details of the spinal cord cross section. The gray matter generates
a lower signal intensity because of its lower fractional anisotropy val-
ues than the white matter (arrows).
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Figure 2. Measurement of the fractional anisotropy and apparent dif-
fusion coefficient values using FiberTrak software. Region of interest
is placed over the spinal cord cross section, using an axial isotropic
diffusion-weighted image as a template.

patients and controls. Both univariate and multivariate ana-
lytical strategies were adopted to quantify the discriminative
power of the binary-coded variables and discriminate
between symptomatic and asymptomatic clinical subgroups.
The odds ratio with 95% confidence limits was estimated
on the basis of logistic regression models and tested in the

Figure 3. Axial, T2-gradient echo image with measurement of spinal
cord cross-sectional area, using manual placement of polygonal re-
gion of interest.
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Wald test. Parameters with sufficient discrimination power
(P < 0.10) were then examined for mutual correlation, and
interaction terms were coded for significantly correlated pairs
of variables. The final set of potential discriminative factors
and interaction terms (all as binary code) was subjected to
backward stepwise selection algorithm in multivariate logistic
regression. The best maximum-likelihood estimates for cutoff
values with optimal sensitivity and specificity of the param-
eters chosen were obtained from computer-assisted receiver-
operating characteristic curve analysis. Correlation analyses
were carried out using Spearman rank correlation coefficient.
P < 0.05 was taken as the universal limit for significance for
any given statistical test.

To assess the interobserver variability of 4 selected MR-DTI
parameters (FA NCL, FA MCL, ADC NCL, and ADC MCL),
2 repeated evaluations of 18 randomly selected patients were
performed blindly by 2 different observers (M.K. and A.S.),
and the reproducibility was evaluated according to the meth-
odology proposed by Bland and Altman,*** which is based
on the standard deviation of the differences between pairs of
repeated measurements(SD ). The test-retest reproducibility
assessed by this method was expressed as confidence limits of
agreement calculated from SD . (coefficient of repeatability).
The Bland-Altman plot was used to assess a relationship be-
tween the differences in order to look for systematic bias and
to identify possible outliers. In addition, a standard analysis
of variance was employed to assess the proportion of total
variability of the selected measures related to the differences
between repeated measurements (Table 1).

RESULTS

Both statistical methods employed (based on SD . and analy-
sis of variance) confirmed a sufficient level of reproducibility
of all evaluated imaging parameters (Table 1). The 95% con-
fidence limits for differences between pairs of measurement
(based on evaluation of SD,) varied in the range +0.100
units for FA NCL (i.e., =16.7% of mean of primary values),
+0.031 units for FA MCL (%5.7%), £0.284 units for ADC
NCL (*21.3%), and +0.090 units for ADC MCL (+7.5%).
Considering the suggested cutoff values, such results for re-
producibility are acceptable. Using standard analysis of vari-
ance, the variability of repeated measurements represented up
to 17.6% of the total variability of the values, which again
shows a good reproducibility of all the parameters tested (data
not shown).

Comparison of FA values for controls and patients dis-
played no significant difference at the C2/C3 level, while at
the MCL level (compared with C5/C6 level in controls) the FA
values showed significant decreases in both clinical subgroups:
symptomatic CSM subgroup (P = 0.001) and asymptomatic
SCCE (P = 0.04) compared with those of the controls.

The ADC values were significantly higher in symptomatic
CSM subgroup patients at both NCL and MCL than with
the control group (C5/Cé6 level was used as a counterpart to
MCL in the control group; P = 0.048 and 0.044, respective-
ly), while they did not differ significantly in the asymptomatic
SCCE subgroup (data not shown).

Spine

The DTI parameters in symptomatic CSM patients mea-
sured at MCL differed significantly from values found in
asymptomatic SCCE patients: FA values were significantly
lower and ADC values significantly higher in the symptomatic
CSM subgroup (Table 2). Moreover, the FA ratio was signifi-
cantly lower in the symptomatic CSM subgroup.

No differences between symptomatic and asymptomatic
patients were detected in terms of the spinal canal area and
AP canal diameter (Table 2).

The potential of DTI, other MRI, and electrophysiological
parameters transformed to binary form, for discrimination
between subsets of spondylotic cervical cord compression pa-
tients with and without clinically symptomatic myelopathy
are compared in Table 3. The DTI parameters showed higher
discrimination power, supported by significantly higher sen-
sitivity and specificity, in comparison with standard MRI pa-
rameters (MRI spinal cord hyperintensity, spinal cord CSA),
while spinal canal AP diameter and EP abnormalities were
not able to discriminate between clinical subgroups (Figure 4).

The EP abnormalities were more frequent in symptomatic
CSM patients than in asymptomatic SCCE cases, without sta-
tistical significance (Table 4). Furthermore, there was no dif-
ference in any of the DTI parameters for subsets of patients
with and without EP abnormality (Table 5).

Table 6 shows a multivariate statistical model utilizing an
FA ratio less than 0.84, ADC at MCL more than 1.20, and
spinal cord CSA less than 65.9, to discriminate asymptomatic
SCCE and symptomatic CSM patients with a sensitivity of
70% and a specificity of 78.1%.

DISCUSSION
The study disclosed that MR-DTI parameters were able to
discriminate the patients with spondylotic cervical cord com-
pression with respect to the presence of clinically symptom-
atic myelopathy. The DTI parameters proved superior in this
respect compared with the standard MRI parameters used to
detect or predict symptomatic myelopathy and to the evoked
potential abnormalities that have previously been shown to
be capable of predicting the development of clinically symp-
tomatic myelopathy in patients with spondylotic SCCE.?!-2
The basic motivation for this study was a common clin-
ical-to-imaging mismatch arising out of variable individual
tolerance of the spinal cord to the compression caused by
degenerative spinal canal narrowing. It has been demon-
strated by animal-model experiments that spinal cord func-
tion may be surprisingly resistant to compression.'” This is
also manifest in the relatively common “accidental” finding
of asymptomatic spondylotic cervical spinal cord compres-
sion. Thorpe et al*® described degenerative changes of the
cervical spine in 64% of a target group of asymptomatic
individuals at ages between 18 and 72 years, and spinal
cord compression was noted in 11% of the group. In an-
other study within a group of asymptomatic individuals
aged more than 64 years, disc protrusions were described
in 57% and spinal cord impingement in 26 %.%” This clinical
entity is usually described as asymptomatic SCCE*?% or
presymptomatic CSM.21-*
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Description of the Interobserver Variability

95% CI for Mean Interobserver
Parameter Mean Difference (SD)* Differencet Limits of Agreement$ Variability,§ %
FA NCL 0.006 (0.051) —0.018; 0.030 —0.093; 0.106 17.6
FA MCL 0.003 (0.016) —0.004; 0.011 —0.028; 0.035 1.7
ADC NCL —0.030 (0.145) —0.097; 0.037 —0.313; 0.254 11.8
ADC MCL 0.020 (0.046) —0.002; 0.042 —0.070; 0.110 3.0

*Mean and SD . of interobserver differences.

#Limits of agreement are computed as mean = 1.96 * SD.

measurements.

195% confidence interval for average interobserver difference (mean = 1.96 *standard error).

§Computed using repeated-measures analysis of variance as proportion of total variability of the selected measures related to the differences between repeated

ADC indicates apparent diffusion coefficient; FA, fractional anisotropy; MCL, maximal compression level; NCL, no compression level (C2/C3).

The AP spinal canal diameter and spinal cord cross-sectional
area have been reported as correlating with clinical manifestation
of CSM, but considerable overlap of measurements record-
ed in symptomatic and asymptomatic populations has been
noted.’*! In another recent study,?® we found a critical interval
of 50 to 60 mm? for the development of myelopathy, measured
on axial MR images within a subgroup of patients with T2

hyperintensities at the level of spinal cord compression. Severe
compression may lead to development of focal areas of in-
creased spinal cord signal intensity on T2-weighted MR images;
the exact pathophysiology, however, remains unclear.’> More-
over, there exists only limited consensus about the clinical value
of T2 hyperintensities with respect to clinical manifestation of
the disorder and response to its treatment.33-3¢

Comparison Between DTI and Selected MRI Parameters for Patients With Symptomatic

CSM and Asymptomatic SCCE

MRI Parameter Group Level Median (5th-95th Percentile Range) P (Mann-Whitney U Test)
SCCE NCL 0.60 (0.51; 0.75)
0.446
A CSM NCL 0.58 (0.51; 0.64)
SCCE MCL 0.54 (0.44; 0.69)
0.029
CSM MCL 0.48 (0.35; 0.61)
SCCE MCL/NCL 0.89 (0.69; 1.12)
FA ratio* 0.034
CSM MCL/NCL 0.81 (0.61; 1.03)
SCCE NCL 1.28 (0.90; 1.52)
0.430
CSM NCL 1.33(0.97; 1.58)
ADC, 10*mm?/s
SCCE MCL 1.13 (0.85; 1.37)
0.022
CSM MCL 1.26 (0.90; 1.57)
SCCE MCL/NCL 0.88 (0.69; 1.13)
ADC ratio* 0.164
CSM MCL/NCL 0.94 (0.66; 1.30)
Spinal canal AP SCCE MCL 7.9 (5.3; 10.3) 0.400
diameter, mm CSM MCL 7.7 (3.8, 9.6)
Spinal cord SCCE MCL 66.9 (48.5; 75.8) 0.201
CSA, mm? CSM MCL 63.7 (37.4; 77.8) '
*Ratio: Value at MCL divided by value at NCL.
ADC indicates apparent diffusion coefficient; CSA, cross-sectional area; CSM, (symptomatic) cervical spondylotic myelopathy; DTI, diffusion tensor imaging;
FA, fractional anisotropy; MCL, maximal compression level; MRI, magnetic resonance imaging; NCL, no compression level (C2/3); SCCE, (asymptomatic)
spondylotic cervical cord encroachment.
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Potential of Binary-Coded Parameters to Discriminate Between Patients With Asymptomatic

SCCE and Those With Symptomatic CSM

Univariate Logistic Models ROC Analysis

Parameters* Pt Odds Ratio (95% CI) | AUC (95% CI) P Sensitivity Specificity
ADC MCL > 1.20 0.002 7.00 (2.01; 24.36) 0.73 (0.58; 0.87) 0.007 70.0% 75.0%
FA ratio¥ = 0.84 0.006 5.57 (1.65; 18.84) 0.70 (0.55; 0.85) 0.016 65.0% 75.0%
FA MCL = 0.50 0.011 4.75(1.43; 15.75) 0.68 (0.53; 0.84) 0.026 65.0% 71.9%
Spinal cord CSA < 65.9 0.015 4.46 (1.34; 14.83) 0.68 (0.53; 0.83) 0.032 70.0% 65.6%
Hyperintensity: yes 0.018 4.37 (1.29; 14.73) 0.67 (0.51; 0.82) 0.046 55.0% 78.1%
ADC ratio¥ >1.00 0.084 2.92 (0.87; 9.86) - - - -

EP abnormality 0.098 2.91 (0.84; 10.10) - - - -
Spinal canal AP diameter <7.9 0.358 1.70(0.55; 5.28) - - - -

t+Wald test.
#Ratio: value at MCL divided by value at NCL (C2/C3).

*All quantitative parameters were coded as binary predictors on the basis of cutoff points leading to maximum sensitivity and specificity.

ADC indicates apparent diffusion coefficient; AP, anteroposterior; AUC, area under the ROC curve; Cl, confidence interval; CSA, cross-sectional area; CSM,
(symptomatic) cervical spondylotic myelopathy; EP, evoked potentials; FA, fractional anisotropy; MCL, maximal compression level; NCL, no compression level
(C2/C3); ROC, receiver operating characteristic; SCCE, (asymptomatic) spondylotic cervical cord encroachment.

DTT is believed to have great potential for the detec-
tion of pathological ultrastructural changes of the brain
white matter.” Considerably fewer studies of spinal cord
DTT have been published, but there are several reports of
superior sensitivity for DTI measurements in terms of subtle
pathological changes in the spinal cord as compared with
conventional MRL.4%3% A few authors®* have also men-
tioned significant changes in the FA and/or ADC values
of the spinal cord, arising out of compression; the results,
however, are not entirely uniform. Demir et al*® described

Figure 4. Two patients with similar degrees
of spinal cord compression on conven-
tional magnetic resonance examination,
compared to demonstrate the possible ap-
plication of diffusion tensor imaging. (A
and D) A patient with clinical symptoms
of myelopathy with a fairly low fractional
anisotropy value (0.426) at the level of
maximal compression. (B and C) A patient
with evident spinal cord compression due
to disc herniation, with no clinical signs
of myelopathy. The fractional anisotropy
value was higher in this case (0.707). The
arrows on the sagittal scans (A and C) indi-
cate the level of measurements (B and D).

Spine

an increase of ADC values in 34 patients with spinal cord
compression. Facon et al*! do not refer to changes in ADC
values caused by spinal cord compression but emphasize the
high sensitivity of FA. In agreement with previous studies*"*
quantitatively evaluating changes of diffusivity in com-
pressed spinal cord, we found a significant decrease of FA at
MCL not only in both subgroups of patients in comparison
with controls without compression but also in symptomatic
cases compared with the asymptomatic cases. This fact may
be partially explained by gray matter “contamination” of

FA=0,427
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Frequency of EPs—Abnormalities
in Clinical Subsets of Patients

With Spondylotic Cervical Cord
Compression

No. of Patients With Abnormal
Finding/ %
Clinical Somatosen-
Subgroup Motor EP sory EP Overall EP*

Symptomatic 9/50.0 10/55 12/66.6
CSM (n = 18)
Asymptomatic 7/25.9 8/29.6 10/40.7

SCCE (n = 27)

*Abnormal motor EP and/or somatosensory EP.

CSM indicates cervical spondylotic myelopathy; EP, evoked potential; SCCE,
spondylotic cervical cord encroachment.

measured regions of interest, covering the entire cross section
of the spinal cord. Spinal cord gray matter exhibits lower
anisotropy than the white matter,* and therefore gray matter
contamination could be increased in proportion to the de-
gree of lowering the spinal cord CSA. Another reason may

be sought in true damage to the spinal cord white matter,
represented by demyelization or axonal disintegration lead-
ing to increased diffusivity across the neural tracts. This has
been described by several authors”** investigating experi-
mental spinal cord damage in animal models. Similarly, we
found higher ADC values at the MCL level in symptomatic
CSM cases compared with the controls and asymptomatic
SCCE patients. The ADC value changes dependent on clini-
cal manifestation may arise partly out of extracellular water
content,”” in analogous fashion to the course of changes in
diffusivity observed in spinal cord ischemia.**

The sensitivity and specificity of both FA and ADC val-
ues as predictors of symptomatic myelopathy were higher in
our study than in the presence of spinal cord T2 hyperinten-
sity or reduction of the spinal cord area. Evoked potential
abnormalities have been reported as predicting the devel-
opment of symptomatic CSM in cases with asymptomatic
SCCE.?'?? Frequency and degree of EP abnormalities have
been shown to be higher in symptomatic CSM than with
the controls and asymptomatic compression cases,’® but
discriminating power was not sufficient to separate symp-
tomatic and asymptomatic subgroups in our comparatively
small sample of patients. Moreover, spondylotic cervical
cord compression subgroups with normal and abnormal

Comparison of Selected MR-DTI and Conventional MR Parameters in Subsets of

Spondylotic Cervical Cord Compression Cases With Normal Versus Abnormal EPs

P (Mann-Whitney
Parameter Group Level Median (5th-95th percentile) U Test)
EP normal NCL 0.618 (0.530; 0.678) 0.192
EP abnormal NCL 0.602 (0.495; 0.652)
FA
EP normal MCL 0.557 (0.455; 0.646) 0.220
EP abnormal MCL 0.544 (0.393; 0.638)
EP normal MCL/NCL 0.922 (0.756; 1.065) 0.586
FA ratio*
EP abnormal MCL/NCL 0.931 (0.663; 1.142)
EP normal NCL 1.286 (1.159; 1.495) 0.115
EP abnormal NCL 1.224 (1.030; 1.433)
ADC
EP normal MCL 1.095 (0.918; 1.419) 0.820
EP abnormal MCL 1.119 (0.885; 1.543)
EP normal MCL/NCL 0.864 (0.709; 1.061) 0.180
ADC ratio*
EP abnormal MCL/NCL 0.909 (0.714; 1.366)
Spinal canal EP normal MCL 7.8 (6.4; 10.3) 0.725
AP diameter EP abnormal MCL 7.7 (5.3; 10.1)
EP normal MCL 65.2 (50.6; 72.9) 0.601
CSA
EP abnormal MCL 66.9 (44.7; 77.8)
*Ratio: value at MCL divided by value at NCL (C2/C3).
ADC indicates apparent diffusion coefficient; AP, anteroposterior; CSA, cross-sectional area; DTI, diffusion tensor imaging; EP, evoked potentials; FA, fractional
anisotropy; MCL, maximal compression level; MR, magnetic resonance; NCL, no compression level (C2/C3).
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Multivariate Logistic Model
Discriminating Asymptomatic SCCE

and Symptomatic CSM Patients and
Validation of Multivariate Score in
ROC Analysis

Predictors in

Multivariate Logistic Odds Ratio

Model P* 95% Ch*

FA ratio¥ = 0.84 0.046 4.293 (1.026-17.967)
ADC MCL > 1.20 0.006 7.647 (1.817-32.194)
Spinal cord CSA = 0.048 3.781 (1.017-14.058)

65.9

ROC analysis of multivariate model

AUC (95% ClI) 0.841
(0.734-0.947)
P <0.001
Sensitivity 70.0%
Specificity 78.1%
*Wald test.

tMultivariate adjusted odds ratio.
#Ratio: value at MCL divided by value at NCL (no compression level, C2/3).

ADC indicates apparent diffusion coefficient; AUC, area under the ROC
curve; Cl, confidence interval; CSA, cross-sectional area; CSM, (symp-
tomatic) cervical spondylotic myelopathy; FA, fractional anisotropy; MCL,
maximal compression level; ROC, receiver operating characteristic; SCCE,

(asymptomatic) spondylotic cervical cord encroachment.

evoked potentials showed no differences in DTT parameters,
suggesting different pathogenic mechanisms for EP abnor-
malities and changes of spinal cord tissue diffusivity.

The interpretation of the measurements in individual pa-
tients may be brought into question through variability in
the absolute values of the parameters measured. Both ADC
and FA values of the normal spinal cord appear to be age
dependent.** Moreover, the FA values are significantly de-
pendent on the number of directions of the diffusion-sen-
sitizing gradient and also on voxel size.’! In this context, it
might be helpful to use the relative FA index (MCL/NCL),
which, according to our data, significantly decreases in
symptomatic patients.

To conclude, DTI appears to be a promising imaging
modality in patients with spondylotic spinal cord compres-
sion. It reflects the presence of symptomatic myelopathy and
shows diagnostically acceptable validity in discrimination
between symptomatic and asymptomatic cases when com-
pared with the conventional MR and electrophysiological
parameters. A relatively simple measurement procedure us-
ing a standard “built-in” software package might facilitate
possible future practical application of the method. The
value of the DTI parameters in predicting further spontane-
ous course and the effects of surgical decompression awaits
further investigation.

Spine

> Key Points

O In the current article, the potential of diffusion
tensor imaging (DTI) in the detection of spondylotic
myelopathy changes, in relation to clinical and
electrophysiological findings, is analyzed.

U The DTl parameters of the compressed spinal cord
differ significantly between patients and controls
as well as between subgroups with and without
symptomatic myelopathy.

U The accuracy of the DTl in discrimination between
clinical subgroups of patients is higher than those of
the attributes of conventional magnetic resonance
imaging.
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Abstract

Obijectives: To update a previously established list of predictors for neurological cervi-
cal cord dysfunction in nonmyelopathic degenerative cervical cord compression
(NMDCCC).

Material and Methods: A prospective observational follow-up study was performed in
a cohort of 112 consecutive NMDCCC subjects (55 women and 57 men; median age
59 years, range 40-79 years), either asymptomatic (40 subjects) or presenting with
cervical radiculopathy or cervical pain (72 subjects), who had completed a follow-up of
at least 2 years (median duration 3 years). Development of clinical signs of degenera-
tive cervical myelopathy (DCM) as the main outcome was monitored and correlated
with a large number of demographic, clinical, electrophysiological, and MRI parame-
ters including diffusion tensor imaging characteristics (DTI) established at entry.
Results: Clinical evidence of the first signs and symptoms of DCM were found in 15
patients (13.4%). Development of DCM was associated with several parameters, in-
cluding the clinical (radiculopathy, prolonged gait and run-time), electrophysiological
(SEP, MEP and EMG signs of cervical cord dysfunction), and MRI (anteroposterior di-
ameter of the cervical cord and cervical canal, cross-sectional area, compression ratio,
type of compression, T2 hyperintensity). DT| parameters showed no significant pre-
dictive power. Multivariate analysis showed that radiculopathy, cross-sectional area
(CSA) < 70.1 mm?, and compression ratio (CR) < 0.4 were the only independent sig-
nificant predictors for progression into symptomatic myelopathy.

Conclusions: In addition to previously described independent predictors of DCM de-
velopment (radiculopathy and electrophysiological dysfunction of cervical cord), MRI
parameters, namely CSA and CR, should also be considered as significant predictors
for development of DCM.

KEYWORDS
cervical radiculopathy, degenerative cervical myelopathy, magnetic resonance imaging,

nonmyelopathic degenerative cervical cord compression, predictive model
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1 | INTRODUCTION

Degenerative cervical cord compression detected by imaging meth-
ods, mostly magnetic resonance imaging (MRI), is a prerequisite for
the clinical diagnosis of degenerative cervical myelopathy (DCM).
This overarching term is preferred to describe the various degen-
erative conditions of the cervical spine that cause myelopathy, in-
cluding most frequent cervical spondylotic myelopathy, but also
degenerative disc disease and ossification of the posterior longitu-
dinal ligament and of the ligamentum flavum (Nouri, Tetreault, Singh,
Karadimas, & Fehlings, 2015). There is a considerable body of cur-
rent research related to various aspects of DCM, including prognostic
factors (Tetreault, Karpova, & Fehlings, 2015; Tetreault, Nouri, Singh,
Fawcett, & Fehlings, 2014). In recent years, studies have demon-
strated that asymptomatic degenerative cervical cord compression
detected on MRI (Boden et al., 1990; Matsumoto et al., 1998; Teresi
et al., 1987) may be of a prevalence that exceeds that of symptom-
atic myelopathy (Bednarik et al., 2004, 2008; Bednarik et al., 1998;
Kovalova et al., 2016; Wilson et al., 2013). Knowledge of the preva-
lence, as well as the frequency, of myelopathy development, and of
risk factors influencing this progression, however, is sparse (Wilson
et al., 2013). Such knowledge would be of crucial importance to the
practical management of asymptomatic degenerative cervical cord
compression, and bear upon the important issue of indications for
preventive surgical decompression.

In other studies, we have established that the presence of
symptomatic cervical radiculopathy and central conduction deficit
in the cervical cord, disclosed by electrophysiological methods—
somatosensory (SEP) and/or motor-evoked potentials (MEP)—
were independent predictors for the development of symptomatic
DCM (Bednarik et al., 2004, 2008; Bednafrik et al., 1998). These
results tally, in part, with those of an international survey un-
dertaken by the spine care community (Wilson et al., 2013) that
identified the presence of radiculopathy together with MRI ev-
idence of intramedullar T2 hyperintensity as important factors
influencing the decision to perform preventive decompressive
surgery in nonmyelopathic patients with degenerative cervical
cord compression.

Our previous study (Bednarik et al., 2008), although extensive,
had several limitations. Most importantly, the patients, although
lacking any clear myelopathic symptoms and/or signs (i.e., “nonmy-
elopathic”), were in fact not completely asymptomatic, as our cohort
was recruited from consecutive patients referred for radiculopathy
and/or cervical axial pain. The term “asymptomatic” degenerative
cervical cord compression should be reserved for completely asymp-
tomatic cases, while nonmyelopathic subjects with or without signs/
symptoms of radiculopathy or cervical pain should be referred to in
terms of “nonmyelopathic degenerative cervical cord compression”
(NMDCCQC). As one of two alternative criteria for MRI-detected cer-
vical cord compression, we used compression ratio (CR) < 0.4 that
might preclude less severe diffuse compression to be included into
the study.

Further, spinal cord T2 hyperintensity is considered an important
risk factor by the spine care community (Wilson et al., 2013), and dif-
fusion tensor imaging (DTI) parameters have shown the capacity to
differentiate cervical myelopathy patients not only from normal in-
dividuals (Chen et al., 2016; Guan et al., 2015; Lee et al., 2015) but
also from nonmyelopathic cervical cord compression cases (Kerkovsky
etal., 2012), and further to correlate with severity of myelopathy
(Rajasekaran et al., 2014), the segments of the cervical cord involved
(Suetomi et al., 2016), and to predict postsurgical outcome (Arima
et al., 2015). A re-evaluation of the predictive model describing the
risk of progression of NMDCCC to symptomatic myelopathy (Bednarik
et al., 2008) was thus indicated, in a sample also including completely
asymptomatic subjects with less severe stages of degenerative cervi-
cal cord compression and with the use of DTI parameters to validate

the previous model.

2 | MATERIAL & METHODS

The sample size calculation, about 120 patients, was based on an
anticipated frequency of DCM development of about 18% over the
course of 3 years (derived from the previous study, Bednarik et al.,
2008) and the number of evaluated predictors (20).

The study sample here consisted of a cohort of consecutive
subjects who had been referred to the Department of Neurology
between January 2012 and December 2013 with clinical signs and
symptoms of cervical radiculopathy, moderate-to-severe chronic or
intermittent axial cervical pain, and volunteers in whom MRI signs
of degenerative cervical cord compression had previously been de-
tected during an epidemiological study focusing on the prevalence
of degenerative cervical cord compression in the population of the
province of South Moravia (Kovalova et al., 2016). The inclusion of
volunteers from the epidemiological study, complying with the cri-
teria for the current study into prospective evaluation, had been
planned beforehand.

All subjects in the study had to comply with the following inclusion
criteria:

e MR signs of degenerative compression of the cervical spinal cord
with or without concomitant change in signal intensity from the
cervical cord on T2/T1 images (see “Imaging” below)

e Absence of any current myelopathic clinical signs and symptoms
that could probably be attributed to cervical cord involvement, from

the following list.

Symptoms:

e Gait disturbance

e Numb and/or clumsy hands

e Lhermitte’s phenomenon

o Bilateral arm paresthesias

o Weakness of lower or upper extremities

e Urinary urgency, frequency, or incontinence.
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Signs:

e Corticospinal tract signs:
O Hyperreflexia/clonus
O Spasticity
o Pyramidal signs (Babinski’s or Hoffman'’s sign)
O spastic paresis of any of the extremities (most frequently lower

spastic paraparesis)

e Flaccid paresis of one or two upper extremities in the plurisegmen-
tal distribution

e Atrophy of hand muscles

e Sensory involvement in various distributions in upper or lower ex-
tremities (always plurisegmental)

o Gait ataxia with positive Romberg sign.

Originally, 137 NMDCCC subjects were included into the prospec-
tive evaluation. Twenty-five subjects were lost during follow-up and the
follow-up of at least 2 years was completed by a group of 112 subjects
(55 women and 57 men; median age 59 years, range 34-79 years):
72 subjects had nonmyelopathic signs or symptoms probably related
to degenerative changes of the cervical spine (namely axial pain and/
or symptoms or signs of upper extremity monoradiculopathy), while 40
subjects were completely asymptomatic. The whole study cohort was a
completely new sample, and none of these subjects had been included
in a previously published prospective study on this topic (Bednarik et al.,
2004).

Ethical approval for the study was granted by the Ethical Committee
of the University Hospital, Brno.

2.1 | Clinical evaluation

A detailed clinical examination was carried out at the beginning of the
study and every 6 months thereafter. Patients were instructed about
possible signs and symptoms that might indicate newly developed
DCM and encouraged to arrange a consultation with a neurologist
from the study group if they suspected a progression to myelopathy.
The minimum follow-up period was 24 months (median 30 months;
range 24-48 years).

A standardized, timed 10-m walk and run (as quickly as possible)
was evaluated, in terms of time taken and number of steps required.

The primary end-point of the study was the detection of develop-
ment of symptomatic DCM based on the occurrence of at least one
symptom and one sign (from the list used as exclusionary criteria—see
above), which were probably attributed to degenerative cervical cord
compression, were not present at the beginning of the follow-up and
had no other topical or etiological explanation.

Clinical evaluation focused on the determination of development
of symptomatic myelopathy (as primary outcome) was performed by
neurology specialists experienced in the diagnosis and practical man-
agement of myelopathic cases (ZK, ZKJ, MN) and the final decision on
meeting the outcome, that is, development of symptomatic DCM, was
approved by ZK, a senior neurologist with a long-term experience in

clinical studies on cervical myelopathy.
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2.2 | Imaging

Plain anteroposterior, oblique, and lateral radiograms were obtained
in all patients. Their Torg-Pavlov ratio (TPR) at C5 level was calcu-
lated from lateral radiograms as the anteroposterior diameter of the
spinal canal divided by the anteroposterior diameter of the verte-
bral body. All subjects underwent MRI examination of the cervical
spine on a 1.5 T MR device with a 16-channel head and neck coil.
The standardized imaging protocol included conventional pulse se-
qguences in sagittal-T1, T2 and short-tau inversion recovery (STIR)
and axial planes (gradient-echo T2) for the purpose of morphological
evaluation and a DTl sequence in the axial plane coherently covering
five segments of the cervical spine from levels C2/3 to C6/7. The
DTI scans were acquired at a slice thickness of 4 mm, with the same
geometry settings as those employed for the axial T2 images. The
clinical status of patients/volunteers was blinded to the neuroradi-
ologists who examined the cervical spine MRIs. The MRI of every
subject was evaluated by two neuroradiologists, who agreed on the
assessment of the compression in the majority of cases. Where disa-
greement existed—seldom—the final decision was based on a coop-
erative decision.

The imaging criterion for cervical cord compression was defined
as a change in spinal cord contour or shape at the level of an interver-
tebral disc on axial or sagittal MRI scan compared to that at midpoint
level of neighboring vertebrae.

Spinal cord compression was further graded as:

e Impingement, that is focal concave, usually anterior, defect of spinal
cord contour and with preservation of a major part of subarachnoid
space outside of the compression—type | (Figure 1a)

e Flat or circular compression with partially preserved subarachnoid
space—type lla (Figure 1b)—or with lost subarachnoid space—type
lIb (Figure 1c).

The following conventional MRI parameters were also measured:
Cross-sectional spinal cord area (CSA), anteroposterior (AP) and latero-
lateral (LL) spinal cord diameter, compression ratio considered in terms
of anteroposterior/laterolateral spinal cord diameter (CR) (Arima et al.,
2015; Wilson et al., 2013), circumference of spinal cord (CSC), and an-
teroposterior diameter of cervical canal (APo). These measurements
were taken at the level of maximum spinal cord compression (MCL) iden-
tified as maximum reduction of AP spinal canal diameter in comparison
with other segments. In patients with multisegmental involvement and a
similar degree of spinal canal stenosis, the level with the smallest spinal
cord area was chosen. The presence of T2 hyperintensity was also noted.

FiberTrak, Extended MR WorkSpace (release 2.6.3.5, Philips
Medical Systems) was used for DTI data analysis. Diffusion data
were processed and fractional anisotropy (FA) and apparent diffu-
sion coefficient (ADC) values calculated. Measurements were sub-
jected to region-of-interest (ROI) analysis by placing the ROls at the
level of intervertebral disks over the entire spinal cord area depicted
on the axial images of isotropic diffusion. Mean FA and ADC val-
ues of the spinal cord cross-sections were recorded at maximum
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FIGURE 1

compression level (MCL) in all NMDCCC subjects. FA (ADC) ratios
were calculated as FA (ADC) at MCL levels divided by FA (ADC) at
C2/3 level.

2.3 | Electrophysiological evaluation

Short-latency SEPs from the median and the tibial nerves were elic-
ited at the beginning of the study by electrical stimulation of mixed
nerves at the wrist and the ankle. Similarly, MEPs were elicited by
means of transcranial and root magnetic stimulation and recorded
from abductor digiti minimi and abductor hallucis muscles on both
sides. Details on the methodology of electrophysiological exami-
nation and evaluation of results with definition of central conduc-
tion abnormality attributable to possible cervical spinal cord lesion
are described in previous publications (Bednarik et al., 2004, 2008;
Bednarik et al., 1998).

Motor and sensory conduction studies were performed on six
motor nerves (median, ulnar, and tibial nerves bilaterally) and four sen-
sory (ulnar and sural nerves bilaterally) using conventional techniques.
Needle EMG from four muscles (deltoid, biceps brachii, triceps brachii,
and first dorsal interosseous) was performed bilaterally with assess-
ment of spontaneous activity, motor unit potential parameters, and
interference patterns. EMG signs of acute motor axonal neuropathy in
one myotome (C5-Th1) corresponding with radicular signs and symp-
toms were classified as radicular. EMG signs of acute, subacute, or
chronic motor axonal neuropathy, established in more than one myo-
tome (C5-Th1) unilaterally or bilaterally, were classified as signs of an-
terior horn cell lesion resulting from degenerative cervical myelopathy.

The following variables were recorded at the entry examination
and their association with the predefined end-points (i.e., development

of clinically symptomatic DCM and time taken for it) were analyzed.

2.4 | Demographic and clinical data

o Age
e Sex

e Baseline clinical status:

(a) Example of the “impingement” type of spondylotic cervical cord compression (type |): focal concave anterior defect of spinal
cord contour and with preserved subarachnoid space. (b) Example of a flat compression with partially preserved subarachnoid space (type lla). (c)
Example of a flat compression with lost subarachnoid space (type llb)

O Presence of clinical symptoms and signs of cervical radiculopa-
thy (with corresponding CT and/or MR findings and, in the case
of motor deficit with corresponding EMG findings, of motor ax-
onal neuropathy in one myotome)

o Cervical pain

o Randomly recruited asymptomatic subjects

e 10-m timed walk (time and number of steps)

e 10-m timed run (time and number of steps).

2.5 | Electrophysiological data

o Abnormal SEP interpreted as lesion in either segmental dorsal horn
or dorsal column
e Abnormal MEP interpreted as lesion of corticospinal tract

e Abnormal EMG signs of plurisegmental anterior horn cell lesion.

2.6 | Imaging data

e TPR

e AP, LL,CR,CSC,CSA

e FA and ADC at MCL level

e FA and ADC ratios

e T2 hyperintensity

e Type of MRI-detected cervical cord compression

e Maximum stenotic level and number of stenotic levels

2.7 | Statistical analysis

Standard univariate statistical techniques were used to test differences
between the chosen subgroups of patients and association between
the parameters examined: Fisher's exact test for binary outcomes (or its
extension—Fisher-Freeman-Halton exact test for contingency tables
larger than 2 x 2) and Mann-Whitney U test for continuous variables.

The power of parameters to discriminate between NMDCCC
subjects who developed symptomatic DCM and those who remained
asymptomatic was evaluated by receiver operating curve (ROC)
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analysis and expressed as area under curve (AUC), with sensitivity
and specificity based on established cut-off values. The power of
parameters to predict development of DCM was calculated using
univariate logistic regression. All continuous parameters were also
coded as binary predictors on the basis of cut-off points defined in
ROC analysis.

Finally, multivariate model—adjusted logistic regression—was used
to seek independent predictors for the development of symptomatic
DCM. The variables were selected using a forward step-wise selection

algorithm.

3 | RESULTS

Clinical evidence of the first signs and symptoms of DCM within
the entire follow-up period was found in 15 patients (13.4%):
the DCM+ subgroup. DCM developed in seven cases (6.3%) dur-
ing the first 12 months of the follow-up period. The frequency of
myelopathic symptoms and signs in our cohort are summarized in
Table 1. Gait disturbance was the most frequent symptom, fol-
lowed by numb or clumsy hands, while corticospinal tract signs
represented dominant initial clinical presentation on neurological
examination.

Baseline characteristics for the development of symptomatic cer-
vical myelopathy are summarized in Table 2. Demographic factors (age,
sex), maximum compression level, Torg-Pavlov ratio and DTI parame-
ters showed no difference in distribution between DCM+ subgroup
and those who did not develop symptomatic DCM (DCM- subgroup).
Several clinical (baseline clinical symptoms or signs, parameters of gait
and run), electrophysiological (SEP, MEP, EMG), and imaging parame-
ters (type of compression, T2 hyperintensity, APo, AP, CSA, CR), how-
ever, displayed differences between DCM+ and DCM- subgroups.

TABLE 1 Frequency of myelopathic symptoms and signs in 15
patients with newly developed DCM

Frequency (no
of patients)

Symptoms
Gait disturbance
Numb and/or clumsy hands
Weakness of lower extremity

Bilateral arm paresthesias

B N W N Yo

Lhermitte’s phenomenon
Signs
Hyperreflexia/clonus
Pyramidal signs (Babinski’s or Hoffman's sign)
Sensory involvement (plurisegmental)
Gate ataxia

Flaccid paresis of upper extremity (plurisegmental)

N W w w U

Spastic paresis of lower extremity, spastic gate
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Some of these parameters were able to discriminate significantly
NMDCCC subjects who developed symptomatic DCM (n = 15) from
those who remained asymptomatic (n = 97) (Table 3). Furthermore, the
predictive value of parameters to forecast development of DCM using
univariate logistic regression and Cox proportional hazard models was
evaluated (Table 4). Among significant predictors were the presence of
radiculopathy, quantitative gait and run parameters, electrophysiolog-
ical signs of cervical cord dysfunction detected by SEP, MEP and EMG,
and several radiological parameters: type I[IB of MRl compression, APo,
AP, CSA, CR, and the presence of T2 hyperintensity. DTI parameters
showed no significant predictive power.

Multivariate analysis using multivariate-adjusted logistic regres-
sion model, however, disclosed radiculopathy, CSA < 70.1 mm?, and
CR = 4.0 as being the only independent predictors (Table 5).

4 | DISCUSSION

This contribution reports the results of a validation study on the pre-
dictors for neurological dysfunction in the nonmyelopathic patient
with degenerative cervical spinal cord compression. In a sample of
subjects with NMDCC that included individuals with no signs and
symptoms related to degeneration of the cervical spine, it emerged
that cervical radiculopathy is the most important independent predic-
tor for development of DCM. In addition, it established the independ-
ent predictive power of certain MRI parameters: CSA < 70.1 mm? and
CR<04.

In a previous study, with a cohort of 199 NMDCCC individuals
followed for 48 months, the authors documented the predictive
value of cervical radiculopathy and electrophysiological signs of
cervical cord dysfunction detected with SEP and MEP. This cohort,
however, included nonmyelopathic but not completely asymptomatic
cases, referred to a neurologist for radiculopathy or cervical pain. In
this study, 37.5% of nonmyelopathic subjects had the least severe
type of compression (type |) and 20.5% the most severe, type llb.
The data from the previous study (Bednafik et al., 1998) were re-
evaluated, and the proportions of types | and Ilb proved different,
with a lower proportion of type | (25.6%) and a higher proportion of
type b (36.2%). Similarly, CSA < 70 mm? was present in 22.3% of
individuals in this study compared with 39.7% in the previous one.
Thus, subjects in the former study were largely more severe, although
still myelopathy-free cases compared with this study, and this prob-
ably accounts for the partial discrepancy between the lists of inde-
pendent predictors in the two studies and for why CSA and CR were
disclosed as independent predictors for DCM development. These
parameters have been shown to have high reliability in the assess-
ment of cervical cord compression (Karpova et al., 2013; Kovalova,
Bednarik, Kefkovsky, Adamova, & Kadanka, 2015). It is not surprising
that adding completely asymptomatic subjects to our study group
led to a lower proportion of NMDCCC individuals developing DCM
in comparison with the former study (13.4% over 3 years and 7.3%
during the first year in comparison with 22.6% over 48.4 months and
8.0 during the first year).
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TABLE 2 Baseline characteristics in

Parameter? Total (n = 112) DCM+ (n = 15) DCM- (n=97) p relation to the development of
Sex (male) 57 (50.9%) 8(53.3%) 49 (50.5%) 999 symptomatic cervical myelopathy
Age 59.0 (34.0; 79.0) 58.0 (42.0; 77.0) 59.0 (34.0; 79.0) .898
Baseline clinical status

Asymptomatic 40 (35.7%) 2 (13.3%) 38 (39.2%) .015

Cervical pain 50 (44.6%) 6 (40.0%) 44 (45.4%)

Radiculopathy 22 (19.6%) 7 (46.7%) 15 (15.5%)

Gait: time (s) 6.0(3.8;19.7) 8.8 (4.0; 19.7) 6.0 (3.8; 16.0) 015
Gait: steps 13.0 (6.0; 29.0) 18.0 (10.0; 29.0) 13.0(6.0; 21.0) .002
Run: time (s) 4.0(2.2;13.0) 5.1(3.0; 13.0) 4.0(2.2;8.0) .003
Run: steps 11.0(7.0; 23.0) 12.0(8.0; 23.0) 11.0(7.0; 19.0) .143
EMG signs of 7 (6.3%) 3 (20.0%) 4(4.1%) 049

myelopathy
Abnormal MEP 10 (8.9%) 5(33.3%) 5(5.2%) .004
Abnormal SEP 17 (15.2%) 6 (40.0%) 11 (11.3%) .011
Torg-Pavlov ratio 0.9 (0.5; 1.5) 0.9 (0.6; 1.2) 0.9 (0.5; 1.5) 187
Maximum compression level

C3/4 15 (13.4%) 2(13.3%) 13 (13.4%) .668

C4/5 25 (22.3%) 4(26.7%) 21(21.6%)

C5/6 61 (54.5%) 9 (60.0%) 52 (53.6%)

Cé6/7 11 (9.8%) 0 (0.0%) 11 (11.3%)

Type of compression

| 42 (37.5%) 1(6.7%) 41 (42.3%) .005

1A 47 (42.0%) 7 (46.7%) 40 (41.2%)

1B 23(20.5%) 7 (46.7%) 16 (16.5%)

APo (mm) 8.0 (4.7; 12.6) 7.5(5.1;9.8) 8.3(4.7; 12.6) .015
AP (mm) 6.7 (4.7, 8.7) 6.1(4.7,7.5) 6.7 (4.8;8.7) .015
LL (mm) 14.6 (12.3;17.3) 14.6 (13.0; 15.8) 14.6 (12.3;17.3) 966
SCC (mm) 36.4 (31.0; 42.9) 35.7 (33.4; 39.0) 36.5(31.0; 42.9) .356
CSA (mm?) 78.7 (53.0; 103.7) 67.1(53.0; 88.4) 79.4 (54.4; 103.7) .001
CR 0.5(0.3; 0.6) 0.4 (0.3; 0.5) 0.5(0.3; 0.6) .004
T2 hyperintensity 11 (9.8%) 5(33.3%) 6(6.2%) .006
FA MCL 0.5(0.3;0.7) 0.5 (0.4; 0.6) 0.5(0.3;0.7) .620
ADC MCL 1.2(0.6; 1.6) 1.2(1.0; 1.4) 1.1(0.6; 1.6) .093
FA ratio 0.9 (0.5; 1.6) 0.9 (0.6; 1.1) 0.9 (0.5; 1.6) .513
ADC ratio 0.9 (0.6; 1.5) 0.9 (0.7;1.1) 0.9 (0.6; 1.5) .522

ADC, apparent diffusion coefficient; ADC ratio, ADC at MCL level/C2/3 level; AP, anteroposterior
spinal cord diameter; APo, anteroposterior cervical canal diameter; CR, compression ratio; CSA, cross-
sectional spinal cord area; DCM, degenerative cervical myelopathy; EMG, electromyography; FA, frac-
tional anisotropy; FA ratio, FA at MCL level/C2/3 level; LL, laterolateral spinal cord diameter; MCL,
maximum compression level; MEP, motor-evoked potentials; SCC, spinal cord circumference; SEP,
somatosensory-evoked potentials.

#Median (minimum-maximum) values were used for continuous variables; absolute and relative fre-
quencies were used for categorical variables. Statistically significant differences are expressed in bold
type (p < .05).

bMann—Whitney U test was used for continuous variables; Fisher's exact test or Fisher-Freeman-
Halton exact test was used for categorical variables.

The main limitation of this study is the low number of out- radiculopathy, which proved a significant predictor in both the

come events in relation to the high number of potential predic- current and the previous study (Bednarik et al., 2008) and is gen-

tors, which weakened the statistical evaluation. In contrast to erally accepted as such (Wilson et al.,, 2013), MRI parameters
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TABLE 3 Discrimination power of parameters to distinguish between NMDCCC subjects who developed symptomatic DCM (n = 15) and
those that remained asymptomatic (n = 97)

Parameter AUC (95% CI)® p

Sex (male) 0.514 (0.357; 0.672) .861
Age 0.510 (0.358; 0.662) .898
Gait: time (s) 0.696 (0.534; 0.858) .015
Gait: steps 0.754 (0.601; 0.906) .002
Run: time (s) 0.743 (0.584; 0.901) .004
Run: steps 0.621 (0.457; 0.784) .148
EMG signs of myelopathy 0.579 (0.410; 0.748) 324
Abnormal MEP 0.641 (0.470; 0.812) .080
Abnormal SEP 0.643 (0.476; 0.810) .075
Torg-Pavlov ratio 0.606 (0.455; 0.757) .188
APo (mm) 0.695 (0.553; 0.838) .015
AP (mm) 0.694 (0.546; 0.842) .016
LL (mm) 0.503 (0.346; 0.661) .966
SCC (mm) 0.574 (0.431; 0.718) .356
CSA (mm?) 0.760 (0.624; 0.897) .001
CR 0.733 (0.588; 0.877) .004
T2 hyperintensity 0.636 (0.466; 0.806) .092
FA MCL 0.540 (0.407; 0.673) .620
ADC MCL 0.635 (0.522; 0.748) .093
FA ratio 0.553 (0.424; 0.681) .513
ADC ratio 0.552(0.401; 0.702) .522

Cut-off Sensitivity (%) Specificity (%)
- 53.3 49.5
<59.5 66.7 49.5
27.35 80.0 66.0
217.5 53.3 90.7
24.95 71.4 72.2
212.5 50.0 74.4
- 20.0 95.9
= 8.3 94.8
- 40.0 88.7
<0.925 783 51.5
<8.4 93.3 423
<5.75 46.7 89.7
<15.95 100.0 10.3
<34.35 8.3 84.5
<70.1 66.7 82.5
<0.40 60.0 89.7
- 33.3 93.8
<0.5975 9353 24.7
>1.089 93.3 42.3
<1.0205 3% 30.9
>0.938 53.3 64.9

ADC, apparent diffusion coefficient; ADC ratio, ADC at MCL level/C2/3 level; AP, anteroposterior spinal cord diameter; APo, anteroposterior cervical canal
diameter; CR, compression ratio; CSA, cross-sectional spinal cord area; DCM, degenerative cervical myelopathy; EMG, electromyography; FA, fractional
anisotropy; FA ratio, FA at MCL level/C2/3 level; LL, laterolateral spinal cord diameter; MCL, maximum compression level; MEP, motor-evoked potentials;
SCC, spinal cord circumference; NMDCCC, nonmyelopathic degenerative cervical cord compression; SEP, somatosensory-evoked potentials.

@Area under the curve (95% Cl) and its statistical significance, based on ROC analysis. Statistically significant discriminating powers are expressed in bold

type (p < .05).

should be considered as preliminary predictors awaiting further
confirmation.

Reliable detection of especially early stages of symptomatic DCM
is a crucial point of the study. Although previously used diagnostic cri-
teria for DCM were neither standardized nor consistent across pub-
lished studies, recent and current studies have defined DCM by the
presence of at least one neurological sign and at least one neurological
symptom in addition to a positive MRI for compression of the cord
(Amenta et al., 2014; Kalsi-Ryan, Karamidas, & Fehlings, 2013).

Definition of MRI criteria for degenerative cervical cord compres-
sion is essential for reliable and reproducible diagnosis of DCM. In
general, spinal cord compression can be described based on the ap-
pearance or by measuring a ratio between the anteroposterior diam-
eter at the compressed site and that of a noncompressed site, a ratio
between the anteroposterior diameter and the transverse diameter
(i.e., CR), or CSA at the region of compression (Nouri, Martin, Mikulis,
& Fehlings, 2016). MRI T1/T2 signal changes, although frequently
detected in DCM, are neither sensitive nor specific for degenerative
cervical cord compression and are invaluable to the diagnosis of DCM
(Kalsi-Ryan et al., 2013; Wilson et al., 2013). Regardless of the method

used, the objective of especially quantitative measurements is to de-
termine the severity of spinal cord compression rather than to detect
especially subtle focal compressions.

The used MRI criterion for cervical cord compression based on
subjective evaluation of a spinal cord contour or shape might be con-
sidered controversial. In our previous studies on that topic (Bednarik
et al., 2004, 2008), we used the presence of impingement (i.e., focal
change of contour) and/or CR < 0.4 as MRI criteria for cervical cord
compression. However, using these criteria might have prevented less
severe circular compressions from inclusion into the study and the
compression ratio from showing off its predictive value.

We addressed the issue of an optimal quantitative imaging crite-
rion for cervical cord compression in a recent cross-sectional study of
a large cohort of randomly recruited individuals (Kovalova et al., 2016).
We used the same qualitative criterion (a change in spinal cord contour)
as a gold standard and validated several quantitative MRI parameters
for their sensitivity and specificity to discriminate between nonmyelo-
pathic compression and no compression. An anteroposterior diameter
of the cervical spinal canal of <9.9 mm was associated with the highest

probability of MRI-detected nonmyelopathic cervical cord compression
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TABLE 4 Predictive power of parameters to distinguish between NMDCCC subjects who developed symptomatic DCM (n = 15) and those
that remained asymptomatic (n = 97) using univariate analysis

Univariate logistic regression models Univariate Cox proportional hazard models
Parameter Odds ratio (95% Cl) p Hazard ratio (95% Cl) p
Sex (male) 1.120(0.377; 3.329) .839 1.102 (0.400; 3.039) .851
Age 1.004 (0.949; 1.063) .888 1.005 (0.952; 1.061) .858
<59.5 1.959 (0.624; 6.156) .250 1.791(0.612; 5.243) .287
Clinical status at entry
Asymptomatic ref. ref.
Cervical pain 2.591 (0.494; 13.601) 260 2.353(0.000; 0.000) 296
Radiculopathy 8.867 (1.650; 47.635) .011 6.177 (0.000; 0.000) .024
Gait: time (s) 1.324 (1.112; 1.576) .002 1.235 (1.099; 1.388) <.001
27.35 7.758 (2.045; 29.422) .003 6.425(1.811; 22.796) .004
Gait: steps 1.359 (1.145; 1.613) <.001 1.253(1.132; 1.388) <.001
217.5 11.175 (3.284; 38.022) <.001 7.610(2.749; 21.067) <.001
Run: time (s) 1.802 (1.249; 2.601) .002 1.368 (1.161; 1.613) <.001
24.95 5.760 (1.795; 18.484) .003 4.625 (1.578; 13.553) .005
Run: steps 1.206 (1.017; 1.430) .032 1.154 (1.010; 1.318) .035
2125 2.815(0.921; 8.603) 069 2.515(0.912; 6.939) .075
EMG signs of myelopathy 5.812(1.158; 29.171) .032 4.084 (1.151; 14.491) .029
Abnormal MEP 9.200 (2.267; 37.341) .002 6.130 (2.084; 18.030) .001
Abnormal SEP 5.212(1.556; 17.456) .007 4.114 (1.462; 11.571) .007
Torg-Pavlov ratio 0.084 (0.002; 3.522) 194 0.105 (0.003; 3.356) .203
<0.925 2.926(0.871; 9.827) .082 2.623(0.834; 8.249) .099
Maximum compression level
C3/4 ref. ref.
C4/5 1.238(0.198; 7.741) .819 1.177(0.215; 6.459) .851
C5/6 1.125 (0.216; 5.848) .889 1.049 (0.226; 4.870) .952
Cé6/7 — —
Type of compression
| ref. ref.
1A 7.175 (0.844; 60.989) .071 6.363(0.783; 51.715) .083
1B 17.937 (2.041; 157.650) .009 14.520 (1.784; 118.149) .012
APo (mm) 0.540 (0.338; 0.864) .010 0.581 (0.390; 0.865) .008
<84 10.250 (1.296; 81.097) .027 9.251(1.216; 70.398) .032
AP (mm) 0.398 (0.190; 0.835) .015 0.450 (0.238; 0.852) .014
<5.75 7.612(2.276; 25.456) .001 5.683(2.053; 15.730) .001
LL (mm) 0.974 (0.564; 1.680) .923 0.989 (0.595; 1.645) 967
<15.95 - -
SCC (mm) 0.912 (0.723; 1.150) 436 0.928(0.751; 1.147) 491
<34.35 2.733(0.818; 9.133) .102 2.310(0.789; 6.766) 127
CSA (mm?) 0.911 (0.859; 0.966) .002 0.925 (0.882; 0.971) .002
<70.1 9.412(2.851; 31.071) <.001 7.002 (2.388; 20.529) <.001
CR (0.1 increase) 0.157 (0.051; 0.481) .001 0.217 (0.089; 0.529) .001
<0.40 13.050 (3.842; 44.329) <.001 8.504 (3.018; 23.962) <.001
T2 hyperintensity 7.583 (1.957; 29.387) .003 5.105 (1.737; 15.000) .003
FA MCL 0.280 (0.000; 320.502) .723 0.369 (0.001; 254.941) 765
<0.5975 4.603 (0.575; 36.861) .150 4.135 (0.543; 31.474) .170

(Continues)
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TABLE 4 (Continued)
Univariate logistic regression models Univariate Cox proportional hazard models
Parameter Odds ratio (95% Cl) p Hazard ratio (95% Cl) p
ADC MCL 8.197 (0.348; 193.260) 192 6.195 (0.369; 104.003) .205
>1.089 10.250 (1.296; 81.097) .027 9.038 (1.188; 68.753) .033
FA ratio 0.334(0.015; 7.428) 488 0.392(0.023; 6.715) 518
<1.0205 6.269 (0.788; 49.874) .083 5.657 (0.744; 43.030) .094
ADC ratio 2.555 (0.054; 119.886) .633 2.547 (0.077; 84.577) .601
>0.938 2.118(0.707; 6.341) .180 2.031 (0.736; 5.606) 171

ADC, apparent diffusion coefficient; ADC ratio, ADC at MCL level/C2/3 level; AP, anteroposterior spinal cord diameter; APo, anteroposterior cervical canal
diameter; CR, compression ratio; CSA, cross-sectional spinal cord area; DCM, degenerative cervical myelopathy; EMG, electromyography; FA, fractional
anisotropy, FA ratio, FA at MCL level/C2/3 level; LL, laterolateral spinal cord diameter; MCL, maximum compression level; MEP, motor-evoked potentials;
NMDCCC, nonmyelopathic degenerative cervical cord compression; SCC, spinal cord circumference; SEP, somatosensory-evoked potentials.

All continuous parameters were also coded as binary predictors on the basis of cut-off points defined in ROC analysis. Statistically significant predictive

powers are expressed in bold type (p < .05).

TABLE 5 Predictive power of parameters to distinguish between
NMDCC subjects who developed symptomatic DCM (n = 15) and
those that remained asymptomatic (n = 97): multivariate model based
on step-wise analysis of data

Multivariate-adjusted logistic
regression models

Parameter Odds ratio (95% Cl) p

Radiculopathy 5.208 (1.288; 21.057) .021
CR=<4.0 5.613(1.451; 21.708) .012
CSA (mm?) < 70.1 6.176 (1.608; 23.719) .008

CR, compression ratio; CSA, cross-sectional spinal cord area; EMG, electro-
myography; NMDCCC, nonmyelopathic degenerative cervical cord com-
pression. Significant independent predictors are expressed in bold type.

in comparison with CR or CSA, which represent more severe circular
compressions and are, on the contrary, more valuable in discrimina-
tion between nonmyelopathic compression and symptomatic DCM
(Kovalova et al., 2016). We, thus, believe that the use of subjective
evaluation of a change in the spinal cord contour or shape compared
to that of the neighboring segment and based on agreement of two
neuro-radiologist is a legitimate criterion for definition of MRI signs of
degenerative cervical cord compression in this study. Quantitative MRI
parameters—CR and CSA—proved that especially more severe com-
pressions increase the risk for development of symptomatic DCM and
established cut-offs might be used for stratification of a practical man-
agement of NMDCCC cases in addition to already known risk factors.
In NMDCCC cases with already detected MRI signs of cervical cord
compression, progression into symptomatic myelopathy is based on
clinical presentation. Symptoms, especially gait disturbance and loss
of sensation, are the most commonly identified presenting symptoms
(Kalsi-Ryan et al., 2013), and our findings are similar. Myelopathic signs,
although necessary for confirmation of myelopathic origin of otherwise
unspecific symptoms, such as gait disturbance, are usually a hallmark

of more advanced stage of myelopathy. Assessment tools to better

define and document impairment and function quantitatively will be
useful in identifying the actual clinical presentation and the impact on
independence for these individuals (Kalsi-Ryan et al., 2013). Quantified
walk and run are definitely among those assessment tools. Gait or run
impairment, however, can have quite a broad range of clinical presenta-
tions. We used quantified gait and run not for definition of symptomatic
DCM, but as another possible predictor for progression of the disease.
Prolonged gait or run proved to be able to discriminate/predict those
patients with higher risk of developing symptomatic myelopathy. Lower
statistical power of our study due to low number of outcome events in
relation to the high number of potential predictors might be the reason
why these functional tests, as well as some other predictors, did not
prove to be an independent predictors using multivariate analysis. They
are, however, promising and worthy further evaluation.

The degenerative compression is certainly a continuum with in-
creased severity of compression and concomitant dysfunction/im-
pairment of spinal cord. As it is not possible to differentiate reliably
between symptomatic and nonmyelopathic cervical cord compression
cases exclusively on clinical grounds, this limitation could lead to some
confusion in terminology. One might speculate whether patients with
MRI signs of cervical cord compression and abnormal conduction
across spinal cord tracts proved by SEPs or MEP, those with MRl intra-
medullar signal changes, or those with prolonged time on quantified
walk are really nonmyelopathic. Nevertheless, the current concept of
symptomatic DCM is based on the presence of clear clinical symptoms
and signs, and those “abnormal” or “subclinical” parameters increasing
the risk for development of symptomatic myelopathy might define a
subgroup of degenerative compressions that might be labeled as high-
risk NMDCCC or “presymptomatic myelopathy.”

In conclusion, previously and recently identified predictors of DCM
development in NMDCCC individuals could help the decision-making
process for preventive surgical decompression and, more importantly,
in defining a subgroup of NMDCCC individuals at higher risk of DCM,
among whom a randomized trial evaluating the benefit of such decom-

pression would be justifiable.
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ABSTRACT

BACKGROUND AND PURPOSE: Diffusion tensor imaging (DTI) has previously been used as a biomarker of myelopathy in
patients with degenerative cervical cord compression (DCCC). However, many factors may affect the diffusion properties of the
spinal cord. This prospective study seeks to identify sources of variability in spinal cord DTI parameters in both DCCC patients
and healthy subjects.

METHODS: The study group included 130 patients with DCCC confirmed by magnetic resonance imaging and 71 control subjects
without signs of DCCC. DTI data of the cervical spine were acquired in all subjects. Fractional anisotropy (FA) and apparent
diffusion coefficient (ADC) values were measured at different levels of the spinal cord (SCLs). Statistical data analysis was then
used to determine diffusion parameters in terms of age, sex, SCL, and spinal cord compression.

RESULTS: Significant variations in FA and ADC values emerged when several spinal cord levels were mutually compared in
the control group. FA values correlated significantly with age in the DCCC group and sex had a significant influence on ADC
values in both groups. The two diffusion parameters in the DCCC group differed significantly between patients with clinical
signs of mild-to-moderate myelopathy compared with asymptomatic patients, and correlated with measurements of spinal canal

morphology.
CONCLUSIONS:

Diffusion parameters of the cervical spinal cord were thus shown to respond significantly to spinal cord

compression, but were subject to interaction with several other factors including sex, age, and SCL. These findings may be
important to the interpretation of DTI measurements in individual patients.
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Introduction

Diffusion tensor imaging (DTI) has recently emerged as a sen-
sitive marker of structural abnormalities of the brain and spinal
cord, enabled by measurements of the scalar parameters that
characterize the diffusion properties of tissue.! The prospects
for its application to degenerative cervical myelopathy (DCM)
appear promising, since asymptomatic spinal cord compres-
sion is frequent,? and in some patients, it appears difficult to
link the clinical manifestation with the finding of cervical cord
compression. Thus, a reliable diagnostic tool capable of sensi-
tive detection and quantification of the spinal cord structural
abnormality is desirable.

Several authors have described significant changes in DTI
parameters in patients with degenerative cervical cord com-
pression (DCCC).>~> However, certain recent reports indicate
an apparent physiological variability in scalar diffusion param-
eters between cervical spinal cord levels (SCLs)%” and these
parameters may also correlate significantly with age.® It has
become relevant to investigate the extent to which DTI param-
eters may relate to such physiological variables and to establish

the real contribution of spinal cord compression in patients with
DCCC, because it may be important for evaluation of cervical
cord abnormalities by means of DTI analysis in patients sus-
pected of having DCM. The main purpose of this prospective
study is therefore to evaluate the influences of age, sex, level
within the spinal cord (SCL), and the presence of spinal cord
compression, together with clinically manifest myelopathy, on
the diffusion characteristics of the cervical spinal cord in a group
of patients with DCCC. Furthermore, analysis of DTI data in
a group of controls without signs of spinal cord compression
provides normative data and enables study of physiological
variability in diffusion parameters.

Materials and methods
Subjects

DCCC group

The group consisted of 130 prospectively examined patients
(77 men, 53 women, and mean age 62 years) with various
clinical signs of cervical spine degenerative disease (cervical
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Table 1. Demographic Features of the Study Subjects

N Mean Age SD Range

DCCC group Total 130 62.2 9.5 39-82
Male 77 63.3 8.9 39-82

Female 53 60.6 10.2 40-78

Control group Total 71 62.6 10.4 43-87
Male 31 62.4 12.0 43-87

Female 40 62.7 9.2 44-83

N=number of subjects; SD = standard deviation; DCCC = degenerative cervical
cord compression.

pain, radiculopathy, or myelopathy). Detailed demographic
data of the study group appear in Table 1. The inclusion crite-
rion was the finding of spinal cord compression arising out of
intervertebral disc herniation and/or osteophytes confirmed by
magnetic resonance imaging (MRI). Spinal cord compression
was defined as a change of spinal cord contour visible on axial
and sagittal MRI scans at the level of the intervertebral disc.
The MRI of every subject was evaluated by two radiologists
who agreed on the assessment of the compression in the ma-
jority of cases. In debatable cases, the final decision was based
on group discussion. Signs of DCM were sought by standard-
ized clinical examination in all subjects in the DCCC group
and 37 patients with symptoms and signs of DCM (20 men,
17 women, mean age 59 years) were identified, with decreased
modified Japanese Orthopaedic Association scale (mJOA)® of
<18 (mean score 15, SD 1.7, range 12-17)—the DCM subgroup.
The remaining 93 individuals (57 men, 36 women, mean age
63 years) formed the asymptomatic DCCC (ADCCC) sub-
group. Clinical signs of radiculopathy were observed in 4 pa-
tients (3 from the DCM subgroup and 1 from the ADCCC
subgroup). Patients with other confirmed or suspected neuro-
logical disease that might mimic DCM were not included in the
study.

Control group

The control group consisted of 71 subjects (31 men, 40 women,
mean age 63 years) without cervical spinal cord compression
and with no history of significant neurological disorder. They
were recruited from a prospectively examined cohort of volun-
teers, selecting only those who were free of MRI signs of DCCC
according to the criteria described above. For more information
about the demographic features of the subjects, see Table 1.
Informed consent was obtained from all patients and vol-
unteers and the study was approved by the institutional ethics

board.

MRI Examination and Image Analysis

All subjects enrolled into the study underwent MRI examina-
tion of the cervical spine ona 1.5 T MR device with a 16-channel
head and neck coil (Philips Achieva, Best, the Netherlands). The
standardized imaging protocol included conventional pulse se-
quences in sagittal (T1-weighted, T2-weighted, and short tau in-
version recovery (STIR) images) and axial planes (T2-weighted
gradient-echo) for the purpose of morphological evaluation and
a DTI sequence in the axial plane giving comprehensive cov-
erage of spinal cord segments C2/3-C6/7 (Figs 1 and 2). The
DTT scans were acquired with a slice thickness of 4 mm, with
the same geometry settings as those employed for the axial

T2 images. Single-shot echo planar imaging was used for the
DTI sequence (TR 3549 ms, TE 83 ms, flip angle 25°, in-plane
resolution 1.25 x 1.25 mm), applying 15 directions of diffusion-
sensitizing gradient with 900 s/mm? as the value of &-factor.

In the DCCC group, morphological parameters measured
on axial T2 scans included anteroposterior (AP) spinal canal di-
ameter, spinal cord cross-sectional area and compression ratio
(AP divided by laterolateral diameter of the spinal canal), using
Impax software (release 6.6.0.145, Agfa HealthCare, Mortsel,
Belgium). These measurements were taken at the level of maxi-
mum spinal cord compression (MCL), which was identified by
maximum reduction of AP spinal canal diameter in comparison
with other segments. In patients with multisegmental involve-
ment and a similar degree of spinal canal stenosis, the level with
the smallest spinal cord area was chosen.

A diffusion registration tool (Philips Medical Systems, Best,
the Netherlands) was employed to remove misalignments and
distortions arising out of head motion and eddy currents. Fib-
erTrak application, Extended MR WorkSpace (release 2.6.3.5,
Philips Medical Systems) was used for DTI data analysis. The
diffusion data were processed and fractional anisotropy (FA)
and apparent diffusion coefficient (ADC) values calculated.
Measurements were subjected to region-of-interest (ROI) anal-
ysis by placing the ROIs at the level of intervertebral disks
over the entire spinal cord area depicted on the axial images
of isotropic diffusion. Special care was taken to avoid the sur-
rounding cerebrospinal fluid and data contamination by suscep-
tible artifacts, by avoiding the borderline zone at the margins of
the spinal cord cross sections, and abnormal signal intensities
from susceptible artifacts at the spinal cord margins, if visible
on the isotropic diffusion images. Mean FA and ADC values
of the spinal cord cross sections were recorded at MCL in the
DCCC group and at all cervical levels (C2/3 to C6/7) in the
control group. Interobserver variability of FA and ADC val-
ues had already been tested in a previous study of ours, where
the same technique of DTI data analysis had been used; the
reproducibility of all parameters tested proved acceptable.?

Data Analysis

DCCC group. Subjects from the DCCC group were classified
into subgroups according to level of maximum spinal cord com-
pression. Comparisons were made up of FA values between
different SCLs, and the same done for ADC. The statistical sig-
nificance of differences in paired measurements between SCLs
was assessed by repeated application of the ANOVA model.
ADC and FA values were compared between subgroups de-
fined by sex, presence, or absence of T2 hyperintensity and
clinical manifestation of myelopathy using the #test for inde-
pendent samples. Both diffusion parameters were correlated
with age and morphological measurement by means of Pear-
son correlation coefficient. ADC and FA values at individual
SCLs were also mutually compared between the control group
and DCCC group using Mann-Whitney U test.

The repeated-measures ANOVA model was applied to iden-
tify and quantify sources of interindividual variability in ADC
and FA values; particular factors (age, sex, SCL, morpholog-
ical parameters, presence of myelopathy, and spinal cord T2
hyperintensity) were assessed using the relative sum of squares
related to the total experimental sum of the square.
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Fig 1. Conventional and DTI MR examination of a patient with multisegmental narrowing of the spinal canal. (A) T2-weighted image in sagittal
plane. (B) T2-weighted image in axial plane at C4/5 level depicting spinal cord impingement by intervertebral disk herniation; an example of
spinal cord area measurement is also shown. (C) Isotropic diffusion-weighted image at the same level calculated from multidirectional diffusion
data in FiberTrak application, diffusion parameters measured within the region-of-interest placed over the spinal cord cross section.

Control group. ADC and FA values were compared between
different SCLs using the repeated measures ANOVA model
and the Tukey HSD post hoc test. Both diffusion parameters
were compared between males and females using the #test for
independent samples and correlated with age by means of Pear-
son correlation coefficient.

The repeated-measures ANOV A model was applied to iden-
tify and quantify sources of interindividual variability in ADC
and FA values; age, sex, SCL, and their mutual interactions
were evaluated using the relative sum of squares related to the
total experimental sum of the square.

Finally, post hoc analysis was performed to disclose potential
relations between spinal cord area, sex, and ADC values. Thus,
the spinal cord area was compared between males and females
at individual SCLs using Mann-Whitney U test and the inter-
actions of spinal cord area and sex with ADC values were ad-
dressed by univariate and multivariate linear regression models.

The statistical analyses were performed with SPSS 22 (IBM
Corporation, Armonk, New York, United States 2014) and Sta-
tistica 12 (Statsoft Inc., Tulsa, OK, USA 2014)

Results
Control Group

A summary of morphological parameters measured at different
SCLs appears in Table 2. Significant differences of FA and ADC

values were found between SCLs, with a decrease of FA val-
ues from C2/3 level to C6/7 level. The ADC values decreased
from level C2/3 to C5/6, while at C6/7, they were compara-
tively higher. ADC values differed significantly between men
and women in most of the SCLs (except C2/3 level), with higher
values in women (Table 3); the FA values were not significantly
different (data not shown). Neither ADC nor FA values corre-
lated significantly with age.

The interindividual variability in ANOVA analysis was rel-
atively high and only partially explained by the factors investi-
gated. The most important predictor was SCL, which emerged
as by far the strongest source of variability of FA values, less
conspicuously of ADC values. Sex contributed significantly to
ADC values (Table 4).

The spinal cord area was significantly lower in women com-
pared to men at most SCLs (Table 5). Sex of subject emerged
as a significant predictor of ADC values independent of spinal
cord area according to multivariate regression analysis at SCLs
C4/5, C6/7, and C6/7 (Table 6). Significant interactions be-
tween sex and ADC also appeared in the univariate regression
model at the above-mentioned SCLs; however, interactions
with spinal cord area were not significant (data not shown).
Both spinal cord area and sex significantly predicted ADC val-
ues at C3/4 level according to the univariate regression model
(P=.033 and .018, respectively), but these interactions in the
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Fig 2. Example of MR examination of a cervical spine in a subject without spinal cord compression and in a patient with present spinal
cord compression. (A)-(F) Subject without spinal cord compression. (G)-(L) Patient with present spinal cord compression. (A,G) T2-weighted
images in sagittal plane. (B)-(F) and (H)-(L) T2-weighted gradient echo images in axial plane at spinal cord levels C2/3 to C6/7, respectively.
Mild disk protrusions can be seen in a control subject at the levels C5/6 and C6/7 without any signs of cord compression. Conversely, severe
degenerative changes are present in a patient with flat spinal cord compression at the level of maximal spinal canal stenosis C4/5 (J).

multivariate model were not significant. No significant inter-
actions between spinal cord area, sex, and ADC values were
found at C2/3 level.

DCCC Group

Maximum spinal cord compression appeared most often at
C5/6 level (67 subjects, 51.5%). Maximum spinal cord com-
pression did not occur at C2/3 level in any of the subjects.
Mean AP spinal canal diameter measured for all patients with
spinal cord compression at all MCLs was 8 mm (SD 1.7 mm),
spinal cord area 74 mm? (SD 14.3 mm?), and compression ratio
.45 (SD .081). The morphological measurements at individual
SCLs appear in Table 2.

Analysis of DTI parameters revealed a statistically signifi-
cant decrease in FA values and an increase in ADC values in
the DCM subgroup compared with the ADCCC subgroup. Sig-
nificant differences were also found in comparison of FA and
ADC values in the subgroup of patients with T2 hyperintensity
(mean values .45 and 1.33, respectively) compared with those
with normal spinal cord T2 signal (.54 and 1.15, respectively).
FA values correlated significantly with age according to analy-
sis of continuous predictors (r = —.227, P=.009). ADC values
were significantly lower in men compared to women, although
differences in FA values were not significant here. Details of
DTT parameters and comparisons between selected subgroups
appear in Tables 7A and 7B.

Table 2. Morphological Measurements of the Spinal Canal and Spinal
Cord in Control Group and DCCC Group

Group SCL N AP (mm) CR CSA (mm?)

Control group  C2/3 71  13.1(1.4) .67(07) 85.4(9.1)
C3/4 71 123(12)  .59(06) 885 (9.1)
C4/5 71  11.8(1.8) .54 (.05)  90.1 (9.4)
C5/6 71 11.6(15)  .54(05)  87.3(10.1)
c6/7 71 122(2.1)  .59(.07)  83.0(12.3)

DCCCgroup  C3/4 16  83(13) .46(08)  73.3(11.9)
C4/5 35 8.4(2.0) .43(.09) 75.8(15.2)
C5/6 67  83(L8) .44 (08) 747 (15.0)
C6/7 12 8.5 (.7) .5 (.04) 70.1 (9.7)

The values of measurements are given as mean and standard deviation. SCL =
spinal cord level; N = number of subjects; AP = anteroposterior diameter of the
spinal canal; CR = compression ratio; CSA = cross-sectional area of the spinal
cord; DCCC = degenerative cervical cord compression.

When all MCLs were analyzed altogether, significant posi-
tive correlations of FA values were found in all the morpholog-
ical parameters measured (AP canal diameter, spinal cord area,
and compression ratio). Such correlations were also found sepa-
rately at C3/4 level and FA correlated positively with AP canal
diameter at C4/5 level. For ADC values, there was a significant
negative correlation with AP canal diameter and spinal cord
area in overall analysis of all MCLs. Analysis at individual SCLs
revealed significant negative correlations of ADC values with
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Table 3.

FA and ADC According to Age, Sex, and Spinal Cord Level in Control Group

Group' N FA C2/3 FA C3/4 FA C4/5 FA C5/6 FA C6/7 P?
Total 71 0.58 0.59 0.56 0.54 0.51 <.001
(.57; .60) (.57; .60) (.55; 57)P (.53; .56)P (.50; .53)c
Group' N ADC C2/3 ADC C3/4 ADC C4/5 ADC C5/6 ADC C6/7 P?
Total 71 1.29 1.24 1.23 1.17 1.24
(1.25; 1.33)2 (1.21; 1.28)%b (1.20; .26)° (1.13; 1.21)° (1.19; 1.29) <.001
female 40 1.31 1.28 1.28 1.21 1.3
(1.25; 1.36)* (1.23; 33)2b (1.24; .32)2b (1.16; 1.27)P (1.23; 1.36)% 0.035
Sex 31 1.27 1.19 1.17 1.1 1.17
male (1.20; 1.34)2 (1.15; 1.24)2b (1.13; 1.21)be (1.05; 1.15)¢ (1.11; 1.23)be <.001
pe 0.44 0.018 <.001 0.005 0.011

Mean and 95% confidence interval. N = number of subjects; FA = fractional anisotropy; ADC = apparent diffusion coefficient; P = statistical significance. 2Repeated

measures ANOVA. 3#test for two independent samples. > ¢4

mutually significantly different (tested by Tukey HSD post hoc test; P < .05).

Table 4. Sources of FA and ADC Variability in the Control Group

Model FA Explained ADC Explained
parameters? variance (%) P variance (%) P
Sex .03%  .796 6.21% .004
Age 07% 712 14% .646
Sex x Age .00% .960 .65% .332
SCL 17.03% <.001 5.06%  <.001
SCL x Sex 81%  .321 .53% 457
SCL x Age 1.26%  .124 .99% 153
SCL x Sex x Age 75% 367 1.84% 015
Interindividual variability (error) 80.05% 84.58%

“Based on repeated measures ANOVA. SCL = spinal cord level; FA = fractional
anisotropy; ADC = apparent diffusion coefficient; P = statistical significance.

spinal cord area at C3/4 and C4/5 levels. No significant cor-
relations of morphological parameters with either FA or ADC
values were found at C5/6 and C6/7 levels.

There were no significant differences in ADC and FA be-
tween MCLs (Tables 7A and 7B), but SCL explained some
of the variability of ADC in ANOVA analysis. Other signifi-
cant predictors were sex and T2 hyperintensity for ADC values
and age, T2 hyperintensity, and AP spinal canal diameter for
FA values (Table 8). The presence of clinical manifestation of
myelopathy had a borderline significant influence on both FA
and ADC values.

Comparison of the diffusion parameters between the DCCC
group and the control group revealed significant decreases of
FA values at C3/4 and C5/6 levels in the DCCC group com-
pared with the control group (P = .004 and .030, respectively).
At C4/5 level, the ADC values were significantly lower in the
DCCC group compared to the control group (P = .041). No
significant differences in diffusion parameters were found at

C6/7 level.

Discussion
This study systematically analyzes the influence of several fac-
tors (age, sex, and segmental level) upon DTI parameters (ADC
and FA values) of the cervical cord in patients with asymp-
tomatic and symptomatic DCCC and a control group.

A number of studies have investigated the influence of age on
cervical spinal cord diffusion parameters; their findings have,
however, been somewhat variable. Mamata et al'’ report a
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mark statistical significance of differences within rows—categories marked with the same letter are not

Table 5. Comparison of Cross-Sectional Area of the Spinal Cord Val-
ues between Men and Women in Control Group

Spinal Men (N = 31) Women (N = 40)

Cord Level CSA Mean + SD (mm?)  CSA Mean + SD (mm?) P
C2/3 88.7 £ 8.6 82.9 £+ 8.7 .015
C3/4 92.1 £ 8.8 85.7 £ 84 .009
C4/5 942 +£ 9.3 86.9 + 8.2 .002
C5/6 90.9 £ 10.5 84.5 £ 9.0 .007
Co6/7 86.1 £ 12.5 80.5 £ 11.7 .083

Statistical significance (P) was tested by Mann-Whitney U test. CSA = cross-
sectional area of the spinal cord.

significant positive correlation of ADC values and a negative
correlation of FA with age, both measured at only the upper
spinal cord in groups of patients with cervical spondylosis. A
recent study by Wang et al® reported significant age-dependent
changes in both ADC and FA values in a group of healthy
volunteers by measuring those parameters selectively in spinal
cord gray matter and in various white-matter funiculi. A further
study found significant age-dependent FA and mean diffusivity
(MD) changes using novel automatic segmentation methods.!!
Agosta et al'> performed a study analyzing a comparatively
large group of 96 healthy subjects, and reported a significant
decrease of cervical cord mean FA associated with age, but
nothing similar for MD values. Brandner et al,'® in a recent
study, found no correlation between DTI metrics and age.
This study reveals no significant relation between diffusion
parameters and age in the control group. Contrasting and
variable results elsewhere may be explained in part by
differences in modes of measurement and approaches to data
analysis employed in particular studies, eg, ROI analysis versus
tractography-based segmentation!! or histogram analysis.'?
Further, this study did not include subjects younger than
43 years. Thus, the findings herein do not actually contest
a general dependency of spinal cord DTI parameters on
age; however, it does appear that the a priori age-related
modification of DTI parameters is not substantial in individuals
between approximately 40 and 80 years of age. On the other
hand, age was identified as the most important predictor of
FA values in the DCCC group. As it may be assumed that the
period of spinal cord compression is longer in elderly pa-
tients, we may hypothesize that the duration of spinal cord

153



Table 6. Prediction of ADC Values by Multivariate Linear Regression Model in Control Group

scL B (95% Cl) P R

C2/3 Constant 1.427 (.953; 1.902)
Spinal cord area (mm?) —.002 (—.007; .004) 508 1.5%
Women .025 (—.071;.121) .606

C3/4 Constant 1.470 (1.084; 1.856)
Spinal cord area (mm?) —.003 (—.007; .001) 153 10.6%
Women .067 (—.008; .143) 079

C4/5 Constant 1.223 (.905; 1.540)
Spinal cord area (mm?) —.001 (-.004; .003) 739 17.2%
Women 104 (042; .167) 001

C5/6 Constant 1.244 (.867; 1.622)
Spinal cord area (mm?) —.002 (—.006; .003) 447 11.4%
Women 103 (.020; .187) 016

Co6/7 Constant 1.231 (.873; 1.590)
Spinal cord area (mm?) —.001 (—.005; .003) 726 9.2%
Women 123 (.023; .223) 017

B (95% CI) = regression coefficient and 95% confidence interval; P = statistical significance; B> = coefficient of determination; SCL =

apparent diffusion coefficient.

Table 7A. FA at Maximum Compression Level According to Level of

spinal cord level; ADC =

Compression and Presence of Clinically Manifest Myelopathy in the DCCC

Group
Group' FA Total FA C3/4 FA C4/5 FA C5/6 FA C6/7 P
Total N=130;.52 N=16;.52 N=35;.54 N=67;.52 N=12; 49 0.18
(51;.53) (.48; .56) (52; .57) (.50; .54) (.44; .53)
Myelopathy
no N=93; .54 N=12; 54 N=27; .56 N=45; .53 N=09; .50 0.15
(.52;.55) (.50; .58) (.53;.59) (.51;.55) (.46; .55)
yes N=37; 48 N=4; 47 N=38; .48 N=122;.50 N=3; .44 0.627
(465 .51) (.38;.56) (445 .52) (465 .53) (.32;.55)
P <.001 0.109 0.009 0.087 0.227

DCCC = degenerative cervical cord compression.ISample size;mean supplemented by 95% confidence interval. FA = fractional anisotropy; ADC = apparent diffusion

coefficient; P = statistical significance. 2ANOVA. ®Independent samples #test.

Table 7B. ADC at Maximum Compression Level According to Level of Compression, Sex, and Presence of Clinically Manifest Myelopathy in

the DCCC Group
Group! ADC total ADC C3/4 ADC C4/5 ADC C5/6 ADC C6/7 P2
Total N=130;1.18 N=16;127 N=235;1.17 N=67;1.16 N=12;1.18 0.217
(1.145 1.21) (1.18; 1.36) (1.11; 1.22) (1.11; 1.21) (1.06; 1.30)
Sex
female N=53;1.24 N=2;143 N=10;1.24 N=35;122 N=6;1.27 0.255
(1.19; 1.28) (1.15; 1.70) (1.16; 1.33) (1.17; 1.27) (1.14; 1.40)
male N=177;1.14 N=14;1.25 N=25;1.14 N=32;1.10 N=6;1.09 0.129
(1.09; 1.18) (1.15; 1.34) (1.07; 1.20) (1.02; 1.17) (91; 1.27)
p3 0.003 0.215 0.046 0.011 0.143
Myelopathy
no N=093;1.14 N=12;1.23 N=27;1.14 N=45;1.12 N=09;1.13 0.291
(1.105 1.17) (1.13; 1.32) (1.08; 1.19) (1.07; 1.17) (1.00; 1.27)
yes N=37;127 N=4; 1.40 N=8;1.26 N=22;1.24 N=3;1.33 0.531
(1.21; 1.34) (1.19; 1.60) (1.14; 1.39) (1.15; 1.33) (1.16; 1.50)
p3 <.001 0.118 0.06 0.013 0.162

DCCC = degenerative cervical cord compression.ISample size;mean supplemented by 95% confidence interval. FA = fractional anisotropy; ADC = apparent diffusion

coefficient; P = statistical significance. 2ANOVA. 3Independent samples ttest.

compression could be a more important determinant of FA
values than the age of the subjects themselves. However, in
the light of the assumption that at least a substantial proportion
of compressions remain asymptomatic at onset, it was not
possible to establish retrospectively the duration of spinal cord
compression in our study group. Further data provided by
long-term prospective studies would be required to quantify
the matter accurately.

The influence of sex on DTI parameters may be assumed to
parallel DTT studies of the brain; some authors indicate signifi-
cant differences in FA values between men and women within
certain areas of brain white matter.!*!> Nevertheless, Takao
et al'® suggest that the differences in FA may be partly re-
lated to the fact that total brain volume is different in men and
women. There are only few reports of sex-related changes in
DTI parameters of the cervical spinal cord, and no significant
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Table 8. Sources of FA and ADC Variability in DCCC Group

FA Explained ADC Explained

Model Parameters' Variance (%) P Variance (%) P
SCL 4.23% .082 5.66% .039
Sex 1.42% 131 10.63% <.001
Age 9.62% <.001 .24% .548
Myelopathy 2.09% .068 2.08% 078
T2 hyperintensity 5.07% .005 3.13% .031
Channel diameter 3.35% .021 .01% 920
Spinal cord area .24% 532 11% .687
Compression ratio .66% 301 .00% 959
Error 73.31% 78.15%

DCCC = degenerative cervical cord compression. Based on ANOVA model.
SCL = spinal cord level; FA = fractional anisotropy; ADC = apparent diffusion
coefficient; P = statistical significance.

correlations have emerged.'®!® This study, with a compara-
tively large population of healthy volunteers, demonstrated no
differences in FA values between males and females, but such
differences in ADC values were significant in both the DCCC
group and in the control group. The association of these dif-
ferences with spinal cord volume may raise questions similar
to those generated by Takao’s brain study.!® Papinutto et al'’
reported sex-related differences in the total cross-sectional and
gray matter area at upper cervical level, while this study found
lower values of total cord area at most SCLs in women com-
pared to men. However, sex was identified as a significant pre-
dictor of ADC values at C4/5-C6/7 SCLs independent of spinal
cord area, the influence of which upon ADC values was not sig-
nificant here. Although the measurement of cross-sectional area
is not equivalent to volumometry of the spinal cord calculated
from isotropic data, a relation between spinal cord volume and
diffusivity appears improbable. Interestingly, the independent
influence of sex on ADC values was observed below C4/5 level,
which corresponds approximately with the location of the cer-
vical enlargement that is characterized by a greater amount of
gray matter.!® The sex-related changes of ADC may therefore
arise largely out of differences in gray-matter diffusivity. Fur-
ther studies using separate gray and white matter segmentations
based on DTI data with higher image resolution may provide
important data to support such a hypothesis.

Brain structural sex dimorphisms have been linked to hor-
monal differences between the sexes. Herting et al'® reported
differences in FA and MD in various regions of the brain white
matter and demonstrated significant correlations between dif-
fusion parameters and sex hormones. Menzies et al® found a
significant decrease in MD values (not FA values) of the brain
white matter in adolescent boys correlating with salivary testos-
terone levels. Although these conclusions may not easily be
applied to the entire central nervous system, it can be assumed
that sex hormones have a certain influence on spinal cord dif-
fusivity. Our findings of significant differences in ADC without
changes of FA suggest changes in the directionally independent
magnitude of diffusion within the spinal cord tissue. This may
be related, in part, to differences in the extracellular water con-
tent or in overall tissue density, quite apart from differences in
directional structure; further studies are necessary to explain
these findings in relation to the spinal cord microstructure. To
the best of our knowledge, this is the first study to report sex-

related differences in diffusion parameters measured within the
cervical spinal cord.

The findings of this study indicate that in the group of sub-
jects without spinal cord compression, DTI parameters depend
strongly on the level at which measurements are taken. Pre-
viously published data on this topic are not consistent; Song
et al,’ in agreement with our findings, found differences in FA
values between cranial and caudal spinal cord segments, but ob-
served no differences in ADC values. Their group of volunteers
was comparatively small. Brandner et al'?
FA and increase in ADC in a craniocaudal direction from C2
to C7, results similar to those that appear here. Conversely,
other authors have reported no significant differences in DTI
parameters in a group of healthy controls.?! The variation in
diffusion properties between levels of the spinal cord may be
related to differences in the anatomical structure of the cervi-
cal spine. Wheeler-Kingshott et al'® suggested that a decline in
FA values in the lower SCL may be due to the brachial plexus
nerve roots entering and leaving the lower cervical spinal cord,
something that leads to a degree of disruption of the directional
coherence of the fibers at voxel scales. Another reason may
lie in the relatively higher volume of spinal cord gray matter
within the ROIs at segments of cervical enlargement,'® since it

is established that diffusion parameters within gray matter are
8,16

report a decrease in

different from those measured in white matter.

Technical considerations and variable image quality of the
diffusion data may also be responsible for SCL-dependent dif-
ferences. Vedentam et al'®
the signal-to-noise ratio (SNR) in the lower spinal cord seg-
ments (C4-Th1) compared with the upper segments (C1-3). It is
known that low SNR may lead to overestimation of FA values
at b-factors approaching 1,000 s/mm>?** so signal quality may
influence DTI metrics. Although this alone does not explain
the decrease of FA in a craniocaudal direction, some influence
of SNR variation on measurements is possible. Further experi-
mental studies, using multiple acquisitions with different acqui-
sition settings and SNR, would be required to evaluate reliably
the influence of SNR, and other technical aspects, on diffusion
measurements.

Spinal cord compression in patients with cervical spondylo-
sis is important to any determination of DTI parameters. This
study disclosed significant differences in both FA and ADC
values between patients with clinical findings of symptomatic

myelopathy compared with ADCCC patients. These findings
6,24

have demonstrated a decrease in

are in agreement with existing reports
viously published data.® Some authors stress the role of DTI as
a more sensitive biomarker of myelopathy than conventional
T2-weighted images.*?® From this perspective, it is not sur-
prising that the finding of spinal cord T2 hyperintensity had a
significant influence on both FA and ADC values.

According to the findings herein, the reactivity of diffusion
parameters to spinal cord compression is greater at the upper
cervical levels (C3/4 and C4/5), as FA and ADC values mea-
sured at these segments correlated well with the degree of spinal
canal stenosis, in contrast to segments C5/6 and C6/7. The ex-
planation for this phenomenon is not straightforward, although
it may be related to the above-described level-dependent dif-
ferences in anatomical structure of the spinal cord or technical
aspects, mainly differences in SNR. Nevertheless, sensitivity
of DTI to clinically manifest myelopathy is preserved even
at lower cervical segments, where this study found significant

and with our own pre-
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changes of ADC values measured at C5/6 level. On the other
hand, the general influence of myelopathy findings (mostly
mild-to-moderate represented in this study group) on the diffu-
sion parameters was comparatively low among other variables
considering the influence of the particular factors investigated
through variability of ADC and FA values. Thus, the potential
of DTT to discriminate myelopathy at the early stage seems to
be reduced by the influence of physiological or technical factors
that contribute to variability of diffusion parameters.

Variations in diffusion parameters between SCLs were not
significant in the DCCC group. This is probably due to the
modification of the values measured near the spinal cord com-
pression itself, and also to the varying reactivity of parameters
measured at different SCLs.

Direct comparison of the two diffusion parameters between
the DCCC group and the control group revealed significant
differences in either ADC or FA values at several SCLs. These
results are not fully consistent with the aforementioned cor-
relation analyses of diffusion and morphological parameters
within the individual groups. At C4/5 level, there was a mild
but statistically significant decrease in ADC values in the DCCC
group compared to the control group, which contrasts with the
finding of increasing ADC values in correlation with the re-
duction of spinal cord area. It can be surmised that a certain
degree of spinal cord compression may generally lead to mild
decrease of ADC values by reduction of the extracellular com-
partment and increase in relative cellularity. Increasing com-
pression of the spinal cord documented by the reduction of the
spinal cord area, which would cause structural damage to the
spinal cord tissue, may then be reflected in an increase of ADC
values.

A limitation of this study may lie in the selection of the
scalar parameters available for the quantification of diffusion
within ROIs in FiberTrak software, which is limited to ADC
and FA. There are other scalar parameters, eg, axial diffusivity
(AD) and radial diffusivity (RD), which may be used in the
investigation of diffusivity characteristics. All these parameters
may be calculated from the eigenvectors that represent the
magnitude of the three main axes of the ellipsoid characterizing
diffusion anisotropy.?® Some studies use MD instead of ADC
for the quantification of total diffusivity; however, both of these
parameters represent measures of total direction-independent
diffusivity.**

ADC and FA are the most commonly employed parameters
in studies using DTI in CSM research.?* This study therefore
centered around them, with consequent effects upon the extent
of the study and its main objective, which was to discriminate
those factors that might have some general influence upon the
diffusivity of the spinal cord in terms of DCCC. More specific
analysis of other parameters may provide additional informa-
tion, as it is known that AD and RD may be helpful in differ-
entiation between axonal injury and demyelination.”” AD, RD,
and particular eigenvalues of the ellipsoid have been evaluated
by only a few studies of patients with CSM.>?** Changes in
their values were more or less followed by changes in ADC
or FA values. Rajasekaran et al’ have recorded a significant
increase of all three eigenvalues in a myelopathy group com-
pared to healthy volunteers, together with an increase in ADC
and a decrease in FA. Other authors report increases in AD,
RD, and FA in CSM patients, but they point out that regional
differences between spinal cord tracts exist; while AD and RD

changed in similar fashion in all spinal columns, a decrease in
FA was more pronounced in the lateral and dorsal columns.?%%
Rajasekaran etal® considered the FA pattern of the myelopathic
cord more compatible with histopathological features appear-
ing in previously published studies than AD and RD. Thus, the
evaluation of AD and RD in terms of CSM currently seems to
play comparatively minor role.

It should be noted that the analyses indicating level-specific
results in the DCCC group may have been influenced by the
different numbers of subjects in the subgroups, which were
classified according to MCL, thus modifying the power of the
statistical analyses. Another possible source of bias may lie in
the selection of MCL. Li et al** correlated DTI measurements
with detailed neurological examination in patients with mul-
tilevel DCM and found the capacity of DTI to identify the
level of spinal cord pathology higher than that of conventional
morphological measurements. As dynamic factors may play an
important role in this matter,*! it may be assumed that diffusiv-
ity changes might correlate better with clinical presentation at
other SCLs than at MCL identified at rest position if the spinal
cord is compressed and damaged, eg, by a shear mechanism
at these levels more markedly than at MCL. Thus, further in-
vestigation combining DTI with dynamic studies may prove
productive.

To conclude, DTI is a valuable tool for the evaluation of
structural abnormalities of the cervical spinal cord caused by
the degenerative compression, correlating with clinical manifes-
tation of myelopathy and with degree of spinal canal stenosis.
However, it appears that the diffusion properties of the cervi-
cal spinal cord are dictated by the interaction of several other
factors beyond the cord compression itself, mainly sex of the
patient and segmental level of measurement. These may not
have a substantial effect on the results of various group studies,
if males and females and various stenotic levels are represented
proportionally throughout the study groups, but may be highly
important for evaluation of the diffusion parameters in individ-
ual patients with DCCC in clinical settings. Such interpretations
require robust, normative data reflecting the aforementioned
variables.
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