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Modern2 trendy v personalizovan® radioterap
Modern trends in personalized radiotherapy of brain metastases

Abstrakt:

| mpl ementace modern2ch <c2lenlch | ®k T a i m
ng§dorovich onemocnin? ve sv®m dTsledku Kkr
kn&r Tstu incidence mozkov] ohezenpedataBzi nheje

vi astnost mi cent r §ljednak limiy masotvr@a ndlo upsS eadviy®| & n @

vkonel n® f8zi jeho onkol ogick®ho onemocniDn?
Vt ®t o habilitaln?2 pr 8ci je diskutovs8na pr
epidemiologie, symptomatologie a dimgg t i ky . Nejv2ce prostoru |
ionizuj2c2ho z8Sen?2, radi oterapie, jakogto

se u vgegledgpgrcii it To | ®| mu psymptye mastei cnkeodui §
pSegit?2 navzdory vgemkobeghntpeGSppad®diihiozko
metast 8z ud8vampP32o0adB| egpopl egedeéh dojpd k| ade

dTraz na kvalitu ¢givotakogt menoaokagmms8trinn 2
klinicklTch studi?2.
Soul asn® portfolio radi oterapeutickTIch t ¢

mozkovl ch zamwedeaxgtl 8mnou stereotaktickou rad.i

radi oterapii, aejemozmod®f opk§8enthi pokampus
i ntegrovanl boost na obl ast makrometast 8§z
metastazektomiiDi skut ov&ny jsou pSedevg2m viivy |j
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pacienta snognost 2 pSesnhjg2ho zv8§gen? pomBiDr u

al goritmT.

Lze uzasB8ul aspg® d@eBR pjaiddd meamk cewmitnfi smet ast §:
podS2ve oblas v2danlT nihilismus a ¢ge indiyv
viraznl bep8fitpadnhNjpkezantzdwaddr®@ | kh®z UiSssttiik yt ¢
pr8ce.



Abstract:

The implementation of modern targeted therapy amdhunotherapy in the treatment
algorithms of most cancers, in addition to prolonged overall survival, leads to an increase in
the incidence of brain metastases. Their treatment is generally limited both by the inherent
properties of the central nervous ®m and by the limitations of the highly pretreated
patiensin the end stage of their disease.

In this habilitation thesis the question of brain metastases including their epidemiology,
symptomatology and diagnosis is discussed. Most of the text is tbousenizing radiation
treatment, radiotherapy, as the most commonly indicated conservative treatment. As treatment
is a priori with symptomatic intent in all patients and because median overall survival
continues to be reported in months rather thansyegaspite of all the general advances in
cancer therapy, there has been an increasing emphasis on quality of life and neurocognitive
function agheprimary objectives of current clinical trials.

Up-to-date portfolio of radiotherapy techniques for induatized radiotherapy of brain
metastases includes targeted stereotactic radiosurgery and fractionated radiothieoépy,

brain radiotherapyand its modifications (hippocampuwsroiding techniques, simultaneous
integrated boost to macrometast)s or radicherapy oftumor bed after metastasectomy.
Especially the effects of the above mentioned radiadjgoroache®sn the risk of iatrogenic
alterationin neurocognitive functions and quality of life are discussed. We analyze in more
detail the results of oustudy prospectively assessing changes in hippocampus wftele

brain radiotherapy utilizingin innovative approachf MR spectroscopy. Current prognostic
indices are also discussed separately, allowing a valid estimate of the patient's prognosis with
the possibility of more precise risk / benefit assessment of individual treatment algorithm.

It can be concluded that at present there is no longer a place for previously seen nihilism in
patients with brain metastases and that individualized treatment ognsignificant benefits

to patients, as in the case report presented in the final part of this habilitation thesis.
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Sekund8r n? mozkov® n8§dory (mozkov® met ast
z nejrTznNDjg2ch prim8rn2ch n8dor T, kdy mezi
prsu, l edvin al)maledgm® smeeltaemdyn o velice he

jejichg terapeutick® mognosti jsou d8ny t ak

Proga- pacmenk @v Ismi met astsad dismp@e hy meee
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videg&l n2m pS2padh zlepgen?, k v(BICF) @)yTepjve v 0t a
v posledn2chdilsptogdlti j vds| &dky randomi zovar
designpowam®zkn2 vlivu jednotlivlich | ® ebnl
pri m8rn2ho cBMe tNDchto studi?

Tato habilin&@dwem pANcdcher 2 trendy v per
mozkovTi ch me t a s8tn8dz dir mpo @ kpmaoodowvan®ho sou
zablTvaj2c2dhwismée jadnoterapé® bOkimuizkbet€hhi
sdTrazem na toxicitu veNCFsamylsV ail iitayt r@igeomna
Prezentovmpou® DpoygeSedevg2m r oupiat bigp ok pomp uz ml
radioterapiiv oblasticert r 81 n2 ho nerO@Nv ®ho syst ®mu (

Habilital n? pr8ce je rozdNRDlena do kapito
a | ® bou mozkovich metast§z. Podstatn8 | 8s
“ulinkTm. VIastskXkupBobm@®wmay ilce jsou vkl §ds§n
kapitol.

Ve snaze o0 r oz gtehbtedr2ltag xamf &§63sk® o@lBabiplsiama]
pr § (lid/2019), p Sedev g2 m jloebgeictndl shrnuj 2 di agnos

syst@mowmdpTrnou, symptomatickou a samozSej]
met aptS&adpokl|l §dg&me dal g2 vyugit2 | 8sti tex
j menovangeij @BBasalgerdin®a ut or s k ® akéreidtikyre dmoIviek @w &n
vroce 2019 event. 2020v| elskh odbornTch | asopisech zab

a neuroonkologickou problematikpu



2.Epi demi ol ogi e mozkovich metast
Mozkov® metast 8§zy j sou nejlastBhDjg2zm n 8

desetiDN&y@lgr denc?2 v porovn8&§n2 sSpai gmBr mé pni |
studie popisuj? i ncidenci ant & HOMDOcdbyvatele t a s t
ni cm®nN odhaduj e se, ge skute&lms&yt nenod&nmw
met ast 8z pvuda evtnd rc2tcohtmindpih2earh viyylg2 a met ast §;
nNDkol i ka des?2tek procent vgeclkps). piAtkvy agll ol
epi demi ol ogi c kli§pozidiaQlhadujeseej,s ogue kk r ozvoj i mo z
doch8z2 %agaai 8t T se (13%6) dbz eni dfdodkd Sl ap Se o
incidence budezhledem kv Nt g2 dostupnosti magnet keH®ir e
rozgi Suj2c?2m se indikac?2m modern?2 ,syyste®@mawn
onkologig@ nad 8l e . VejiTch avaaegk2 v@8mécnN del g2mu <cel k
pacientT s extrakrani 8l n2 mi met ast §zami , |

dooblasti CNS. Jednz2mo gl ¢ h mechani smT ] e obecni

hemat oencefalickou bari ®rlom mimbg&kmé¢ 2 &8t Sezvse
vihodu. PS2kladem jsou monokl| on§&l n,2akoger ot i |
trastuzumab, | gG1 humani zovaenx8t rmced kil gm@PR
receptoru | idsk®ho epi der npgdung2hvoarapi FER20 v ® h ¢
pozitivn2chMnmohdoralutprrsfu.dokumentoval o brzy
trastuzumabu n 8r T st i ncidence mpokowihn8msdt meti @ &1
kohortami(7).

Pokud budou potvrzewnyr e@Sieadrp? kinddiadm®a s o
onemochkBAm&garie smrtelnlich onemocnhn? do |
viraznhD stoupat pr ev alPadeotiesncomkkov Torgii crpdktcas tp§
mohout v ovSiztnamnou | &tedt mipaseé emn Ko |raSgnocvi® rsuettiknanj2:

cog podtrhuje viznam t®to probl ematiky

Nej |l astDjg2zm pri m8rn2m ng§dorovim onemoc
bronchogenfgagka0ci% oongech p amoizeknotvll mri e freert cavsat
Zt ohotodud v nhRNkdy zvagovs&na promgl akanBk®ETl |
i nemal obunhNl nTmi n&8dory kapitole® Sp ejkatkr uj ep r d §ni§
di agn- z povpisevad@BeAedsel ekt ovad’8 p&oihent R
smozkovTl mi met ast 8§z ami | @eteehr2@11 2014 (8)n a /dIrh g P N &
paci entn]8 dooy |y220883 i4&5%| n8sl| edov 8§ nkarcinnraemipesun t k ar
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(81/473; 17,1%) a pacienty snal i gn2 m m8sIMZS N1 596.Mlaopaku jinl ¢ h

| alsctbri mBdnagn- 7,e jkokKkorekt 8l m2§dkaycijpowmst act
mozkov® metast §zy(vporzag2ovEmy Spasenma&nakddroarn N
prostaty 6/473 13%), atopr avdRDpodobnhD vlIivem doshud n €
mechani smT pat,ogkdtneena® umet aqntvzi ddq9. mozkov ®|

Zkl i ni ck®ho hlediska | e jz8drmawm?2maoaokad?du mre
asmnohol etni m post isigglemozkos BN 6 aassd G kmal uae | e
met aasp iz pS2tomnost i dal g2 ch st i angzkaaBd i 81 n
metas§ 2 seoznal up me tjaasfiN® zcobyj edi n® m2sto met ast
upacienta gk ontrol ovani m prdakbu@eadn2smkun ®d @nSsns.t §Hal c
kapitol §8cch?,l mlo@Inelsmn® neurochirurgie a radic¢

metat §z se zSejmou | epg?2 progn-zou pacientT
Ni cm®nhD zast olegmoniet ma dpSPropugidifesfo | i gomet ast at
onemoc)nilen2znBvi sl ® tak® na dostupnosti zobr

rezonance MR)Robustn2 anallza nesedCktpaain@&hsTk ulp
v Medical University of Vienna letech 19902 0 11 popi s%Wj pa ¢ iGesmdST 59
mozkovoume t a s (1§ Zabulkals r ov n 8§ v 8§ t kohootoupnaacg eehnot yp rsa c o\

Tab. 1: Srovn8n2 pol|ltu metast8z u pacientT
V2 deR Brno Brno
Autor Berghoff (2016) Kukl ov 8§ (Kazda (2018)
(10) (11) (12)
Pol et paci 2419(nesel e 473 ( nes e260 (pouze pacienti
pacienti) pacienti) sSMR)
Rok 1990 2011 2011 2014 20112014
Pol et paci 115 118
Bronchogen 43,3% 46,5% 46,2%
karcinom
Ng§dory pr s 157% 17,1% 18,5%
1 metast 8§z 48,7% 32% 36%
2iI3 metast 8§ 27,7% 25% 22%
>3 met ast § 235% 43% 42%




3Kl inick® pS2znaky a diagnostiKk

Vnag? SpogitmomPnih zav§8§d? me RAMOI hwvtdaset
retrospektivn2ch i prospektivn2zch vRDdeckov
mul ticentrick8 prospektivn? randomi zovans§
(patterns ofodtai hard)akti ze8vadjuvantn? rad,]
dr. Kazda).Jakbylo z m2 nRDno v ge, nut nou podm2nkou v
i sekund8&8rn2ch mozkovlich n&8dorT pomoc?2 RA
a radioterameptSa, ppésa®mMgreportovsgn2 c2l ovl
pror adi ol ogar 8dclieghadenow en?2 e@3p8pr 8wrsleudphpi b
RANO kr it ®r iddinoyaiapkogresimhon® MR, neg kdyby RAN
nebyl a, cog m8 ve svemModAed ek ud exy rkRoenrp® o ¢
reprezentujé alsehdpoints t uzdai®?T vaj 2 c2ch se | pjakEje operace me't
nebo radioterapi€24). Posl edn?2 dvD cit &¢ap® \poEsnatiée j s o L
RANO Kk ((23}i Belancva R, Sprlakov®ukova A, Standara M, Janu E, Koukalova R,
Kristek J, Burkon P, Kolouskova I, Prochazka T, Pospisil P, Chakravarti A, Slampa P, Slaby
O, Kazda T*. In silico study of pseudoprogression in glioblastoma: collaboration of
radiologists and radtion oncologists in the estimation of extent of high dose RT region.
Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 2I8®;a(24) i Kazda T,

Hardie JG,Pafundi DH, Kaufmann TJ, Brinkmann DH, Laack NN. Evaluation of RANO
response criteria compared to clinician evaluation in WHO grade Ill anaplastic astrocytoma:
implications for clinical trial reporting and patterns of failure. J Neurooncol. 2015 Mar;
122(0): 1971203.0b N pr §ce al eém®ror 2ecdm §mmz Ko wl cpr n§dor
bl 2ge diskutov8ny. Jsou a®ieplechehtace RANEBMI pr e

kritl®®odrowen2mpalkdwlnmiT met ast §zami na nagem

VpS2meaanti ch ng§lezT na standarg8duicdchdirmetr @d
di agnosti kymnpw® e ps Bud agrhoagiroeus ev)y usy 2 t rTznl c
metod MR zobrazovg8§n?, jako je MR difuze, M
ng§g dal g2r avdlizeklunm® ctno zmRn mozku je dTlegit
Protonov§ MRS pSmdettavbwjld ch®bodgRbptazeneén:?
pr osthorrcozvi® gen2 v bdnameitcahtaa ®iTtbdr em anal yzova
graficky Vyj §dSit rozd?2|1 n® zaateuylkeniaspap
nor mfkbo p at ol ooplastc kna&ku MR spektra zdrav®ho |
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konstantn2. K jejich zmhDn8dadwc2hcghe 2b ivdld,hga mioa
kter® jsourdap8.InS§ldbyFsMRS nedok§ge urlit
ng§dorovou tKk§gR, mTge stanovit speci fick®
porovng8n2 s koncentdaa?v®t RohNap®ekkBdl gt Tol
jsou charakteristick@manvkagrenbun¥rmolvanie d mémH
intenzityac®ityn &(sipaarikteS8rt uvi abi |l i,t yl eehopmolltzue
vodl ipgoeln® ebnl ch rreocgirdeisv? ,a ppSs?epuadd®nip® rda dsikaourt eok
vi zkumu poradial nz2ch zmiDn mo z k u j sme pOm
hi pokampT po o0z§SemMBs medkpve &dipakkoo taekgeis z .

MRS validaci aplikace MRSW i f er emgin®Ilsmnd ceéi pol ®| ewrn8nechi zn

prospekt.ivn2z studie
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3.1 PUBLIKACE 1

Bul 2k M, KazdRa TPr odtaomlo&i8 kMR spektroskopi e
pro Praxi, 2016; 17(5): 248251.

Kategorie publikadem&§pBmhltredentolhB8®mk| asop

Anotace: Vavodu pSehl edov®ho ||l &§nku jsou shrnut:
spekter wr TbNDhu vyget Sen? MRS. Pro neuroonkol
Nn8&sl eduj 2 cd?8 Vee x & ln odbril kgt ee rd-dzcoevtaynl®:s pNar t 8§t , ki
| akt 8t. PomRry jejich koncentrac2 mohou pSi
odligen2 prim8rn2ch n&§dorT a metaptS8&8padr
hi stologickly aeapfag&bvaklich astrocytomT be:
pomoc?2 MR S identifikovat event . m2 st a ag
neurochirurgicklich intervenc?2 (v]etnhD navi
u prim8rmbDnPocbpeagalmr T) , pSi hodnaadrer emrco @
di agnostice pseudoprogr es-&c et yrlaadsi poanretk8t-uwz yl. z

pS2tomnost viabiln2ch neuronT.

MR spektroskopie bude dhd dnodkcresnkku gppbon& ha p e ¢

mozku po radioterapi. mozkovich metast §z
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HLAVNITEMA (

PROTONOVA MR SPEKTROSKOPIE V NEUROONKOLOGI!

Protonova MR spektroskopie v neuroonkologii

MUD¥. Martin Bulik', MUDr. Toma3 Kazda?, doc. MUDr. Radim Janéalek, Ph.D.?
'Klinika zobrazovacich metod LF MU a FN u sv. Anny v Brné

2Klinika radia¢ni onkologie LF MU a Masarykova onkologického ustavu, Brno
*Neurochirurgickd klinika LF MU a FN u sv. Anny v Brné

Protonova MR spektroskopie umoziuje neinvazivni hodnoceni metabolitl vysetiované tkédné, poskytuje informaci o slozeni
intrakranialnich lézi, zvysuje specificitu strukturalni magnetické rezonance a tudiz ovliviiuje Ié¢bu pacient(i a pfipadna rozhodnuti
0zméné lécebné strategie, jako je tomu napfiklad u rozliseni polééebnych zmén a recidivy vysokostupiovych gliomG po komplexni
onkologické lé¢bé. Biochemické zmény intrakraniélnich nadorl se mohou lisit v zavislosti na histologii a stupni malignity. Vysledky
spektroskopie |ze vyuzit v neuroonkologii v mnohych klinickych indikacich. Pi interpretaci téchto zavért je nutné mit na paméti
limitace spektroskopie a nutnost adekvatni zkusenosti provadéjiciho pracovisté.

Kli¢ova slova: magneticka rezonance, spektroskopie, nadory mozku.

Proton MR spectroscopy in heurooncology

Proton MR spectroscopy provides the non-invasive assessment of metabolites in examined tissue, can be used to get intracranial
neoplasms structural information, increases the specificity of structural magnetic resonance and may serve as an additional
examination for evaluation of the response to treatment and decisions to change the treatment strategy as it is in diferentiation of
posttreatment changes and recurrence after comlex oncologic treatment of glioma patients. Biochemic changes in glioma differ
according to histology and tumor grading. The results of MR spectroscopy can be used for several indications in neurooncology.

However, it is important to remember spectroscopy limitations and the necessity of an adequate institutional experience.

Key words: magnetic resonance, spectroscopy, glioma.

Uvod

Kazdorocné je v Ceské republice nové dia-
gnostikovano kolem 850 pacientt s primarnim
nadorem mozku (Incidence zhoubnych novot-
var(l v CR v roce 2011). Histologicky jsou nejéas-
t&ji zastoupeny gliomy. V souéasnosti je zlatym
standardem diagnostickych, stagingovych
i pooperacnich vysetieni provedeni magne-
tické rezonance (MR) s aplikaci kontrastni l3tky.
| kdy7 je konvenéni magneticka rezonance velmi
senzitivnim nastrojem k zobrazeni oblasti s po-
rudenim hematocefalické bariéry, neposkytuje
informace tykajici se tkanové specificity, takze
v nékterych pfipadech je obtizné jeji vysledky
interpretovat. Pfikladem takovychto diagnos-
tickych uskali mizZe byt nové zjistény okrsek

postkontrastniho syceni v ozafovaném objemu
u pacientl v pribéhu sledovani po komplexni
onkologické lé¢bé vysokostupnovych gliom.

MR spektroskopie (MRS) umoziiuje nein-
vazivni hodnoceni metabolitl vy3etiované
tkdné a poskytuje informaci o sloZeni intrakra-
nidlnich 1ézi. Oproti konvenénim strukturalnim
MR metodam tak miiZe poskytnout informaci
o charakteristice vlastni nadorové tkdné. MRS
tedy zvysuje specificitu konvenéni magnetické
rezonance a miZe tak ovlivnit [é¢bu pacient(
a pfipadna rozhodnuti o zméné lé¢ebné stra-
tegie. Moderni multimodalitni zobrazovani po-
moci magnetické rezonance pouzitim difuzné
a perfuzné vazenych obrazd i MR spektroskopie
umoziuje presnéjsi a zaroven stale neinvazivni

nahled na mozkové nadory s dosazenim vy3si
specificity zobrazovani zejména v kombinaci
s pozitronovou emisni tomagrafii (PET)-CT.

Strukturalni MR a MR spektroskopie jsou za-
loZeny na stejnych fyzikdlnich principech snima-
ni signalu, ale odliuji se zphsobem, kterym jsou
data zpracovavéana, zobrazena a interpretovana.
Namisto strukturalnich obrazkd je jejich vystu-
pem kfivka, tzv. spektrum (obr. 1), koncentract
metabolitl ve vyietfovaném objemu v zavislosti
na typu vysetfované tkané. Tyto metabality jsou
zachyceny v daném spektru, pokud se skladaji
7 proton( (H4), jsou obsazeny v koncentraci =0,5
mmaol/l, rezonuji podél osy chemického posunu
v rlznych frekvencich a je-li zaroven dosazeno
potlageni signalu vody.

KORESPONDENCNI ADRESA AUTORA:
MUDr. Martin Bulik, bulik@fnusa.cz

Klinika zobrazovacich metod LF MU a FN u sv. Anny v Brné&, Pekafska 53, 656 91 Brno

Cit. zkr: Neurol. praxi 2016; 17(5): 283-286
Clanek pfijat redakci: 18.5.2016
Clanek pfijat k publikaci: 8. 7. 2016
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284 NEURC

) HLAVNI TEMA
PROTONOVA MR SPEKT

Obr. 1. Priklad lokalizace spektroskopie u pacienta s tumorem frontalniho laloku vievo, barevného

Pro dané spektrum je pozice jednotlivych
metabolit( na horizontalni ose ur¢ena principy
chemického posunu, vyjadieno jednotkami pars
per million (ppm). Po zpracovani piislusnych
faktord, jako jsou napfiklad pocet protond
nebo relaxac¢ni ¢asy, mlze byt signal preveden
na koncentrace metabolitd vypoctem plochy
pod kfivkou (AUC, area under curve). Stanoveni
absolutnich koncentraci metabolit je velice
komplexni proces. Kromé technickych Uskali
s nutnosti zmeérenf interni reference je nutné
brat v Uvahu i fakt, Ze jejich koncentrace zavisi
na lokalizaci vysetfovaného objemu a na véku
vySetfovaného. Z téchto divodd je v bézné
klinické praxi castéjsi pouzivani metabolickych
pomért neboli relativnich koncentraci
metabolitd.

MR spektroskopie mze vznikat prostfednic-
tvim jakychkoliv atomovych jader s vhodnym
spinem. Ve skute¢nosti jsou v medicinskych in-
dikacich pouzivany vétsinou vodik (H), fosfor (P)
a uhlik (C). Nej¢astaji jsou pouzivany v provedeni
in vivo spektroskopie atomy vodiku (protony),
protoZe jsou pfirozené v nadbytecné mife ob-
sazeny v lidském téle a ve srovnani s ostatnimi
prvky jsou vice senzitivni magnetickému poli.
Pouzitim spektroskopie je mozné simultanné
hodnaotit rizné okrsky |éze, mapovat jeji hete-
rogenitu a identifikovat oblasti vy3si nebo nizsi
nadorové aktivity dané léze. Dale umoznuje
stranové srovnani s kontralateraini zdravou he-
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misférou, ziskavani spekter z oblasti léze i okolni
mozkoveé tkané a redukci efektu parcialniho ob-
jemu i hodnoceniz malé velikosti vysetfovaného
objemu (kolem 1 cm?).

Metabolické zmény gliom(
Zdrava mozkova tkan ma relativné konstantni
slozeni vnitiniho prostiedi. Ke zmenam
homeostazy ovsem dochazi v dusledku
nezadoucich biochemickych procest, tedy
onemocnéni. V ddsledku nadorového bujeni
dochdzi ke kvalitativnim i kvantitativnim
zménam v koncentraci nékterych metabolitd,
cehoz Ize vyuzit diagnosticky. | kdyz dokaze
MR spektroskopie v zavislosti na technickych
parametrech MR pfistroje detekovat rizné
metabolity, pro vyuziti v ramci neuroonkologie
hodnotime nejcastéji N-acetylaspartat (NAA),
cholin (Cho), kreatin (Cr), lipidy (Lip), laktat
(Lac), myoinositol (ml) a glutamat-glutamin
(Glx). Zmény pritomnosti a koncentraci téchto
metabolitd se pak mohou lisit v zavislosti
na histologii a stupni malignity intrakranialnich

nadord.

N-acetylaspartat

N-acetylaspartat se povazuje za marker den-
zZity a viability neuront. Redukce NAA a meta-
bolického poméru NAA/Cr Ize proto pozorovat
u gliomu v souvislosti se snizenym poctem
neurond, respektive ,nafedéni” neuronalni po-

pulace nadorovymi glialnimi burikami. Pokud
jsou koncentrace NAA ve fyziologickém rozmezi,
ve vysetfované oblasti se vétidinou o pfitomnost
nadorove tkané, s vyjimkou nékolika specific-
kych situaci, nejedna. Napfiklad u nizkostup-
novych gliomd mohou byt metabolické zmény
podobné tém v bézné mozkové tkani. Déle v pfi-
padech kdy je vysetfovana léze mnohem menéi,
nez je velikost vysetfovaného objemu. Tehdy
efekt parcidlniho objemu okolni nepatologicke
tkéné falesné zvysuje hodnoty signalu NAA.
Neékdy i u infiltrativné rostoucich nadord s ne-
pocetnou populaci naderovych bunék mohou

byt hodnoty NAA zachovany.

Kreatin

Kreatin predstavuje biomarker energetického
metabolizmu. Vzhledem k energetické narocnosti
metabolizmu neurond je hladina Cr udrzovana
7a vetsiny situaci relativné konstantni. Proto se Cr
casto vyuziva k vypoctu metabolickych pomeérd
(napfiklad NAA/Cr, Cho/Cr). Pokles koncentrace
Cr maze byt ovsem patrny u vysoce malignich
gliomu vlivem jejich vysokého energetického
obratu (Bulik et al,, 2013).

Cholin

Cholin je povazovéan za hlavni metabolit
v neuroonkologickych indikacich. Zvyseni
koncentrace Cho souvisi se zvysenym obratem
bunécnych membran ve smyslu destrukce
a novotvorby bunék a s vyssi bunécnou hustotou
vyplyvajici z proliferace nadorovych bunék.
Vy33i hladiny Cho bézné nachazime u grade
II'a lll gliom0. Naopak u glioblastom (GBM)
mohou byt jeho koncentrace kvali vysokému
podilu centralni nekrézy nizsi nez u tumord niZsi
malignity a dokonce redukovany pod uroven
normalni mozkové tkané, pokud méfime spektra
z centra nekrotického okrsku. Z téchto divoda
je nutné umistit vysetfovany objem tak, aby
obsahoval co nejvetsi podil solidni nadorové
tkané a zaroven se snazit vyhnout nekrotickym
castem. Pri spinéni téchto podminek je mozné
zachytit zvyseni absolutnich hodnot Cho
a metabolickych pomeért Cho/Cr a Cho/NAA
typickych pro intrakranialni tumory (Dowling
et al, 2001). Mezi dnes asi nej¢astéji sledovany
metabolicky pomér u neuroonkologickych
pacient( patii Cho/NAA, ktery odrdzi jak vzestup
koncentrace Cho, tak i pokles koncentrace NAA
charakteristicky pro glidIni nadory.
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Laktat

Laktat je za fyziologickych okolnosti v ner-
vové tkani obsazen v minimdlnich koncentra-
cich, jelikoz se jedna o marker anaerobniho
metabolizmu. Ke zvyseni jeho koncentrace do-
chazi za stav anaerobniho metabolizmu, jako
je tomu napfiklad pfi nepoméru mezi cévnim
zasobenim a metabolickymi naroky nadorové
tkané, naopak v nenadorovych souvislostech
muZe tento stav imitovat pfitomnost ischemie
v urditych lokalitdch a pUsobit tak diferencialné
diagnostické obtize. Uroven laktatu ma pfimou
umeéru ke stupni malignity gliomG u dospé-
lych jedinct, tedy ¢im vy33i koncentrace Lac
na spektroskopické kfivce, tim vy3si stupen
malignity. V pfipadé primarnich mozkovych
nador( u déti se laktat vyskytuje v podstaté
u vétsiny z nich (Wang et al., 1995).

Lipidy

Pfitomnost mefitelnych koncentraci lipidd je
jasnym indikdtorem pfitomnosti nekrotické tkané
a casto i Ize pozorovat u pacientl s mozkovymi
nddory ¢i zanétlivymi procesy, jako jsou abscesy
(Lai et al, 2005).V neuroonkologii je tedy vysoka
koncentrace Lip v centralni nesytici se oblasti
(nekroticka tkan) charakteristicka pfedevsim pro
glioblastom a metastazy. Samotna pfitomnost
Lip oviem neni patognomickd pro maligni
ndadory, jelikoZ je mozné Lip detekovat také
u vyde zminénych abscesl nebo akutnich
demyelinizacnich 1ézi v souvislosti s narudenim
myelinové pochvy.

Myoinositol

Hodnoty ml a metabolického poméru mi/Cr
ve vysetfovaném objemu upfesiuji hodnoceni
stupné malignity gliomd (Bulik et al, 2013). Pomér
mi/Cr je vétdinou vy338i u nizkostupfiovych
nador( nez u vysoce malignich a Ize jej vyuzit
i v primarni diagnostice intrakranidlnich
lozisek. Jeho vyrazné zvyseni byva spojovano
s vyskytem nenadorovych lézi.

Glutamat-glutamin

Pokud koncentrace Glx dosahuje jedné tietiny
NAA, mizeme jej oznadit za zvyseny. S vyjimkou
meningeomd, pro které je zvy$eni koncentrace Glx
typické, signifikantni zvyseni tohoto metabolitu
naznaluje vyskyt nenddorové léze, jako
napfiklad infekce a encefalitidy, ischemie, jaterni
encefalopatie, ¢i nedostatek nékterych enzymda.
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Klinické indikace spektroskopie
v neuroonkologii

Rozlideni nadorovych
a nenadorovych lézi

Protonovd MR spektroskopie umoziuje
odlideni lézi s obdobnymi charakteristikami
dle vysetfeni konvenéni magnetickou
rezonanci. Spolehlivost rozlideni nddorovych
a nenddorovych |ézi ma velmi vysokou pfesnost,
a pokud ji kombinujeme se strukturdinim
zobrazenim, zvysuje se tak vzajemnd diagnosticka
specificita. Za nejspecifictéjsi marker intrakranialni
neoplazie je povaZovan cholin. Proto je zvyseni
koncentrace Cho ¢ metabolického poméru Cho/
Cra Cho/NAA pro nadorovy rst typické. Ve studii
s pouzitim MR spektroskopie McKnight (McKnight
et al, 2002) prokazal senzitivitu a specificitu
hodnoty metabolického poméru Cho/NAA>2
k rozlideni nddorovych a nenadorovych I1€zi 96 %
a 709%. Pro hodnotu poméru vy3si nez 2,5 se
snizila specificita zachyceni nadoru na 90%,
ale specificita vzrostla na 869%. Je dulezité
mit na paméti, 2e ziskané spektrum neni
specifické pro jednu patologii, a proto je zcela
zasadni kombinace multimodalitniho pfistupu
v diagnostice. Mezi nej¢astéji kombinované
metody patfi strukturaini MR, difuzné a perfuzné
vazZené zobrazovani, protonova MRS a PET-CT.

Histologie

Na zdkladé spektrdlni analyzy Ize nastinit
histologickou povahu vysetfované léze a zavéry
MR spektroskopie je moZné dale zpfesnit
pouzitim multimodalitniho pfistupu. Napfiklad
meningeomy a schwanomy jsou non-neuronaini
tumory a jako takové takfka neobsahuji NAA a Cr.
Pokud je u téchto nadorl patry vzestup alaninu
aglutaminu, vétdinou se jedna o meningeom (Crisi,
2011).V ptipadé meningeomt viak mohou spektra
obsahovat pouze lipidy. Signifikantni vzestup
hladiny lipidd u selldmich a suprasellarnich lézi budi
podezieni na diagnézu kraniofaryngeomu. Pokud
zvazujeme diferencidini diagnostiku lymfomu
a GBM, tak ndlez zvyseni hladiny lipidd v solidni
sloZce nadorového loZiska favorizuje vyslednou
diagn6zu lymfomu (Castillo et al, 1998).

Odlideni primarnich
nador( a metastaz

Kompletni ¢i ¢asteénd absence hladin NAA
a Cr naznacuje pfitomnost metastatického
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loziska, které neni neurondiniho pavodu.
Daldi moznosti je podrobit spektrainf analyze
perifokdini oblasti. Dle dostupné literatury je
patrné, 2ze pokud se v nich nachézely zvysené
hladiny Cho, 3lo ve vét3iné pfipadl o pacienty
s primarnim mozkovym nadorem, naopak
pokud tyto hladiny byly v normé, 3lo o pacienty
s vazogennim edémem v okoli intrakranidlnich
metastaz (Server et al,, 2010).

Grading gliomi

Vyhodou MRS v hodnoceni gradingu
mozkovych nadorl oproti biopsii je moznost
hodnoceni vétdiho objemu dané léze. Navic
biopsie ¢asto nebyva cilena do oblasti nejvy3si
celularity, a proto muze faledné podhodnocovat
grading heterogennich nadorovych lézi.
Mezi nejcastéji hodnocené metabolity patfi
na prvnim misté Cho. Existuje vysoka shoda mezi
in vivo méfenim koncentraci cholinu a in vitro
stanovenim marker( nadorové proliferace (napf.
Ki-67). Na zakladé téchto zjidténi je stanovovani
hladin Cho povaZovéano za vhodné méfitko
proliferaéni aktivity tumord in vivo (Bulik et al,,
2013). S vyjimkou GBM, u kterych tato zavislost
byva ovlivnéna pitomnosti nekrotickych okrskd,
hladiny cholinu souvisi s buné&&nou hustotou,
a proto se u vysokostupiiovych gliomd nachazi
vy33i hladiny cholinu. Rovnéz u laktatu byla
prokdzéna pfima iméra mezi jeho koncentraci
a nadorovym gradem, jelikoZ vy3si hladiny Lac
jsou patrné u vysoce malignich nador (Law
et al, 2003). Vyskyt lipidG je charakteristicky
pro high-grade nadory s nekrotickymi okrsky,
ale rovnéz se mohou vyskytovat u low-grade
gliomi. U vysoce malignich tumorl byva
patrnd vyrazna redukce hladiny NAA a Cr.
Dalezité informace maze pfinést i stanoveni
ml. U vétdiny nizkostupfiovych nddord je
hodnota metabolického poméru mi/Cr vy3si
nez u tumord vy$siho maligniho potencidlu.

Navigace neurochirurgickych
intervenci

Pouzitim MRS je mozZné identifikovat
oblasti nddorové infiltrace s nejvy3si hodnotou
absolutni koncentrace Cho ¢&i metabolického
poméru Cho/NAA a Cho/Cr a tim padem
i nejvy33i nddorovou aktivitou. Pravé tato mista
jsou idedlnim cilem stereotakticky navigované
biopsie (Bradac et al., 2014). Danym postupem
se snizi riziko podhodnoceni stupné& malignity,
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kterym je stereotaktickd biopsie navigovana
podle strukturédini MR vyznamné zatizena.

Hodnoceni rozsahu glioma

Rozsah nadorové infiltrace byva vétdinou
vétdi nez rozsah postkontrastné se syticich
okrska dle strukturdini MR. Na druhou stranu
T2 hypersignaini oblasti v okoli nadorovych
loZisek reprezentuji perifokdini edém, nddo-
rovou infiltraci a polécebné zmény viivem ra-
dioterapie a chemoterapie. Z té&chto dlvodul
byva nutné ke zhodnoceni skute¢ného rozsahu
glioma provést MR spektroskopie (Wagnerova
et al, 2012).

Hodnoceni progrese gliom

MR spektroskopie mé také potencial pre-
dikovat riziko progrese nadorové neoplazie
a sledovat pribéh onemocnéni. Za prognos-
tické faktory byvaji u pacientd s intrakranial-
nimi neuroepitelidinimi tumory oznacovéany
hladiny Cho a Lac. Vzestup koncentraci Cho
v ramci vy3etfované léze je spojovan s vy3sim
rizikem nadorové progrese. Soucasna pfitom-
nost lipid a daného vzestupu hladiny Cho je
spojovana se $patnou prognézou. Opakované
MRS mohou byt soudasti sledovani u paci-
entl po onkologické 1é¢bé primarnich na-
dorl mozku. Jako progrese byva v literatufe
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jejich stabilni hodnota &i vzestup o méné nez
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Poradiani zmény
a rekurence gliom0

Protonova MRS se miZe vyznamné uplatnit
také v polétebném sledovani intrakranialnich
nador. Umoziuje sledovat odpovéd na kom-
plexni onkologickou lé¢bu, odhalit reziduum
¢i recidivy plvodniho tumoruy, i kdyZ pacient

vykazuije klinické zlep3eni. MR spektroskopii lze
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(Kazda et al,, 2016). Jako nejvhodnéjsi v hodno-
cenl téchto situaci se jevi korelace strukturéiniho
nélezu a vysledku protonové MRS.
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v ramci neuroonkologie, ale také u neonkolo-
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zacni onemocnéni, v pfipadé intrakranidlnich in-
fekci, poranéni mozku a psychiatrickych diagnéz.

Zaveér

Pouziti protonové MR spektroskopie ma
v neuroonkologickych indikacich sva opodstat-
néni a na mnoha pracovistich v celosvétovém
méfitku byva soudasti standardnich vy3etfova-
cich algoritmd pomoci magnetické rezonance
u pacientd s intrakranidini neoplazil. Jak pfi
indikacich, tak pfi interpretaci spektroskopie,
je vzdy dulezité mit na paméti jeji limitace.
Napiiklad pfitomnost rozsahlé nekrézy, zakrva-
ceni, kalcifikaci, melaninu a rovnéZ anatomicka
lokalizace (v blizkosti kosti, dutin, atd.) maze
negativné ovlivnit diagnostickou vytéznost
naméfeného spektra. Neurochirurgicky ma-
teridl mGze pUsobit susceptibilni artefakty.
Kortikosteroidy mohou ovliviovat absolutni
koncentrace metabolitd, ale neprojevi se v me-
tabolickych pomérech. Vzhledem k diskrétni
dislokaci mozkové tkané a v ni obsazenych
|ézi po otevieni kalvy je otdzkou, zda zistava
proveditelnost MRS v rdmci peroperacnich
indikaci (Zhang et al., 2015). Vzhledem k vy-
razné interinstitucionalni variabilité vysledkt
MR spektroskopie je zcela zdsadni adekvatni
zkudenost provadéjiciho pracovisté a hodno-
tictho neuroradiologa.
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The accurate identification of glioblastoma progression remains an unmet clinical need. The aim of this prospec-
tive single-institutional study is to determine and validate thresholds for the main metabolite concentrations ob-
tained by MR spectroscopy (MRS) and the values of the apparent diffusion coefficient (ADC) to enable
distinguishing tumor recurrence from pseudoprogression. Thirty-nine patients after the standard treatment of
a glioblastoma underwent advanced imaging by MRS and ADC at the time of suspected recurrence — median
time to progression was 6.7 months. The highest significant sensitivity and specificity to call the glioblastoma re-

Keywords: ) . o

Clioma currence was observed for the total choline (tCho) to total N-acetylaspartate (tNAA) concentration ratio with the
Recurrence threshold 2 1.3 (sensitivity 100.0% and specificity 94.7%). The ADCmean value higher than 1313 x 10~% mm?/s
Imaging sensitivity was associated with the pseudoprogression (sensitivity 98.3%, specificity 100.0%). The combination of MRS fo-
Spectroscopy cused on the tCho/tNAA concentration ratio and the ADCmean value represents imaging methods applicable to

Apparent diffusion coefficient early non-invasive differentiation between a glioblastoma recurrence and a pseudoprogression. However, the in-
stitutional definition and validation of thresholds for differential diagnostics is needed for the elimination of
setup errors before implementation of these multimodal imaging techniques into clinical practice, as well as

into clinical trials.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The critical biological characteristic of a glioblastoma (GBM), the
most frequent and serious primary brain tumor in adults is an inevitable
progression after standard therapy with the median of 6.9 months
(Dusek et al., 2014; Stupp et al., 2005). Tumor recurrence develops in al-
most all patients despite the aggressive standard first line treatment,
which comprised of radiotherapy and temozolomide usage (RT and
TMZ) (Stupp et al., 2005). GBM recurrence, however, has often similar
radiologic characteristics on conventional MRI as therapy-related

* Corresponding author at: Department of Neurosurgery, St. Anne's University Hospital
Bmo, Pekarska 53, 656 91 Bmo, Czech Republic.
E-mail address: radim jancalek@fnusa.cz (R. Jancalek).

http://dx.doi.org/10.1016/}.nicl. 201602.016

changes, like a pseudoprogression (PsP). Thus, the early and accurate di-
agnosis of GBM relapse constitutes to be an important clinical need, es-
pecially when more and more potentially active drugs are currently
being investigated for salvage treatment.

In comparison with standard structural MRI techniques, advanced
imaging methods, such as diffusion-weighted imaging (DWI) with ap-
parent diffusion coefficient (ADC) mapping, and the proton MR spec-
troscopy (MRS), allow much deeper and still non-invasive insight into
the interpretation of brain lesions, resulting in greater specificity of di-
agnostic imaging (Ahmed et al.,, 2014; Bulik et al., 2015; Kao et al,,
2013; Roy et al., 2013). In our previous report of the consecutive series
of 24 patients with GBM, we described significant differences in ADC
and MRS data between those with GBM relapse and PsP after standard
RT and TMZ treatment (Bulik et al., 2015). However, thresholds with

2213-1582/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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higher statistical power and intra-institutional validation have been re-
quired before these methods can be implemented into our institutional
imaging protocols on a routine basis and used in the decision-making
process. In this report, we present our final results of this prospective
study with extended number of patients, as well as the results from an
independent retrospective intra-institutional validation.

2. Methods
2.1. Characteristics of patients

Patients suitable for this study included the ones with histologically
proven GBM after gross total resection, as stated by an early post-
surgery MRl examination, who und erwent the standard adjuvant treat-
ment consisting of concurrent RT (dose 60 Gy) and TMZ followed by ad-
juvant TMZ alone (Stupp et al., 2009). The standard follow-up imaging
protocol at our institution is the classic structural MRI after 6 weeks
and every 3 months thereafter. Patients were eligible for study enroll-
ment when suspected radiographic progression on the structural MRI
was found based on the neuro-radiologist's discretion. After they signed
an informed consent, the patients underwent the investigational ad-
vanced MRI, namely MRS and DWI. The final evidence of the disease sta-
tus was realized by means of biopsy/resection or early repeated
structural MRI depending on the clinical situation, patient's perfor-
mance status, de facto his or her best interest, The advanced imaging
protocol was approved by the Institutional Review Board of the St.
Anne's University Hospital Brno. Patients previously described in our
initial analysis are also included in the current study cohort (Bulik
et al., 2015). The validation cohort consisted of the independent series
of previous patients with GBM treated by surgery and adjuvant RT and
TMZ, who underwent MRS and DWI/ADC exams according to the
same protocol. Initially, the derived thresholds for pertinent MRS spec-
tra and ADCmean values were subsequently applied to predict a GBM
recurrence or treatment related changes, such as PsP and radionecrosis.

2.2. MR data acquisition

The advanced MRI examination was performed at 3.0T clinical MR
scanner (GE Medical Systems Discovery MR750), following the same
setup parameters as in our initial report ( Bulik et al., 2015). MRS was fo-
cused on gadolinium-enhanced lesions suspected of recurrence by
means of the chemical shift imaging (CSI) technique in two orthogonal
planes respecting the long axis of the lesion and the proximity to struc-
tures increasing noise in MR spectra ( point-resolved spectroscopy se-
quence — PRESS, TR/TE 1800/144 ms, 16-cm FOV, 15-mm slice
thickness, and voxel size 10 x 10 x 15 mm?). Automatic prescanning
was performed prior to each spectroscopic scan to ensure adequate
water suppression. The MR spectra of all measured voxels were auto-
matically post-processed for each patient by LCModel version 6.3
(Provencher, 2001). The output of MRS processing by LCModel were
the concentrations of N-acetylaspartate and N-acetylaspartylglutamate
(tNAA), choline-containing compounds (tCho), total creatine (tCr),
lipids at 0.9-1.3 ppm, and lactate (Lac). Afterwards, the ratios of the me-
tabolite concentrations (tCho/tNAA, tCho/tCr, tNAA/tCr, Lac + Lip1.3/
tCr, Lac + Lip0.9-1.3/tCr) were calculated and visualized by jSIPRO 1.0
beta version (Jiru et al., 2013). The signal-to-noise ratio for each MR
spectrum and an error map showing the error in a measured concentra-
tion for each metabolite were calculated by using the jSIPRO software.
The concept of error images in jSIPRO was developed to help rejection
of low quality spectra (Jiru et al., 2006). From the voxels covering
gadolinium-enhancing region, these with the signal-to-noise ratio > 3
and the error of measured metabolite concentrations <20% where se-
lected and arranged based on the value of the Cho/NAA ratio. The voxels
with the highest Cho/NAA ratio were selected for further analyses.

An axial echo planar SE sequence (TR/TE 6000/100 ms), 5-mm slice
thickness, and diffusion gradient encoding in three orthogonal

directions (b = 0 and 1000 mm?/s, and 240-mm FOV) were utilized
for DWI imaging. ADC maps were calculated using the OsiriX software
version 6.0.2 64-bit ( Pixmeo SARL, Switzerland) with the ADC Map Cal-
culation plugin version 1.9 (Stanford University). The mean ADC value
(ADCmean) of the voxel corresponding to the measured MRS voxel
was calculated.

2.3. Data analysis

The optimal diagnostic cut-offs and the description of their sensitiv-
ity and specificity for the final diagnosis of recurrence were derived
from the receiver operating characteristic (ROC) analysis with the area
under the ROC curve (AUC) for distinguishing between the two diag-
nostic groups (GBM relapse and PsP). Fisher's exact test for categorical
data and Mann-Whitney U test for continuous variables were used to
estimate the significance of measured differences. Censoring the pa-
tients who were lost for the follow up, the overall survival was defined
as the time elapsed between the GBM diagnosis and death from any
cause. The time to progression was measured since the end of RT and
TMZ with suspected progression at structural MRI as the event of inter-
est. The probability value p < 0.05 was considered statistically significant
in all tests. All statistical evaluations were performed using the statisti-
cal software Statistica 12 (StatSoft, Inc.).

3. Results
3.1. Study patient characteristics

Between May 2013 and March 2015, the total of 39 patients (median
age 51, 72% men) with suspected GBM progression on the structural
MRIwas prospectively included into this study. The basic characteristics
of patients are summarized in Table 1. The median time to suspected
progression and the median overall survival were 6.7 months (95% CI
2.9-9.6) and 14.5 months (95% A 12.9-17.4), respectively. The final di-
agnosis was established by a biopsy in 26 patients (67%) and by follow-
up imaging in 13 patients (33%). The diagnosis of a GBM recurrence
yielded in 29 patients (75%) with the rest having PsP. No case of
radionecrosis was found in our cohort of patients.

Table 1

Basic characteristics of the study cohort: T = temporal, F = frontal, P = parietal, 0 =
occipital, F-P = frontoparietal, 3D-CRT = Three-Dimensional Conformal Radiotherapy,
IMRT = Intensity-Modulated Radiotherapy.

Basic characteristics Study cohort Validation jil
n=39 n=16
Age at initial diagnosis (years)
Median 51 54 0.7
Range 29-66 35-64
Sex (n)
Men 28 (72%) 10 (63%) 0.5
GEBM location (%)
T/F/P/O/F-P 38/29/19/5/9 3431147714 0.7
Radiotherapy
Median dose (Gy) 60 60 0.9
Technigue 3D-CRT/IMRT (%) 30770 40/60 0.8
Cycles of adjuvant TMZ
Median 6 6 0.9
Range 1-12 4-10
Time to graphic progression (months)
Median (95% C1) 67 (2.9-9.6) 6.1 (4.8-8.8) 0.8
Diagnosis validation
Biopsy/subsequent imaging (%) 6733 75/25 0.6
Final diagnosis
Tumor recumence 29(75%) 12 (75%) 1
Pseudoprogression 10 (25%) 4 (25%)
Overall survival (months)
Median (95% CI) 145(129-174) 140 (13.1-152) 0.8
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Table 2
Calculated cut-offs for the diagnosis of a tumor recurrence with related sensitivity and specificity for the most important concentration ratios of the metabolites measured by MRS and for
ADCmean,
Metabolite AUC (95%CI) p Cut-off for recurrence Sensitivity Specificity
tCho/tNAA 0.993 (0978; 1.000) <0001 213 100.0 947
tCho/tCr 0.691 (0539; 0843) 0013 207 746 63.2
INAA/Cr 0.949 (0.873; 1.000) <0001 <0.7 96.6 94.7
Lac + Lip 1.3ACr 0.714 (0559; 0868) 0003 216 763 68.4
Lac + Lip0.9-13aCr 0.723 (0568; 0879) 0004 220 78.0 68.4
ADCmean [10~° mm?/s] 0.998 (0993; 1.000) <0001 <1313 983 100.0

3.2. Advanced imaging characteristics

The values of metabolite concentration ratios are summarized in
Table 2, the percentage distribution of patients in Table 3, and typical
imaging findings are presented in Fig. 1. The mean and standard devia-
tion of the signal-to-noise ratios of MR spectra in the analyzed voxels
was4.75 + 0.80. The average number of voxels with acceptable spectra
quality per patient was 3.75 + 1.13 and varied based on the proximity
of the skull and a resection cavity as the most significant noise-
conducting factors.

A significant difference in the tCho/tNAA and tNAA/tCr ratios was
found between the GBM relapse and PsP. The GBM relapse was charac-
terized by the tCho/tNAA ratio > 1.3 with sensitivity of 100% and speci-
ficity of 94.7% (p < 0,001). All patients with GBM recurrence had the
value of tCho/tNAA above this cut-off; yet, there were still 5.3% (1/19)
lesion assigned as PsP reaching the same tCho/tNAA cut-off as GBM re-
currence. Another metabolite ratio with statistical significance was
tNAA/tCr characterized by the threshold <0.7 for calling the GBM recur-
rence with sensitivity of 96.6% and specificity of 94.7% (p < 0,001). There
were 93.2% (55/59) lesion considered as the GBM recurrence that had
the tNAA/tCr values below the cut-off, just as 5.3% (1/19) as PsP.

The calculated ADCmean values were significantly lower in the GBM
relapse group than in the PsP group (p < 0.001), with the cut-off of
1313 x 10~ ® mm?/s (sensitivity 98.3% and specificity 100.0%). Ninety-
eight percent of patients with the GBM relapse had the ADCmean
<1313 x 10~° mm?/s while all the patients with PsP had the ADCmean
>1313 x 10" ® mm?s.

3.3. Characteristics of the patients in the validation cohort

The basic characteristics of the patients in the validation cohort are
summarized in Table 1 and are balanced with the study cohort. Their

Table 3
The percentage distribution of patients with the pseudoprogression and glioblastoma re-
currence as the function of calculated cut-offs.

Pseudoprogression  Recurrence p
(n=19) (n=59)

tCho/tNAA <13 18 (947%) 0 <0.001
213 1(5.3%) 59 (100.0%)

Median (min; max) 0.74(0.33-1.77) 2.13(135-9.60) <0.001

tCho/tCr <0.7 11 (579%) 15 (25.4%) 0.013
20.7 8(421%) 44 (74.6%)

Median (min; max) 0.64 (0.28-1.37) 0.89 (044-2.83) 0.013

INAA/ICr >0.7 18 (947%) 4(6.8%) <0.001
<0.7 1(5.3%) 55(93.2%)

Median (min; max) 0.99 (0.28-1.59) 0.41(011-096) <0.001

Lac + Lip 13/tCr <1.6 12 (632%) 14 (23.7%) 0.004
216  7(368%) 45 (76.3%)

Median (min; max) 1.13 (0.07-10.65) 2.69 (040-15.63)  0.005

Lac + Lip 09-1.3/tCr  <2.0 13 (684%) 13 (22.0%) <0.001
220 6(316%) 46 (78.0%)

Median (min; max) 1.33(0.08-12.35) 3.26(054-17.42) 0,004

ADCmean >1313  19(1000%) 1(1.7%) <0.001
<1313 0 58 (98.3%)

Median (min; max) 1372 (1317-1476) 1155(756-1344) <0.001

pertinent metabolite concentrations and ADCmean values are reported
in Table 4 together with the level of success in the prediction of diagno-
sis by each measured characteristic. The tCho/tNAA ratio assigned diag-
nosis correctly in 15/16 (94%) patients, the ADCmean value in 15/16
(94%) patients, the concentration ratio of tNAA/tCrin 13/16 (81%) pa-
tients, while tCho/tCr, Lac + Lip 1.3/tCr and Lac + Lip 0.9-1.3/tCr only
in 8/16 (50%) patients. These results confirm expected specificity for
the measured MR characteristics. The combination of tCho/tNAA and
ADCmean led to the highest accuracy while establishing the final
diagnosis.

4. Discussion

The accurate and timely identification of a tumor relapse is the most
essential prerequisite of an efficient salvage therapy emphasizing the
importance of precise assessment of the response to the initial treat-
ment. Well-known difficulties with distinguishing between a GBM re-
currence and treatment related changes caused by the administration
of concomitant RT and TMZ ( pseudoprogression ) or angiogenesis inhib-
itors (pseudoresponse) (Hygino da Cruz et al., 2011; Chakravarti et al.,
2006) are already expressed in the current RANO (Response Assess-
ment in Neuro-Oncology) criteria (Wen et al., 2010). Nevertheless, the
evolution of the response criteria that is a continuing process and imple-
mentation of advanced MRI methods is expected, most likely by MRS
and DWI because of their high availability. Especially for these advanced
MRI methods, the standardization of MRI protocols is needed in order to
be used optimally in the evaluation of results from multicentric studies.
The topicality of this need is expressed by the current consensual rec-
ommendations for the standard brain tumor imaging protocol in clinical
trials published in September 2015, which already indude pre-contrast,
axial 2D, 3-directional DWI (Ellingson et al., 2015). Before similar rec-
ommendations for other advanced MRI modalities are established, cen-
ters utilizing these methods to resolve ambiguous findings in the classic
structural MRI should develop their own thresholds and cut-offs for a
valid image description.

The MRS seems to be a promising method that is complementary to
the widely used structural MRI and can be used to increase the diagnos-
tic accuracy of the brain tumor imaging protocol. The results of this
study proved very high sensitivity and specificity of the tCho/tNAA con-
centration ratio (100.0% and 94.7%, respectively) for a non-invasive dif-
ferentiation between a GBM recurrence and PsP. The underlying
pathophysiology of the MRS observations is well described especially
from the experience with glioma grading (Bulik et al., 2013). Choline
represents the marker of cell membrane integrity and turnover and is
associated with the presence of an increased tumor cell proliferation,
while NAA is the marker of the density and viability of neurons, Thus,
their mutual ratio forms the best approach when using the MRS for
brain tumor diagnostics. The result of the MRS, though, depends on
the type of the MR scanner, specific acquisition setup parameters, and
is very sensitive to the proximity of FOV to the surrounding structures
decreasing signal/noise ratio of the brain spectra (i.e. bone). As the spec-
trum quality is also highly influenced by the personal experience of a ra-
diologist, it is useful to establish an institutional protocol with the
adjustment of thresholds and cut-offs for the main metabolite concen-
trations measured by the MRS. Moreover, there is the significant
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Fig. 1. The pseudoprogressionand glioblastoma recurre nee findings on MRI. Representative MRI examples of the pseudoprogression (A-E) and glioblastoma relapse (F-]): (A) + (G) show
TIWI, (B) + (H) show TIWI with gadolinium, (C) + (I) show T2W1, (D) + (J) show the ADC maps with marked VOI and corresponding ADCmean values, and (E) + (F) show the proton
MR spectroscopy maps focused on tCho/tNAA concentration ratio with marked VO, corresponding values and spectra. The MR spectra illustrate concentrations of the main metabolites
within the selected voxel. The color scale for the tCho/tNAA ratio corresponds to the color map shown for the MRSI grids overlaid on top of the MR images. The signal-to-noise ratio of the
presented MR spectra is 498 in pseudoprogression and 4.86 in glioblastoma recurrence as well as the error of tCho,/tNAA concentration 7% and 4%, respectively.

heterogeneity of glial tumor tissue and many suspected recurrences are
localized in close proximity to the bone increasing noise in the acquired
MR spectra. Thus, it is useful to perform the MRS by means of a Spectro-
scopic Imaging technique in two orthogonal planes covering most of the
enhancing brain regions. We faced all the described difficulties in MRS
voxel analysis since the patients of our cohort underwent gross total re-
section (GTR). This patients’ selection was needed, whether we wanted
to analyze the ability of MRS and ADC maps to distinguish strictly be-
tween the pseudoprogression and tumor recurrence with no bias by a
residual tumor. The probability to achieve GTR is higher in the case of
small and superficial tumors located in the proximity of the skull. In ad-
dition, the majority of gadolinium-enhancing lesions were heteroge-
neous, irregular in shape, and small due to a frequent follow-up that
further underline necessity to use the Spectroscopic Imaging technique
and strict voxel selection. Compare to our methodology, Single Voxel
MR spectroscopy is often used in published studies but it is highly influ-
enced by the partial volume effect where the obtained spectra are
distorted by surrounding tissue (Lee et al., 2013).

There are several studies focusing on MRS for the purpose of differ-
entiating glioma recurrence from treatment related changes. The cur-
rent meta-analysis by Zhang et al, involving 18 studies and 455
patients, showed only moderate sensitivity and specificity of the tCho/
tNAA ratio (88% and 86%, respectively ) for differentiating a recurrent
glioma from radiation necrosis (Zhang et al., 2014). However, the late
treatment related changes of RT and TMZ have some similar histopath-
ologic features as a high-grade glioma relapse (e.g. the presence of ne-
crosis) that can lead to a decreased accuracy of MRS diagnostic and
can explain our superior results because we observed only patients
with PsP. Moreover, most studies reviewed by Zhang and colleagues
used Single Voxel MRS where average values from larger voxels are pro-
duced. The analysis of individual small voxels may also explain higher
sensitivity and specificity observed in the presented study. Neverthe-
less, as we can expect lower sensitivity and specificity of the MRS in
the general diagnostic protocol for differential diagnostic in neuro-
oncology, we agree with the recommendation of Zhang et al. to combine
MRS with other multimodal imaging methods. For example, that would
be definitely the case of the patient number 12 from our validation co-
hort where conflicting results of MRS and DWI were presented.

Fortunately, this patient was able to undergo biopsy validation
confirming the tumor recurrence. Otherwise, close follow-up with
early repeated imaging studies would be indicated.

Diffusion-weighted imaging describes changes in water diffusivity
mainly as the function of changes in cell density. The diffusion changes
can be quantified by the ADC. Generally speaking, decreased diffusivity
is the consequence of an enhanced tumor cell proliferation and is
reflected by the water diffusion restriction that lowers ADC values. In
the present study, the evaluation of mean ADC values led to the highest
sensitivity and specificity with the cut-off of 1313 x 10~ ® mm?/s in
distinguishing between a GBM recurrence and PsP that was proved in
our validation cohort of patients. For all patients with PsP from this
study cohort, the ADC mean value was=>1313 x 10 & mm?/s. However,
evaluating the diagnostic quality of DWI in differentiating glioma recur-
rence from radiation necrosis, the current meta-analysis by Zhang et al.
from April 2015 pooled and weighted data from 284 patients, and
showed only moderate diagnostic performance in differentiating the
glioma recurrence with sensitivity of 82% (95% Cl: 75,87) and specificity
of 84% (95% Cl: 76,91) (Zhang et al,, 2015). In the present study, the
higher sensitivity and specificity observed can be explained by the
same way as in the case of the MRS mentioned above — treatment relat-
ed changes represented exclusively by PsP with no case of
radionecrosis.

The lack of radionecrosis in our cohort can be explained by a time
factor. The aim of our study was to describe early MRI changes after on-
cology treatment; however, radionecrosis is more often related to the
late effect of radiotherapy. Regardless of low radionecrosis incidence
in selected group of patients after RT and TMZ (9.3% of patients),
Ruben with co-authors described that mean interval from the comple-
tion of radiotherapy to the diagnosis of radionecrosis was 11.6 months
in the cohort of 426 patients treated for glioma (Ruben et al., 2006).
The lack of radionecrosis may be also related to the gross total extent
of resections and generally less aggressive strategy in delivery of radio-
therapy (normalization to 95% of prescribed dose, strict limitations of
Dmax, less generous target definition strategy with reference to RTOG
rather than to EORTC approach).

This study has also some inherent limitations. The fact that a biopsy
for proving the final diagnosis (recurrence vs. treatment related
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