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Moderni trendy v personalizované radioterapii mozkovych metastaz

Modern trends in personalized radiotherapy of brain metastases

Abstrakt:

Implementace modernich cilenych 1ékd a imunoterapie do léCebnych algoritml vétSiny
nadorovych onemocnéni ve svém dusledku krom prodlouzené¢ho celkového preziti vede
k narastu incidence mozkovych metastaz. Jejich 1é¢ba je obecné omezena jednak inherentnimi
vlastnostmi centralni nervové soustavy a jednak limity na strané piedlééeného pacienta
Vv konec¢né fazi jeho onkologického onemocnéni.

V této habilitaéni praci je diskutovana problematika mozkovych metastaz véetné jejich
epidemiologie, symptomatologie a diagnostiky. Nejvice prostoru je vénovano 1é¢bé pomoci
ionizujiciho zafeni, radioterapie, jakoZto nejcastéji indikované konzervativni terapii. Protoze
se u vSech pacientli jednd apriori o 1é¢bu symptomatickou a protoze se medidny celkového
preziti navzdory vSem obecnym pokrokiim v onkologické terapii v piipadé¢ mozkovych
metastdz udavaji naddle spiSe v mésicich nez letech, je v posledni dobé kladen ¢im dal vétsi
diraz na kvalitu Zivota a neurokognitivni funkce jakozto na primarni cile soucasnych
klinickych studii.

SoucCasné portfolio radioterapeutickych technik pro individualizovanou radioterapii
mozkovych metastaz zahrnuje cilenou stereotaktickou radiochirurgii a frakcionovanou
radioterapii, celomozkové ozateni a jeho modifikace (hipokampus Setfici techniky, simultanni
integrovany boost na oblast makrometastaz), ptipadn¢ radioterapii oblasti ltizka po
metastazektomii. Diskutovany jsou piedev§im vlivy jmenovanych zpisobti ozafovani na
riziko iatrogenniho ovlivnéni neurokognitivnich funkci a kvality Zivota. Detailnéji rozebirame
vysledky naseho projektu prospektivné hodnoticiho zmény hipokampu po celomozkovém
ozéafeni pomoci inovativniho pfistupu s vyuzitim MR spektroskopie. Samostatné jsou také
diskutovany soucasné prognostické indexy umoznujici validni odhad prognézy konkrétniho
pacienta s moznosti piesnéjsiho zvazeni poméru riziko/benefit jednotlivych 1é¢ebnych
algoritmu.

Lze uzavftit, Ze v soucasné dob¢€ jiz neni v piipad€ pacientli s mozkovymi metastazami misto
pro diive obcas vidany nihilismus a Ze individualizovana 1ééba mulize pacientim piinést
vyrazny benefit, jako v piipadé prezentované kazuistiky v zdvérecné cCasti této habilitacni

prace.



Abstract:

The implementation of modern targeted therapy and immunotherapy 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 system and by the limitations of the highly pretreated
patients in 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 focused on ionizing 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 than years in spite of all the general advances in
cancer therapy, there has been an increasing emphasis on quality of life and neurocognitive
function as the primary objectives of current clinical trials.

Up-to-date portfolio of radiotherapy techniques for individualized radiotherapy of brain
metastases includes targeted stereotactic radiosurgery and fractionated radiotherapy, whole
brain radiotherapy and its modifications (hippocampus avoiding techniques, simultaneous
integrated boost to macrometastases), or radiotherapy of tumor bed after metastasectomy.
Especially the effects of the above mentioned radiation approaches on the risk of iatrogenic
alteration in neurocognitive functions and quality of life are discussed. We analyze in more
detail the results of our study prospectively assessing changes in hippocampus after whole
brain radiotherapy utilizing an innovative approach of 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 can bring significant benefits

to patients, as in the case report presented in the final part of this habilitation thesis.



1. Uvod

Sekundéarni mozkové nédory (mozkové metastazy) vznikaji metastazovanim do mozku
z nejruznéjSich primarnich nadori, kdy mezi nejcastéjsi patii bronchogenni karcinom, nadory
prsu, ledvin a maligni melanom (1). Jedna se tedy o velice heterogenni skupinu pacientu,

jejichz terapeutické moznosti jsou dany také typem a rozsahem extrakranidlniho onemocnéni.

Prognoza pacienti s mozkovymi metastdzami je 1 pies souCasné uspéchy moderni
onkologické 1é¢by nadale velice vazna s mediany celkového pieziti udavanymi v fadu mésica.
V souvislosti s reportovanim klasickych onkologickych 1é¢ebnych cili (celkové pieziti nebo
preziti do progrese) je nutné poznamenat, ze se v pripad¢ 1écby mozkovych metastaz jedna
vzdy o 1é¢bu s paliativnim zdmérem (s tzv. kratkodobym nebo tzv. dlouhodobym paliativnim
zamérem), kdy apriori neni hlavnim cilem prodlouzeni celkového pieziti, ale udrzeni,
Vv idealnim piipadé zlepSeni, kvality zivota a neurokognitivnich funkci (NCF) (2). Teprve
v poslednich letech jsou k dispozici vysledky randomizovanych studii, které jsou piimo
designované k posouzeni vlivu jednotlivych 1écebnych intervenci na kvalitu Zivota jakozto

primarniho cile téchto studii (3)(4).

Tato habilitaéni prace snazvem ,Moderni trendy v personalizované radioterapii
mozkovych metastaz je zpracovana formou komentovaného souboru praci autora
zabyvajicich se jednotlivymi radioterapeutickymi technikami v 1é¢bé mozkovych metastaz
s diirazem na toxicitu ve smyslu iatrogenni alterace NCF a kvality Zivota jako takové.
Prezentované prace jsou vénovany predevsim roli hipokampu V patogenezi zmén po

radioterapii v oblasti centralniho nervového systému (CNS).

Habilitacni prace je rozdélena do kapitol zabyvajicich se epidemiologii, diagnostikou
a lécbou mozkovych metastaz. Podstatnd Cast je vé€novana radioterapii a jejim nezadoucim
ucinkiim. Vlastni ptispévky k diskutované problematice jsou vkladany pfimo do jednotlivych

kapitol.

Ve snaze o rozsifeni ctenarské obce tohoto dila a text vzniklych pfi psani této habilitacni
prace (1-3/2019), piedevSsim kapitol, jez obecné¢ shrnuji diagnostiku, chirurgickou,
systémovou, podpiirnou, symptomatickou a samoziejmé radioterapeutickou 1é¢bu mozkovych
metastaz, predpokladdme dalSi vyuziti ¢asti texth pii pfipravé souhrnnych publikaci na
jmenovana témata (zejména nasledné prvoautorské piehledové prace a kazuistiky publikované
vroce 2019, event. 2020, v ¢eskych odbornych casopisech zabyvajicich se onkologickou
a neuroonkologickou problematikou).



2. Epidemiologie mozkovych metastaz

Mozkové metastdzy jsou nejcastéjSim nddorovym onemocnénim mozku s asi
desetindsobn¢ vyssi incidenci v porovnani s primarnimi mozkovymi nadory. Starsi populacni
studie popisuji incidenci mozkovych metastaz zhruba mezi 8 a 14 na 100 000 obyvatel,
nicmén¢ odhaduje se, ze skuteCna incidence bude mnohem vyss$i. Vyskyt mozkovych
metastdz ve starSich pitevnich studiich byl totiz mnohem vys$$i a metastazy byly popsany u
nékolika desitek procent vSech pitvanych onkologickych pacientd (5). Aktualngjsi
epidemiologicka data nejsou k dispozici. Odhaduje se, Ze k rozvoji mozkovych metastaz
dochazi az u 30 % pacienti se solidnimi nadory (1)(5)(6). Lze divodné ptedpokladat, Ze
incidence bude vzhledem k vétsi dostupnosti magnetické rezonance (MR) a predevsim kvuli
roz§ifujicim se indikacim moderni systémové terapie (cilena 1écba, imunoterapie, precizni
onkologie) nadale vzrustat. Jejich uzivani vede k obecné delSimu celkovému piezivani
pacientli s extrakranidlnimi metastdzami, u kterych pak stoupd riziko dal$i diseminace
dooblasti CNS. Jednim zmoznych mechanismit je obecné horSi pronikani 1éka
hematoencefalickou bariérou umoznujici event. jiz pfitomnym mikrometastazam selekéni
vyhodu. Piikladem jsou monoklonalni protilatky o vysoké molekularni hmotnosti, jako je
trastuzumab, IgGl humanizovand monoklonalni protilatka proti extracelularni doméné
receptoru lidského epidermalniho rdstového faktoru (HER), pouzivany v terapii HER2-
pozitivnich nadort prsu. Mnoho autord dokumentovalo brzy po zahéjeni rutinniho uzivani
trastuzumabu narist incidence mozkovych metastaz v porovnani s historickymi

kohortami (7).

Pokud budou potvrzeny ptredpokladané Uspéchy precizni mediciny s tranzici nadorovych
onemocnéni z kategorie smrtelnych onemocnéni do kategorie nemoci chronickych, bude
vyrazné stoupat prevalence onkologickych pacientl. Pacienti s mozkovymi metastazami pak
mohou tvofit vyznamnou ¢ast pacientd, s kterymi se onkologové setkaji v ramci rutinni praxe,

coz podtrhuje vyznam této problematiky.

NejcastéjSim primdrnim nadorovym onemocnénim metastazujicim do CNS je
bronchogenni karcinom (az 50 % vsSech pacientl referovanych s mozkovymi metastdzami).
Z tohoto diivodu je nékdy zvazovéna profylakticka radioterapie u pacienti s malobunéénymi
i nemalobunéénymi nadory plic, jak je dale zminovano v kapitole 7. Spektru primarnich
diagndéz popisovanému V literatuie odpovidd neselektovana kohorta 473 pacientil
S mozkovymi metastdizami 1é¢ena na naSem pracovisti v letech 2011-2014 (8). VétSina

pacientd byla s nadory plic (220/473; 46,5 %) nasledovana pacientkami s karcinomem prsu
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(81/473; 17,1 %) a pacienty s malignim melanomem (59/473; 12,5 %). Naopak u jinych
Castych primarnich diagnéz, jako je kolorektalni karcinom nebo nadory prostaty, jSou
mozkové metastazy pozorovany ziidka (v nas$i zminované kohort¢ 6 pacientd s nadorem
prostaty, 6/473; 1,3 %), a to pravdépodobné vlivem dosud ne zcela pfesné popsanych

mechanismu patogeneze metastaz, které limituji invazi do mozkového parenchymu (9).

Z klinického hlediska je zdsadni rozdil mezi pacientem s jednou mozkovou metastdzou
a s mnohocetnym postizenim CNS. Jako single mozkova metastaza se oznacuje jedna
metastaza pii pritomnosti dalSich extrakranialnich metastaz a jako solitdrni mozkova
metastaza se oznaCuje jedna metastiza CNS coby jediné misto metastatické choroby
u pacienta s kontrolovanym primarnim nadorem. Jak bude diskutovano dale v pfislusnych
kapitolach, 1écebné cile a moznosti neurochirurgie a radioterapie jsou odlisné dle poctu
metastaz se ziejmou lepsi prognodzou pacientli bez mnohocetného metastatického postizeni.
Nicméné zastoupeni pacienti s jednou metastazou (piipadné pouze s oligometastatickym
onemocnénim) je zavislé také na dostupnosti zobrazovacich metod, pfedev§im magnetické
rezonance (MR). Robustni analyza neselektované skupiny téméf 2 500 pacientd 1é¢enych
v Medical University of Vienna v letech 1990-2011 popisuje témét 50 % pacientt s jednou

mozkovou metastazou (10). Tabulka 1 srovnava tyto pacienty s kohortou z naseho pracovisté.

Tab. 1: Srovnani po¢tu metastaz u pacientli [é€enych na nasem pracovisti a ve Vidni.

Viden Brno Brno

Autor Berghoff (2016) Kuklova (2017) Kazda (2018)
(10) (11) (12)

Pocet pacienti 2 419 (neselektovani 473 (neselektovani 260 (pouze pacienti
pacienti) pacienti) s MR)

Rok 1990-2011 2011-2014 2011-2014

Pocet pacientii/rok 115 118

Bronchogenni 433 % 46,5 % 46,2 %

karcinom

Néadory prsu 15,7 % 17,1 % 18,5 %

1 metastaza 48,7 % 32% 36 %

2-3 metastazy 27,7 % 25 % 22 %

>3 metastazy 23,5% 43 % 42 %




3. Klinické priznaky a diagnostika mozkovych metastaz

V nasi skupiné postupné zavadime RANO hodnoceni vradmci vlastnich
retrospektivnich 1 prospektivnich védeckovyzkumnych projekti a studii (napt. akademicka
multicentricka prospektivni randomizovana studie GlioART: analyza recidiv glioblastomu
(patterns of failure) a zavislost na taktice adjuvantni radioterapie; principal investigator
dr. Kazda). Jak bylo zminéno vySe, nutnou podminkou validniho hodnoceni primarnich
i sekundarnich mozkovych nadorit pomoci RANO kritérii je uzké spoluprace radiologa
a radioterapeuta, predevsim pfi pfesném reportovani cilovych objemu radioterapie, které jsou
pro radiologa dulezité v ramci hodnoceni event. pseudoprogrese (23). Spravné aplikovana
RANO kritéria pak mohou definovat progresi na jiné MR, nez kdyby RANO kritéria pouZzita
nebyla, coz ma ve svém disledku extrémni vliv na hodnoceni doby do progrese (PFS), které
reprezentuje Casty endpoint studii zabyvajicich se lokalnimi metodami 1é¢by, jako je operace
nebo radioterapie (24). Posledni dvé citované prace jsou vlastnim piispévkem k problematice
RANO kritérii ((23) — Belanova R, Sprlakova-Pukova 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 radiation oncologists in the estimation of extent of high dose RT region.
Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 2019; 163 a (24) — Kazda T,
Hardie JG, Pafundi DH, Kaufmann TJ, Brinkmann DH, Laack NN. Evaluation of RANO
response criteria compared to clinician evaluation in WHO grade 11l anaplastic astrocytoma:
implications for clinical trial reporting and patterns of failure. J Neurooncol. 2015 Mar;
122(1): 197-203. Ob¢ prace ale pojednavaji o primarnich mozkovych nadorech, nejsou proto
blize diskutovany. Jsou ale dulezitou prerekvizitou postupné implementace RANO-BM

kritérii v hodnoceni pacienti s mozkovymi metastdzami na naSem pracovisti.

V piipadé nejasnych nalezd na standardnich metodach MR lze v ramci diferencialni
diagnostiky (v€etné jiz zminéné pseudoprogrese) s vyhodou vyuZzit riznych nastavbovych
metod MR zobrazovani, jako je MR difuze, MR perfuze nebo MR spektroskopie (MRS). Pro
na$§ dalsi vyzkum poradia¢nich zmén mozku je dilezitd pfedevsim MR spektroskopie.
Protonova MRS piedstavuje metodu tzv. metabolického zobrazeni, umoziujici zobrazeni
prostorového rozlozeni koncentrace vybranych metaboliti. Vybérem analyzované oblasti 1ze
graficky vyjadfit rozdilné zastoupeni napt. laktatu, cholinu nebo N-acetyl aspartatu Vv

normalni nebo patologické oblasti mozku. MR spektra zdravého mozku jsou velmi
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konstantni. K jejich zméné dochazi vétsinou v disledku nezadoucich biochemickych procest,
které jsou napft. soucasti rtistu nadord. I kdyzZ MRS nedokéze urcit specifické metabolity pro
nadorovou tkan, muze stanovit specifické rozdily ve zménach koncentraci metaboliti v
porovnani s koncentraci téchto metabolitii ve zdravé mozkové tkani. Napiiklad glioblastomy
jsou charakteristické zvysSenou turovni cholinu (marker bunéénych membran) a redukci
intenzity signal N-acetylaspartatu (marker viability a poctu neurontl), ¢ehoz lze vyuzit
Vv odliSeni polécebnych recidiv a pseudoprogresi, ptipadné radionekroz. V déle diskutovaném
vyzkumu poradiacnich zmén mozku jsme pomoci MRS hodnotili zmény na urovni
hipokampll po ozafeni mozkovych metastaz. Nasledujici publikace diskutuji krom metodiky
MRS validaci aplikace MRS v diferencialni diagnostice polé¢ebnych zmén u gliomd v ramci

prospektivni studie.
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3.1 PUBLIKACE 1

Bulik M, Kazda T, Jancalek R. Protonova MR spektroskopie v neuroonkologii. Neurol
pro Praxi, 2016; 17(5): 248-251.

Kategorie publikace: ptehledovy ¢lanek v domacim recenzovaném casopise bez IF

Anotace: V tivodu prehledového ¢lanku jsou shrnuty zakladni fyzikdlni aspekty ziskdni MR
spekter v priabéhu vysSetfeni MRS. Pro neuroonkologické indikace jsou nejdalezitéjsi
nasledujici metabolity, dale Vv textu bliZze charakterizované: N-acetylaspartat, kreatin, cholin a
laktat. Poméry jejich koncentraci mohou pfispét pfi rozliSeni nadorovych a nenddorovych 1ézi,
odliseni primarnich nddori a metastdz, uptesnit grading nadort (predevSim v ptipadé
histologicky verifikovanych anaplastickych astrocytomi bez syceni na strukturadlni MR Ize
pomoci MRS identifikovat event. mista agresivnéj$i slozky tumoru), pfi navigacich
neurochirurgickych intervenci (v€etné navigace biopsie do mist nejagresivnéjsi porce tumoru
u primarn¢ inoperabilnich nadorti), pfi hodnoceni progrese gliomt, respektive v diferencidlni

diagnostice pseudoprogrese a radionekrézy. Hodnocenim N-acetylaspartatu lze usuzovat na

pfitomnost viabilnich neuront.

MR spektroskopie bude dale diskutovana ve vztahu k hodnoceni poradia¢niho poskozeni

mozku po radioterapii mozkovych metastaz.
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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

["E'LII'C'|O';; lepropraxi.cz

2 95 ROY

/ Neurol. praxi 2016; 17(5): 283-286 / NEUROLOGIE PRO PRAX

283



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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mapovdni metabolického poméru Cho/NAA a spektraini kiivky

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.

eurologiepropraxi.cz



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.

www.neurologiepropraxi.cz

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

LITERATURA

1. Bradac O, Vrana J, Jiru F, Kramar F, Netuka D, Hrabal P, Ho-
rinek D, de Lacy P, Benes V. Recognition of anaplastic foci
within low-grade gliomas using MR spectroscopy. Br J Neu-
rosurg. 2014; 28(5): 631-636.

2. Bulik M, Jancalek R, Vanicek J, Skoch A, Mechl M. Potential
of MR spectroscopy for assessment of glioma grading. Clin
Neurol Neurosurg. 2013; 115(2): 146-153.

3. Castillo M, Kwock L, Courvoisie HE, Hooper SR, Greenwood
RS. Proton MR spectroscopy in psychiatric and neurodeve-
lopmental childhood disorders: early experience. Neuroima-
ging Clin N Am. 1998; 8(4): 901-912.

4. Crisi G. (1)H MR Spectroscopy of meningiomas at 3.0T: the
role of glutamate-glutamine complex and glutathione. Neu-
roradiol J. 2011; 24(6): 846-853.

5. Dowling C, Bollen AW, Noworolski SM, McDermott MW, Bar-
baro NM, Day MR, Henry RG, Chang SM, Dillon WP, Nelson SJ,
Vigneron DB. Preoperative proton MR spectroscopic imaging
of brain tumors: correlation with histopathologic analysis of re-
section specimens. AINR Am J Neuroradiol. 2001; 22(4).604-612.
6. Incidence zhoubnych novotvand v CR v roce 2011. 204-
10-15. Dostupny na http//www.uzis.cz/rychle-informace/

oznacovan vzestup hladin Cho o vice jak 45 %
oproti pfedchozimu vy3etfeni. Jako stav bez
progrese byva oznatovan pokles hladin Cho,
jejich stabilni hodnota &i vzestup o méné nez
35 9% oproti pfedchozimu vy3etfeni (Tedeschi
etal, 1997).

Poradiani zmény
a rekurence gliom0

Protonova MRS se miZe vyznamné uplatnit
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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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s timto zdvaznym nadorem CNS. Cilem této prospektivni studie je stanovit a ovéfit prahové
hodnoty pro hlavni koncentrace metaboliti naméfené pomoci MR spektroskopie (MRS)
a hodnoty aparentniho difuzniho koeficientu (ADC — difuzné vazené MR zobrazovani), aby
bylo mozné odlisit recidivu naddoru od pseudoprogrese. Tricet devét pacientd po standardni
1é¢bé glioblastomu podstoupilo pokrocilé zobrazovani pomoci MRS a ADC v dob¢ podezieni
na recidivu. Stfedni doba do progrese byla 6,7 mésicti. Nejvyssi senzitivita a specificita pro
diagnozu recidivy glioblastomu byla pozorovana u celkového poméru koncentrace cholinu
(tCho) k celkové koncentraci N-acetylaspartatu (tNAA) s prahem > 1,3 (citlivost 100,0%
a specificita 94,7%). Hodnota ADCmean >1313 x 10-6 mm?/s byla spojena s pseudoprogresi
(citlivost 98,3%, specificita 100,0%). Kombinace MRS zamétend na koncentra¢ni pomeér
tCho/tNAA a hodnoty ADCmean piedstavuje nastroj pro ¢asnou neinvazivni diferenciaci
mezi recidivou glioblastomu a pseudoprogresi po onkologické 1écbé. Individualni
institucionalni vymezeni a ovéteni prahovych hodnot pro diferencialni diagnostiku je nutné

vzhledem K rozdilnym hodnotam MRS v zavislosti na nastaveni daného MR pfistroje.
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jednak na tGrovni tumoru a dale pak na trovni zdravé mozkové tkané, jak je dale diskutovano

Vv piipad¢ radioterapie mozkovych metastdz a zmén v oblasti hipokamp.

16



Neurolmage: Clinical 11 (2016) 316-321

Contents lists available at ScienceDirect r

Neurolmage: Clinical

Neurolmage:

| CLINICAL

journal homepage: www.elsevier.com/locate/ynicl

Advanced MRI increases the diagnostic accuracy of recurrent
glioblastoma: Single institution thresholds and validation of MR
spectroscopy and diffusion weighted MR imaging

@ CrossMark

Tomas Kazda®”<, Martin Bulik®®<, Petr Pospisil”¢, Radek Lakomy"¢, Martin Smrcka",
Pavel SlampaP®*, Radim Jancalek"*

International Clinical Research Center, St. Anne’s University Hospital Brno, 656 91 Brno, Czech Republic

Department of Radiation Oncology, Faculty of Medicine, Masaryk University, 625 00 Bmo, Czech Republic

“Department of Radiation Oncology, Masaryk Memorial Cancer Institute, 656 53 Brno, Czech Republic

4 Department of Diagnostic Imaging, Faculty of Medicine, Masaryk University, 625 00 Brmo, Czech Republic

€ Department of Diagnostic Imaging, St. Anne's University Hospital Brno, 656 91 Brno, Czech Republic

‘Department of Comprehensive Cancer Care, Masaryk Memorial Cancer Institute, 656 53 Brno, Czech Republic

eDepartment of Comprehensive Cancer Care, Faculty of Medicine, Masaryk University, 625 00 Brno, Czech Republic

" Department of Neurosurgery, University Hospital Brno, Bmo 625 00, Czech Republic

i Department of Neurosurgery, St. Anne’s University Hospital Brno, Faculty of Medicine, Masaryk University, 625 00 Bmo, Czech Republic
) Department of Neurosurgery, St. Anne's University Hospital Brno, 656 91 Brno, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 14 October 2015

Received in revised form 14 February 2016
Accepted 22 February 2016

Available online 26 February 2016

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).
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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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Table 4

The validation of the calculated metabolite concentration ratios and ADCmean cut-offs for the GBM recurrence by the respective cohort of patients. The gray color indicates discrepancy
between the predicted value and the real measured value. R — recurrence, PsP — pseudoprogression.
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Lac-Lp 13tcr 05 11 3 [ 06 |22 |08 1 07|17 14| 28|09 17 ]| 04| 05]| o4
Lac+ Lip 09-1.3/tcr 06 13 47 |09 38 | 2 | 12 11| 22|18 | 34| 16| 21|07 | 08| 0z
e s 1248 | 1157 | 928 | 1189 [ 1387 [ 1287 | 1038 | 917 | 838 | 1348 | 937 | 1197 | 1298 | 1503 | 1425 | 1398
changes) was missing in 33% of patients, as their best interest was Funding/Acknowledgments

reflected, may prevent the deeper explanation of the observed metabo-
lite concentrations or the ADC data. It may be assumed that some pa-
tients develop the overlapping imaging features of both PsP and early
GBM recurrence at the same time, which lowers the tCho/tNAA ratio
and increases the ADCmean value due to the predominance of initial
PsP changes. On the other hand, patients with PsP are more often
those with a favorable prognosis and the concurrent presence of PsP
and early GBM progression is not a case of all patients with PsP. More-
over, the use of biopsy samples may also be difficult tointerpret because
of the above mentioned tissue mixture, as well as the post radiotherapy
changes. It means that the single target stereotactic needle biopsy of the
lesion suspected of a tumor recurrence may be inaccurate (Hygino da
Cruz et al, 2011). Patients who are not able to undergo tumor resection
or atleast biopsy validation may most benefit from the non-invasive na-
ture of advanced MRI methods and, in clinical practice, they may be can-
didates for further imaging studies including MR perfusion or positron
emission tomography examination. With this consideration, we can
agree with the recommendation of Zhang et al. to combine DWIimaging
results with other multimodal imaging methods (Zhang et al., 2014,
2015). Thus, combination of ADC values and metabolite concentrations
measured by MRS could produce a single prediction with a significant
clinical impact; however, other studies with more patients included
are needed for valid recommendations.

5. Conclusion

In conclusion, there is the increasing evidence for routine utilization
of advanced MRI methods such as DWIand MRS in brain tumor imaging
protocols, This study has proved that the combination of ADCmean
values <1313 x 10~ ® mm2/s and the tCho/tNAA concentration ratio
>1.3 have the high validity for a non-invasive differentiation between
a GBM recurrence and pseudoprogression. However, institutional defi-
nition and validation of the thresholds of the advanced MR methods is
needed in order to implement the multimodal imaging into routine
clinical practice, as well as clinical trials.

Conflicts of interest

The authors declare that they have no conflicts of interest.

The study was supported by the Czech Ministry of Health Grants No.
NT14120-3/2013 and NT14600-3/2013, as well as the European Region-
al Development Fund, Project FNUSA-ICRC (No. CZ.1.05/1.1.00/
02.0123), and MH (Z-DRO (MM(CI, 00209805).

References

Ahmed, R., Oborski, M], Hwang, M, Lieberman, F.5., Mountz, JM., 2014. Malignant glio-
mas: current perspectives in diagnosis, treatment, and early response assessment
using advanced quantitative imaging methods, Cancer Manag. Res. 6, 149-170.
hitp: //dxdoiorg/102147 CMARS54726.

Bulik, M., Jancalek, R, Vanicek, ], Skoch, A, Mechl, M, 2013, Potential of MR spectroscopy
for assessment of glioma grading. Clin. Neurol, Neurosurg. 115 (2), 146-153, hup://
dxdoi.org/10.1016/j.clineuro.2012,11,002 (2013 Feb).

Bulik, M, Kazda, T., Slampa, P., Jancalek, R, 2015. The diagnostic ability of follow-up im-
aging biomarkers after treatment of glioblastoma in the temozolomide era : implica-
tions from proton MR spectroscopy and apparent diffusion coefficient mapping.
Biomed. Res. Int. 2015 (2015), 641023, http://dx.doi.org/10.1155/2015/641023.

Chakravarti, A, Erkkinen, MG Nestler, U, Stupp, R, Mehta, M., Aldape, K, Gilbert, M.R,
Black, P.M., Loeffler, J.5., 2006. Temozolomide-mediated radiation enhancement in
glioblastoma: a report on underlying mechanisms, Clin. Cancer Res. 12 (15),
4738-4746 (2006 Aug 1).

Dusek, L, Muzik, J., Maluskova, D., Majek, 0., Pavlik, T., Koptikova, J., Melichar, B., Biichler,
T., Finek, J., Cibula, D, Babjuk, M, Svoboda, M., Vyzula, R., Ryska, A., Ryska, M., Petera,
J.. Abrahamova, J., 2014, Cancer incidence and mortality in the Czech Republic. Klin.
Onkol. 27 (6), 406-423.

Ellingson, B.M., Bendszus, M, Boxerman, ], Barboriak, D., Erickson, BJ, Smits, M, Nelson,
SJ., Gerstner, E., Alexander, B, Goldmacher, G., Wick, W., Vogelbaum, M, Weller, M.,
Galanis, E,, Kalpathy-Cramer, J., Shankar, L, Jacobs, P., Pope, WB, Yang, D, Chung, C,
Knopp, MV., Cha, 5, VanDen Bent, M.J, Chang, 5., Yung W.K Al Cloughesy, T.F., Wen,
PY. Gilbert, M.R., 2015. Consensus recommendations for a standardized Brain Tumor
Imaging Protocol in clinical trials. Neuro-Oncology 17 (9), 1188-1198. http://dx.doi.
org/10.1093/nevonc/nov095 (2015 Sep).

Hygino da Cruz L.C, Rodriguez, I, Domingues, R.C,, Gasparetto, EL., Sorensen, AG. 2011,
Pseudoprogression and pseudoresponse: imaging challenges in the assessment of
posttreatment glioma. AJNR Am. ]. Neuroradiol. 32 (11), 1978-1985. hrtp://dx.doi.
org/10.3174/ajnr.A2397 (2011 Dec).

Jiry, F.,Skoch, A, Klose, U, Grodd, W., Hajek, M., 2006. Error images for spectroscopic im-
aging by LCModel using Cramer-Rao bounds. MAGMA 19 (1), 1-14. http: //dx.doi.
org/10,1007/510334-005-0018-7 (2006 Feb).

Jirw, F., Skoch, A, Wagnerova D, Dezortova, M., Hajek, M, 2013, jSIPRO — analysis tool for
magnetic resonance spectroscopic imaging. Comput. Methods Prog Biomed. 112 (1),
173-188. http://dx.doiorg/10.1016/j.cmpb.2013.06.018 (2013 Oct).

Kao, H-W.,, Chiang, 5.-W., Chung, H-W,, Tsai, F.Y., Chen, C-Y,, 2013. Advanced MR imag-
ing of gliomas: an update. Biomed. Res. Int. 2013 (2013), 970586. http://dx.doiorg/
10.1155/2013/970586.

Lee, H, Caparelli, E., Li, H, Mandal, A, Smith, 5.0, Zhang, 5, Bilfinger, T.V., Benveniste, H.,
2013. Computerized MRS voxel registration and partial volume effects in single voxel
1H-MRS. Magn. Reson. Imaging 31 (7), 1197-1205. http://dx.doi.org/10.1016/j.mri.
2013.04.001 (2013 Sep).

Provencher, 5.W., 2001. Automatic quantitation of localized in vivo 1H spectra with
LCModel, NMR Biomed. 14 (4), 260-264 (2001 Jun),

21



T. Kazda et al / Neurolmage: Clinical 11 (2016) 316-321 321

Roy, B, Gupta, RK., Maudsley, A A, Awasthi, R, Sheriff, S, Gu, M., Husain, N., Mohakud, 5.,
Behari, 5., Pandey, CM., Rathore, RK.S., Spielman, DM, Alger, J.R, 2013. Utility of
multiparametric 3-T MRI for glioma characterization. Neuroradiology 55 (5),
603-613. hitp://dxdoiorg/10.1007/s00234-013-1145-x (2013 May).

Ruben, L.D., Dally, M., Bailey, M., Smith, R., McLean, C.A. Fedele, P., 2006, Cerebral radiation
necrosis: incidence, outcomes, and risk factors with emphasis on radiation parame-
ters and chemotherapy. Int. ]. Radiat. Oncol. Biol. Phys. 65 (2), 499-508. http://dx.
doi.org/10.1016/j.jrobp.2005,12,002 (2006 Jun).

Stupp, R, Mason, W.P,, van den Bent, MJ., Weller, M., Fisher, B., Taphoom, M] B., Belanger,
K. Brandes, A. a, Marosi, C, Bogdahn, U., Curschmann, J., Janzer, R.C,, Ludwin, SK.,
Gorlia, T,, Allgeier, A., Lacombe, D, Caimcross, J.G., Eisenhauer, E, Mirimanoff, RO.,
2005, Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma,
N. Engl. . Med. 352 (10), 987-996. http://dx.doi.org/10.1056/NEJMoa043330 (2005
Mar 10).

Stupp, R., Hegi, M.E, Mason, W.P,, van den Bent, M.], Taphoorn, MJ.B., Janzer, RC,
Ludwin, S.K, Allgeier, A., Fisher, B, Belanger, K., Hau, P., Brandes, A. a, Gijtenbeek, J.,
Marosi, C, Vecht, CJ., Mokhtari, K., Wesseling, P., Villa, 5., Eisenhauer, E., Godia, T.,
Weller, M., Lacombe, D., Cairncross, ].G., Mirimanoff, R.-0., 2009. Effects of radiother-
apy with concomitant and adjuvant temozolomide versus radiotherapy alone on

survival in glioblastoma in a randomised phase Ill study: 5-year analysis of the
EORTC-NCIC trial. Lancet Oncol. 10 (5), 459-466. http://dx.doi.org/10.1016/51470-
2045(09)70025-7 (2009 May).

Wen, P.Y., Macdonald, D.R., Reardon, D. a, Cloughesy, T.F., Sorensen, a G, Galanis, E.,
Degroot, J, Wick, W., Gilbert, M.R,, Lassman, A.B,, Tsien, C., Mikkelsen, T., Wong,
E.T., Chamberlain, M.C., Stupp, R, Lamborn, KR, Vogelbaum, M. a, van den Bent,
M., Chang, .M., 2010. Updated response assessment criteria for high-grade gliomas:
response assessment in neuro-oncology working group. J. Clin. Oncol 28 (11),
1963-1972. hitp://dx.doiong/10.1200/JC02009.26.3541 (2010 Apr 10).

Zhang, H,, Ma, L., Wang, Q. Zheng, X, Wu, C, Xu, B.N, 2014, Role of magnetic resonance
spectroscopy for the differentiation of recurrent glioma from radiation necrosis: A
systematic review and meta-analysis. Eur. |. Radiol. 83 (12), 2181-2189 (2014 Dec).

Zhang, H,,Ma, L, Shu,C, Wang, Y B., Dong, L.Q,, 2015, Diagnastic accuracy of diffusion MRI
with quantitative ADC measurements in differentiating glioma recurrence from radi-
ation necrosis, J. Neurol. Sci. 351 (1-2), 65-71. http://dx.doLorg/10.1016/jjns. 2015,
02.038 (2015 Apr 15).

22



4. Prognostické indexy

Tab. 3: RPA Klasifikace k odhadu prognézy pacientll s nové diagnostikovanymi mozkovymi

metastazami (31)

Skupina Charakteristika Celkové preziti
(mésice)
RPA 1 KPS 70-100; kontrolovano primarni onemocnéni; 7,1

vek < 65 let, bez extrakranialnich metastaz
RPA 2 ostatni 4.2
RPA 3 KPS <70 2,3

Zkratky: RPA: Recursive Partitioning Analysis; KPS: vykonnostni stav dle Karnofského

indexu.

I pfes Siroké uzivani v rdmci rutinni ambulantni praxe vykazoval tento systém fadu
nedostatkii. VétSina pacientl byla v praxi kategorizovana do RPA_2 skupiny a klasifikace

nespliiovala dalsi souCasné pozadavky na efektivni prognosticky index:

e hodnoty pfeZiti se mezi jednotlivymi skupinami signifikantné lisi
e pacienti v ramci jednotlivé skupiny maji podobné hodnoty preziti
e pacienti jsou rovnomérné rozloZeni mezi jednotlivé skupiny

e kategorizace pacient do jednotlivych skupin vede k rozdilnému terapeutickému postupu

Poté, co byl snastupem cilenych stereotaktickych radioterapeutickych technik popsan
vyznam cilené vysokodavkové radioterapie, a tedy vyznam velikosti a poctu mozkovych
metastaz, byl poc¢et mozkovych metastdz zohlednén v dalSim Siroce pouZivaném systému pro
odhad prognoézy GPA (Graded Prognostic Assessment) publikovaném v roce 2008 (32),
tabulka 4.
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Obr. 3: Ctvrté revidované vydani WHO klasifikace mozkovych nadori. Ackoliv jsou

mozkové metastazy desetkrat Castéjsi, nejsou v porovnani s primarnimi mozkovymi nadory

dosud blize klasifikovany

Diffuse astrocytic and cligodendroglial tumours

Diffuse astrocytoma, |DH-mutant
Gemistocytic astrocytoma, |DH-mutant

Dituse astrocytorna, IDH-wildtype

Diffuse astrocytoma, NOS

Anaplastic astrocytoma, |DH-mutant
Anaplastic astrocyloma, IDH-wildtype
Anaplastic astrocytoma, NOS

Glioblastoma, IDH-wildtype
Giant cell glioblastoma
Gliosarcoma
Epitheliaid glioblastoma

Glinblasioma, IDH-mutant

Glioblastoma, NOS

Diffuse midline glioma, H3 K27M-mutant

Oligodendraglioma, IDH-mutant and
1p/19q-codeleled
Oligodendraglioma, NOS

Anaplastic oligodendroglioma, |DH-mutant
and 1p/19g-codeleted
Anaplastic oligodendroglioma, NOS

Oligoastrocyloma, NOS
Anaplastic oligoastrocytoma, NOS

Other astrocytic tumours
Pilocytic astrocytoma

Pilomy=oid astrocytoma
Subependymal giant cell astrocytoma
Pleomorphic xanthoastrocytoma
Anaplastic pleomorphic xanthoastiocyloma

Ependymal tumours.
Subependymoma
Myxopapillary ependymoma
Ependymoma

Papillary ependymoma

Clear cell ependymoma

Tanycytic ependymoma
Ependymoma, RELA fusion-positive
Anaplastic ependymoma

Other gliomas

Chordoid glioma of the third ventricle
JAngiocentric glioma

Astroblastoma

Choroid plexus tumours

Choroid plexus papilloma
Alypical choroid plexus papilloma
Choroid plexus carcinoma

94

941113
94003
940013

940113
940113
940113

944013
944113
944213
9440/3
9445/3°
944013

9385/3*

94503
945013

945113
945173

83900
939011
939013

Neuronal and mixed neuronal-glial tumours

Dysembryoplastic neuroepithelial tumour

Gangliocytoma

Ganglioglioma

Anaplastic ganglioglioma

Dysplastic cerebellar gangliocyloma
(Lhermitte-Duclos diseasa)

Desmoplastic infantile astrocytoma and
ganglioglioma

Papillary glioneuronal tumaur

Rosette-forming glioneuronal tumour

Diffuse leplomeningeal ghoneuranal tumaour

Central neurocytoma

Extraventricular neurocytoma

Cerabellar liponaurocytoma

Paraganglioma

Tumours of the pineal region

Pineocytoma

Pineal parenchymal tumour of intermediate
differentiation

Pinecblastoma

Papillary tumour of the pineal region

Embryonal tumours
Medulloblastomas, genetically defined
Medulloblastoma, WNT-activated
Medulloblastoma, SHH-activated and
TPa3-mutant
Medulloblastoma, SHH-activated and
TP53wildtype
Medulloblastoma, non-WNT/non-SHH
Meduiloblastoma, group 3
Meduiloblastoma, group 4
Medulloblastomas, histologically defined
Medulioblastoma, classic
Medulloblastoma, desmoplastichodular
Medulloblastoma with extensive nodularlty
Medulloblastoma, large cell / anaplastic
Medulloblastoma, NOS

Embryonal tumour with multilayered rosettes,
C19MC-altered

Embryonal tumour with muitilayered
rosettes, NOS

Medulloepithelioma

CNS neurcblastoma

CNS ganglioneurablastoma

CNS embryonal tumour, NOS

Atypical teratoid/rhabdoid tumour

CNS embryonal turnour with rhabdoid features

Tumours of the cranial and paraspinal nerves
Schwannoma

Cellular schwannoma

Plexiform schwannoma

941310
94920
95051
9505/3

8493/0

94121
95091
95081

95081
9506/1
95061
863311

93611

93623
93623
939513

9475/3"
9476/3°

947113
9477/3*

947013
94713
947113
9474/3
9470/3

9478/3°

847803
9501/3

849013
947313
9508/3

9560/0
956010
9560/0

Melanotic schwannoma
Neurofibroma
Atypical neurofibroma
Plexitorm neurofibrema
Peringurioma
Hybrid nerve sheath tumours
Malignant peripheral nerve cheath tumour
Epithelicid MPNST
MPNST with peringurial differentiation

Meningiomas

Meningioma

Meningothelial meningioma
Fibrous meningioma

Transitional meningioma
Psammomalous meningioma
Angiomatous meningioma
Microcystic meningioma

Secretory meningioma
Lymphaplasmacyte-rich meningioma
Metaplastic meningioma

Chortdoid meningioma

Clear cell meningioma

Atypical meningioma

Papillary meningioma

Rhabdoid meningioma

Anaplastic (malignant) meningioma

Mesenchymal, non-meningothelial tumours
Salitary fibrous tumour / haemangiopericytome.
Grade 1
Grade 2
Grade 3
Haemangioblastoma
Hasmangioma
Epithelicid haemangioendothelioma
Angicsarcoma
Kaposi sarcoma
Ewing sarcoma / PNET
Lipoma
Angidliporma
Hibernoma
Liposarcoma
Desmeid-type fibromatosis
Myofibroblastoma
Inflammatory myofibroblastic tumour
Benign fibrous histiocytoma
Fibrosarcoma
Undifferentiated pleomorphic sarcoma /
malignant fibrous histiocyloma
Leiomyoma
Leiomyosarcoma
Rhabdomyoma
Rhabdomyosarcoma
Chondroma.
Chondrosarcoma
Osteoma

85601
854010
9540/0
9550/0
957110

954003
854013
854013

95300

953410
953010
953010
953010
953010
95381
95381
95381
953813
953813
953013

881510
88151
881513
91611
912010
91333
912013
914013
936413
885010
886110
8880/0
885013
882111
8825/0
882511
883010
831013

Osteachondroma
Osteosarcoma

Melanocytic tumours
Meningeal melanocylosis
Meningeal melanocyloma
Meningeal melanoma
Meningeal melanomatosis

Lymphomas
Diffuse large B-cell lymphoma of the CNS
ficiency-associated CNS

AlDS-related diffuse large B-cell lymphoma

92100
9180/3

872810
ar2ai
872013
872813

9680/3

EBV-positive diffuse large B-cell lymphoma, NOS

Lymphomatoid granulomatosis
Intravascular large B-cell lymphoma
Low-grade B-cell lymphomas of the CNS
T-cell and NK/T-cell lymphomas of the CNS
Anaplastic large cell lymphoma, ALK-positive
Anaplastic large cell lymphoma, ALK-negative
MALT lymphoma of the dura

Histiocytic tumours
Langerhans cell histiocytosis
Erdheim-Chester disease
Rosai-Doriman disease
Juvenile xanthogranuloma
Histiocyic sarcoma

Germ cell tumours
Germinoma
Embryonal carcinoma
Yolk sac fumour
Chatiocarcinoma
Teraloma
Mature teratoma
Immature leratoma
Teratoma with malignant transformation
Mixed germ cell tumour

Tumours of the sellar ragion
Craniopharyngioma
Adamantinomaious craniopharyngioma
Papillary craniopharyngioma
Granular cell tumour of the sellar region
Pituicytoma
Spindle cell oncocyloma

9766/1
a712/3

9714
970213
9699/3

975173
8750/1

9755{3

9064/3
907013
907113
2100/3
9080/1
S060/0
9080/3
90843
908513

93501
935111
935211
958210
943211
829010

V rdmci denni onkologické praxe 1ze doporucit online dostupné indexy jako zminiovany DS-

GPA z nhttp://brainmetgpa.com/, pro vyuziti vramci veédeckovyzkumnych analyz jsou

vyhodnéjsi tabulkové editory vhodné upravené pro automatické vypocty zvolenych

prognostickych indexti na zakladé vkladanych surovych dat (30).
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4.1 PUBLIKACE 3

Kazda T, Kuklova A, Pospisil P, Burkon P, Slavik M, Hynkova L, et al. Utilization of
Prognostic Indexes for Patients with Brain Metastases in Daily Radiotherapy Routine —
is the Complexity and Intricacy Still an Issue? Klin Onkol. 2015; 28(5): 352-358. (30)

Kategorie publikace: ptivodni prace publikovana v domécim recenzovaném Casopise bez IF

Vychodiska: Existuje nékolik prognostickych indext pro pacienty s mozkovymi metastazami,
které mohou pomoci pfi rozhodovani o nejlepsi 1écbé¢ zahrnujici mimo jiné i paliativni
radioterapii. Jejich vypocet ale byva pomérné slozity. Pfipravili jsme praktickou tabulku pro
jejich jednoduchou kalkulaci, pomoci které jsme retrospektivné vyhodnotili vybrané
prognostické indexy (RPA, GPA a WBRT30) U pacientti podstupujicich radioterapii na nasem

pracovisti.

Soubor pacientii a metody: Byla vyhodnocena konsekutivni série pacientli ozatovanych v roce
2011 pro nové diagnostikované mozkové metastdzy a jejich preziti bylo porovnano
s odhadovanou prognézou dle jednotlivych prognostickych indext a s pouZzitou ozarovaci

technikou.

Vysledky: Celkem bylo ozafeno 121 pacient (61 % S mnohocetnymi metastdzami), vétSina
pacientli podstoupila celomozkové ozateni. Median celkového pfeziti od data indikace
radioterapie byl 3,13 mésice. RozloZeni pacienti do jednotlivych podskupin prognostickych
indexd bylo nerovnomérné s 8 (7 %), 89 (73 %) a 24 (20 %) pacienty piifazenymi do RPA 1,
2 a 3 podskupiny, 3 (3 %), 9 (7 %), 57 (47 %) a 52 (43 %) pacienty pfifazenymi do GPA
3,5-4, GPA 3,0, GPA 1,5-2,5a GPA 0-1,0 podskupiny a 10 (8 %), 88 (73 %) a 23 (19 %)
pacienty pfifazenymi do WBRTz0 podskupiny D, B aA. Celkové rozdily v pieziti
jednotlivych podskupin byly statisticky signifikantni.

Zaveér: Odhad progndzy pacientii s mozkovymi metastdzami je dulezity a pouZivani
prognostickych indext je uzite¢né pro diagnosticko-terapeutickou rozvahu. Jejich vypocet je

usnadnén vhodné pfipravenymi Siroce dostupnymi tabulkovymi editory.
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ORIGINAL ARTICLE

Utilization of Prognostic Indexes for Patients
with Brain Metastases in Daily Radiotherapy
Routine — is the Complexity and Intricacy Still

an Issue?

Pouziti prognostickych indexu pro pacienty s mozkovymi
metastazami v denni radioterapeutické praxi — je jejich slozity

vypocet jesté stale problém?

Kazda 1.2, Kuklova A.%, Pospisil B'2, Burkon F. "2, Slavik M."?, Hynkova L.'?, Prochazka T.5, Vrzal M5,
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Summar

Eﬂctgmm{f: Many prognostic indaxes are available for patients with brain metastases in order
to estimate remaining lifetime before selection of approprate treatment including palliative
radictherapy. Their routine utilization is often deprecated for their complaxity. We developed
a practical tool based on widely available spreadshest editors for facilitation of daily clinical use
of selected indexes (RPA, GPA and WBAT-30) and evaluated its usage for retrospective single
institutional sunvival analysis of patients irradiated for brain metastases. Patients and Methods:
Spreadshest platform was prepared and adjusted for sutomatic calculation of selected pro-
gnostic indexes after input of the relevant parameters. The consecutive series of newly diag-
nosed patients referred during 2011 wothe palliative brain radictherapy were analyzad, and real
calculated survival parameters of individual subgroups of RPA, GPA and WEBRT-30 were compa-
red with estimated ones. Comelation of radictherapy technique and estimated survival at the
time of treatment indication was evaluated. Reswlts: Total of 121 patients (61% with multiple
metastases) were irradiated with the majority undergoing whole brain radiotherapy. Median
overall survival from the time of radictherapy indication was 3.13 months. Non-balanced dis-
tribution into individual scoring systems subgroups was observed with B (78], 89 (73%:) and
24 [208%) patients assigned to RPA 1, 2 and 3 subgroup, 3 (3%:), 9 (7%, 57 (47%) and 52 (430)
patients assigned to GPA 3.5-4, GPA 3.0, GPA 1.5-15 and GPA 0-1.0 subgroup and 10 (B,
BE (73%) and 23 {19%:) patients assigned to WERT-30 subgroup D, B and A. Entire differences
in overzll survival between subgroups are significant among all three scoring systems. Comdlu-
ston: Routine caloulation of available prognostic indexes is useful in decision making regarding
thie best radiotherapy of brain metastases, and their calculation is greatly facilitated by properly
preparad widely available spreadsheet tools.
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Souhrn

Vychodiska: Existuje nékolik prognostickych index( pro pacienty s mozkovymi metastazami, které mohou pomoci pri rozhodovani o nejlepsi
|éébé zahrnujici mimo jiné i paliativni radioterapii. Jejich vypocet ale byva pomérné slozity. Pripravili jsme praktickou tabulku pro jejich jedno-
duchou kalkulaci, pomoci které jsme retrospektivné vyhodnotili vybrané prognostické indexy (RPA, GPA a WBRT-30) u pacientt podstupujicich
radioterapii na nasem pracovisti. Soubor pacienti a metody: Byla vyhodnocena konsekutivni série pacientii ozafovanych v roce 2011 pro nové
diagnostikované mozkové metastazy a jejich preziti bylo porovnano s odhadovanou prognézou dle jednotlivych prognostickych indext a s pou-
Zitou ozafovaci technikou. Vysledky: Celkem bylo ozéfeno 121 pacientl (61 % s mnohocetnymi metastazami), vétSina pacientl podstoupila
celomozkové ozareni. Median celkového pieZiti od data indikace radioterapie byl 3,13 mésice. Rozlozeni pacient do jednotlivych podskupin
prognostickych indext bylo nerovnomérné s 8 (7 %), 89 (73 %) a 24 (20 %) pacienty pfirazenymi do RPA 1, 2 a 3 podskupiny, 3 (3 %), 9 (7 %),
57 (47 %) a 52 (43 %) pacienty pfifazenymi do GPA 3,5-4, GPA 3,0, GPA 1,5-2,5 a GPA 0-1,0 podskupiny a 10 (8 %), 88 (73 %) a 23 (19 %) pacienty
prifazenymi do WBRT-30 podskupiny D, B a A. Celkové rozdily v preziti jednotlivych podskupin byly statisticky signifikantni. Zdvér: Odhad pro-
gnozy pacientd s mozkovymi metastazami je dilezity a pouzivani prognostickych indext je uzitecné pro diagnosticko-terapeutickou rozvahu.

Jejich vypocet je usnadnén vhodné pripravenymi siroce dostupnymi tabulkovymi editory.

Kli¢ova slova

prognoza — nomogram — ozafovani mozku — RPA - GPA - WBRT-30

Introduction

The best radiotherapy (RT) practice con-
cerning patients suffering from brain
metastases (BM) is currently becoming
more challenging, and optimal thera-
peutic approach remains controver-
sial [1]. With increasing incidence of
BM and overall survival (OS) time [2,3]
and with wider availability of differ-
ent RT systems, proper selection of pa-
tients is required to support adequate
treatment recommendation in persona-
lized cost-effective care [4,5]. Addition-
ally, decision making between different
RT approaches is intended to minima-
lize late adverse effects, especially in pa-
tients with better prognosis.

The portfolio of possible RT techniques
is becoming more available, includ-
ing classical whole brain radiotherapy
(WBRT), stereotactic radiotherapy (SRT)
or radiosurgery (SRS), simultaneous in-
tegrated BM boosting (WBRT + SIB) or
currently investigated hippocampus
sparing concept [6-9]. Indeed, more
attention is paid to preserving cogni-
tive function during palliative brain irra-
diation as highlighted also during the
2015 American Society of Clinical On-
cology Annual Meeting at plenary se-
ssion lecture about NCCTG N0574 trial -
a phase lll randomized trial of WBRT in
addition to SRS in patients with one to
three brain metastases [10]. Results of this
potentially practice changing trial reveal
more cognitive declines after combina-
tion of WBRT with SRS, while no improve-
ment in OS was described. Thus, identifi-

cation of patients amenable for more local
RT approach will be further emphasized.

Many prognostic scoring systems were
developed in order to provide objective
prognosis assessment and to define cri-
teria for inclusion and stratification of pa-
tients with BM eligible for randomized
clinical trials. Recursive partitioning ana-
lysis (RPA) was developed in 1997 by Gas-
par et al. and is generally the best known
scoring system [11]. RPA is based on pro-
gnostic factors identified in three seminal
Radiation Therapy Oncology Group BM
clinical trials. Adding number of metasta-
ses to the prognosis estimation, Sper-
duto et al. in 2008 [12] introduced Gra-
ded Prognostic Assessment (GPA). The
latest system WBRT-30 was developed
based solely on the data from patients
treated by WBRT with dose 30 Gy deli-
vered in 10 fractions [13,14]. It predicts
6-month-survival probability compared
to median OS estimation provided by the
other scoring systems.

However, using scoring systems in
routine daily clinical practice may be de-
preciated for their complexity and int-
ricacy; therefore, estimation based on
the clinical experiences is often prefer-
red. The goal of present study was to de-
velop a practical tool based on widely
available spreadsheet editors to facilitate
daily clinical use of selected established
prognostic scoring systems (RPA, GPA
and WBRT-30) and to evaluate their usage
for retrospective single institutional sur-
vival analysis of unselected patients irra-
diated for newly diagnosed BM.

Patients and methods

Patients and data selection

The consecutive series of newly diag-
nosed BM patients who were referred
in 2011 to palliative brain RT in the De-
partment of Radiation Oncology, Masa-
ryk Memorial Cancer Institute, were en-
rolled into this study. Electronic medical
records were reviewed for obtaining fol-
lowing preselected variables: age, sex,
Karnofsky performance status (KPS) be-
fore brain irradiation, presence of ex-
tracranial metastases (yes/no), systemic
treatment prior to WBRT (yes/no), status
of primary tumor (controlled/uncontrol-
led), number of BM, cancer type (breast,
melanoma, small cell lung cancer (SCLC),
non-small cell lung cancer (NSCLC), gas-
trointestinal cancer (Gl), renal cell car-
cinoma (RCC), other), the date of RT in-
dication, the date of the end of RT, the
date of death or last follow-up visit,
RT technique (whole brain radiother-
apy (WBRT), stereotactic radiotherapy
(SRT) or radiosurgery (SRS), WBRT with
simultaneous integrated boost to me-
tastasis (WBRT + SIB)) and the delivered
dose.

Prognostic scoring systems

The prognostic systems were utilized
for patients’ stratification into individual
groups. RPA divides patients into three
subgroups based on the evaluation of
KPS, age, primary tumor status and pre-
sence of extracranial metastases [11].
GPA considers four criteria (age, KPS,
number of BM and primary tumor sta-
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tus) and divides patients into four sub-
groups [12]. WBRT-30 divides patients
into four subgroups by assigned points
for KPS, age, extracranial metastases and
systemic treatment prior to WBRT status
(Tab. 1): group A (6-9 points), group B
(10-14 points), group C (15-17 points)
and group D (18-19 points) [13,14].
Above mentioned prognostic scor-
ing indexes were calculated by inter-
active spreadsheet editor (Microsoft
Office Excel 2007 (computer software),
Redmond, Washington: Microsoft) de-
signed for easy automatic enumeration
of appropriate variables (age, KPS, etc.)
and survival estimation (Fig. 1).

Statistical analysis

OS was estimated using Kaplan-Meier
methodology as the time from the end
of the RT course (a) and the date of the
initial indication of RT till death or the
last follow-up examination (b). Log-Rank
test evaluated survival difference be-
tween subgroups defined by scoring sys-
tems. Particular scoring systems were
compared with regard to positive pre-
dictive value (PPV) of correct estima-
tion of survival longer than six months.
Standard descriptive statistics were per-
formed for categorical and continuous
variables. Statistical analysis was conduc-
ted using JMP 10 Software (SAS Institute)
and two-sided a = 0.05 was considered
statistically significant for all analyses.

Results

Patients’ characteristics

Total of 121 patients (56% women, mean
age 60.3 years, 28% with KPS = 90%) met

-

WBRT-30 prognostic system [14].

Tab. 1. Scoring of different clinical variables and related points for calculation of

L

the inclusion criteria. The most common
primary diagnosis was NSCLC (25%) and
breast cancer (17%). Twenty-five percent
had solitary or single metastasis while
61% had > 3 BM. The other patient’s cha-
racteristics are summarized in Tab. 2.
Two out of 10 patients with WBRT + SIB
did not finish prescribed course of radia-
tion because of deteriorating overall cli-
nical status and received only seven and
nine fractions, resp.

Prognostic scores and survival

Median OS from the time of RT in-
dication was 3.13 months (95% CI
2.5-4.9 months) with a median of
2.4 months (95% ClI 1.7-3.7 months)
since the date of the end of RT. Corre-
sponding 6-month-survival was 37%
and 31%, resp. According to RPA, 8 (7%),
89 (73%) and 24 (20%) patients were as-
signed to group RPA 1, 2 and 3, resp.
Results of other scoring system are lis-
ted in Tab. 3 along with achieved survi-
val rates. No patient has met criteria for

KPS Age Extracranial Systemic treatment
metastases prior to WBRT
<70 1 <50 5 yes 2 yes 3
=70 4 51-60 4 no 5 no 2
>70 6 61-70 3
>70 1

KPS — Karnovsky performance status, WBRT — whole brain radiotherapy

being assigned to WBRT-30 subgroup
C (15-17 points). Entire differences in
OS between subgroups are significant
among all three scoring systems. On the
other hand, for specific analysis of sur-
vival differences between two adjacent
subgroups, significant differences are
between RPA 2 and 3, GPA 1.5-2.5 and
0-1.0 and WBRT-30 A and B subgroups.
Overall 12 patients were categorized to
have favorable GPA score (> 3.0), out of
75% of them (9/12) had one BM. Corres-
ponding Kaplan-Meier plots for OS cal-
culated from the date of RT indication
are in Fig. 2. PPV to correctly estimate
survival longer than six months was
75%, 67% and 54% for RPA, GPA and
WBRT-30, resp.

Calculated prognostic indexes for pa-
tients separated in accordance to RT
techniques are summarized in Tab. 4.
All four patients who received WBRT
and had excellent RPA 1 score exhibi-
ted unfavorable GPA as well as unsatis-
factory WBRT-30 score (survival 7.3, 6.0,

W

3o N~ ovas

N=O

g

Fig. 1. Screenshot of prepared spreadsheet editor for recording of patient’s information from electronic medical records and for au-

tomatic calculations of RPA, GPA and WBRT-30 scores.
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Fig. 2. Kaplan-Meier s survival estimation for RPA, GPA and WBRT-30 subgroups. No pa-
tient has met criteria for being assigned to WBRT-30 C subgroup.
MST — median survival time, M — months

39.7 and 41.3 months). One patient who
had received WBRT + SIB with unfa-
vorable RPA 3 also lacked in GPA and
WB-30 score. However, his survival was
6.1 months from the end of RT.

Discussion

A total of 121 patients irradiated for BM
during one year represent a significant co-
hort of patients which is without a doubt
getting more heterogeneous. As such,
heterogeneous treatment modalities are
needed to address all patients’ needs.
The heterogeneity is also expressed by
survival outcomes in our cohort when
the median OS from the end of RT was
only 2.4 months however, with 6-months
actuarial survival rate of 31%. Further-
more, increasing availability of MRI exa-
mination (sometimes also done as part of
inclusion criteria for enrollment into some
specific clinical trials) may reveal more
patients with single asymptomatic BM.
Thus, more aggressive treatment ap-
proach as surgery, SRT or simultaneous
BM boosting may be suitable for increas-
ing number of patients. Their identifica-
tion may be inconsistent and problema-
tic but could be facilitated by calculations
of prognostic indexes for estimation of
remaining lifetime. Developed prognos-
tic indexes are designed with competing
demands to be simple for usage in rou-
tine practice as well as accurate and as
valid as possible. Therefore, all existing
indexes have their pros and cons, and
their refinement is an ongoing process
with evaluation of new candidate para-
meters reflecting new investigations on
biomarkers or radiomics signatures [15].
Moreover, many indexes are tailored for
specific primary cancer diagnosis [16] or
certain RT approach [13,17]. In the cur-
rent systematic review of BM prognos-
tic indexes published by Rodrigues et al.
in 2012, a total of nine different prognos-
tic indexes and eight validation studies
were identified with a wide range of re-
sults in terms of PPV, negative predictive
value, accuracy, likelihood ratio and other
operating characteristics [18]. Altogether,
selection of the best index for routine
practice is problematic and significantly
contributes to the common preference of
survival estimation based on the treating
physician’s subjective evaluation.
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Multiple assessments of results ob-
tained from more indexes may be the
key for survival estimation in unselected
patient cohort in routine daily practice.
However, this approach requires even
more substantial effort and complexity
which is actually the major disadvan-
tage of prognostic indexes. Based on the
widely available spreadsheet platform,
we developed a simple tool enabling
automatic calculation of many indexes
(Fig. 1). After filling the relevant parame-
ters (age, KPS, etc.), predefined prognos-
tic indexes are automatically calculated.
Spreadsheet platform is especially use-
ful for collecting information for subse-
quent research statistical analysis while
smartphone- or web-based applica-
tions (in development) are more use-
ful for routine usage in the outpatient
department.

With our developed spreadsheet
tool, we easily calculated RPA, GPA and
WBRT-30 for a cohort of patients who
underwent RT for newly diagnosed BM
in 2011. Non-balanced distribution into
individual subgroups corresponds with
the most often discussed disadvantages
of used indexes, with the small part of
patients meeting criteria for inclusion
into the good prognosis subgroup [18].
Only 7%, 3% and 8% were assigned to
the best prognostic subgroup in RPA,
GPA and WBRT-30 scoring system, resp.
However, calculated survival rates in
each subgroup are well distributed rang-
ing from 2.1 to 9.9, from 2.4 to 12.5 and
from 1.8 to 7.5 months in RPA, GPA and
WBRT-30, resp. Difference between ad-
jacent subgroups (for example be-
tween RPA 1 and RPA 2 or between RPA
2 and RPA 3) is important for evalua-
tion of impact of assigning to each sub-
group. The most significant differences
were observed using RPA system (rele-
vant p-values are included in Fig. 2) fa-
voring it over the others. In our cohort,
RPA seems to be the best index for pa-
tient’s stratification to identify patients
who may benefit from more aggressive
treatment. Two out of four patients with
RPA 1 score who underwent WBRT exhi-
bited extraordinary survival of 39.7 and
41.3 months and considering that they
had one and two BM, more aggressive
local treatment seems to be justified.

Tab. 2. Patients’ clinical and treatment characteristics.

Patients characteristics
age

mean (+ SD)

sex

male

female

Karnofsky performance status
90%

80%

70%

60%

< 50%

primary cancer type
non-small cell lung cancer
small cell lung cancer
breast

melanoma
gastrointestinal cancer
renal cell carcinoma
others

disease status
extracranial metastases
systemic treatment prior WBRT
controlled primary tumor
number of brain metastases
>3

3

2

1

RT technique

WBRT

WBRT + SIB

SRS

3D-CRT (5 fields)

RT dose

5x 4Gy

10x 3 Gy

10 x3 Gy + SIB (2 4.0 Gy and a 4.3 Gy)

1x18 Gy

1x20 Gy
single-fraction WBRT
other

n=121

60.3 (£ 10.4)

53 (44%)
68 (56%)

34 (28%
34 (28%
29 (24%
16 (13%

8 (7%)

)
)
)
)

30 (25%
16 (13%
20(17%
16 (13%

4 (3%)

3 (2%)
32 (27%)

)
)
)
)

85 (70%)
90 (74%)
55 (46%)

74 (61%)
7 (6%)
10 (8%)

30 (25%)

107 (88.3%)
10 (8.2%)
3 (2.5%)

1(1)

47 (39%)
34 (28%)
3 (2.5%) and 5 (4%)
1(0.8%)
2 (1.6%)
10 (8.3%)
19 (15.8%)

SD - standard deviation, WBRT - whole brain radiotherapy, RT - radiotherapy,
SIB — simultaneous integrated boost, 3D-CRT - 3-dimensional conformal radiotherapy
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Tab. 3. Final OS in all subgroups calculated from both the time of the end of RT as well as from the time of RT indication.
P-values describe significance of different survival between each adjacent subgroups. Median OS are in months.

RPA

1 8(7%) 8.4/9.9
2 89 (73%) 2.9/3.9
3 24 (20%) 1.4/21
GPA

3.5-4.0 3 (3%) 11.5/12.5
3.0 9 (7%) 6.4/79
1.5-2.5 57 (47%) 3.5/49
0-1.0 52 (43%) 1.7/2.4
WBRT-30

D:19-18 10 (8%) 5.9/75
C:17-15 0 -
B:14-10 88 (73%) 3.0/4.1
A:9-6 23 (19%) 1.2/1.8

Median OS
n=121 end of RT/indication RPA[11], GPA[12]

7.1
4.2
23

11.0
6.9
3.8
26

p (Log-Rank)
end of RT/indication

overall 0.0008%/0.0005*%

}0.06/0.056
}0.0021%/0.0015*

overall 0.01%/0.0087*

}0.38/0.44

}0.36/0.36
}0.02*/0.014*

6-months survival
end of RT/indication WBRT-30[13]

50/60%

37.5/39.7%
8.7/8.7%

overall 0.0001%/< 0.0001*

93% }-
62% ).
29%

}0.0002#/0.0001*
4%

RT - radiotherapy, OS - overall survival, RPA - Recursive partitioning analysis, GPA — Graded prognostic assessment,

WBRT - whole brain radiotherapy

Tab. 4. Prognostic indexes for patients separated in accordance to RT techniques.

WBRT, n =107
RPA 1 4/107 (4%)
RPA 2 80/107 (75%)
RPA 3 23/107 (21%)
GPA 3.5-4.0 2/107 (2%)
GPA 3.0 6/107 (5%)
GPA 1.5-2.5 48/107 (45%)
GPA0-1.0 51/107 (48%)
WBRT-30D 5/107 (5%)
WBRT-30 C -
WBRT-30 B 80/107 (75%)
WBRT-30 A 22/107 (20%)

RT - radiotherapy, WBRT - whole brain radiotherapy, SIB - simultaneous integrated

boost

WBRT + SIB,n=10

3/10 (30%)
6/10 (60%)
1/10 (10%)

1/10 (10%)
2/10 (20%)
6/10 (60%)
1/10 (10%)

4/10 (40%)

5/10 (50%)
1/10 (10%)

SRS,n=3
1/3 (33%)
2/3 (67%)

1/3 (33%)
2/3 (67%)

1/3 (33%)

2/3 (67%)

Our study has several limitations.
The retrospective nature of the study is
self-limiting, especially in validity of re-
ported patients performance status
and the status of primary tumor con-
trol. Control status records of primary
disease (important part of RPA scoring
system) lack standardization and are not
generally evaluated by use of the same
criteria. Another limitation of this study
is small sample size of selected patients.
Limited number of patients leads to low
statistical power to identify significant
differences between each prognostic
subgroup within prognostic index. Low
sample size also precludes diagnosis
specific evaluation and more patients
will be required to evaluate for example
disease specific GPA, which is currently
considered as the potentially most wi-
dely used index in the future [16,19].
However, to test our spreadsheet tool
for simple indexes calculation, selection
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of patients within one year of clinical
practice seems sufficient. Thus, sample
extension is distinguished as a logical
part of ongoing research.

In summary, our retrospective study
proved feasibility of prognostic indexes
evaluation for assessment of remaining
lifetime in patients with brain metasta-
ses. Calculation is made much easier with
prepared spreadsheet software which is
now a standard part of computer equip-
ment in all RT departments. Standard
evaluation of prognostic indexes may
increase probability that all suitable pa-
tients for more aggressive treatment
will have an opportunity to get the best
therapy. Future perspectives include in-
corporation of more iteration into our
software tool for calculation of other
prognostic indexes, enlarging sample
size and identification of the best system
for assessment of unselected patient’s
cohort.
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Anotace: Vzhledem k neustale narGstajici incidenci a prevalenci onkologickych onemocnéni
a diky zlepSeni jeji terapie je stale vice pacientl diagnostikovano s mozkovymi metastazami.
Za ucelem dosazeni nejlepsi dostupné 1é¢by se doporucuje individualni piistup pii indikaci
radioterapie, pficemz se bere v Givahu také paliativni zamér péce o pacienty s metastatickym
onemocnénim. Radioterapie vetné celomozkového ozafovani patii do skupiny zakladnich
terapeutickych metod v 1é¢bé mozkovych metastdz. Ve vztahu k personalizované indikaci
celomozkového ozafeni je dalezité zodpovédet U kazdého jednotlivého pacienta nésledujici
otazky. Co ocekavame od 1écby, zda je protinadorova lécba viibec indikovana. A pokud ano,
ktera cast mozku by méla byt ozéafena a jaka technika by méla byt pouzita. Pro kazdého
jednotlivého pacienta je dulezité najit spravné odpovédi, zejména ve vztahu ke kvalité jeho
zbyvajiciho Zivota. Tento piehledovy ¢lanek shrnuje doporuceni tykajici se celomozkového
ozafovani a poukazuje na dalsi vyvoj po roce 2013 v personalizované radioterapii mozkovych

metastaz.
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impairment.* Besides the reduction of symptoms, the goal
of a good palliation is to minimize its side effects. In order
to achieve this aim, it is important to determine appropriate
end-points not only in relation to an individual patient, but
also in relation to the ongoing randomized clinical trials (RCT)
as resources for future treatment guidelines. Recently, more
attention has been paid to symptom-related outcomes of care,
especially to neurocognitive functions (NCF) and quality of life
as the most frequently mentioned issues.’

One of the standard therapeutic methods of brain metas-
tases is radiotherapy (RT), which offers several possibilities
to influence further progression of disease. Apart from the
basic technique, i.e. radiation of the whole brain (WBRT -
whole brain radiotherapy), new treatment methods are being
put into practice, such as stereotactic methods of intracra-
nial radiosurgery or radiotherapy. These novel methods allow
delivering higher doses of radiation into a small amount
of tissue. However, these techniques remain available only
for a small group of patients.® Recently, a lot of trials have
been conducted to compare different radiotherapy techniques
as separate methods of treatment to their combinations.
Other studies deal with a combination of radiotherapy and
Neurosurgery.

In most patients the radiation of the whole brain is indi-
cated because of numerous brain metastases present or
because of unmanageable extracranial illness. Thus, attention
must also be paid to the development of further improve-
ments in providing WBRT, especially in the light of new
knowledge about radiation brain injury mechanisms and
in respect to the personalized palliative approach to each
patient. In this article, we focus mainly on the whole brain
radiotherapy.

In general, one of the main future directions in the
treatment of cancer patients is the implementation of
so called tailor-made personalized medicine into clinical
practice. That means optimization of drug prescription based
on patient’s individual gene profile in a narrower sense.
Although this concept applies particularly to systemic treat-
ment with chemotherapeutic agents, some principles of
this philosophy could be implemented into other areas of
care for cancer patients, meaning the pursuit of individual-
ized approach to the treatment. One of the basic principles
of tailor-made personalized medicine is the usage of a
specific procedure for the specific patient, in order to max-
imize, if possible, the therapeutic effect while avoiding side
effects.

In relation to the facts mentioned above, it is necessary to
take into account some patient-specific variables while mak-
ing decisions about indications to cranial irradiation. At first,
the question is if patient can realistically benefit from being
provided such irradiation. In practice it is about responsi-
ble life expectancy estimation (for example expressed by the
Karnofsky Performance Scale) and about considering all con-
sequences relating to the actual possibilities to provide the
care. If RT is indicated, the next question is what part of brain
should be irradiated and how. Choosing the right procedure
is important in relation to the assessment of all benefits and
risks of our intervention. We summarize some recent recom-
mendations in the use of WBRT and mention some future
directions related to this issue.

2. Indications for WBRT

In daily radiotherapy practice, one of the most important fac-
tors in decision-making is the level of technical equipment
in a particular radiotherapy department. Not all departments
are able to provide their patients with the most advanced
care, e.g. precise stereotactic radiosurgery (SRS), or WBRT with
simultaneous integrated boost (SIB) to BM using volumetric
modulated arc therapy delivered by helical tomotherapy or by
linear accelerators (Rapid Arc, IMAT/VMAT therapy).” Thus,
also because of this technical limitation, WBRT remains the
most commonly radiotherapy method used in the treatment
of patients with brain metastases.

When considering the best specific type of treatment it is
important to compare all its pros and cons. In general, pallia-
tive treatment should be as undemanding as possible in order
not to burden patients with long complex treatment. Cost of
this care should be low or at least weighed against potential
benefits in comparison with other lower or more expensive
alternatives.?

Before starting treatment it is useful to recognize the num-
ber of BM - single lesion, oligometastatic (2-3) or multiple
impairments. It is also very important to properly assess
the general performance status and consider other specific
clinical situations (presence or absence of extracranial metas-
tases). These are the most common prognostic/predictive
factors mentioned in recent guidelines. Karnofsky Perfor-
mance Scale (KPS) is the most useful tool to estimate patient’s
ability to profit from any kind of treatment. Indeed, KPS is a
part of all tools for stratification of patients into prognostic
groups — Recursive Partitioning Analysis and Graded Progno-
stic Index (RPA and GPI score).®? Patients with KPS of less
than 70% (RPA group III) will benefit from WBRT compared to
other type of brain radiotherapy regardless of the type of brain
impairment.

Several studies have been performed to assess the impor-
tance of the implementation WBRT in combination with local
treatment of brain metastases.’®** Abe et al.}* reviewed these
findings and concluded, that initial local brain radiotherapy
without its whole irradiation does not influence overall sur-
vival, but results in a significant increase in brain tumor
recurrence (BTR), while the inclusion of WBRT into the primary
treatment prolongs time to recurrence and prevents neuro-
logic death.™

Brain tumor recurrence means the clinical progression
resulting in severe impact on patient’s quality of life. BTR
is the most important cause of additional deterioration of
NCEFE. It seems that it is useful to stratify patients into the
low and high risk group of BTR and hence determine the
indication for WBRT.!! Aoyama also evaluated the risk of
developing brain metastases in breast cancer patients after
up-front WBRT according to the risk of BTR. Patients in
high BTR risk group (2 or more BM, presence of extracra-
nial metastases) who underwent WBRT developed BTR in
other site of brain in 21% at 6 months compared to 57%
of patients without WBRT. Patients in the low BTR risk
group (single BM, no extracranial metastases) with and with-
out WBRT developed BTR at 6 months in 9%, vs. 31%,
respectively
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WERT as a separate up-front treatment is a possible option
for all prognostic groups in both most common scoring sys-
tems — RPA and GPA. That means that the choice of the type of
radiotherapy offered to patients of the low risk group depends
mostly on the technical equipment of the radiotherapy depart-
ment. Patients with poor prognostic factors (RPA III group)
benefit from WBRT alone the most.

3. Performing WBRT

In general, one of the most important outcomes in RCT is
overall survival. Considering that most of patients presented
with brain metastases die because of the progression of their
extracranial disease, the overall survival seems not to be the
best factor to assess during decision making for manage-
ment of brain metastases. It is more important to consider
the aim of our treatment and that is, as obvious in the pallia-
tive approach, symptoms relief, attempt to improve the overall
survival while maintaining appropriate quality of life, in accor-
dance with the general principle of “primum non nocere”.
This means maintaining good mental conditions, too. More
recently, endpoints in brain tumor clinical trials have been
refined, with emphasis put on the neurocognitive assessment
and evaluation of the quality of life.5:16

Results of studies comparing different radiotherapy tech-
niques report some changes in cognitive functions due to
radiation.'” The most serious cause of its alteration is a recur-
rence of cancer disease in brain; its risk might be assessed
by BTR as mentioned above.'® The risk of relapse is, however,
smaller if aggressive therapy for brain metastases is used. It is
essential to find a compromise between the benefits of such
aggressive treatment in the sense of reducing the risk of later
intracranial progression versus higher risk of iatrogenic alter-
ation of cognitive functions and thus decrease in the quality
of life, which is a very important endpoint for a good pal-
liation. The impact of WBRT on reducing incidence of brain
tumors relapse has been demonstrated in several RCTs. The
omission of WBRT results in a relative increase of a BTR from
70% to 300% (calculated in the original article from absclute
BTR risk with and without WEBRT, which was 18% and 70%,
respectively).!®

Li et al.?° confirmed that there is a correlation between
tumor regression after WBRT and the improvement of some
types of NCF. In contrast, memory-related NCF had a lower
correlation with rated reduction of MTS deposits, suggesting
different mechanisms of alteration of different kinds of NCF by
cranial irradiation.? Nevertheless, it is clear, that WBRT plays
an important role in protecting patients from decline in some
types of NCF.

In fact, the development of brain metastases is based on
hematogenous dissemination from primary or other sites.
Impairment probability of certain parts of the brain depends
also on its perfusion. 80% of all brain blood supply is deposited
in the telencephalon, so it is the most frequently affected
part.?! But it is true that the whole brain can be seeded by
BM, therefore, WBRT seems to be the best approach to control
brain metastases.

The standard technique of WBRT involves the use of
two opposed contralateral radiation fields with homogenous

irradiation of the whole brain.?? Shielding the eyes and other
parts of splanchnocranium is performed using multileaf colli-
mator at most. This technique requires only a simple planning
with minimal personal and technical burden. The whole pro-
cess of radiotherapy can be planned on the 2D X-ray simulator,
so it is available also in the absence of the CT simulator. In this
setting of WBRT, the whole brain is homogenously irradiated.
The radiation dose is the same in areas of proven MTS as it
is In areas without apparent MTS. However, it remains uncer-
tain whether it is important to irradiate all parts of the brain,
especially the region of the hippocampus. Provided that the
hippocampus is unimpaired, it seems that benefits of its irra-
diation do not outweigh the potential risk of radiation injury.
Alteration in the processes of learning or spatial memory
processing is related to hippocampal injury.”® The relation-
ship between hippocampal radiation injury and alteration of
NCF has been demonstrated also by Monje et al.2425 It is esti-
mated, that only 3% of all BM are located in perihippocampal
parts of the brain (within 5Smm of the hippocampus)?®. New
methods of WBRT have been developed in order to minimize
the side effects resulting from irradiation of the hippocampal
region.

4, Future directions

With a development of other therapeutic methods and with an
increase in effectiveness of supportive and symptomatic treat-
ment, the prolongation of overall survival in certain groups of
patients is achieved after WBRT. These are mainly patients
suffering from breast cancer.”” We may expect the manifesta-
tion of long-term side effects of radiation to develop in these
patients, including at most, the impairment of cognitive func-
tions. Some degree of cognitive function alteration can be
observed at baseline, due to the primary status of cancer dis-
ease and other factors.?® In recent years, there has been a
discussion on the significance of damage of neuronal stem
cells due to ionizing radiation, with impact on changes of
cognitive functions.?® Neuronal stem cells are located in the
hippocampal subgranular zone of the dentate gyrus. Their sig-
nificance in relation to the process of learning and memory
recall has been demonstrated in many studies.?0.3!

Nowadays, randomized clinical trials comparing the ther-
apeutic results using different radiotherapy techniques are in
progress, where the hippocampus region is protected in cer-
tain groups of patients.?? Protecting of the hippocampus is
ensured by using intensity modulated radiotherapy enabling
high conformal radiotherapy with a steep dose gradient in
locations with high priority of sparing. Providing this mod-
ern therapy places high demands on the accuracy of radiation
and precision of planning. Despite RT techniques, the use of
simple planning, as described above, is being developed.??
The avoidance of the hippocampus in WBRT with evaluation
memory delayed recall as a primary objective is a subject of
ongoing prospective RTOG study (RTOG 0933).>* Key studies
and reviews reflecting preclinical and clinical evidence sup-
porting performance of hippocampus-avoiding whole brain
radiotherapy are summarized in Table 1.

The growing interest in optimizing care of patients with
brain metastases is also reflected in the growing number of
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Table 1 - Key studies and reviews demonstrating preclinical and clinical evidence supporting performing of

hippocampus-avoiding whole brain radiotherapy.

Author Year Conclusion Consequences
Abel? 2012 Omission of WBRT results in increasing of WBRT is still an important part of RT
BTR management of brain metastases.
Importance of selective indications for
local treatment only
Meyers® 2012 Quality of life optimization of brain tumor Emphasis on the neurocognitive

Bayer® and Eriksson™

Collier®
Mizumatsu®®
Abayomi? and Jalali*’

Gondi?®

Mehta*, RTOG 0993 study

1982 and 1998

1987

2003

1996 and 2010

2010

2012

patients is essential while prolongation of
overall survival is achieved

New granule cells are generated from
neuronal stem cells located in the dentate
gyrus

Memory function are associated with
dentate gyrus of the hippocampus
Pathogenesis of RT-induced NC deficit is
in relation with NSC

There is evidence in radiotherapy of brain
and NC function impairment

There is ability of modern RT techniques
to spare region of hippocampus while
delivering appropriate dose into the other
parts of brain

A Phase II Trial of Hippocampal
Avoidance During Whole Brain
Radiotherapy for Brain Metastases

assessment and evaluation of quality of
life in ongoing trials
Neuronal stem cells hypothesis approved

Hippocampal damage will result in
memory function decline

CNS is not exclusively radio-resistant
organ

Hippocampal sparing RT can reduce
memory impairment after WBRT
Superiority of hippocampal - avoidance
WBRT must be evaluated by a prospective
clinical trial

Prospectively evaluation of the NC benefit
of hippocampal sparing during RT

WERT, whole brain radiotherapy; BTR, brain tumor recurrence; RT, radiotherapy; NC, neurocognitive; NSC, neuronal stem cells; CNS, central

nervous system.

studies and articles dealing with this subject. As showed in
Fig. 1, there is a clear growth in publishing review articles
on WBRT linked at MEDLINE PubMed. Current year's results
are interpolated to 12 months to allow comparison with other
years. Discussing of NCF is their part mainly at last 6 years.
Standardized regular assessment of neurocognitive functions
in patients with radiotherapy of brain is an essential step
forward to implementation of modern radiotherapy methods
into clinical practice.

If ongoing studies confirm that patients undergoing
hippocampus-avoiding WBRT do not have increased risk of
brain tumor recurrence while better preserving the neu-
rocognitive function as a result of radiation to brain injury,
providing hippocampus sparing radiotherapy will become the
new method of choice. Then, it will be necessary to correctly
estimate the risk of development of brain metastases in the

neurocognitive function
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Fig. 1 - Number of new publications in PubMed database
when entering given keywords as mentioned in graph.

perihippocampal region and to incorporate this factor into
upgraded scoring systems.

It might be assumed that the withholding of WBRT will
not be the subject of further research. As suggested in sev-
eral studies (mentioned above) comparing the local treatment
of brain metastases with WBRT, WBRT leads to a significant
reduction in the risk of brain tumor recurrence and in the risk
of neurological death. While providing the hippocampal spar-
ing brain irradiation using modern radiotherapy techniques,
it is also possible to increase the dose of radiation to areas of
proven metastases (SIB). Combining these two approaches in
a particular patient case, may improve the efficacy of radiation
therapy while reducing the risk of late side effects. This means
an individualized care as a type of personalized medicine in a
wider sense.

Taking into account an increasing number of patients with
brain metastases, studies dealing with this subject are becom-
ing an important direction of further radiotherapy research.
There is also an increasing number of diagnoses of early
asymptomatic BM, because of examination of patients in rela-
tion to their enrollment into some clinical trials, where MRI of
brain is performed as one of inclusion criteria. In these cases, a
decision making is influenced by the consideration of specific
trial enrollment criteria and by the fact, that these patients are
often long survivals.

5. Summary

Several studies focusing on brain irradiation are in progress.
Reflecting updates of relevant outcomes in palliative treat-
ment of patients suffering from brain metastases, the primary
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objective of these studies is the evaluation of neurocognitive
function and quality of life. Improvements of technology in
radiation oncology allows us to spare the hippocampal region
while appropriately irradiating other parts of brain tissue.
Irradiation of the hippocampus region is likely to lead to man-
ifestations of adverse events with a subsequent impact on
patient’s quality of life, which is in fact an improper approach
in palliative medicine. Ongoing studies evaluate results of hip-
pocampus avoiding radiotherapy compared to standard whole
brain radiotherapy. Incorporation of neurocognitive function
assessment may result in the confirmation of superiority of
sparing the region of hippocampus and thus change current
style of providing brain irradiation.
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7.3 Hipokampus a jeho zmény po radioterapii
Hipokampus je parova mozkova struktura, kterd je umisténa ve ventromedidlni ¢asti

temporalnich lalokt a lezi lateralné od temporalniho rohu postrannich mozkovych komor.
Hipokampus anatomicky tvoii pfedev§im gyrus dentatus a cornu ammonis a patii do
limbického systému. Jeho hlavni funkci je zapojeni se do procesti uceni, konsolidace
a ziskavani informaci a je také nezbytny pro vytvafeni novych vzpominek (65). Je znamo, Ze
bilateralni a jednostranné poskozeni hipokampu méni uleni a tvorbu paméti (66). Uplné
patofyziologické vysvétleni vSech téchto procest stale chybi; nicméné tloha neurogeneze se

zda byt jednou z nejpozoruhodnéjsich.

Mitoticky aktivni NSC jsou umistény v rlznych castech mozku, predevSim
v subependymalni zon¢ a v subgranularni zoné gyrus dentatus, odkud migruji do granularni
bunééné vrstvy hipokampu (67). Hipokampalni subgranularni zona je kritickym
neurologickym centrem pro uceni a pamé&t. NSC maji typické vlastnosti kmenovych bungk,
jsou schopné jak sebeobnovy, tak generovani novych diferencovanych bunék (68).
Neurogeneze je komplikovany proces s integraci mnoha regula¢nich bunck jako astrocytt
nebo endotelidlnich bunék s koordinovanym vyvojem neuralnich prekurzorovych bunck ve

specifickém neurogennim mikroprostedi zvaném ,,niche* (68).

Vicero preklinickych studii podporuje hypotézu kognitivni dysfunkce zprostredkované
alteraci na trovni hipokampu (69)(70)(59). In vivo studie na zvitatech prokazuji citlivost NSC
na ionizujici zafeni. Apoptéza NSC po ionizujicim zafeni byla nejprve popsana
Vv subependymalni z6né u mladych dospélych potkand. Po jednorazovych rentgenovych
davkach 5 nebo 30 Gy dosahla apoptéza vrcholu 6 hodin po ozafeni (69)(70). Mizumatsu
a kol. ozafil cely mozek experimentalnich mysi riznymi jednotlivymi davkami a detekoval
apoptézu pomoci imunohistochemickych analyz véetn€ hodnoceni poctu proliferujicich bunék
a nezralych neuroni v subgranularni zoéné hipokampalniho gyrus dentatus (71). Byla
pozorovana na davce zavisla apoptoza, ktera dosahla vrcholu 12 hodin po ozéfeni, po kterém
nasledovalo snizeni mnozstvi proliferujicich bun€k v subgranularni zoné (72). Zmény
Vv neurogenezi byly spojeny se zanétlivou odpovédi potvrzenou detekci aktivovanych bunék
mikroglie (72). V dalsich studiich byly navic popsany mirngjsi kognitivni poruchy vyvolané

zafenim u hlodavci doprovazené snizenim poctu aktivovanych zanétlivych bunék

rrrrr
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Udaje o odpovédi NSC na davku ionizujiciho zafeni in vivo nejsou k dispozici a ani se
nepiedpoklada z etického hlediska provedeni takovych experimentalnich studii. V analyze
QUANTEC (Quantitative Analyses of Normal Tissue Effects in the Clinic — zakladni
radiobiologicka analyza hodnotici rozdilné efekty radioterapie na jednotlivé tkané) byla
stanovena a/f (zdkladni konstanta linedrné kvadratického modelu efektli radioterapie na
nadorovou a normalni okolni tkan) hodnota mozku na 2,9 (74). Pro oblast hipokampu vétsina
autort pouziva pomér o / f v rozmezi od 2 do 3 (75)(59). Ostatni autoii vSak pracuji
s hodnotou a/f pro NSC kompartmenty a/p =10, pficemz pouzivaji obecnou hodnotu
stanovenou pro kmenové buiky (76). Nicméné nekteré preklinické studie naznacuji, ze jiz tak
nizké davky jako 2 Gy maji za nasledek apoptdzu neurogennich kmenovych bunék (72)(77).
Poradiacni zmény v oblasti hipokampu se tak podileji na zménach NCF rezultujicich v horsi
kvalitu zivota. Na druhou stranu kognitivni funkce a kvalita Zivota je jist€¢ komplexni
fenomén, ktery je spoluutvaien mnoha faktory na strané pacienta, jeho okoli a také jeho
nadorového onemocnéni a predchozi 1écbé. Typ radioterapie je pouze jednou proménnou
a k deterioraci celkového stavu a kognice daného pacienta mtze dojit i pfi vynechani 1é¢by
ionizujicim zafenim, event. u ozafovacich technik Setficich oblasti hipokampu, jak je

diskutovano dale.

V nasi inovativni prospektivni studii jsme se zabyvali poradiacnimi zménami mozku
u pacientti indikovanych k celomozkovému ozafovani, ktefi byli 1é¢eni na Klinice radia¢ni
onkologie Masarykova onkologického ustavu mezi kvétnem 2013 a tinorem 2015 (78)(79).
Cilem bylo prospektivni hodnoceni hipokampalnich zmén pomoci MR spektroskopie
a korelace téchto zmén sNCF a kvalitou zivota. Zafazeni byli pacienti s noveé
diagnostikovanymi metastdzami, véetné pacientll po metastazektomii, ktefi byli indikovéani,
v souladu s tehdejSimi doporucenimi, k WBRT. Pacienti museli splfiovat obecna Kkritéria
k absolvovani radioterapie (adekvatni spoluprace pacienta na ozafovnach, tolerance fixacni
masky), mit vykonnostni status alespont Karnofsky index > 70 % a ptiznivou prognézu pieziti
alespon 4 mésice dle GPA indexu (32) (prognostické indexy viz kapitola 4). Nevhodni byli
pacienti s horsi predikci pfeziti a pacienti trpici jinymi neurologickymi nebo psychiatrickymi
chorobami nebo pacienti s radiologickou patologii v oblasti hipokampu nalezené béhem MR
vySetieni pfed radioterapii. VSichni pacienti podepsali pifed zahajenim studie informovany

souhlas. Schéma studie je na obrazku 5.
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Obr. 5: Schéma prospektivni studie hodnotici poradia¢ni zmény hipokampu a korelaci
Kk neurokognitivnim funkcim. Pacienti na zacatku absolvovali MR spektroskopické vysetieni
hipokampu a testovani neurokognitivnich funkci klinickym psychologem. Stejné testy a MR

spektroskopie byly zopakovany 4 mésice po celomozkovém ozateni

WBRT
MRS 4 months

NCF testing NCF testing
30 Gy'in 10fx

Zkratky: MRS: MR spektroskopie; NCF: neurokognitivni funkce; WBRT: celomozkové

ozéfeni; Gy: Gray; fx: frakce.

U vSech pacient bylo provedeno vstupni multi-voxelové spektroskopické vySetieni
s pouzitim GE Medical Systems Discovery MR 750 3T pfistroje (sekvence PRESS-CSI s TE /
TR = 135 ms / 1690 ms, FOV 120 x 120 mm?). Oblast z4jmu byla umisténa skrz celé
temporalni laloky s upravou pozice voxelu dle lokalizace hipokampt, aby bylo mozné vysetiit
MR spektroskopii celé hipokampy (velikost voxelu 10 x 10 x 15 mm) (80). Nasledné
zpracovani surovych spektroskopickych dat bylo provedeno pomoci LCModelu (81) pro
vypocet absolutni koncentrace h-tNAA [hippocampal — total N-acetylaspartat; mM], ktery byl
dale vizualizovan a analyzovdn pomoci softwaru java Spectroscopic Imaging PROcessing
(JSIPRO) (82) pro kone¢né vypocty prumérné koncentrace h-tNAA. Koneény vybér voxeli
byl semiautomaticky. V prvnim kroku byly manualné vybrany voxely, které alespon ve 2/3
voxelu obsahovaly ¢ast hipokampu a ty s hodnotou spektralni chyby vétsi nez 20 % byly
nasledné automaticky vylouceny. Tato chyba bere v uvahu pomér signal k Sumu a sitku MRS
ktivky pfi maximu poloviny piku, dle metodiky hodnoceni MRS dle Jiru et al. (82). Béhem
celého procesu vybéru voxelli nebyly viditelné konecné koncentrace metabolitll, coz zvysilo
kredibilitu analyzy sredukci selekéniho bias voxeli. Pomoci softwaru jSIPRO pro
reportovani vypoctenych MR spektroskopickych map je mozné vybrat vSechny voxely uvnitt
obou hipokampii na prekryvném axiadlnim T2 vazeném obrazu. Primérné bylo analyzovano
9 voxelt na pravy a levy hipokampus. Variabilita poctu voxelti dostupnych pro analyzu byla

zpisobena hlavné vyloucenim nékterych voxelt z divodu nizké kvality spektralnich dat
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(vysoka hodnota chyb, Sumu). MRS bylo provedeno pied WBRT a opakovano o 4 mésice

pozdé&ji za pouziti stejné metodologie (78).

Vstupni a kontrolni (po 4 mésicich po radioterapii) NCF byly hodnoceny klinickym
psychologem v maximalnim c¢asovém intervalu 5 pracovnich dni kolem MRS. Byly
hodnoceny standardizované testy zamétfené na pamét: AVLT (Auditory Verbal Learning
Test) a BVMT-R (Brief Visuospatial Memory Test — Revised). AVLT zahrnuje zapamatovani
15 slov pro 5 po sobé¢ jdoucich pokusii (Total Recall, TR), jejich zopakovani po 30 minutach
(Delayed Recall, DR) a nasledna identifikace téchto slov ze seznamu souvisejicich podobnych
slov (Recognition, R). Pii nasledném kontrolnim vySetieni se pouzila standardizovana variace
slov. BVMT-R zahrnuje zapamatovani 6 geometrickych obrazct pro 3 po sobé jdouci pokusy
(TR), které je zopakovano po 25 minutach (DR), a kone¢né je identifikuje mezi témi, které
jsou nabizeny v seznamu souvisejicich obrazk (Recognition). Pro nasledné vySetieni byla
pouzita standardizovana alternativni forma BVMT-R. Krom téchto zdkladnich testi byly
provadény dalsi NCF testy jako MMSE, Verbal fluency test, TMT A, B, Clock test a
standardizované dotazniky kvality Zzivota EORTC QLQ-C30 a modul pro pacienty
s mozkovymi nadory QLQ-BN20 (dotazniky se standardizovanym ptekladem do ¢estiny).

WBRT bylo realizovano standardni zevni radioterapii zaloZzenou na dvou protilehlych
laterolateralnich stejné vahovanych polich. Mnoholistovy kolimator byl pouzit k tvarovani
poli tak, Ze byl zahrnut cely mozek (pfedepsand davka Vv izocentru umisténému uprostied
mozku). Ozafeni bylo provedeno fotonovymi paprsky linearniho urychlovace 0 energii 6 MV.
Pacienti byli 1é€eni v poloze na zadech s hlavou imobilizovanou individualné pfipravenymi
termoplastickymi maskami. Cilovy objem (mozkovna) byl definovdn pomoci 2D simulatoru
(Varian Acuity iX), aby homogenné pokryl cely mozek S minimalizaci davky na oblast
splanchnokrania. Piedepsana davka byla stejna u vSech pacientd: 30 Gy v 10 frakcich
dodanych za 2 tydny. Ziskana data byla statisticky zpracovana tak, ze kazdy pacient byl svou
vlastni kontrolou. Relativni pokles koncentraci h-tNAA byl vyjadien jako Atest = (kontrolni
test — vstupni test) + vstupni test. U testt NCF byly hodnoceny absolutni zmény jednotlivych

skore.
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Abstract

between the right h-tNAA and AVLT total-recall.

metabolites is needed.

Background: The hippocampus is considered as the main radiosensitive brain structure responsible for postradiotherapy
cognitive decline. We prospectively assessed correlation of memory change to hippocampal N-acetylaspartate (h-tNAA)
concentration, a neuronal density and viability marker, by 'H-MR spectroscopy focused on the hippocampus.

Methods: Patients with brain metastases underwent whole brain radiotherapy (WBRT) to a dose of 30 Gy in ten fractions
daily. Pre-radiotherapy 'H-MR spectroscopy focused on the h-tNAA concentration and memory testing was performed.
Memory was evaluated by Auditory Verbal Learning Test (AVLT) and Brief Visuospatial Memory Test-Revised (BVMT-R).
Total recall, recognition and delayed recall were reported. The both investigation procedures were repeated 4 months
after WBRT and the h-tNAA and memory changes were correlated.

Results: Of the 20 patients, ten passed whole protocol. The h-tNAA concentration significantly decreased from pre-WBRT
8.9, 886 and 888 [mM] in the right, left and both hippocampi to 7.16, 765 and 7.4 after WBRT, respectively. In the
memory tests a significant decrease was observed in AVLT total-recall, BYMT-R total-recall and BVMT-R delayed-recall.
Weak to moderate correlations were observed between left h-tNAA and AVLT recognition and all BYMT-R subtests and

Conclusions: A significant decrease in h-tNAA after WBRT was proven by 'H-MR spectroscopy as a feasible method for
the in vivo investigation of radiation injury. Continuing patient recruitment focusing on other cognitive tests and

Keywords: Hippocampus, Radiation injury, Neurocognitive function, Magnetic resonance spectroscopy

Background

Although the general improvement in the current man-
agement of cancer patients has led to an increase in the
overall survival rate, more and more patients develop
brain metastases (BM) [1]. Whole brain radiotherapy
(WBRT) is a basic therapeutic approach used for its
treatment. WBRT is, however, associated with adverse
side effects leading to the possible worsening of the
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quality of life, particularly in relation to the worsening of
neurocognitive function [2, 3]. Current clinical studies
are providing increasing evidence of an association be-
tween a hippocampal radiotherapy (RT) dose and cogni-
tive impairment [4, 5, 6]. Recently, new strategies have
been investigated in order to minimize these adverse ef-
fects, particularly for patients with favorable prognostic
factors [4, 7, 8]. One promising approach, enabling the
preservation of neurocognitive functions (NCF) is hippo-
campal sparing during WBRT, as recently proven by
phase II study [4] and currently being investigated in the
ongoing phase III clinical trials (NCT01942980,
NCTO01780675, NRG CC001, NRG CC1432). However,
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further basic research is still necessary in order to pro-
vide a deeper insight into processes responsible for the
hippocampal radiation injury.

Proton magnetic resonance spectroscopy (MRS) is a
diagnostic and research method enabling an in-vivo
examination of the spatial distribution of specific tissue
metabolites concentration. Total N-acetylaspartate in
the hippocampus (h-tNAA), including N-acetylaspartate
together with N-acetylaspartylglutamate, is one com-
monly detectable brain tissue metabolite that is consid-
ered to be the marker of neuronal density and viability
[9]. Although the process of hippocampal radiation in-
jury is multifactorial [10], neuronal depletion by apop-
tosis is considered to be an essential process leading to
NCF impairment [11, 12]. A detailed investigation of the
metabolic of hippocampus to
reflecting possible neuronal depletion is still lacking.

Herein, with the first ten analyzable patients, we
present our initial interim analysis providing an evalu-
ation of the correlation between the h-tNAA concentra-

response irradiation

tion dynamics and the changes in NCF impairment in
patients after WBRT. The primary endpoint of the study
was to evaluate the post-WBRT decrease of the h-tNAA
concentration measured by MRS. The secondary end-
point was the correlation between the h-tNAA concen-
tration decrease and changes in memory function.

Methods

Patient selection

Patients with a current history of cancer disease and with
either newly diagnosed BM or immediate postoperative
radiotherapy after the surgical resection of a single metas-
tasis that were referred for WBRT in the Department of
Radiation Oncology, Faculty of Medicine, Masaryk
University and Masaryk Memorial Cancer Institute be-
tween May 2013 and September 2014 were considered
for study enrollment. Patients met inclusion criteria when
having Karnofsky performance status 270 % and favorable
survival prognosis of 4 months as predicted by a graded
prognostic assessment [13] (index 2 1.5 is needed for pre-
diction of survival higher than 3.8 months; age, Karnofsky
status, number of brain metastases and presence of extra-
cranial metasetases are used for index calculation). Patients
with worse survival prediction and those suffering from
other neurological or psychiatric diseases or patients with
radiologic pathology in the hippocampus region found dur-
ing pretreatment MRI were excluded. The study was ap-
proved by the Institutional Review Board and all of the
patients provided their written informed consent before
study enrollment.

MRS examination
A single slice multi-voxel spectroscopic examination was
performed using GE Medical Systems Discovery MR 750
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3 T (PRESS-CSI sequence with TE/TR =135 ms/1690 ms,
12 averages, FOV 120 x 120 mm?) at the Department of
Diagnostic Imaging, St. Anne’s University Hospital Brno.
The region of interest was placed through whole tem-
poral lobi with the voxel layer position adjusted based
on the localization of hippocampi in order to examine
the whole hippocampi at long distance (voxel size set to
10 x 10 x 15 mm?) [14]. Postprocessing of raw spectro-
scopic data was performed using the LCModel [15] for
the calculation of the h-tNAA absolute concentrate [mM]
which were further visualized and analyzed by java Spec-
troscopic Imaging PROcessing software (jSIPRO) [16] for
final reporting of the mean h-tNAA concentration. The
final selection of voxels of interest was partially auto-
mated. In the first step, MRS voxels where hippocampus
represented more that 2/3 of the covered tissue were
manually selected and those with a spectral error value of
greater than 20 % were subsequently automatically ex-
cluded. This error takes into account signal to noise ratio
and full width at half peak maximum as proposed by Jiru
et al. [17]. During the whole process of voxels selection,
final metabolite concentrations were not visible ensuring
blinding of analysis. By using jSIPRO software for report-
ing the calculated MR spectroscopic maps, it is possible to
select all voxels within both hippocampi at an overlaid
axial T2-weighted image. On average, nine voxels were
analyzed per right and left hippocampus. The variability in
the number of voxels available for analysis was mainly due
to exclusion of some voxels because of low quality of spec-
tral data (high error value). MRS was performed prior to
WBRT and repeated 4 months later using the same
methodology.

Neurocognitive function evaluation

NCF were examined by experienced psychologists at the
maximum time interval of five working days around MRS.
Standardized tests focusing on memory were assessed:
AVLT (Auditory Verbal Learning Test) and BVMT-R
(Brief Visuospatial Memory Test - Revised). The AVLT in-
cludes memorizing 15 words for five consecutive attempts
(Total Recall, TR), recalling them after 30 min (Delayed
Recall, DR) and subsequently identifying these words from
a list of related words (Recognition, R). During the follow
up examination, a standardized retest variation of words
was used. The BVMT-R includes memorizing six geomet-
ric figures for three consecutive attempts (TR) and simi-
larly as with the AVLT recalling them after 25 min (DR),
and finally identifying them among those offered in the list
of related figures (R). Standardized alternate form of
BVMT-R was used for follow up examination.

Radiotherapy
WBRT was delivered by standard external beam radio-
therapy based on two opposing laterolateral equally
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weighted fields; the multi-leaf collimator was used to
shape the fields in such a way that the whole brain was
included (prescribed dose to the isocenter located in the
middle of brain). Treatment was delivered with six
megavoltage photon beams of linear accelerator. Patients
were treated in a head-first supine position with the
head immobilized by individually prepared thermoplastic
masks. RT beams were defined in an RTG 2D simulator
(Varian Acuity iX) to homogenously cover the whole
brain while shielding the facial tissue. The prescribed
dose was uniform in all patients: 30 Gy in ten fractions
delivered in 2 weeks.

Data analysis

Obtained data were compared on a case-by-case basis
where each patient was his or her own control. The rela-
tive decline in the h-tNAA concentrations was expressed
as Atest = (test control — test baseline)
For NCF tests, absolute score changes were reported.
Standard descriptive statistics were applied in the ana-
lysis; absolute and relative frequencies for categorical
variables and mean supplemented by standard deviation
and median with min-max range for quantitative vari-
ables. Wilcoxon’s signed rank test was adopted for the

test baseline.

computation of the statistical significance of differences
in paired quantitative data. The relationship between
quantitative variables was analyzed using the Spearman
correlation coefficient and its statistical significance. The
follow-up was calculated as the period from the date of
the BM diagnosis to the death of the patient or the last
contact with the patient; the overall survival time was ana-
lyzed using the Kaplan-Meier methodology. Statistical

Table 1 Basic characteristics of ten analyzable patients
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analysis was performed using JMP 10 Software (SAS
Institute) and two-sided o =0.05 was taken as a level of
statistical significance in all analyses.

Results

Patient’s characteristics

A total of 20 patients with a median age of 60 years and
a median 90 % Karnofsky performance status met the in-
clusion criteria. The majority of patients had lung cancer
(six patients) and the median number of metastases was
1 (1-20). Ten (50 %) patients had already completed the
planned control examination 4 months after the WBRT
and were further analyzed (mean time to control
4.3 months + 0.7 months). Their characteristics are sum-
marized in Table 1. One (5 %) patient is still to take the
control examination and nine (45 %) died or did not com-
ply with the control examination (Fig. 1). The median
overall survival was 11.9 months (95 % CI 7.5 to
13.9 months) for patients who underwent control exami-
nations after 4 months and 9.2 months (95 % CI 3.5 to
13.9 months) for all 20 included patients.

Hippocampal MR spectroscopy

A post-WBRT decrease in the average h-tNAA concen-
tration was consistent in all ten analyzable patients with
minimal-5 % (patient number 1) and maximal-25 %
(patient number 9) decrease (Table 2). Figure 2 displays
pre-WBRT concentration of h-tNAA in the patient
number five and its remarkable decrease after WBRT.
No difference was observed in the h-tNAA concentra-
tion between the right and left hemisphere.

Patients characteristic Pre-WBRT MTS Post-  Time relapse to end of WBRT

No Sex Age Hand Tumor KPS GPA [mo] Surg No Location Volume [ccm] \é\-E_IF%T B [days] F/U [mo]

T M 57 r NSCLC 90 69 Yes 2 r_F(1)+T(1) 42 Yes 16 51

2 M 53 r RCC 90 38 No 1 r_P(1) 04 Yes 23 46

3 W 63 r Breast 80 38 No 5 r_F(1)+P@2)+0(1) 0.1 Yes 17 34
|_pons(1)

4 M 66 r Occult 90 38 Yes 2 r_P(1), 1_O0) 0.05 Yes 34 37

5 W 47 r Breast 90 38 No 20 r_F(3)+P(1)+0(1) 155 Yes 20 35
I_F(®) + P(3) + T(1) + O(3) + Crbl(2)

6 M 69 r Gl 90 38 Yes 1 _Crbl(1) 0 Yes 21 47

7 M 65 r Gl 90 69 Yes 1 I_F(1)+P(1) 0 No 17 34

8 M 63 r RCC 90 69 No 1 r_Crbl(1) 0.1 Yes 17 47

9 W 58 r Ovarian 100 11 Yes 1 r_Crbl(1) 0 No 24 46

10 W 48 r Cervical 20 69 No 1 _Crbl(T) 37 No 21 48

No number, M men, W women, Dg diagnosis, NSCLC non-small-cell lung cancer, RCC renal cell cancer, Gl gastrointestinal cancer, KPS Karnofsky performance
status, MTS metastases, GPA Graded Prognostic Assessment [13], mo months, Surg surgery, r right, [ left, F frontal, T temporal, P parietal, O occipital, Crbl
cerebellum, CHT chemotherapy, B baseline examination, F/U follow-up examination. Location: the number of metastases is mentioned in brackets

a4/
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130 patients referred to
WBRT from May 2013 till
September 2014

v

72 cid not meet inclusion criteria

26 had KPS <70

46 had survival prediction under 4 months
\_38 refused participation in the study

A 4

20 patients underwent
pre-WBRT MRS
as well as NCF testing

A J

e

-
9 died / did not complete
control exanunation

v

.

1 in follow up; before
control exanunation

A A

10 analyzable patients for
present interim analysis

Fig. 1 The flow diagram of patient enrolment

Neurocognitive function analysis

All ten analyzable patients completed all of the tasks in
the AVLT and BVMT-R tests. The relative declines in all
tasks are summarized in Table 2 together with relative
declines in the h-tNAA concentrations calculated using
the same equation.

Table 2 Mean post-WBRT relative declines of the h-tNAA
concentration and absolute changes in memory tests

No  h-tNAA AVLT BVMT-R

RH LH BH TR DR R TR DR R
1 -7 % -3 % -5 % -12 -3 0 =19 -6 0
2 -14% -10% -12% -3 0 0 -2 -2 -1
3 -14% —-19% -17% -6 -2 0 -8 -4 0
L 1% -14% -6% =117 +1 +2 =5 -1 =1
5 —-28% -20% —-24% -3 -2 +3 -4 -2+
6 -22% -21% -22% -10 -5 +1 O -2 -1
7 -26% 1% -13% =2 0 -1 -8 -3 -1
8 =-27% 2% =-15% =14 0 0 —= -4 3
9 -29% -22% -25% 0 +2 -1 =18 -5 -
MW -15% -22% -19% -13 -3 +3 0 +2 0

No patient's number, h-tNAA total N-acetylaspartate in the hippocampus, RH
right hippocampus, LH left hippocampus, BH both hippocampi, AVLT Auditory
Verbal Learning Test, BVMT-R Brief Visuospatial Memory Test-Revised, TR total
recall, DR delayed recall, R recognition

In our group of patients in the AVLT_TR, the mean
score decline (-8.4 points) was statistically significant in
the control examination compared to pre-WBRT tests
(p=0.0039). In the corresponding BVMT-R_TR a sig-
nificant decline was also observed (-6.8 points; p=
0.008). Moreover, the decline was also ascertained in the
BVMT-R_DR (-2.7 points; p =0.001). Mean differences
between the baseline and control examination are sum-
marized in Table 3.

No statistically significant strong correlation was ob-
served between the decrease in the right, left and overall
h-tNAA concentration and the decrease in the AVLT
and BVMT-R subtests scores.

Weak positive correlation was observed between left
h-tNAA concentration and AVLT_DR (Spearman cor-
relation r = 0.24, p = 0.5). Weak to moderated negative
correlation was observed between left h-tNAA and
AVLT R (r=-047, p=0.17), BVMT-R_TR (r=-0.36,
p=0.30), BVMT-R_ DR (r=-0.36, p=0.30) and
BVMT-R_R (r=-0.39, p=0.27). For right h-tNAA
concentration, the negative correlation was only to
AVLT _TR (r=-0.5, p = 0.14).

Discussion
The personalized approach in medical care is increas-
ingly discussed also in the management of patients

48
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0.00 5.00 10.00 15.00 20.00 0.00 5.00 10.00 15.00 20.00

Fig. 2 Pre-WBRT (a) concentration of h-tNAA in the patient number 5 (11.29 mM in the right and 10.55 mM in the left hippocampus) and its
decrease after WBRT (b) (8.14 mM in the right and 842 in the left hippocampus)

. S

Table 3 Absolute mean differences between pre-WBRT and post-WBRT examination for the h-tNAA concentrations [mM] and all
AVLT and BVMT-R subtests

Pre-WBRT Post-WBRT Absolute mean difference Relative mean difference [%)]

(95 % Q) p-value® (95 % Cl) p-value’

h-tNAA [mM] [mM]

RH 89 7.16 -1.74 0.004* -18.1 0.004*
(—0.99 to —2.48) (=111t -252)

LH 8.86 7.65 =121 0.004* -134 0.004*
(—0.56 to —1.86) (69 to —19.9)

BH 8.88 7401 —148 0.002* -159 0.002*
(—0.92 to —2.04) (—10.9 to —20.9)

AVLT

TR 451 36.7 -84 0.004*
(—4.3 to —125)

DR 73 6.1 -12 0.125
0331t0 -2.7)

R 128 135 0.7 0.250
(177 to —3.69)

BVMT-R

TR 226 158 —6.8 0.008*
(196 to -11.6)

DR 9.2 6.5 =27 0.001*
(—1.1to —43)

R 56 49 -0.7 0.109

(006 to —145)

Cl confidence interval, Asterisks denote statistical significance; cross denotes Wilcoxon signed test; double-cross denotes Wilcoxon signed rank test, hypothesized
value 0; h-tNAA total N-acetylaspartate in the hippocampus, RH right hippocampus, LH left hippocampus, BH both hippocampi, AVLT Auditory Verbal Learning Test,
BVMT-R Brief Visuospatial Memory Test-Revised, TR total recall, DR delayed recall, R recognition, WBRT whole brain radiotherapy
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suffering from BM [18, 19]. Preserving neurocognitive
functions and the quality of life is becoming an import-
ant target in clinical trials as well as in daily practice, es-
pecially after WBRT [20, 21]. Since even low dose
radiation injury to the neural stem subgranular zone
cells of the hippocampal dentate gyrus is related to
early cognitive and memory decline [22], hippocampal
sparing during WBRT seems to be the most promising
approach [4, 23, 24] alongside pharmacological inter-
ventions [7, 25, 26]. Ongoing research which further as-
certains processes responsible for hippocampal radiation
injury may provide additional evidence supporting a par-
ticular personalized approach as well as revealing new
strategies for mitigating the adverse neurocognitive effects
of WBRT. However, additional factors, such as tumor-
related morbidity, as well as the effects of surgery and
chemotherapy may also contribute to final NCF impair-
ment and must be taken into account.

In the present study, the post-WBRT neurocognitive
decline was investigated in correlation to an innovative
hippocampal examination by proton MR spectroscopy.
To the best of our knowledge, this is the first in human
study documenting the cognitive decline related to post-
WBRT hippocampal metabolic changes as proven by
noninvasive in vivo examination. Using hippocampal
MRS is well established in cognitive disorder research
particularly focusing on mild cognitive impairment
(MCI), an early stage of dementia [27, 28]. NAA was
found to be the most reliable marker of brain cognitive
and memory dysfunction and MRS is presumed to be
the predictor of the progression of MCI into Alzheimer
dementia [29] as well as a predictor of the conversion of
cognitively normal older adults into MCI [30].

Proton MR spectroscopy of the hippocampal region
was also performed for the examination of postradiation
metabolic changes in the brain, but only with limited re-
gional differences in specific hippocampal evaluation
[31-37]. The NAA reduction after radiotherapy was con-
sistent throughout all mentioned studies, however, direct
comparisons may be biased due to inconsistency in the use
of the spectroscopy method (single voxel, single slice multi-
voxel, 3D echo planar spectroscopic imaging), target voxels
placement, patient selection (primary or secondary brain
tumors, therapeutic or prophylactic brain irradiation) as
well as due to a lack of cognitive assessment with the ex-
ception of the Mini-Mental Status Examination evaluation
in the Movsas et al. study [33], where no correlation to
whole-brain decrease in NAA was observed 3—4 weeks
after WBRT.

The feasibility of human quantitative spectroscopic
measurement of radiation induced hippocampal brain
injury was proven by investigators from the University
of Pennsylvania who examined h-tNAA, creatine and
choline as well as diffusion tensor imaging in seven
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patients 1 month after WBRT using 3D echo planar
spectroscopic imaging. A trend towards a decrease in the
ration of NAA and creatine was observed from the hippo-
campal region 1 month after radiation (1.48 + 0.07 vs 1.27
+0.2, p = 0.06) [37]. In our study, a significant decrease of
the h-tNAA spectra was observed in the both hippocampi
as well as separately in the left and right hippocampus
(single slice multi-voxel spectroscopic examination).

Functional magnetic resonance imaging can demon-
strate the functional anatomy of cognitive and memory
processes. Functional memory asymmetry is known
mainly from epileptology where mapping the sites of
memory function is important before neurosurgical
planning for temporal lobe epilepsy. Left hippocampus is
more related to verbal memory function comparing to
visual memory connected more to the right one [38].
Similar asymmetry can be expected also in our cohort,
since all analyzable patients were right handed. Although
weak (r=0.24), positive correlation was observed be-
tween decrease of left h-tNAA concentration and de-
crease in the AVLT DR absolute score. This correlation
may confirm the hypothesis that WBRT leads mainly to
damage of relatively mitotically active neuronal stem
cells which results in lower ability to maintain verbal
memories.

The negative correlations between h-tNAA and NCF
evaluated by both AVLT and BVMT-R (for example
moderate negative correlation (r=-0,5) with trend to
statistical significance (p=0,14) between right h-tNAA
and AVLT_TR) are probably biased by small sample size
as well as selection bias of our patient cohort. However,
consistent decrease in NAA concentrations and NCF
test were observed in all patients. More analyzed pa-
tients are needed to provide some conclusions.

Altogether, it is too early to draw any clear conclusion
with unequivocal explanation of observed correlations
considering also potential effects of pre-WBRT neuro-
cognitive dysfunction due to primary tumor-, patient- or
chemotherapy-related effects or even gender [39, 40]. In-
deed, some patients had relatively severe NCF decrease
as proved by low scores in memory tests which may im-
pact severity of post-WBRT changes. Nevertheless, re-
sults of presented interim analysis warrant continuing
requirement in our ongoing study with other secondary
analyses as evaluation of absolute NAA concentrations
or hippocampal volumetry analyses. With more included
patients, the true correlation may be discovered. The
main advantage of the proposed research methodology is
the non-invasive nature of the examination represented by
advanced MR imaging which may be easily added to
standard diagnostic imaging protocol. It may be assumed,
that similar research may enhance pre-radiotherapy im-
aging description of hippocampal function in individual
patient and guide asymmetric hippocampal avoiding
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WBRT just as preoperative functional MRI has potential
to predict postoperative verbal memory decline after an-
terior temporal lobe resection [41].

This small prospective clinical investigative study has
numerous limitations. The Hopkins Verbal Learning
Test - Revised (HVLT-R) is currently probably the most
reliable test for the evaluation of radiation induced cog-
nitive impairment [42]. However, proficiency in English
is required and so its standardized Czech version was
used in our study, which prevents a direct comparison
with cited seminal randomized trials. The other limitation
is seen in a narrowly focused MRS as well as NCF evalu-
ation in this initial experience report. More metabolites
(choline) as well as normalized concentrations with respect
to creatine are among the most meaningful candidates for
extended patient’s requirements as well as for a retrospect-
ive analysis of already included patients.

Conclusion

A significant decrease in h-tNAA after WBRT was
proven by "H-MR spectroscopy as a feasible method for
the in vivo investigation of radiation injury. To definitely
assess whether hippocampal avoiding RT approaches are
worth the increased cost and effort of their performance,
patients and tumor related biomarkers need to be estab-
lished for the proper selection of suitable patients.
Advanced MRI methods have the potential for the de-
scription of early adverse effects of brain irradiation long
before standard white matter postradiation changes are
visible with the time delay being beyond the average sur-
vival time of patients with BM. Studies similar to ours,
where potential imaging biomarkers are correlated to
prospectively evaluated neurocognitive changes, may
identify which biomarker best correlates to the final af-
fected treatment outcome and end point, ie. an im-
provement in the quality of life of patients treated with
palliative intent. Our promising results support continu-
ing recruitment in ongoing studies focusing on other
NCF tests as well as hippocampal metabolites.
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Ze 184 screenovanych pacientii splnilo vstupni kritéria celkem 84 pacienti, 49 z nich
vSak ucast ve studii odmitlo (nejcastéji z diivodu absence piimého benefitu ve smyslu
prodlouzeni celkového pteziti), zatazeno bylo tedy celkem 35 pacientl, ktefi absolvovali
vstupni MRS a NCF testovani. Jde o soubor publikovany v nasledujicim nahledu publikace 6
(7.3.2. Publikace 6 (79)). Pied kontrolnim vySetfenim 4 mésice po radioterapii zemielo 15
pacientli (43 % — odpovida predikci z prognostickych indext, které poukazuji na median
pteziti, tedy 50 % pacientl s danym skore se predikované doby dozije), dva dalsi pacienti
kontrolni testovani odmitli. Zbyvajici vysledky jsou omezeny na 18 analyzovatelnych

pacientt, pro které byly k dispozici nésledné kontrolni zobrazovaci a kognitivni vyhodnoceni.

Primémé bylo analyzovano 9 voxeli na pravy a levy hipokampus. Pocet
analyzovanych voxelu se lisil podle poctu voxeld, u nichz hodnota spektralni chyby byla vétsi
nez 20 %, protoze tyto byly automaticky vylouceny. Post-WBRT poklesy koncentraci h-
tNAA a h-Cr (kreatinin) a také v poméru h-tNAA / Cr jsou uvedeny v tabulce prezentované
vnahledu publikace 7.3.2. Publikace 6 (79). Statisticky vyznamné snizeni
h-tNAA bylo pozorovano jak v pravém (-12,9 %), tak i levém (-12,0 %) hipokampu.

Statisticky vyznamny pokles byl pozorovan ve vSech subtestech AVLT a BVMT-R
s vyjimkou AVLT R. Pacienti vykazovali vyznamny post-WBRT pokles v testu AVLT DR
S primérnym poklesem ze 7,4 na 5,6 bodi (p = 0,01), zatimco u MMSE nebyla pozorovana
zadna vyznamna zména. Statisticky vyznamna korelace byla nalezena mezi levym h-tNAA /
Cra BVMT-R_R (silny negativni korelacni koeficient r = -0,66; p = 0,008). Byla pozorovana
pozitivni mirna korelace mezi poklesem levého h-tNAA a poklesem AVLT_TR (r = + 0,32;
p = 0,24), stejné¢ jako poklesem AVLT DR (r = + 0,33; p = 0,22), ale vysledky nebyly
statisticky vyznamné. Vyznamna korelace byla také pozorovana mezi zménami v pravém
h-tNAA / Cr a AVLT_DR (r = -0,48; p = 0,061). Celkova subjektivni kvalita zivota
(dotazniky) klesla po WBRT (priimérna zména -14,1 £ 20,3 boda v transformované stupnici 0
az 100, p = 0,018). Analyza casti dotazniki hodnoticich kognitivni funkce popsala pokles
z pramérnych 86,5 na 80,2 bodi (p = 0,059), na hranici statistické vyznamnosti. Ve
sledovaném souboru nebyla nalezena korelace mezi koncentracemi metabolitd hipokampu

a odpovéd’'mi na otazky tykajici se poklesu paméti.

Zajimavym zjiSténim byl popis rozdilné reakce pravého a levého hipokampu na

vvvvvv

NCF ve vztahu k radioterapii) a poklesem N-acetylaspartatu (markeru neurond) v levém,
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nikoliv v8ak v pravém hipokampu. N¢které ostatni prace také popisuji rozdilné¢ zmény v pravé
a levé hemisféfe, nase prace byla prvni, ktera je pfimo korelovala s prospektivné ziskanymi

daty popisujicimi NCF (83)(84)(85).
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measured by in vivo metabolic MR spectroscopy: Results of prospective investigational
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Prace byla ohodnocena Chodounského cenou za nejlepSi publikaci v oboru Radiacni

onkologie v CR za rok 2017.

Anotace: Jedna se o hlavni publikaci reportujici vysledky grantového projektu prospektivné
hodnoticiho zmény hipokampu po celomozkovém ozafeni pomoci inovativniho pfistupu
s vyuzitim MR spektroskopie. Vysledky jsou diskutovany na piedchozich stranach habilitacni
prace. V ramci oboru radia¢ni onkologie se jedna o unikatni publikaci v hlavnim ¢asopise

evropské radioterapeutické spolecnosti.

55



7.4 Strategie k minimalizaci nezadoucich u¢inki RT mozku
Obr. 6: Schéma NRG-CCO001 studie a hlavni vysledek (88)(89)

Mozkové metastazy
vzdaleny alespon 5
mm od hipokampu,
KPS >70; mozZnost
absolvovat MR,
nepfitomen
hydrocetfalus;
provedeno vstupni
testovani NCF

|mmnmN-—-Eop,|:m7;1|

WBRT 30 Gy
+ Memantin

Zhorseni NCF 6 mésicl po RT

63 % pacientd

HA WBRT 30 Gy
+ Memantin

53,7 % pacientd

P=0,012
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Kategorie publikace: ptehledova prace v ¢asopise s IF

IF2014 2,546, ranking Q2 (40/125) RADIOLOGY, NUCLEAR MEDICINE AND MEDICAL
IMAGING

Prace byla ohodnocena Chodounského cenou za nejlepsi publikaci v oboru Radiacni

onkologie v CR za rok 2014.

Anotace: V této prehledové praci jsou shrnuty mechanismy poradia¢niho poskozeni
hipokampu a navazujici klinicka evidence Setfeni této oblasti v pribéhu ozafovani primarnich
1 sekundarnich mozkovych nédori. Nésledn¢ jsou shrnuty jednotlivé planovaci studie
prokazujici moznost Setfeni hipokamptl pii radioterapii CNS, stava se tak voditkem pro
radiologické fyziky pfipravujici ozafovaci plany s Setfenim oblasti hipokampu. Toto potiebné
know-how bylo nutnou prerekvizitou pro dalsi studie zabyvajici se touto problematikou, které
probihaji na naSem pracovisti. Na zavér piehledového clanku jsou diskutovany cetné

kontroverzni otazky téchto radioterapeutickych technik.
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Abstract

and challenging technigues.

Feasibility study, Planning study

The goal of this review is to summarize the rationale for and feasibility of hippocampal sparing techniques

during brain irradiation. Radiotherapy is the most effective non-surgical treatment of brain tumors and with the
improvement in overall survival for these patients over the last few decades, there is an effort to minimize potential
adverse effects leading to possible worsening in quality of life, especially worsening of neurocognitive function.
The hippocampus and associated limbic system have long been known to be important in memory formation and
pre-clinical models show loss of hippocampal stem cells with radiation as well as changes in architecture and
function of mature neurons. Cognitive outcomes in clinical studies are beginning to provide evidence of cognitive
effects associated with hippocampal dose and the cognitive benefits of hippocampal sparing. Numerous feasibility
planning studies support the feasibility of using modern radiotherapy systems for hippocampal sparing during brain
irradiation. Although results of the ongoing phase Il and phase lll studies are needed to confirm the benefit of
hippocampal sparing brain radiotherapy on neurocognitive function, it is now technically and dosimetrically feasible
to create hippocampal sparing treatment plans with appropriate irradiation of target volumes. The purpose of this
review is to provide a brief overview of studies that provide a rationale for hippocampal avoidance and provide
summary of published feasibility studies in order to help clinicians prepare for clinical usage of these complex

Keywords: Hippocampus, Hippocampal sparing, Hippocampal avoiding radiotherapy, Brain radiotherapy,

Background

Both primary and secondary brain tumors (BT) represent a
significant public health problem. An increasing incidence
in primary brain tumors (PBT) as well as brain metastasis
(BM) has been documented over recent years. In 2014,
more than 24,000 new PBT are estimated to be diagnosed
in the United States [1]. Moreover, about 1,4 million new
solid tumor cases of all histological origin are diagnosed
each year in the United States and approximately 30% of
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them develop BM [1]. Therefore, management of BT is an
increasingly important component of cancer therapy [2].

Radiotherapy is an important modality in the treatment
of BT. Radiotherapy remains the standard treatment for
vast majority of high-grade or malignant brain tumors and
plays an integral role in treatment of many low-grade and
benign primary brain tumors. However, concerns regard-
ing neurocognitive toxicity after radiotherapy in patients
with benign or low-grade tumors make the timing of
treatment controversial [3].

Historically, radiotherapy was also a mainstay of treat-
ment for BM. With improved survival and increased
awareness of the cognitive effects of WBRT, the role of
WBRT in BM has come under question [4]. Because of
these concerns there has been a trend towards increased
reliance on focal treatments such surgery and stereotactic

© 2014 Kazda et al; licensee BioMed Central Ltd. This is an Open Access article distibuted under the terms of the Creative
Commons Attribution License (httpy//creativecommans.orgficenses'by/d.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is propery credited. The Creative Commons Public Domain

Dedication waiver (http/creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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radiosurgery (SRS) [5]. However, achieving whole brain
control is associated with improved survival and preserved
neurocognitive domains with exception of memory func-
tion, especially recall and delayed recall [6]. Thus, under-
standing the risk of brain tumor recurrence at distant sites
of brain is important in counseling patients regarding the
risks and benefits of WBRT. Patients with single BM and
no extracranial metastases are at low risk for in-brain re-
currence and omitting early WBRT because of the risk of
intermediate and late adverse effects (AE) can be safely
done as long as the patient commits to regular imaging
[7]. Conversely, patients with progressive systemic disease
are at a higher risk for distant brain failure and likely
benefit from the addition of WBRT despite possible late
complications [8].

For most malignant adult PBT and BM, radiotherapy
prolongs survival but is rarely curative. Thus, emphasis
on minimizing the AE of treatment is becoming one of
the most important factors in the treatment. Recently,
more attention has been paid to symptom related out-
comes of care, especially to neurocognitive function (NCF)
and quality of life (QoL) [9-11]. With improvements in
radiotherapy systems technology, it is now possible to
modify treatment plans to selectively spare structures that
may contribute to decreased QoL and NCF. In order to
achieve this aim, it is important to determine appro-
priate end-points primarily in relation to the ongoing
randomized clinical trials as resources for future treatment
guidelines [12].

Decline in NCF as an iatrogenic side effect of brain
irradiation is well-known [13]. The mechanism of radi-
ation injury is complex and multi-factorial. In the past,
cognitive decline after radiotherapy was believed to be a
late effect of treatment mediated through microvascular
changes and neuroglial loss. However, there is increasing
evidence for acute and subacute cognitive changes after
radiotherapy that appear to be mediated through the
neurogenic zones including the hippocampus. Preclinical
evidence supports the concept of hippocampal radiation
injury as a mediator of subsequent AE, most notably in
memory-related domains of neurocognition [14]. Retro-
spective clinical reports as well as early results of pro-
spective trials support the role of hippocampus in early
changes in cognitive function after radiotherapy [11]. The
purpose of this review is to provide a brief overview of
studies that provide a rationale for hippocampal avoidance
(HA) and provide summary of published feasibility studies
in order to help clinicians prepare for clinical usage of
these complex and challenging techniques.

Hippocampus and radiation injury

The hippocampus is a paired brain structure, located
in the ventromedial part of the temporal lobes, laying
lateral to the temporal horn of the lateral ventricle. The
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hippocampus is composed of the dentate gyrus and the
cornu ammonis regions and belongs to the limbic system.
Its main role in brain function is cooperation in learning,
consolidation and retrieval of information and it is also es-
sential for formation of new memories [15]. Bilateral and
unilateral radiation injury of the hippocampus is known
to alter learning and memory formation [16]. Complete
pathophysiologic explanation of all these processes is still
lacking; nevertheless, the role of neurogenesis seems to be
one of the most compelling [17].

Mitotically active neural stem cells (NSCs) are located
in different parts of brain, namely in the subependymal
zone and in the subgranular zone of the dentate gyrus,
wherefrom they migrate into the granular cell layer of
hippocampus [18]. The hippocampal subgranular zone is
a critical neurologic center for learning and memory [19].
NSCs have typical features of the stem cells. They are cap-
able of both self-renewal and generating new differenti-
ated cells [20]. Neurogenesis is a complicated process with
integration of many regulatory cells as astrocytes or endo-
thelial cells with coordinate evolution of neural precursor
cells together with each other in a specific neurogenic
microenvironment called “niche” [21,22].

Multiple preclinical studies support the hypothesis of
hippocampus-mediated cognitive dysfunction [23-30]. In
vivo animal studies demonstrate sensitivity of these NSCs
to ionizing radiation. Apoptosis of NSCs after ionizing
radiation was first described in the subependymal zone in
the young adult rat. After single x-ray doses of 5 or 30 Gy,
apoptosis peaked 6 hours after irradiation [23]. Several
years later, postradiation apoptosis was observed also in
the rats’ dentate gyrus after exposure to single 10 Gy dose
[24]. Decline in neurogenesis was associated with cog-
nitive impairment in rodent models for both single and
fractionated brain irradiation [14,25]. Mizumatsu et al.
irradiated the whole brain of experimental mice with vari-
ous single doses and used immunohistochemical staining
methods for detection of apoptosis as well as numbers of
proliferating cells and immature neurons in the subgranular
zone of the hippocampal dentate gyrus. Dose-dependent
apoptosis was observed and peaked 12 hours after irra-
diation followed by subsequent reduction in amount of
proliferating cells in subgranular zone [27]. Changes in
neurogenesis were associated with an inflammatory re-
sponse as validated by detection of activated microglia
cells [29]. Moreover, administration of anti-inflammatory
agents such as ramipril and indomethacin can mitigate
radiation-induced cognitive impairment in rodents sug-
gesting the inflammatory response is important in mediat-
ing the effects of radiotherapy [30].

However, these and other mechanisms of radiation effects
on neurogenesis do not completely describe the radiobiol-
ogy of the hippocampus [31]. More recent in vitro and
in vivo research reveals other important radiation induced
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hippocampal changes which may also influence cognition
[32]. Investigators at University of California at Irvine, CA,
USA have optimized a SYBR green based assay to study the
effects of low dose RT before changes are visible radio-
graphically. Even a dose of 2 Gy delivered to human NSCs
leads to decreased numbers of cells undergoing neuronal
differentiation after irradiation [33]. Additional work from
the same group suggests the mechanism of radiation-in-
duced inhibition of neurogenesis may be mediated through
oxidative stress [34].

Although significant pre-clinical data supports a de-
crease in NSC number and function after radiotherapy,
changes in neuronal architecture, as recently described by
Parihar and Limoli in measurements of micromorpho-
metric parameters in mice following cranial irradiation by
1 and 10 Gy, may also be important in mediating the
effects of radiotherapy [35]. Dose-dependent reduction of
dendritic branching, length and area were described as
well as the reduction of immature filopodia as compared
with mature spine morphology of dendritic segments.
These postradiation changes correlated with alterations in
synaptic protein production that were noted up to 1 month
after brain irradiation [35]. These types of changes are
likely to be equally important as disruption of neurogen-
esis in eliciting cognitive decline after radiotherapy.

Recent studies provide dose-response data and estima-
tion of clonogenic survival fraction of human NSCs after
brain irradiation. This data is important from a radiation
oncology point of view primarily for determination of per-
tinent treatment planning recommended dose constraints.

In QUANTEC analysis, the normal brain a/p value
has been established to be 2.9 [36]. For the hippocampal
region, most authors use the a/p ratio in range from 2
to 3 [37]. However, other authors work with the of/p value
for NSCs compartments equal to 10 [38,39] using a
general value established for stem cells [40]. Some authors
use a/p ratio 10 for the true hippocampus and an a/f
value 2 for the whole hippocampus planning-at-risk vol-
ume illustrating the lack of consensus regarding the opti-
mal model of radiation sensitivity. However, preclinical
evidence suggests doses as low as 2 Gy to result in apop-
tosis of neurogenic stem cells supporting a no-shoulder
dose-response [29,33]. Several other studies have mea-
sured altered survival and proliferation using a range of
metabolic and SYBR green based assays. These studies
revealed that doses of as low as 2 Gy reduced survival by
over 50% [33]. Thus, accumulating preclinical data indi-
cate that neurocognitive dysfunction manifests at much
lower doses (<10 Gy) than previously expected [34].

Clinical evidence for hippocampal sparing

In addition to preclinical evidence, retrospective clinical
reports also suggest the hippocampal region may play
a role in NCF decline after radiotherapy. Children with
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brain tumors treated on prospective clinical trals that
included planned neurocognitive assessments were eva-
luated with neurocognitive studies up to 5 years after
radiotherapy. Mean doses of 45 Gy or higher to the left
temporal lobes were associated with significant declines in
longitudinal 1Q [41,42]. The relationship between hippo-
campal dose level and the risk of subsequent NCF impair-
ment was described in the group of patients with adult
low-grade gliomas; NCF was assessed at the baseline and
at 18 months follow-up for conventionally treated patients.
Biologically equivalent dose greater than 7.3 Gy (equivalent
dose in 2-Gy fractions) applied to 40% of hippocampal
volume was associated with long-term NCF impairment,
especially in list-learning delayed recall [43]. Recently, re-
sults of the first prospective phase II study (RTOG 0933)
of HA in BM patients suggest a reduction in risk of cogni-
tive dysfunction with HA [11]. Primary cognitive outcome
was delayed recall at 4 months as measured by the
Hopkins Verbal Learning Test for patients with WBRT
comparing with those with HA WBRT. Results were com-
pared to historical control group. Only 7% of patients
experienced decline in memory compared to 30% of
patients in the historical cohort (p=0.0003). QoL was
evaluated as well and was preserved up to 6 months
follow-up. Based on these results, RT'OG is planning a
phase IlI randomized trial of prophylactic cranial irradi-
ation with or without hippocampal sparing for small cell
lung cancer patients (RTOG 1317).

Hippocampus-sparing: feasibility studies

Although evidence is mounting in regards to the import-
ance of the hippocampus in mediating cognitive changes
after radiotherapy, it has only been with recent techno-
logic advances that the feasibility of a meaningful reduc-
tion in hippocampal dose while maintaining acceptable
tumor control probability has been established. Below
we review the feasibility studies evaluating HA for PBT
and BM (Figure 1).

Primary brain tumors: HA feasibility studies

Complex intensity modulated radiotherapy (IMRT) plans
were developed to evaluate the feasibility of sparing con-
tralateral and bilateral hippocampi in glioma patients
[38]. In “sparing” plans for the hemispheric HGG cases,
it was possible to reduce the mean physical dose to the
contralateral hippocampus planning-at-risk volume by
56.8% compared to standard treatment plan prepared
without prospective sparing of the hippocampus (15.8 Gy
vs. 36.6 Gy). In addition, more central location of PBT en-
ables sparing of both hippocampi as documented by mean
physical dose reduction by more than a third (16.8 Gy in
sparing vs. 25.6 Gy in standard plan) [38]. Based on
previous preclinical data, even low doses can result in
NSCs apoptosis, but assuming that hippocampus is
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more parallel than serial organ, a reduction of median
hippocampal dose may reduce NCF impairment even
if no unequivocal cut-off dose threshold is known.
Unfortunately, reported dose reduction is related to hip-
pocampal planning-at-risk volumes, which were created
by 3 mm expansion of hippocampi, so it is not possible to
compare these results with other published studies.

PBT are frequent diagnosis in children in whom minimi-
zation of subsequent late AE is even more important. In a
evaluating HA in pediatric gliomas, the NSCs compart-
ments, the limbic circuit and the whole hippocampus
were recognized as organ at risk (OARs) and included in
experimental treatment plans [45]. For each RT plan the
biological equivalent doses were calculated providing
more radiobiologically exact comparison of doses in OARs.
In all cases (10 different PBT), experimental plans signifi-
cantly reduce both mean physical dose (by 56.0%) and
mean biological equivalent doses (by 52.1%) delivered to
the study OARs in comparison to plans without any effort
to spare these structures. As might be expected, greatest
hippocampal sparing was seen in hemispheric gliomas
whereas worse results were observed for diffuse tumors
where whole ventricular RT was indicated.

Brain metastases: HA feasibility studies
Many planning studies have shown the dosimetric feasibil-
ity of HA WBRT using different radiotherapy systems as
linear accelerator (LINAC) based IMRT, helical tomother-
apy or volumetric modulated arc therapy (VMAT). In
addition, HA brain irradiation is also possible using Elekta
IMRT step and shoot systems [46].

The pioneer study was performed in 2007 by Gutiérrez
et al., who tested feasibility of HA WBRT with simul-
taneous integrated boost (SIB) to BM in experimental

radiotherapy plans using helical tomotherapy [47]. Re-
gardless a different setting of treatment plans (pitch and
field width), they described no significant difference in
hippocampal doses. Authors concluded that it is possible
to create combined plans with homogeneous whole brain
dose distribution equivalent to conventional WBRT, while
conformal HA and radiosurgically equivalent dose boost-
ing to individual metastases.

Mean dose guidelines for HA WBRT were first pub-
lished by Gondi [37]. HA plans were compared with
standard WBRT ones where a homogenous dose 30 Gy
was applied to the whole brain including hippocampus.
For HA plans, the median hippocampal dose was achieved
5.5 GY (Dpnax 12.8 Gy) and 7.8 Gy (Dumax 15.3 Gy) for hel-
ical tomotherapy and LINAC based RT, respectively.
These dose reductions have been considered a reference
for other subsequent planning studies.

Because of higher availability of stereotactic systems,
recent trends are to combine WBRT with stereotactic
boosting to BM and thus improve local control. Also in
this sequential concept, it is possible to spare hippocam-
pus in both parts of treatment: HA WBRT and subsequent
HA SRS boost. Moreover, using IMRT, it is possible to
integrate boosting into the first WBRT part in concept of
SIB. Comparing this approach with classical sequential
concept (WBRT + stereotactic radiotherapy), the SIB is
more effective in lowering doses to the hippocampus for
patients with up to 8 metastases [48].

Although multiple techniques allow HA WBRT, treat-
ment time can vary significantly depending on the tech-
nique. Using VMAT for HA WBRT with SIB for melanoma
brain metastases, the average beam-on time was achieved
3.6 min while abide the RTOG 0933 feasibility DV con-
straints [49]. Arc based delivery times are generally faster
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than conventional IMRT. VMAT was 3.5 times faster
than classical IMRT techniques as discussed in other
one planning study focused on HA WBRT published last
year [46,50].

Similarly as for BM treatment, HA WBRT technique
can be used for prophylactic cranial irradiation (PCI)
where are NCF preserving approaches even more justi-
fied. Comparisons of limbic sparing experimental plans
were conducted in 11 patients indicated for WBRT and
for PCI. Similar reduction of hippocampal biological
equivalent doses was achieved for both of these clinical
situations [51,52]. These results are not surprising con-
sidering the fact, that PCI differ from WBRT only in terms
of fractionation and that the standard radiotherapy tech-
nique is similar.

Comparison of treatment planning results with other
studies is summarized in Table 1.

How to spare hippocampus

Because of hippocampal anatomic shape and central
brain location, it can be a challenge to create appropriate
HA treatment plan for irradiation of both PBT and BM.
Nevertheless, modern IMRT techniques such as helical
tomotherapy or VMAT are able to achieve HA with ac-
ceptable target volume coverage and dose homogeneity.
Although a variety of treatment techniques are available
for HA WBRT, the ability to achieve OAR dose goals
varies by technique. In general, helical tomotherapy of-
fered significantly better HA compared to LINAC based
IMRT in terms of the mean normalized tissue dose, as
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well as the median and maximal hippocampal dose.
However, despite different technical capabilities of men-
tioned radiotherapy systems, it can be concluded, that
using either helical tomotherapy or LINAC based IMRT
is sufficient for sparing not only traditional OARs but
also the hippocampus [37]. An effort to minimize hippo-
campal dose must not lead to irradiation of other brain
OARs. This is important especially for gliomas treated
by overall higher doses compared with treatment of BM.
In addition, dose constraints are expected to be differ-
ent for HA WBRT and HA PBRT. For BM, it is possible
to sufficiently spare both hippocampi, and dose-volume
constraints used in representative HA WBRT planning
studies were summarized in Table 1. On the other hand,
for HA PBRT, especially in the treatment of hemispheric
gliomas, ipsilateral hippocampus is often included in
target volumes (and considering much larger doses com-
pared with WBRT). Thus, it is not possible to achieve
appropriate dose reduction for ipsilateral hippocampus
and only contralateral hippocampus could be considered
as OAR. As an example, for HGG the following con-
straints criteria have been proposed: 0% of the hippocam-
pal volume cannot receive more than 8 Gy in the first
phase of treatment (up to 46 Gy) and no more than 4 Gy
in the final phase (next 14 Gy to the target volume) [38].
Contouring of target volumes is, as a potential source
for systematic error, one of the most important parts of
whole radiotherapy planning process. Structure contour-
ing for radiotherapy purpose is sometimes slightly differ-
ent process comparing with the other medical discipline.

Table 1 Hippocampal dose-volume constraints and achieved doses in representative HA WBRT planning studies

Author, year Cﬁnicfnl RT system No. Fractionation Hippoc{m'npal Hippocampal doses a/p
situation constraints
Dinax Dax Dimen  Dmedian
Gutierrez, 2007 [47) WBRT HT 10 15x215Gy 60Gy - 586 Gy, 534 Gy, 2
Gondi, 2010 [37) WBRT HT 5 10x30Gy 6Gy 3Gy<20% 128Gy 55Gy 2
LINAC MGy 9Gy<40% 153Gy 78Gy 2
Hsu, 2010 [50) WBRT +5IB  LINAC 10 15x215Gy Dmean<6 Gyz - 523 Gy, - 2
(SIB 4 4.2 Gy)
Marsh, 2010 [51] PCl HT 11 15x20Gy 15 Gy 125 Gy
WBRT 11 14x25Gy  15Gy 143 Gy
Marsh, 2010 [52] PCl HT 10 15x20Gy 115 Gy
WBRT 10 14x25Gy 118 Gy
Van Kesteren, 2012 [39] WBRT LINAC 3D-CRT 10 12x25 Gy 135 Gy 6Gy - 10
Nevelsky, 2013 [46] WBRT LINACIMRT 10 10x30 Gy 16Gy Digos<9Gy 1435Gy
Awad, 2013 [49] WEBRT +5IB  VMAT RA 30 5-15fx 322 Gy 204Gy 219Gy
Prokic, 2013 [48] WBRT + 5B VMAT RA 10 12x25Gy 1233Gy D) 755Gy 705Gy H2 BM 10
BM 12 x4.25
WBRT + FSRT VMAT RA 10 12x25Gy+ 1582 Gy (D») 98Gy 934Gy H2 BM 10
FSRT 2 x9 Gy

3D-CRT: three dimensional conformal radiotherapy; RA: Rapid Arc; HT: helical tomotherapy; FSRT: fractionated stereotactic radiotherapy; Dy, maximal dose;
D, st Mean dose; Do, dose in 100% of volume; Dy, dose in 2% of volume; D, ;.- median dose; H: hippocampus.
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Exact volumetric assessing of the whole hippocampus is
important especially in basic neurological research [53]
as well as in research dealing with diseases connected to
hippocampal impairment [54]. On the other hand, only
some HA radiotherapy feasibility planning studies defined
in detail the process of contouring, almost exclusively with
reference to the Radiation Therapy Oncology Group on-
line contouring atlas [55]. Authors of this atlas do not
contour the entire hippocampus, but are focusing mostly
on the subgranular zone as a place of NSCs occurrence.
This approach is suggested as a standard for HA WBRT.
On the other hand, for HA PBRT, where only the contra-
lateral hippocampus is often spared, it is possible to
contour the whole hippocampus irrespective of its NSCs
rich part according to a radiation oncologist’s guide to
contouring the hippocampus proposed by Chera et al
[56]. Moreover, considering an attempt to spare NCF
during brain irradiation, some studies defined OARs even
more comprehensively including the whole limbic circuit
(whole hippocampus; the rest of limbic circuit comprising
the amygdalar complex, the fornix, the cingulum, the
cingulated gyrus, and the mammillary bodies) [38,51].
Physician’s requirements expressed in terms of dose-
volume constraints are best achievable using inverse
planning, which enables to set different priority points
to different OARs and target volumes and thus it is
possible to find compromise in dose coverage for all im-
portant treatment structures. As an example, in Table 1
were described parameters for both helical tomotherapy
and LINAC based IMRT as presented in a seminal plan-
ning study [37]. These set of dose-volume constraints
have been used in RTOG 0933 study, a first HA WBRT
clinical trial which results were mentioned above [11].
Although methodology of the study enables differences
in radiotherapy systems for preparation of a particular
treatment plan, plans have to meet the required dosi-
metric constraints prior to approval for clinical use.
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Table 2 presents acceptable and unacceptable variations
from “per protocol planning” for including particular IMRT
treatment plan into RTOG 0933 trial. In our HA planning
study, we compare different Arc radiotherapy techniques in
order to achieve mentioned constraints. In the setting of
non-coplanar beams arrangement, we have observed even
higher hippocampal preservation compared to classical
coplanar irradiation (not published data) (Figure 2).

In addition to the recent sophisticated methods enabling
HA during brain irradiation, a simpler technique using
two opposing laterolateral fields with central leaf shielding
for appropriate HA has also been discussed [39]. The
simplicity of this technique could enable radiotherapy
departments that are not equipped with the latest technol-
ogy to still offer HA radiotherapy. This technique is sim-
ple reproducible, as demonstrated by one experimental
plan from our department (Figure 3).

Controversies

There are several medical and ethical controversies espe-
cially about the indications for HA brain irradiation.
Providing of hippocampal sparing techniques is difficult
and expensive. Thus, responsible decision must be made
with respect to selection of appropriate patients espe-
cially in terms of probability of long term survival and
QoL. The difference in the cost of basic 3D-CRT and
advanced radiotherapeutic methods needed for HA brain
irradiation is probably the most important controversy.
Unfortunately, in many departments, especially in low-
income countries, IMRT techniques are not widely avail-
able even for curative treatment (head and neck or prostate
cancer). And even in large centers, it is not clear, whether
implementation of more expensive RT technique is worth-
while to prevent probable mild neurocognitive decline.
Only well designed randomized trials and cost-effective
analysis can evaluate whether, or not these approaches
should be incorporated into general practice. On the other

Table 2 Acceptable and unacceptable variations from per protocol IMRT treatment planning according to RTOG 0933

trial [11]

Treatment component Parameter Per protocol Variation acceptable Unacceptable deviation

MRI/CT Fusion and Contowring  MRI-CT fusion No corrections to MRYCT  No corrections to MRI/CT Corrections to MRI/CT
fusion requested fusion requested fusion requested

Hippocampal Contouring

< 2 mm deviation using
the Hausdorff distance*

> 2 and £7 mm deviation
using the Hausdorff distance*

> 7 mm using the
Hausdorff distance®

HA WBRT IMRT Planning PTV D2y €375 Gy Doy > 375Gy <40 Gy V3 < 90%
Dagmw 2 25 Gy Daass < 25 Gy D2y > 40 Gy
Hippocampus Diooas =9 Gy Dioow = 10 Gy Do > 10 Gy
Dprax S 16GY Dax = 17 Gy Dyex > 17 Gy
OARs constraints Optic nerves and chiasm D, S 37.5 Gy D e <375 Gy Do > 37.5 Gy
Unscheduled break days 0 break days 1-3 break days > 3 break days

*according to comparison with contours prepared by co-principal investigators.

PTV: planning target volume; Dy dose in 2% of volume; Dags; dose in 98% of volume; Dyoge: dose in 100% of volume; Dy, maximal dose; Vig: volume irradiated by

30 Gy.
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Figure 2 Examples of non-coplanar Arc treatment plan with hippocampal sparing and homogenous dose coverage in the rest of

the brain.
\

hand, if IMRT is indicated for another reason, the hippo-
campus can be considered as other OAR assuming that
no other standard OAR will receive more radiation.
Especially for patients with PCI or for children, it is im-
portant consider potential AE of some techniques using
for hippocampal sparing such as helical tomotherapy for
example. In an effort to minimize dose in hippocampus,
there is a risk of overtreatment of other parts of the brain
and surrounding structures with increased risk of induced
secondary malignancies. To assess this potential disadvan-
tage of helical tomotherapy, one study measured integral
doses in uninvolved brain regions of HGG patients for
both conventional IMRT and helical tomotherapy tech-
niques [57]. The results proved reduction of brain inte-
gral dose in average by 23% after IMRT compared with
tomotherapy in all tested treatment plans. Despite a theor-
etical risk of local overtreatment, integral dose delivered
by any technique has been surprisingly lower in sparing
plans compared with non-sparing ones. From this
point of view, usage of traditional IMRT techniques is
considered as optimal way how to spare hippocampus.

Another approach reducing brain integral dose would be
the proton therapy [58].

Considering sparing of some part of brain during
WBRT in BM treatment as well as in prophylactic situ-
ation, a worry of subsequent increase risk of intracranial
disease progression in spared regions is justified. However,
many imaging studies described overall low number of
metastases in the hippocampus as well as in other parts of
the limbic circuit [59-62]. For example, on study evaluated
697 BM in 107 patients, only one of 53 oligometastatic
patients (1.9%) had hippocampal metastases (that is 0.97%
of all their metastases). In the group of non-oligometa-
static patients, in hippocampus was presented only 2.29%
of BM [59]. Moreover, other study with 371 patients
and 1133 BM localize 8.6% of them into the HA region
(hippocampus plus 5 mm margin); however, no metastasis
was presented in the hippocampus itself [60]. It can be
concluded, that sparing of hippocampus would likely not
significantly increase the risk of treatment failure.

On the other hand, others have hypothesized, that
neurogenic niches may not only harbor normal NSC but

Figure 3 Simple RT technique using 2 laterolateral brain fields with 2 leafs positioned to block the hippocampus.
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also cancer stem cells responsible for late recurrence. In
a retrospective analysis of dose coverage of neurogenic
niches in patients with malignant gliomas performed
by Evers et al., dose to subventricular zone greater than
43 Gy was associated with a significant improvement in
progression free survival compared to those with lower
dose (15.0 vs. 7.2 months PFS; P =0.028) [63]. Interest-
ingly, similar analysis of dose delivered to the hippo-
campal formation did not yield statistically significant
results which confirm the complexity of radiation effects
on neurogenic niches [63]. These results highlight the
need for well-designed clinical trials as well as contin-
ued pre-clinical research to evaluate beneficial or detri-
mental effects of hippocampal sparing.

The most important treatment related controversy is
inconsistency in recommended dose reduction. At this
time there is no level I evidence to conclusively support
a particular recommendation. Preclinical studies indicate
probable no-shoulder dose-response [29]. On the other
hand, retrospective clinical studies suggest that biological
equivalent dose greater than 7.3 Gy EQD, applied to 40%
of hippocampus was associated with worse NCF outcomes
[43]. Ongoing phase III trials evaluating NCF function will
provide more possible dose-volume constraints associated
with possible milder NCF impairment. Because of cost
of advanced radiotherapy techniques, it is controversial
whether apply intensity modulated plan in some particular
patients which will be not able to achieve assumed dose
goals especially in situation of standard three dimensional
conformal plan would be originally considered. Based on
the recently reported phase II trial [11], a dosimetric
recommendation for HA WBRT (Dgedian <7.8 Gy,
D100% < 10 Gy and D, <153 Gy) can be recom-
mended for patients with brain metastasis and expected
survival greater than 6 months.

Future directions

Although HA appears to be promising in reducing cog-
nitive affects after RT, ongoing studies and other clinical
research are needed to determine the optimal dose and
volume constraints. It is not clear based on radiobiology
of neural stem cell response to radiation whether it is
possible to define specific threshold values in terms of
recommended target doses. Even if the nature of radi-
ation injury of hippocampus is same in all patients, the
different target doses that can reasonably be achieved in
different clinical situations vary with prescribed doses
and different clinical target volumes ie. partial vs. whole
brain irradiation or in therapeutic vs. prophylactic indi-
cation or in adults vs. children brain tumors. The role of
HA in PCI and children has also not been established
and is an area of future investigation. Optimal NCF
evaluation tools to measure specific effects on hippocam-
pus, as opposed to other etiologies of cognitive dysfunction,

Page 8 of 10

and optimal timing of administration is still largely un-
known. To be able to compare results from different stud-
ies it is necessary to standardize process of NCF testing.
However, the ideal tools to measure early changes in cog-
nitive function as compared to late effects of treatment
may not be the same. In addition, the testing must be feas-
ible to administer in a busy clinical practice. Ongoing re-
search on pathophysiology of brain irradiation injury may
reveal other possible important brain structures whose
sparing can contribute to better preservation of NCF, or
further analysis of hippocampal subregion (cornu ammo-
nis for example) may demonstrate avoidance region with
higher priority for dose sparing. Development of cost-
effectiveness analysis will be probably one of the most im-
portant steps forward to implementation of this advanced
radiotherapy technique especially in low and middle in-
come countries. Comparing cost of standard 3D-CRT
(classical 2 latero-lateral fields for WBRT for example) and
cost of VMAT or helical tomotherapy systems for example
poses important questions whether consequent increase
in costs offset theoretical mitigation of neurocognitive
decline related to brain irradiation. Especially in situation
where are presented many other different sources of cog-
nition impairment in patients suffering from advanced
cancer.

Conclusion

In summary, it is now technically and dosimetrically
feasible to implement HA approaches into clinical prac-
tice. Furthermore, taking into account very low beam-on
time of modern RT systems, it is ethically justifiable to
use these techniques also in the palliative indications for
patients with BM as well as HGG. As regards boosting
of BM, comprehensive techniques with SIB provide tumor
doses comparable with sequential approach of classical
WBRT + SRS which require even 2 planning procedures
which can result in such dosimetric inaccuracies. More-
over, HA WBRT with SIB provides better hippocampal
sparing and this treatment approach seems to be the most
promising to implement into clinical practice after con-
firmation of better cognitive outcomes after sparing of
hippocampus in ongoing clinical trials.

Recently, first phase II clinical trial with prospectively
measured NCF while providing HA WBRT showed sig-
nificantly better outcomes for patients treated with hip-
pocampal sparing in terms of better cognitive functions as
well as quality of life. Conventional techniques of WBRT
are now still recommended as standard approach for
patients with multiple brain metastases and hippocampal
sparing is generally not used outside of the context of clin-
ical trials. Phase III studies are now ongoing and further
implementation will depend on the results of these trials.
For treatment of PBT, especially in its hemispherical loca-
tion, it is reasonable to include contralateral hippocampus
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into the OARs assuming that no other organ at risks or
target volumes would be over/under irradiated. Ongoing
phase 111 trials will definitely prove the clinical significance
of this developing approach.
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Uvod: Hipokampus 3etfici WBRT je Siroce diskutovana metoda radioterapie v 16¢bé
pacienti s mnohocetnymi mozkovymi metastdzami, jejimz cilem je zmirnéni zhorSeni
predevsim verbalni paméti jakozto piimého dusledku ozafeni oblasti hipokampu. Néktera data
naznacuji rozdilné post-radiacni zmény v levém a pravém hipokampu, pficemz se da
hypotetizovat, ze za alteraci NCF jsou vice zodpovédné zmény v levém hipokampu vedouci
k teoretickému navrhu pouze jednostranného (dominantniho — levého) Setfeni hipokampu
béhem WBRT.Metoda: Cilem této retrospektivni studie je popsat prostorové rozlozeni
mozkovych metastaz na v kohorté 260 pacienti (2 595 metastaz) a zhodnotit distribuci
metastaz samostatné v levém a pravém hipokampu a v pfisluSnych perihipokampalnich
zénach (HAZ), véetné vyhodnoceni lokalizace centra jednotlivych metastaz.

Vysledek: Median poctu metastaz v mozku byl tfi, pfiCemZ nejCastéjSim typem
primarniho nadoru byl bronchogenni karcinom; 36 % mélo jednu metastdzu. Témet 8 %
pacienti mélo metastazy v hipokampu (1,1 % vSech metastaz) a 18,1 % pacienti v HAZ
(3,3 % vsech metastaz). Nebyl pozorovan zadny statisticky vyznamny rozdil v lateralité
hipokampalniho postizeni, a to ani pii analyze umisténi centra metastaz. Vice pacient,
u kterych bylo centrum metastaz v HA zoné vlevo (15) vs. vpravo (6) HAZ, se ptiblizovalo
k hranici statistické vyznamnosti.

Zavér: Nebyl pozorovan zadny vyznamny rozdil v lateralit¢ uloZeni mozkovych
metastaz v hipokampalnich strukturach. Hypotetizovana technika jednostranného Setfeni
hipokampu v pribéhu WBRT by méla, za ptedpokladu adekvatni preservace NCEF,

teoretickou vyhodu v pfiblizné 50% snizeni rizika nasledné recidivy v podzarenych oblastech.
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Introduction. Hippocampi sparing whole brain radiotherapy (WBRT) is an evolving approach in the treatment of patients with
multiple brain metastases, pursuing mitigation of verbal memory decline as a consequence of hippocampal radiation injury.
Accumulating data are showing different postradiotherapy changes in the left and right hippocampus with a theoretical proposal
of only unilateral (dominant, left) hippocampal sparing during WBRT. Method. The aim of this retrospective study is to describe
spatial distribution of brain metastases on MRI in a cohort of 260 patients (2595 metastases) and to evaluate distribution separately
in the left and right hippocampus and in respective hippocampal avoiding zones (HAZ, region with subtherapeutic radiation dose),
including evaluation of location of metastatic mass centre. Results. The median number of brain metastases was three, with lung
cancer being the most common type of primary tumour; 36% had single metastasis. Almost 8% of patients had metastasis within
hippocampus (1.1% of all metastases) and 18.1% of patients within HAZ (3.3% of all metastases). No statistically significant difference
was observed in the laterality of hippocampal involvement, also when the location of centre of metastases was analyzed. There were
more patients presenting the centre of metastasis within left (15) versus right (6) HAZ approaching the borderline of statistical
significance. Conclusion. No significant difference in the laterality of BM seeding within hippocampal structures was observed.
The hypothesized unilateral sparing WBRT would have theoretical advantage in about 50% reduction in the risk of subsequent
recurrence within spared regions.
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1. Introduction

The paradigm of palliative radiotherapy of brain metastases
(BM) has been recently shifting towards strengthen the qual-
ity of life (QoL), especially neurocognitive functions [1, 2].
For better preservation of neurocognition, stereotactic radio-
therapy has become the currently recommended approach
both in upfront treatment of limited brain metastases [3, 4]
as well as in postoperative adjuvant radiotherapy [5, 6]. Apart
from local stereotactic radiotherapy, many other strategies,
including administration of N-methyl-D-aspartate receptor
antagonist memantine, are being investigated in order to
mitigate the well-known adverse iatrogenic effects of classical
whole brain radiotherapy (WBRT), which has been utilized
for decades as a simple, cheap, and widely available treatment
of BM [7-10]. Hippocampal sparing during WBRT is a recent
modification of radiotherapy that provides a low risk of
adverse events with appropriate local and distal brain control
[11].

Radiation injury (radioinjury) of the hippocampus is a
phenomenon described from preclinical experiments and
clinical observations, with radiotherapy doses as low as 2
Gy leading to changes in neural progenitor cells residing
within hippocampal neurogenic niches and being involved in
memory formation [11-14]. Following promising results from
the single-arm phase II clinical trial RTOG 0933, in which
conformal avoidance of both hippocampi during WBRT was
associated with preservation of memory and QoL compared
to historical controls [14], the randomized phase III trial
of WBRT combined with memantine and with or without
hippocampal sparing is currently evaluating the potential
of hippocampal sparing for patients with brain metastases
(NRG CCO001-NCT02360215).

What is missing is a clear understanding of eventual
laterality of hippocampal radioinjury. Some preliminary
evidence, however, suggests differential changes in the left
and in the right hippocampus after radiotherapy or surgery
[15-20]. In our previous prospective study, we observed a
correlation between post-WBRT verbal memory impairment
and changes in the left hippocampus measured by in vivo
magnetic resonance spectroscopy, whereas no such correla-
tion was observed in the right hippocampus [19]. In another
recent study focused on hippocampal radiation dose volume
effects and memory deficits, in which combined data from
another three prospective studies were analyzes, the left
hippocampus appeared more sensitive to radiation than the
right one [20]. For example, a 20% risk of decline in verbal
memory was associated with the maximal delivered dose of
28.8 Gy to the right hippocampus, but with only 23.7 Gy to the
left one. Considering that post WBRT cognitive impairment
(represented mainly by verbal memory deficits) would have
been associated predominantly with unilateral hippocampal
radioinjury, only unilateral (left) sparing during WBRT may
be judged. This novel approach of unilateral hippocampus
sparing WBRT would be associated with reduced concern
regarding subtherapeutic dose in spared regions and with
the possibility of improved sparing of single hippocampus.
In our pilot dosimetric study, left unilateral sparing yielded
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lower doses in spared hippocampus with a more homogenous
irradiation of the remaining brain [21]. To justify clinical
testing of this radiotherapy technique, it would be useful to
evaluate whether there is some difference in the incidence of
BM within left versus right hippocampus; however, no prior
study has assessed the laterality of hippocampal BM seeding.

The aim of this retrospective study is to describe spatial
distribution of BM in a cohort of 260 consecutive patients
with a total of 2595BM, evaluating distribution separately
in the left and the right hippocampus and in respective
hippocampal avoiding zones (HAZ).

2. Material and Methods

2.1. Patients and Image Selection. Consecutive patients with
newly diagnosed BM referred between 1.1.2011 and 31.12.2014
to radiotherapy at Masaryk Memorial Cancer Institute in
Brno, Czech Republic, were included in this retrospective
study. Patients with available MRI scan that revealed first
BM were eligible for further analysis. This MRI was used to
describe spatial distribution of BM in order to avoid bias of
previous local treatment of BM in estimation of incidence
of hippocampal BM. Basic clinical data was obtained from
electronic medical records. All patients signed the informed
consent allowing usage of their clinical and imaging data for
research purposes in an anonymous form.

2.2. Image Analysis. The location of BM was described in
the first instance as temporal, occipital, parietal, frontal,
or other (cerebellum, brain stem, diencephalon, or lep-
tomeningeal BM) and BM were subsequently quantified
within each region. MRI scans (T1 weighted sequence with
intravenous administration of contrast agent) were trans-
ferred and imported into Eclipse™ radiotherapy treatment
planning system (Varian Medical Systems, Palo Alto, CA),
which enables smart contouring tools such as individual
structures segmentation, isotropic expansions, and several
Boolean operations. Left (LH) and right hippocampi (RH)
were separately contoured in all patients referring to RTOG
contouring atlas (Hippocampal contouring: a contouring
Atlas for RTOG 0933) [22]. An expansion of 5mm was
performed to create left and right HAZ [14, 23]. All BM in
the proximity of HAZ were manually contoured. The centre
of all metastases (as the initial focal point of metastatic
settlement) was also spatially correlated to both hippocampi
and HAZ. All structures were double-checked and approved
by experienced radiologists. Intersections of contoured BM
and LH, RH, and pertinent HAZ were analyzed using Boolean
operators (Figure 1).

2.3. Statistical Analysis. Basic statistics were employed to
describe initial patients’ characteristics. Binominal test was
used for the calculation of the difference between BM occur-
rence within LH, RH, and pertinent HAZ. The evaluation
of different number of metastases in the right and left
hippocampus (or HAZ) required a comparison of patients
who had more metastases in the right and in the left side.
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(b)

Ficure 1: Illustrative cases of contouring and evaluation of hippocampal metastasis (a). Large metastasis (b) touching the hippocampus at
the border illustrates the need for an analysis of the centre of the mass to enable a valid assessment of spatial relationships to potentially

undertreated perihippocampal zones.

All significance testing was performed at the 0.05 level; R
software version 3.2.4. was used for all analyses.

3. Results

3.1. Patient Characteristics. A total of 495 patients were
screened for eligibility; 260 (55%) had available MRI and were
eligible for further BM analysis (total number of 2595 BM).
The median number of BM was 3 with lung cancer being
the most common type of primary tumour (120/260 patients;
46.2%). Thirty-six percent had single lesion. The other basic
clinical characteristics are summarized in Table 1.

3.2. Spatial Distribution of Brain Metastases and Relation
to Hippocampi. Spatial distribution of BM is summarized
in Table 2. Most patients presented with frontal lobe BM
(154/260 patients; 59.2%). The most common localization of
BM was also frontal lobe with mean 6.25BM and median
2BM within frontal lobes. Within left and right temporal
lobes, there was a mean of 1.48 and 2.57 BM and median of
1 and 1 BM. Eight percent of patients (20/260 patients) had
BM within hippocampi and 18% of patients (47/260 patients)
within HAZ. There was no statistically significant difference
in the number of patients who had more BM in the right (9
patients) versus the left (8 patients) hippocampus. Similarly,
no significant difference was observed in the number of
patients with involvement of right (20 patients) versus left (22
patients) HAZ (p = 0.88). There was also no difference in the
number of BM within right and left hippocampus (p = 0.57)
or within right and left HAZ (p = 0.91).

Furthermore, the presence of centre of a mass of BM
within hippocampi and HAZ was evaluated. Five patients
(5/260;1.9%) developed BM whose centre was located within
hippocampus and 9.6% of patients (25/260 patients) within
HAZ. Higher number of patients developed more metastases
whose centre was within left HAZ (15 patients) comparing
to right HAZ (6 patients), approaching the borderline of

Taste I: Basic clinical characteristics of included patients.

Characteristic N =260
Age (mean; years) 57.8
Sex (men; %) 125 (48.1%)
Primary diagnosis
NSCLC 79 (30.4%)
SCLC 34 (13.1%)
Lung-not verified 7(2.7%)
Breast 48 (18.5%)
Melanoma 30 (11.5%)
GYN 13 (5.0%)
Unknown origin 11(4.2%)
RCC 11 (4.2%)
GI 9(3.5%)
GU 5 (1.9%)
others 13 (5.0%)
Initially disseminated 96 (36.9%)
Number of MTS
Mean 10.0
Median 3
IQR (25-75 %) 1-7

MTS: metastasis, NSCLC: non-small-cell lung cancer, SCLC: small-cell lung
cancer, GI: gastrointestinal, GYN: gynecology, RCC: renal cell carcinoma,
GU: genitourinal, and IQR: interquartile range

statistical significance with p = 0.07. Four patients had the
same number of metastases within left and right HAZ.
Further details are summarized in Table 3.

4. Discussion

No significant difference in the laterality of BM seeding
within hippocampus was observed in this large retrospective
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TasLE 2: Spatial distribution of brain metastases.

N= 260 patients
N= 2595 metastases

Location of metastasis

Temporal - No. of patients 95 (36.5%)
Left 61 (23.5%)
Right 62 (23.9%)

Temporal - No. of metastases 310 (11.9%)
Mean/ Median/ IQR (25-75 %) 3.26/1/1-2.5

Left/Right
Mean 2.48/2.57
Median 1/1
IQR (25-75 %) 1-2/1-2

Occipital — No. of patients 101 (38.9%)
Left 73 (28.1%)
Right 57 (21.9%)

Occipital — No. of metastases 288 (11.1%)
Mean/ Median/ IQR (25-75%) 2.85/1/1-2

Left/Right
Mean 1.95/2.56
Median 1/1
IQR (25-75 %) 1-2/1-3

Parietal - No. of patients 128 (49.2%)
Left 85 (32.7%)
Right 83 (31.9%)

Parietal — No. of metastases 397 (15.3%)
Mean/ Median/ IQR (25-75 %) 3.10/1/1-2

Left/Right
Mean 2.55/217
Median 1/1
IQR (25-75 %) 1-2/1-2

Frontal - No. of patients 154 (59.2%)
Left 121 (46.5%)
Right 98 (37.7%)

Frontal - No. of metastases 962 (37.1%)
Mean/ Median/ IQR (25-75 %) 6.25/2/1-4

Left/Right
Mean 4.02/4.86
Median 1/2
IQR (25-75 %) 1-2/1-4
Other locations — No. of patients 29 (11.2%)
Other locations — No. of metastases 638 (24.6%)

Abbreviations: No.- number, MTS- metastasis, [QR-interquartile range

study. Nevertheless, normative standards are not known and,
thus, before the start of this study, it was not possible to esti-
mate the sample size needed to reach statistical significance
with sufficient power. However, we believe that the lack of
significance that we observed in the analysis of 260 patients
indicates that there is truly no difference in the laterality of
hippocampal BM involvement.

Several previous retrospective studies described perihip-
pocampal incidence of BM [24-30]. Earlier studies focused
on a general estimation of perihippocampal BM incidence,
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while further trials aimed at assessing some specific aspect
such as the measurement of the distance of BM from
hippocampi in Harth et al. [28] or the determination of
the number of brain metastases in patients with melanoma
[29] or breast cancer [30]. Nevertheless, no studies have
specified laterality of BM location. Data from all previous
studies indicate that hippocampi are a rare site of BM
and that hippocampus avoiding WBRT is a safe procedure
with low risk of undertreatment in hippocampi or HAZ. A
construction of HAZ during radiotherapy planning is needed
to generate a dose gradient fallout from the surrounding brain
(irradiated to the full prescribed dose), but delivered dose
within HAZ might be insufficient to control micrometastases.

The ideal methodology for assessing this risk of hip-
pocampal (or HAZ) metastases would be a close observation
of patients with BM treated with HA-WBRT and followed
with regular imaging. Considering the relatively low inci-
dence of hippocampal metastases in general, a high number
of patients treated by this complex RT technique would
be needed to report data with sufficient power. Even more
patients would be needed considering the aim of our study to
describe the potential difference in laterality of hippocampal
metastatic seeding (what means to divide enrolled patients
into cohorts). Given the current absence of such a dataset
in available literature before ongoing trials will be published,
the retrospective review of large cohort of radiotherapy-naive
patients was chosen as the best possible approach currently
to estimate the hippocampal and HAZ metastases incidence
before eventual initiation of trials of unilateral hippocampal
sparing. This approach of using treated patient data retro-
spectively for an analysis also seems to be ethically preferable
comparing to the straightforward treatment of patients with
unilateral hippocampal sparing WBRT and the evaluation
of the development of BM in spared region in follow-up.
With this retrospective description of the distribution of
metastases, it can be at least estimated what is the risk of
hippocampal (or HAZ) failure after HA-WBRT. Recently,
in a pooled analysis of available data, we summarized the
incidence of BM in 1557 patients from listed studies [24-
30] and calculated that BM is present within hippocampi
in 1.6% of patients and within HAZ in 9%, representing
0.6% and 2.8% of all BM, respectively [31]. In comparison
to this pooled analysis, we observed in the current study a
much higher incidence of BM within hippocampus (in 7.7%
patients representing 1.1% of all BM) as well as in HAZ (in
18.1% of patients representing 3.3% of all BM). This higher
incidence observed in our unselected real-practice cohort
may be explained by a relatively high mean number of BM
(mean number of 10 BM compared to a mean of 4.5 BM in
pooled analysis) with many patients presented initially with
multiple BM disease. In another recent descriptive analysis
of consecutive series of 2419 patients with BM treated at the
Medical University of Vienna between 1990 and 2011, 48.7%
of patients presented with a singular BM, 27.7% with 2-3, and
23.5% with >3 BM [32]. The corresponding percentages in our
current study are as follows: 36%, 22%, and 42%, respectively.
Some patients are referred to our radiotherapy department
from relatively distant tertiary outpatient oncology practices,
some with less availability and throughput of MRI devices,
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TaBLE 3: Presence of brain metastases (or their centre) within right and left hippocampus and hippocampal avoiding zones and laterality of

hippocampal involvement.

within within within ~ Pvalue  within within within P value
H left H right H HAZ left HAZ right HAZ
Patients (n=260) with edge of MTS 20 (77%) 12 (4.6%) 12 (4.6%) 47 (18.1%) 30 (1.5%) 27 (10.4%)
Patients (n=260) with nore MTS 8 9 NS 22 20 p=0.838
Patients (n=260) with centre of MTS 5(1.9%) 3(1.2%) 3(1.2%) 25(9.6%) 19 (73%) 12 (4.6%)
Patients (n=260) with more centre of MTS 2 2 NS 15 6 p=0.07
Number of MTS (n=2595) with edge 28(1.1%) 12(0.5%) 16(0.6%) p=0.57 86(3.3%) 42(1.6%) 44 (1.7%) p=0.91
Number of MTS (n=2595) with centre of MTS 7(0.3%) 3(0.1%) 4 (0.1%) NS 41(1.6%) 25(0.9%) 16(0.6%) p=0.21

MTS: metastasis, H: hippocampus, HAZ: hippocampus avoiding zone, NS: not specified, and p value close to 1.

potentially explaining the lower number of limited brain
disease in our cohort that contributed to relatively higher
hippocampal involvement. Regardless of a possibly high inci-
dence of BM observed in our study, progression in the HAZ
area was very rare in patients from the prospective RTOG
0933 trial, which reported progression within HAZ in only
3 out of 67 progressed patients (4.5%) after a radiotherapy
performed with sparing of both hippocampi [14]. Altogether,
despite these promising safety profile of RTOG 0933 and
despite reported cases of advantageous usage of hippocampal
sparing in real clinical practice, some controversy remains,
especially regarding the safety of this method with concerns
about undertreatment of HA regions [33, 34]. The superiority
of HA-WBRT in the management of patients with BM and
the potential update in current standards of care will need
to be confirmed within prospective randomized trials, most
notably in the above-mentioned NRG CC001-NCT 02360215
trial or NRG-CC003-NCT02635009 (A Randomized Phase
II/11I Trial of Prophylactic Cranial Irradiation with or without
Hippocampal Avoidance for Small Cell Lung Cancer). In the
meantime, this approach should be considered experimental
and utilized only in individually selected cases with a required
planning MRI for hippocampi contouring as well as for the
exclusion of potential small BM within hippocampi or HAZ
[34].

The analysis presented here is the first large study
focused on the laterality of hippocampal BM involvement.
It contributes to the field by providing important knowledge
needed before initiating programs of unilateral (left) hip-
pocampus sparing during WBRT, which may be sufficient to
preserve verbal memory, the most commonly affected neu-
rocognitive domain following brain irradiation. Of course,
evaluation of general QoL and of another neurocognitive
domains related to the right (nondominant) side of brain
would be needed in the trial where bilateral versus unilateral
hippocampal sparing during WBRT would be tested. With
the hypothesized noninferiority of unilateral sparing, there
would be a possible advantage of about 50% reduction in the
risk of subsequent recurrence within spared regions based
on our current observation of no significant difference in the
laterality of BM seeding. Moreover, unilateral hippocampal
avoiding leads to dosimetrically increased sparing of pre-
served hippocampus [21].

We acknowledge several limitations of our study apart
from its self-limiting retrospective nature, disallowing for

example standardization of MRI, which should be ideally
volumetric and standardized at baseline in order not to
miss small lesion. The other limitations are mitigated by
the analysis of location of centre of BM. With the generally
spherical shape of BM, the centre of BM represents the site
of initial focal growth of a micrometastasis. Whether this
centre is placed within hippocampi or HAZ, in this particular
patient, the focal point of metastatic settlement is inside
the part of brain which would be spared in HA treatment
approach (for example in previous HA prophylactic brain
irradiation). On the other hand, the patient with a large
metastasis within the left temporal lobe presented in the
Figure 1 would be also classified as hippocampal since the
border of BM touches the edge of the hippocampus. However,
the spot where its centre is located is clearly outside the
eventually undertreated HAZ and would receive a full dose
of radiation (for example in previous HA prophylactic brain
irradiation). Metastases in both outlined cases can be labelled
as “hippocampal” but with different consequences behind,
resolved by the analysis of the location of centres of metas-
tases. Thus, discrimination between the centre of a mass and
the border of a mass is necessary to comprehensively assess
the risk of undertreating patients with HA-WBRT and would
provide additional information in other ongoing trials as well.
In our analysis of centres of BM, we observed interesting
difference in patients with different number of centres of MTS
in the right and left sides, where more patients presented
with the centre of BM within left versus right HAZ (15 versus
6 patients; p = 0.07). These patients warrant further study
including the analysis of potential changes in cerebral blood
supply. Thus, the most reliable feature of our study is probably
this analysis of the centre of BM mass.

In conclusion, a relatively high incidence of perihip-
pocampal BM was observed in our large retrospective study
with no clear difference in the laterality of BM seeding within
the hippocampus. Spatial patterns of failure in ongoing phase
IIT trials, where the role of hippocampal avoiding WBRT
is being assessed, may reveal true laterality of hippocampal
recurrence rate and further support the proposed testing of
unilateral hippocampal sparing during WBRT.

Data Availability
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available from the corresponding author upon request.
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Anotace: Prostorové vyhodnoceni recidiv mozkovych nédort po radioterapii je dilezité také
determinujici jednotlivé zakladni 1é¢ebné postupy (operace + adjuvantni radioterapie,
stereotaktickd radioterapie = celomozkové ozafeni, nebo celomozkové ozareni — WBRT
samotné) s diirazem na vyznam hodnoceni prostorového vztahu recidivy k absolvované 1écbe.
Zvlast jsou diskutovany nové 1é¢ebné postupy jako stereotakticka radiochirurgie
a radioterapie ltizka po resekci metastazy nebo WBRT se Setfenim oblasti hipokampt. Tak
napiiklad v pfipad¢é tohoto postupu je nutné odlisit, zda k ndsledné nové progresi doslo
v oblasti pfilehlé k hipokampu, Vv hipokampu samotném, nebo v oblasti ozafené plnou
terapeutickou davkou zéfeni. V prehledovém c¢lanku je zdiraznéna nutnost hodnoceni
charakteru recidiv ve vSech probihajicich studiich testujicich nové lécebné algoritmy

u pacientil s mozkovymi metastazami.
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Uvod: Jednostranné $etfeni dominantniho (levého) hipokampu v priibéhu WBRT by mohlo
zmirnit kognitivni pokles, zejména verbalni pamét’, ve stejném rozsahu jako HA-WBRT.
Cilem této radioterapeutické (RT) planovaci studie je dozimetrické srovnani HA-WBRT s RT
plany Settici pouze levy hipokampus (LHA-WBRT).

Metody: HA-WBRT plany byly retrospektivné piipraveny pro 10 pacientd v souladu se studii
RTOG 0933 a slouzily jako vychozi pro nasledné srovnédni s nékolika pfipravenymi plany
LHA-WBRT: 1) se snahou zachovat stejné podzafeni levého hipokampu, a tim vyhodnotit
potencial zlepSeni prozateni mozkovny (,,BEST PTV*) a 2) se snahou zachovat stejnou
dozimetrii pti planovani cilového objemu PTV jako v HA-WBRT (,,BEST LH®), a tim

vyhodnotit potencial dal$iho sniZeni davky v levém hipokampu.

Vysledek: VSechny plany HA-WBRT spliiovaly kritéria protokolu RTOG 0933 s primérnym
indexem konformity 1,09 a primérnym indexem homogenity (HI) 0,21. Stfedni hodnota
D100% pravého a levého hipokampu byla 7,8 Gy a 8,5 Gy a primérna Dmax 14,0 Gy, resp.
13,8 Gy. Plany ,,BEST PTV* snizily HI o 31,2 % (P = 0,005), coZ se projevi niz§im PTV _
D2% (-0,8 Gy, P = 0,005) a vyssim PTV_D98% (+1,3 Gy, P = 0,005) a dale bylo mozné
sniZzeni davky na optiky a chiasma Dmax 0 1 Gy. V ,,BEST LH* byly primérné D100% a Dmax
pro levy hipokampus vyznamné snizeny o 11,2 % (P = 0,005) a 10,9 % (P = 0,005).

Zavéry: Technika LHA-WBRT by mohla zleps$it pokryti PTV a/nebo dalsi snizeni davky
usetfeného hipokampu. Budouci klinické studie musi potvrdit, zda je statisticky vyznamné
snizeni davky v levém hipokampu také klinicky vyznamné, a samoziejmé potvrdit hypotézu

dostatecnosti pouze levostranné hipokampalni preservace pro dosazeni Setfeni NCF.
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Left hippocampus sparing whole brain radiotherapy (WBRT): A planning study

Tomas Kazda*®, Miroslav Vrzal*®, Tomas Prochazka®®, Petr Dvoracek?®, Petr Burkon®®, Petr Pospisil®®, Adam Dziacky*,
Tomas NikI*®, Radim Jancalek®, Pavel Slampa*"", Radek Lakomy"

Aims. Unilateral sparing of the dominant (left) hippocampus during whole brain radiotherapy (WBRT) could mitigate
cognitive decline, especially verbal memory, similar to the widely investigated bilateral hippocampus avoidance (HA-
WBRT). The aim of this planning study is dosimetrical comparison of HA-WBRT with only left hippocampus sparing
(LHA-WBRT) plans.

Methods. HA-WBRT plans for 10 patients were prepared in accordance with RTOG 0933 trial and served as baseline for
comparisons with several LHA-WBRT plans prepared with an effort: 1) to maintain the same left hippocampus dosimetry
("BEST PTV") and 2) to maintain same dosimetry in planning target volume as in HA-WBRT (“BEST LH").

Results. All HA-WBRT plans met RTOG 0933 protocol criteria with a mean Conformity index 1.09 and mean Homogeneity
index (HI) 0.21. Mean right and left hippocampal D100 % was 7.8 Gy and 8.5 Gy and mean Dmax 14.0 Gy and 13.8 Gy,
respectively. “BEST PTV” plans reduced HI by 31.2 % (P=0.005) which is mirrored by lower PTV_D2% (-0.8 Gy, P=0.005)
and higher PTV_D98% (+1.3 Gy, P=0.005) as well as decreased optic pathway’s Dmax by 1 Gy. In“BEST LH", mean D100%
and Dmax for the left hippocampus were significantly reduced by 11.2 % (P=0.005) and 10.9 % (P=0.005) respectively.
Conclusions. LHA-WBRT could improve target coverage and/or further decrease in dose to spared hippocampus.
Future clinical trials must confirm whether statistically significant reduction in left hippocampal dose is also clinically

significant.
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INTRODUCTION

Hippocampal sparing during whole brain radiother-
apy (WBRT) in an effort to preserve cognitive function
is a currently widely investigated approach in palliative
irradiation in patients with brain metastases unsuitable
for local treatment'. Many planning studies have shown
the dosimetric feasibility of hippocampus avoiding (HA)
WBRT in different clinical situations using many different
radiotherapy systems and techniques™. However, these
studies must be considered as experimental until well de-
signed clinical trials with appropriate endpoints definitely
reveal the significant clinical benefit of these novel ap-
proaches®®. Further, some reports suggest different post
radiotherapy and/or post surgery changes in the two hip-
pocampi. As a result, unilateral hippocampal sparing has
been proposed™!.

The most important neurocognitive domain af-
fected by WBRT is memory. Radio-injury of the left,
usually dominant, hippocampus may affect the forma-
tion of memory to a greater extent, in particular verbal

memory>!'. Dosimetric consequences of potential unilat-
eral (left) hippocampus sparing during WBRT are not
known. We hypothesize that left hippocampal avoiding
(LHA) during WBRT can possibly reduce the dose within
the spared hippocampus as well as improve dose cover-
age of the remaining brain including the right hippocam-
pus. Minimizing the dose to the least possible level is of
high clinical relevance since higher hippocampal D,
was shown to predict greater decline in some memory
tests over time'>". Also, the dose-response relationship
between equivalent dose in 2-Gy fractions to 40% of the
bilateral hippocampi (EQDsz40%) and impairment in
delayed recall at 18 months was described after fraction-
ated stereotactic radiotherapy for benign or low-grade
brain tumors'. The aim of this planning study was to
compare HA-WBRT with LHA-WBRT treatment plans,
paying particular attention to left hippocampal dosimetry
and quantitatively describe the potential benefit of only
one-sided hippocampal sparing. To the best our knowl-
edge, this is the first report of the practical consequences
of LHA-WBRT.
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MATERIALS AND METHODS

Patients and contouring

This retrospective planning study included ten con-
secutive patients with brain metastases and with avail-
able planning CT and MRI scans (9 women, mean age 54
years, 5/10 with lung cancer). Left and right hippocampi
were separately contoured using the free available online
RTOG contouring atlas as a reference™. A five millime-
ter margin around each hippocampus was created for the
planning at risk volume (PRV) (ref.'). Other organs at
risk (optic nerves, chiasm and lenses) were segmented
according to recent contouring guidelines'®. Planning tar-
get volume (PTV) contained the whole brain with 5 mm
expansion to accommodate random setup uncertainty.

Three different treatment plans were created for each
patient as described below (Fig. 1):

1) “standard” HA-WBRT serving as the baseline plan,
2) LHA-WBRT maintaining the same left hippocampal
dosimetry as in the baseline plan (labeled as “BEST
PTV”) and 3) LHA-WBRT maintaining the same base-
line plan’s PTV’s dosimetry (labeled as “BEST LH").
For “standard” HA-WBRT, both hippocampi_PRV were
cropped out, while only the left hippocampus_PRV was
cropped out for LHA-WBRT plans. Thus, these experi-
mental plans included the entire right hippocampus
within PTV.

Experimental treatment plans

All treatment plans were created utilizing Eclipse™
treatment planning system (Varian Medical Systems, Palo
Alto, CA). The dose calculation was performed using the
Anisotropic Analytical Algorithm (v11, Varian Medical
Systems, Palo Alto, CA) with a 2.5 mm grid size and with
the heterogeneity correction turned on. VMAT treatment
plans were created for a TrueBeam STX with HD120
MLC (2.5 mm leaf width at isocenter). The 6 MV photon
beam model were used in all plans. The CT images which
were used for planning were 3 mm slices.

Baseline plans for bilateral hippocampus sparing
WBRT were created in accordance with online available
RTOG 0933 (phase II trial assessing bilateral HA WBRT)
study protocol criteria as follows: 90 % of PTV receiving
10x 3 Gy; PTV_D, , < 37.5 Gy, PTV_D,,, > 25 Gy; D___
of optic nerves or optic chiasm < 37.5 Gy, Hippocampal
D,,,. <9 Gy and Hippocampal D__ < 16 Gy) (ref."").
Dx% represents the dose received by x % of specified struc-
ture. All treatment plans utilized three coplanar full arcs
and one non-coplanar semi arc (couch angle 90 degrees
and partial non-coplanar arc spanning 194 degrees (from
345 to 179 degrees)) in order to meet planning constraints
criteria as much as possible.

Dosimetric analysis
The following parameters were reported for PTV:
\'% PTV_D,,, PTV_D,,, conformity index (CI) and

100% — 98%’
homogeneity index (HI). CI was calculated based on the
formula: (Vg [V ), Where V. is the volume encom-
passed by 95% of the prescription isodose surface. This

definition of CI is not strictly as in ICRU 62, since the

LHA-WBRT
plan
“BEST PTT™
standard HA
WBRT plan
“haseline”
LHA-WBR
plan
“BEST LT

Fig. 1. Diagram of development of experimental treatment
plans.

entire PTV is not always totally encompassed by the 95 %
isodose. Nevertheless, it remains a useful measure of the
conformality of the proposed treatments".

HI was calculated based on the formula: ((D,,-D, )/
D__...) with zero indicating the ideal homogeneity since
D,, and D, are equal. D__ was reported for optic
structures. Dm for the left hippocampus, converted to
biologically equivalent doses in 2-Gy fractions (EQD?2)
assuming an o/f ratio of 2 Gy, was recorded (EQD **
40 %) (ref.'?). All pertinent values were extracted from
dose-volume histograms using an in house developed data
mining software. Basic statistical methods including the
Wilcoxon signed-rank test were used to obtain mean val-
ues and relative as well as absolute differences between
HA-WBRT and experimental plans.

RESULTS

Hippocampus avoiding-WBRT (“baseline”)
treatment plans

HA-WBRT plans’ characteristics are summarized in
Table 1. All treatment plans met RTOG 0933 “per proto-
col criteria” for PTV coverage with mean CI 1.09 (range
1.08 - 1.1) and mean HI 0.21 (range 0.19 - 0.23). Mean
value of near maximal dose in PTV was D, = 33 Gy
(RTOG 0933 limit is < 37.5 Gy) with mean near mini-
mal dose in PTV D, = 26.4 Gy (RTOG 0933 limit is >
25 Gy). All hippocampal dose-volume constraints were
met (“per protocol criteria”) with an exception in one
patient where right as well as left hippocampal D . ex-
ceeded limit of 9 Gy (9.34 Gy and 10.07 Gy, respectively).
The isodose treatment plan for one representative patient
is presented in Fig. 2.

Left HA-WBRT (“BEST LH”) treatment plans

For these experimental treatment plans, inverse plan-
ning was tailored to achieve the same PTV dosimetry as
in “baseline” HA-WBRT. Resultant dosimetric character-
istics are listed in table 2 along with absolute and relative
differences between these data and mean parameters in
“baseline” HA-WBRT. The right hippocampus is inten-
tionally not spared leading to mean D, = 30.1 Gy. Mean
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Table 1. Summary of treatment characteristics of HA-WBRT plans (effort to meet RTOG 0933 “per protocol” criteria).

Target / organ at risk ]\j[ean (.S[?.) RTO.G 0.933
baseline criteria
PTV
o0 90 % (0) 90 %
33 Gy (0.08) < 37.5 Gy
D, 26.4 Gy (0.29) > 25 Gy
CI 1.09 (0.007)
HI 0.21 (0.01)
Optic nerves and chiasm
o 33.7 Gy (0.48) < 37.5 Gy
Hippocampus_right
Do 7.8 Gy (0.56) <9 Gy
o 14 Gy (0.37) <16 Gy
Hippocampus_left
D . 8.5 Gy (0.57) <9 Gy
13.8 Gy (0.21) <16 Gy

max

EQD,*™ 40% 8.24 Gy (0.4)

Fig. 2. Isodose treatment plan of representative HA-WBRT (A) and LHA WBRT (“BEST LH”) for the same patient (B). Dose is
displayed in color wash with minimal dose of 80 % from prescribed dose.

D“m. and Dm for the left hippocampus were significantly
reduced by 11.2 % (P=0.005) and 10.9 % (P=0.005) re-
spectively. Moreover, left hippocampal EO_DEEG-“ 40 %
was significantly reduced from a mean value 8.24 Gy in
“baseline” to the mean value of 6.82 Gy in “BEST LH”
experimental plan (P=0.005). The isodose treatment plan

for one representative patient is shown in Fig. 2.

left hippocampal Djm (P=0.92) and Dm (P=0.39) as in
“baseline”™ plans. HI was reduced by 31.2 % (P=0.005)
mirrored by lower PTV_D,, (-0.8 Gy, P=0.005) and
higher PTV_D,,, (+1.3 Gy, P=0.005). No difference was
observed in conformity index.

DISCUSSION
Left HA-WBRT (“BEST PTV™) treatment plans

For these experimental treatment plans, inverse plan-
ning was tailored to achieve the same left hippocampus
dosimetry as in “baseline” HA-WBRT. Resultant dosimet-
ric characteristics are listed in table 3 along with absolute
and relative differences between these results and mean
parameters in “baseline” HA-WBRT. Homogeneity of
PTV irradiation was significantly improved with the same

The potential of further decrease of hippocampal ir-
radiation during unilateral hippocampal sparing WBRT
is described in this planning study. This concept makes
it possible to significantly reduce unilateral hippocam-
palD ..D_ and EQD 2% 40% with comparable target

coverage as in “standard” HA-WBRT. Vice versa, it is
possible to significantly improve target coverage with ac-
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Table 2. Summary of treatment characteristics of Left HA-WBRT (“BEST LH") treatment plans.

Target / organ at risk Mean (SD) Absolute (relative) difference
“BEST LH” to “baseline” HA-WBRT

PTV

Voo 90 % (0) 0(0%)

D,, 32.9 Gy (0.08) 0.1 Gy (-0.2 %)

D,,. 27.1 Gy (0.49) +0.7 Gy (+2.7 %)

CI 1.1 (0.004) +0.01 (0.7 %)

HI 0.2 (0.02) 0.03 (-12.0 %)
Optic nerves and chiasm

D_. 33.3 Gy (0.37) -0.5Gy (-14 %)
Hippocampus_right

D, 30.1 Gy (0.34) +22.3 Gy (+286.8 %)

D __ 32.9 Gy (0.39) +19 Gy (+136 %)
Hippocampus_left

D __ 7.6 Gy (0.68) -0.9 Gy (-11.2 %)

100%

12.3 Gy (0.19)
6.82 Gy (0.54)

-1.5 Gy (-10.9 %)

EQD 40% -1.43 Gy (-17.4 %)

Table 3. Summary of treatment characteristics of Left HA-WBRT (*"BEST PTV™) treatment plans.

Target / organ at risk Mean (SD) Absolute (r.elative) difference
“BEST PTV” to “baseline” HA-WBRT

PTV

Voo 90 % (0) 0(0%)

D, 32 Gy (0.07) -0.8 Gy (2.4 %)

D,. 27.8 Gy (0.42) +1.3 Gy (+5 %)

CI 1.09 (0.008) +0.01 (+0.55 %)

HI 0.15 (0.02) -0.07 (-:31.2 %)
Optic nerves and chiasm

D_ . 32.7 Gy (0.39) -1 Gy (-3%)
Hippocampus_right

D 29.6 Gy (0.29) +21.8 Gy (+280.7 %)

D_. 32.2 Gy (0.27) +18.3 Gy (+131.1 %)
Hippocampus_left

D . 8.5 Gy (0.54) +0.01 Gy (+0.2 %)

13.7 Gy (0.33)
8.22 Gy (0.53)

0.1 Gy (-0.8 %)

EQD > 40% 0,02 Gy (0.3 %)

ceptance of the same unilateral hippocampal dosage as in
“standard” HA-WBRT. Decreasing the hippocampal dose
(D) to as low as possible was shown to predict less
decline in some memory tests over time in patients irradi-
ated for brain metastases'>". More recently, white matter
damage as well as thinning of the cerebral cortex after
brain irradiation proved to be highly dose-dependent'®".
Hippocampus itself demonstrates radiation dose-depen-
dent atrophy after treatment for brain tumors®>'. These
dose-dependent brain changes are predicted to influence
cognition and memory. Altogether, minimizing the dose
within this critical part of the brain may be of high clinical
relevance®?. The risk of recurrence of brain metastases in
undertreated regions is a reasonable trade-off especially
in palliative irradiation.

Our previous study described significant decreases in
hippocampal N-acetylaspartate concentration (marker of
neuronal density and viability) following WBRT (ref.').

However, only changes in the left hippocampus positively
correlated with the decline in memory function!'. Another
recent study of predictors for late neurocognitive dysfunc-
tion showed correlations of vascular dose-response in the
left hippocampus in females with changes in memory
function after radiotherapy®. Is it possible that only uni-
lateral hippocampal radio-injury is responsible for subse-
quent neurocognitive decline? The functional anatomy of
the cognitive domains suggests that verbal memory, the
gold standard in evaluation of post radiotherapy cognitive
impairment, often localize to the dominant hippocam-
pus’. Nevertheless, it would be useful to at first know,
whether and to what extent this radiotherapy approach
translates into improvement in radiotherapy treatment
plans.

In order to demonstrate the potential of LHA-WBRT,
we created two types of experimental plans with differ-
ent optimalization intent. "BEST LH” treatment plans’
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"baseline" HA WBRT and "BEST LH" LHA WBRT plan

120

100

20 ——LH in "baseline" HA WBRT
® 60 ——LH in "BEST LH" LHA WBRT

40

== PTV in "baseline" HA WBRT

|
k PTV in "BEST LH" LHA WBRT

0
5 10 15 2

0 0 25 30 35
Gy

Fig. 3. Averaged dose-volume histogram from all patients pre-
senting differences between “baseline” HA WBRT and “BEST
LH” left hippocampus sparing WBRT treatment plans.

potential to further decrease left hippocampal dose with
the same target coverage is showed in Fig. 3. The left hip-
pocampal EQD,*® 40% was significantly reduced from
a mean value 8.24 Gy in “baseline” to mean 6.82 Gy in
“BEST LH” experimental plan. This dosimetric parameter
for both hippocampi was established by Gondi et al. with
a threshold of 7.3 Gy; irradiation surpassing this value
is associated with long-term impairment in list-learning
delayed verbal recall in patients with benign or low-grade
adult gliomas'?. “BEST LH” treatment optimization suc-
cessfully undershot this threshold value. Although, we
only assumed that the threshold value can be used for
patients with brain metastases and for unilateral hippo-
campal sparing. Nevertheless, the slope of dose-response
curve for EQDEEGY 40% suggests that doses of around 6
to 8 Gy are highly clinically important'. For this reason,
the decrease from 8.24 Gy to 6.82 Gy as observed in
our planning study may be clinically relevant. Altogether,
even if this reduction would not further decrease cogni-
tive impairment (suggesting the dominant role of left hip-
pocampus), with full irradiation of right hippocampus,
the risk of subsequent development of hippocampal or
perihippocampal metastases is reduced by one half. This
risk is generally considered low because only 1.6% of brain
metastasis extend to the hippocampus itself*.

There are several limitations in our study, which are
mainly related to the nature of planning studies in general.
Among others, comparison of PTV dosimetry between
“baseline” HA-WBRT plan and two experimental LHA-
WBRT plans is biased due to different definition of PTV.
This is because in LHA-WBRT plans, the right hippocam-
pus was integrated to PTV. Another already mentioned
limitation is in adaptation of hippocampal dose-volume
constraints from studies of primary gliomas (EQD;GY
40%).

The inherent limitation may be the fundamental ques-
tion whether there is a role for WBRT in up-to-date treat-
ment of brain metastases and with higher availability of
systems for stereotactic radiosurgery**?*, From one per-
spective, the best technique for sparing the hippocampus
is avoidance of WBRT itself and proceeding with stereo-

tactic radiotherapy. Clearly, the role of WBRT is changing
and more data from ongoing clinical trials are needed to
establish the best treatment recommendations for defined
subsets of patients?.

CONCLUSION

Unilateral hippocampal sparing during WBRT could
improve target coverage and/or further reduce the dose to
the spared hippocampus. Whether reduction in left hippo-
campus dosage as described in our planning study would
further reduce post radiotherapy side effects warrants
further research. Only future clinical trials can confirm
whether statistically significant reduction in left hippo-
campal dose is also clinically significant.

ABBREVIATIONS

WBRT: whole brain radiotherapy; HA-WBRT:
hippocampus avoiding whole brain radiotherapy;
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resonance imaging; PRV planning organ at risk volume;
VMAT: volumetric arc therapy.
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6. Radioterapie v poopera¢ni terapii mozkovych metastaz

(. Zavér

Lze uzaviit, ze v souCasné dob¢ jiz neni v piipad¢ pacientli s mozkovymi metastdzami
misto pro dfive obc¢as vidany nihilismus a Ze individualizovana lé¢ba mlze pacientiim ptinést
vyrazny benefit, jako v pfipadé prezentované pacientky, kterd je nyni 2,5 let po 1é¢b¢ zjevné
velmi agresivni mozkové metastazy (opakované rychlé progrese s meningealnim postizenim
V horizontu mésicii), presnéji 2,5 let bez rizika znamych nezadoucich ucinkii spojenych
s diive prakticky jedinou lé¢ebnou moznosti — celomozkovym ozéafenim. Soucasné portfolio
radioterapeutickych technik pro individualizovanou radioterapii mozkovych metastaz
zahrnuje cilenou stereotaktickou radiochirurgii a frakcionovanou radioterapii, celomozkové
ozéafeni a jeho modifikace (hipokampus Setfici techniky, simultanni integrovany boost na
oblast makrometastaz), piipadné radioterapii oblasti lizka po metastazektomii. V dané oblasti
jsme piispéli pfedevSim rozSifenim poznani iatrogenni alterace na turovni hipokampu,
spektroskopie jsme, in vivo, popsali signifikantni Ubytek koncentrace N-acetylaspartatu,
jakozto markeru viability a poctu neuronll. Zpracovdnim metodiky unilateralniho Setfeni
hipokampu a analyzou distribuce mozkovych metastdz ve vztahu k lateralité postiZzeni jsme
prispéli k dalsimu vyvoji specidlnich radioterapeutickych postupi, jako je moznost
unilaterdlniho Setfeni levého, dominantniho hipokampu. Komplexni onkologickd lécba
pacientll s mozkovymi metastazami zahrnujici kromé& protinddorové 1écby také 1écbu
podplrnou a symptomatickou je cestou k dal§imu zlepSovani 1é¢ebnych vysledktl véetné na

pacienta orientovanych parametrd, jako je kvalita zivota a neurokognitivni funkce.
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