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Pouzité zkratky

ADC — apparent diffusion coefficient (aparentni difuzni koeficient)

ASL — arterial spin labeling (znaceni arterialnich spint)

BOLD — blood oxygen level dependent (zavisly na kysliku v krvi)

CEUS — contrast enhanced ultrasonography (kontrastni ultrasonografie)

CSI — chemical shift imaging (zobrazovani chemického posunu)

CT — vypocetni tomografie (computed tomography)

DECT — dual-energy CT (CT s dudlni energii zareni)

DWI — diffusion weighted Imaging (difuzné vazené zobrazeni)

DWIBS — diffusion weighted whole body imaging with background body supression (difuzné vazené
celotélové zobrazeni s potlacenim signalniho pozadi téla)

EPI — echoplanar imaging (echoplanarni zobrazeni)

FDG - fluordeoxyglukdza

FLAIR — fluid-attenuated inversion recovery (inverzni zotaveni s potlacenim tekutiny)

FGF — fibroblast growth factor (fibroblasticky ristovy faktor)

Glut-1 — glukdézovy transportér

HASTE — half fourier acquisiton single shot turbo spin echo

HCC - hepatocellular carcinoma (hepatocelularni karcinom)

HIF-1- hypoxia inducible factor 1 (hypoxii indukovany faktor 1)

iAUC —initial area under the curve (inicidlni plocha pod kfivkou)

K'"s — transferova konstanta

kep — eliminacni konstanta

KL — kontrastni latka

MR — magnetickd rezonance

MRS — magnetic resonance spectroscopy (spektroskopie pomoci magnetické rezonance)

NAFLD — non-alcoholic fatty liver disease (nealkoholové jaterni tukové onemocnéni)

PET — positron emission tomography (pozitronova emisni tomografie)

PCT — perfuzni CT

PIRADS — prostate imaging reporting and data system (systém pro zobrazovani a popisovani prostaty)

PMR — perfuzni MR

ppm — parts per milion (dily na milion)

PRESS — point resolved spectroscopy (spektroskopie s bodovym rozlisenim)

RECIST — response evaluation criteria in solid tumors (hodnoceni odpovédi solidnich nador( na lé¢bu)

VRECIST — volume RECIST (objemové RECIST)

STEAM — stimulated-echo acquisition mode (akviziéni méd se stimulovanym echem)

TTP — time to peak (¢as do maxima)

SVS — single voxel spectroscopy (jednoobjemova spektroskopie)

TAC — time attenuation curve (kfivka syceni v ¢ase)

TE — time to echo (¢as do echa)

Ve — objemova frakce extracelularniho prostoru

VEGF — vasoactive growth endothelial factor (vazoaktivni endotelialni ristovy faktor)

Vp— objemova frakce plazmy

WHO — World health organisation (Svétova zdravotnicka organizace)
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1. Obecnd ¢ast

1.1. Uvod

Zobrazovaci metody prodélavaji v posledni dobé rychly vyvoj jdouci ruku v ruce s rozvojem ostatnich
medicinskych obor( a pocitacovych technologii. Po roce 2000 se ve stale vétsi mife uplatiuji nové
vySetfovaci postupy umoziujici hodnotit tkan nejen z makroskopického pohledu, ale také na drovni
mikroskopické a funkcni. Timto zplsobem Ize nejen zasadné zpresnit diagnostiku nékterych
onemocnéni, ale také rozpoznat stavy, které nemaji zobrazitelny anatomicky korelat. Jednim z priklad
je posuzovani efektu |1éCby nadord. Ten se v nékterych pripadech nemusi projevovat zménou velikosti
patologické masy, ale pouze odliSnym charakterem perfuze nebo metabolizmu. Jako vhodné feseni
takové situace se nabizi vyuziti multiparametrického zobrazovéani, které kombinuje hodnoceni
morfologickych, funkénich a molekuldrnich parametrd ziskanych pomoci rliznych zobrazovacich metod
a priblizuje diagnostické zobrazovani konceptu personalizované (nebo také precizni) mediciny, ktera
nehledd jeden univerzalni 1ék na urcitou nemoc, ale zohlediuje rozdily mezi jedinci a jejich

onemocnénimi a snazi se jim |écbu pfizpUsobit.

Mezi radiologické metody hodnotici rozlozeni a pohyby latek, které jsou ve tkani pritomné
pfirozené nebo jsou do ni vpraveny jako indikator v podobé kontrastni latky (KL) patfi zobrazeni
pohybu molekul vody pomoci difuzné vazeného zobrazeni (DWI) magnetickou rezonanci (MR), analyza
koncentrace metabolitd ve tkani MR spektroskopii (MRS), hodnoceni oxygenace krve pomoci MR
(zobrazeni BOLD efektu), vysetfeni perfuze tkani pomoci dynamickych kontrastnich metod, nebo
pomoci techniky arterial spin labeling (ASL) a vypocetni tomografie (CT) s dualni energii zareni, které
Ize vyuZit k separaci substanci ve tkani na zakladé rozdilG v absorpci rentgenového zareni s rliznou

energii.

1.2. Hodnoceni mikrostruktury tkdné pomoci DWI

DWI hodnoti zmény signalu tkané spojené s nahodnym tepelnym pohybem molekul vody,
ktery Uzce souvisi s celularitou tkané [1]. Zakladnimi vychodisky teorii zabyvajicich se molekularni difuzi
jsou Brown(v pohyb a FickQv princip. Na né navazal Albert Einstein, ktery ve své kinetické teorii
prokazal, Zze tyto dva pouhym okem viditelné jevy spolu souviseji a jsou nasledkem pohybu atoml
a molekul spjatého s tepelnou vyménou [2]. Miru difuzivity molekul vyjadfuje difuzni koeficient, jehoz

hodnota pro vodu pfi 37 °C je 3,0 x 10° mm?/s [3]. Pokud je voda uloZenda v nadobé je pohyb molekul



zcela volny a omezuje jej pouze jeji sténa. Distribuce posuvu molekul uvnitf obsahu nadoby pak
odpovida Gaussoveé kfivce. V biologickych tkanich, vzhledem k tomu, Ze obsahuji Fadu prekazek, jako
jsou hydrofobni membrany nebo makromolekuly, je difuze molekul vody ve zna¢né mife omezena.
Difuzni koeficienty dosahuji nizSich hodnot a distribuce posuvu neni Gaussovska [4,5]. Ve tkdnich
muzeme rozlisit dva kompartmenty podilejici se na difuzi molekul vody — intracelularni a extracelularni.
Intracelularni kompartment zahrnuje vcytoplazmu a vnitfek organel, do extraceluldrniho
kompartmentu patfi intersticium, krevni a lymfatické cévy nebo preformované dutiny. Molekuly vody
se navic presunuji mezi obéma prostory pres biologické membrany. V zavislosti na druhu tkdné
a patologickém stavu se oba kompartmenty rliznou mérou podileji na celkové difuzi molekul vody,
kterou zobrazujeme. Napriklad u mozkové ischémie dochdzi v akutni fazi k intracelularnimu edému,
ktery je spojen s presunem tekutiny do intracelularniho prostoru a zvétSovanim objemu bunék. Na
restrikci difuze se podili nejen zmenseni extraceluldrniho prostoru, ale také zvétSeni objemu tekutiny
uvnitf bunék, kde je jeji pohyb vice omezeny. U vysoce bunécénych nadorl, které rovnéz vykazuji
restrikci difuze (exemplarnim pfikladem jsou lymfomy) nachazime velky pocet mensich bunék
s relativné velkymi organelami a tésnym mezibunécnym prostorem. V organizované tkani, jako je
napriklad bilda hmota mozkova nebo dren ledvin, probiha difuze za normalni situace pfevainé v jednom
sméru. Pokud méfime difuzi ve vice smérech, je mozné zobrazit tenzory difuze molekul vody

a napfiklad rekonstruovat priilbéh mozkovych drah [5, 6].

Pomoci magnetické rezonance Ize mapovat difuzi molekul vody ve tkani na zakladé prostorové
a Casové variace magnetického pole generovaného pomoci gradientnich pulzl. Méfeni je velmi citlivé,
protoze umoznuje rozlisit pfesuny molekul v fadu mikrometr(. Pro srovnani, rozliSeni standardnich MR
obrazl se pohybuje v fadu milimetr(. MoZnost méreni difuze pomoci MR publikovali poprvé, jesté
pred érou zobrazovani, v roce 1954 Carr a Purcell [7]. V roce 1965 Stejskal a Tanner predstavili schéma
pulsniho spinového gradientniho echa, které méreni difuze usnadnilo a stalo se zakladem pro vétsSinu
do soudasnosti uZivanych technik. Metoda je zaloZiena na aplikaci dvou gradientnich
elektromagnetickych pulzi oddélenych 180° pulzem. V tGvodu sekvence je aplikovan 90° pulz, diky
kterému se precesni pohyby rotujici protond dostanou do stejné faze. Po aplikaci gradientniho pulzu
se v zavislosti na pozici vici gradientu bud' zrychli anebo zpomali a rozfazuji se. Poté je 180° pulz otoci
kolem vertikalni osy. Nasledné aplikovany druhy gradientni pulz zpUsobi, Ze u molekul vody, které se
nachdzeji ve stejné pozici, jako na zacatku, dojde ke stejné zméné rotace jako po aplikaci prvniho
gradientniho pulzu a ocitnou se opét ve fazi. V molekulach, které se presunuly do jiného mista, je
zména rotace vyvolana druhym gradientem jind nezZ po prvnim gradientnim pulzu a precesni pohyby
magnetickych poli proton( se dostanou mimo fazi, coz zplsobni snizeni signalu, které je umérné mire

pohybu molekul a také sile aplikovaného gradientu [8,9].



Ztrata signalu je funkci takzvané b hodnoty, ktera vyjadfuje miru difuzniho vazeni obraz(.
Cim je b hodnota vy33i, tim jsou obrazy citlivéjsi k difuzi molekul vody a naopak. Pokud je b hodnota
0 s/mm?, odpovidaji obrazy T2 vdZzenym. Problémem obrazl s nizkou b hodnotou je prosvécovani T2
obrazu, ktery mze arteficidlné zvySovat intenzitu signalu [10]. Tento efekt je mozZné eliminovat pomoci
exponencidlnich map. DalSim problémem difuzniho zobrazovéani jsou dalsi pohyby ve tkanich na
makroskopické i mikroskopické Urovni. Kromé pohybl zplsobenych dychanim a pulzacemi (které Ize
do znacené miry prekonat rychlymi sekvencemi a synchronizaci se srdec¢ni akci nebo dychanim) sem
patfi predevsim mikroperfuze. Ta ovliviiuje nejvice obrazy s nizsi b hodnotou — do 200 aZ 300 s/mm?
[11]. Difuzné vaziené obrazy jsou pomérné nachylné k nizkym hodnotdm pomeéru signal — Sum.
Z tohoto divodu se doporucuje pouZit sekvence s kratkym case do echa (TE) a co nejvétsich gradient(.
V tom maji vyhodu 3T pfistroje. Pomér signal/Sum je také priznivéjsi pfi pouziti vétsi sitky pasma.

V soucasnych modernich systémech se Stejskal-Tannerova technika v podobé, ve které byla
pGvodné publikovana, vyuziva jen zfidka. Setkdvame se s jejimi modifikacemi vyuzZivajicimi jiné typy

nebo podty gradientnich pulzd u nichZ je vypocet b hodnoty ve skutecnosti komplikovanéjsi.

Aby bylo mozZné difuzi vody kvantifikovat, byl zaveden aparentni difuzni koeficient (ADC), ktery
je pocitan z hodnot intenzity signalu o minimalné dvou rlznych b hodnotach obvykle vintervalu
0-1000 s/mm? [3]. Vysledné hodnoty mohou byt vyjadiené &iselné nebo pomoci parametrické mapy
zobrazujici ADC ve vsech voxelech vysSetfené oblasti prevedené do Sedoskalového nebo barevného
obrazu. Jak jiz bylo uvedeno, na vysledné hodnoté ADC se kromé difuze molekul vody podili
i mikroperfuze [11]. Ztohoto dlivodu jsou zkoumané nové matematické modely, které dokazi vliv

mikroperfuze eliminovat, napfiklad biexponencialni model [12, 13].

Kromé ADC map se také vyuzZivaji vySe zminéné exponencidlni mapy, zobrazujici negativni
exponencial ADC. Vypocitaji se jako podil intenzity signdlu v obrazech s nevyssi b hodnotou a intenzity
signalu. Kontrast obraz(i ma stejné vlastnosti jako na obrazech s vysokou b hodnotou, ale je eliminovan

efekt prosvécovani T2 obrazu.

Prvni popsanou praktickou aplikaci DWI bylo v roce 1984, jesté pred érou KL pro MR, odliseni
jaternich hemangiom( od malignich nador( [3]. Tehdy pouzivané sekvence ovsem byly velmi pomalé
a vyrazné zatizené pohybovymi artefakty. Proto se DWI zprvu zdalo byt spiSe zklamanim nez
perspektivou. To se zménilo po zavedeni echoplanarniho zobrazeni (EPI), které bylo uvedeno do praxe
v 90. letech minulého stoleti. Diky své rychlosti z¢asti vyreSilo problémy s pohybovymi artefakty
a nehomogenitami magnetického pole a umoznilo rychlejsi rozvoj zobrazovani difuze i v oblastech

mimo mozek [14]. | kdyZ je mozné difuzné vazené zobrazeni aplikovat i na jiné druhy pulznich sekvenci,



je EPI stale nejpopularnéjsi technikou v této oblasti. Pfes uvedené pokroky bojuje zobrazovani pomoci
DWI, zejména v oblasti hrudniku a bficha, stdle do urcité miry s pohybem vysetfovanych struktur
a susceptibilitou. Ztohoto dlvodu byly v nedavné dobé vyvinuty specidlni sekvence s vysokou
rozliSovaci schopnosti a nizkou citlivosti k susceptibilnim artefaktiim jako jsou multi-shot difuzné
vazené sekvence. Pfikladem je RESOLVE (Siemens, Erlangen, Némecko) nebo DWI with segmented EPI
(Philips, Eindhoven, Nizozemi) [15]. V nékterych pfipadech se pouzivaji jiné nez echoplanarni sekvence,
napriklad HASTE DWI (Siemens) a PROPELLER DW!I (GE, Milwaukee, Wisconsin, USA). Dalsi mozZnosti
jsou difuzné vazené celotélové sekvence s potlacenim signalu pozadi (diffusion-weighted whole-body
imaging with background body signal supression) uréené pro celotélové zobrazeni bez nutnosti
synchronizace s dechovymi pohyby, napfiklad REVEAL (Siemens), DWIBS (Philips), enhanced DWI (GE).
Predevsim posledni zminéna skupina technik znamena prllom v difuzné vazeném zobrazovani
a vyrazné zlepsuje jeho pouZitelnost v oblastech zatizenych pohybem. Je zaloZena na skutecnosti, Ze
i kdyz se bfisni a hrudni organy béhem vysetteni pohybuiji, konaji tak synchronné a jejich pohyby jsou

cyklické. Zatimco zpUsobuji pohybové rozmazani obraz(l, neovliviiuji vyznamnéji signal DWI [16].

1.2.1. DWI v diagnostice mozkové ischémie

Vyhodou DWI pfi diagnostice mozkové ischémie je moZnost zobrazit ¢asné i relativné malé infarkty.
Konvencni sekvence nemusi v prvnich Sesti hodinach po zacatku onemocnéni zobrazit Zadné zmény.
Oproti tomu v difuzné vazenych obrazech dochazi jiz v prvnich minutach ke zvyseni signdlu a snizeni
hodnoty ADC diky nastupujicimu intracelularnimu edému. Hodnota ADC je nejnizsi béhem prvnich ¢ty
dnll. Poté se zacne vytvaret vazogenni edém, pfi némzZ voda unikd zcév do extracelularniho
extravaskularniho prostoru, zvétsi se tak mezi bunécény prostor a ADC se zvysuje. Tyden aZ dva tydny
po zacatku ischémie dochazi k pesudonormalizaci, kdy je hodnota ADC je podobna okolni tkani.
Po dvou tydnech se zacina zvySovat nad uUroven okoli [17]. Diky popsanym zménam je mozné ischémii
nejen ¢asné detekovat, ale také urcit jeji stari [18]. Pro ¢asnou ischémii trvajici méné neZ 6 hodin je
typicka pfitomnost restrikce difuze a negativni ndlez na T2 nebo FLAIR obrazech. Byly ale publikované
i ptipady, kdy je difuzné vaZené zobrazeni v prvnich 24 hodinich fale$né negativni. Casté&ji se tento

problém vyskytuje u malych infarkt( v zadni cirkulaci [19].



1.2.2. Vyuziti DWI v onkologii

Pfi diagnostice nadorovych onemocnéni posuzujeme pomoci DWI celularitu tkdné, ktera je nepfimo
umérna ADC. Pokud problém zjednodusime, lze fici Ze ve viabilni nadorové tkani je ADC obvykle
snizeny a pokud dojde k nekrdze jeho hodnota nasledkem ztraty integrity membran zvySuje. Vyse
uvedené skutecnosti lze vyuZit pfi vyhledavani malignich nadord, jejich blizsi charakterizaci
a hodnoceni ucinku lécby. PFi odliseni benignich a malignich lézi bohuZel neni DWI zcela spolehlivé.
| kdyZ se vétsina autorll shoduje na rozdilech v ADC u obou skupin (maligni nadory jej maji nizsi), fada
k tomu dodava, Ze existuje vyznamny prekryv hodnot [20-22]. Pokud je oviem maligni onemocnéni jiz
prokadzané, mlze ADC dobfre reflektovat jeho biologické chovani, pomoci pfi blizsi charakterizaci a byt
i vyuzitelnym prognostickym biomarkerem [23]. Na zdkladé stanoveni miry Ubytku restrikce difuze
souvisejicim s nekrézou tkané Ize provadét hodnoceni lécebné odpovédi. Efekt v DWI se miZe projevit
dfive ne? zmenseni velikosti nebo snizeni kontrastniho syceni. Rada nadorli ma viak smi$enou
strukturu danou kombinaci viabilni nddorové tkané, granulaéni tkdné a nekrdzy, jejiz hodnoceni je
komplikované. Ztohoto dlvodu jsou zavadéné nové zplsoby hodnoceni, jako je analyza
subtrahovanych obrazl nebo koregistrace ADC map pred |éCbou a po |éCbé, které zvyraznuji rozdily ve

srovnavanych obrazech a zlep3uji kvalitu hodnoceni i v pfipadech vyrazné heterogenity struktury.

1.2.2.1. Vyhleddvani malignich nador(

Difuzné vazené obrazy poskytuji velmi dobry kontrast mezi vysoce celularni nadorovou tkani
a potlacenym pozadim, proto je Ize s vyhodou pouzit pfi detekci malignich onemocnéni [24]. Tento
efekt je znamy u nador( jater. Obrazy s nizkymi b hodnotami maji diky vysokému signalu loZisek
a potlaceni signdlu cév vyssi senzitivitu pfi detekci malignich jaternich nador(i nez T2 vazené obrazy.
Benigni léze oproti tomu maji intenzitu signalu podobnou normdalnimu jaternimu parenchymu [25].
Vice studii prokdzalo, Ze DWI zlepsSuje senzitivitu pfi detekci jaternich metastdz i v kombinaci
s postkontrastnim vySetfenim za pouZziti hepatocytarni specifické KL (Gd-EOB-DTPA) [26,27]. Oblasti,
kde se DWI standardné vyuZivaji k detekci nadord je prostata. Difuzné vaziené obrazy maji vyssi
senzitivitu nez T2 vazené obrazy. Nejlepsim zplsobem je ale, v souhlasu s nasim vlastnim pozorovanim,
hodnoceni jejich kombinace, které je zakladem klasifikace PIRADS urcujici pravdépodobnost malignity
u loZiskovych lézi [28,29]. Dle aktudlni PIRADS 2 jsou difuzné vazené obrazy prvoradé v periferni zoné

[30].



Vzhledem k moznosti celotélového zobrazeni se nabizi vyuZiti DWI pfi detekci kostnich
metastaz nebo loZisek mnohocetného myelomu. Difuzné vadzené obrazy maiji sice vysokou senzitivitu,
ale mohou byt zatizené faleSnymi pozitivitami, které snizuji specificitu. Ke zvyseni specificity by mohlo
pomoci srovnavani intenzity signalu s intenzitou signdlu v nékterych organech bficha jako referen¢ni
hodnoty [31]. Dle studii srovnavajici celotélové DWI se scintigrafii skeletu je zfejmy narlst senzitivity
predevsim u nemocnych s vétsim poctem lozZisek [32, 33]. Vyhodou je samoziejmeé absence ionizujiciho
zareni. Pfi srovnani s jinymi metodami celotélového vysetfeni pomoci MR mohou DWI pfinést také
presnéjsi informace o postizeni hQfe dostupnych oblasti, jako je sternum a Zebra. Na rozdil od

scintigrafie Ize zachytit i postizeni lymfatickych uzlin nebo nadory v jinych ¢astech téla [34,35].

Zajimavou aplikaci DWI je detekce plicniho tumoru v terénu poststenoticky kolabované plice.
Studie publikovana jiZz v roce 2009 prokazala, Ze senzitivita T2 vazenych obrazl doplnénych o DWI je
vysSi nez senzitivita samotnych T2 vazenych obrazi i senzitivita CT [36]. Difuzniho vazeni bylo pouzito
také pro zvyseni senzitivity MR pfi detekci peritonedlnich metastaz [37] nebo pfi vyhledavani
synchronnich tumord mocovych cest u karcinomu mocového méchyre. Druha uvedenad aplikace byla
ale zatizena vysokym procentem falesnych pozitivit. Skutecny synchronni tumor byl nalezen pouze

v poloviné pfipadd pozitivity na DWI [38].

1.2.2.2. Charakterizace nadord

Soucasné zobrazovani nadorli mozku standardné zahrnuje DWI a MRS. Stale Castéji se také
vyuziva dynamické vysetreni s hodnocenim farmakokinetickych parametri. DWI umoziuje zptesnit
hodnoceni mozkovych glioml a podle zmény restrikce difuze Ize hodnotit jejich vyvoj v ¢ase nebo
reakci na léCbu. Nadory vyssiho grade (stupeni lll. A1V. dle WHO klasifikace) maji nizsi hodnoty ADC nez
ostatni varianty. Nizsi hodnota ADC také ukazuje na vétsi tendenci k progresi [39]. Mozkové gliomy
jsou Casto heterogenni a pomoci analyzy restrikce difuze je mozné odlisit oblasti s nejvyssim grade, ze
kterych je napfiklad nejvyhodnéjsi provést biopsii. Pokles ADC také pfti sledovani vyvoje v Case

reflektuje prechod plvodné nizkostupniového nadoru do vysokostupriového (tzv. upgrading).

Jako ptinosny diferencidlné diagnosticky znak se pfitomnost restrikce difuze uplatiiuje
u mozkovych lymfom. Tyto nadory, vzhledem ke svému histologickému sloZeni, vykazuji zfetelné nizsi
hodnoty ADC nez vysokostupriové gliomy, od nichz mohou byt jinak téZko odliSitelné [40-41]. Restrikce
difuze je také typickou vlastnosti meningeom(, coZ potencidlné mlze pomoci pfi odliSeni jejich

atypickych forem o djinych typ0 nadord.



DWI je rovnéz efektivni metodou pfi odliseni benignich onemocnéni, jako je arachnoidealni
cysta a epidermoid. Obé |éze mohou mit podobné signalni charakteristiky v T1 i T2 vaZenych obrazech.
ADC je ovsem u epidermoid( zfetelné nizsi neZ u cyst, jejichZ zobrazovaci vlastnosti véetné difuzivity

molekul vody, jsou shodné s mozkomiSnim mokem.

| pfes prvni optimistické zpravy se ukazalo, Ze DWI neumoziuje jednoznacné odlisit benigni
a maligni jaterni léze. Hemangiomy necini, az na atypické vyjimky, potize [42]. Maji vétSinou vyrazné
vy$si hodnoty ADC. Problémy mohou vznikat pfi odliSovani fokdlni noduldrni hyperplazie nebo
adenomu. Prvni prace ziejmé nedostatecné zohlednily skutecnost, Ze tyto léze, u nichZ existuje
vyznamny prekryv s malignimi nddory, byly zatazeny do stejné skupiny s cetnéjsSimi hemangiomy, které
maji hodnoty ADC vyrazné vyssi. Pokud oviem byly jednotlivé benigni Iéze hodnocené zvlast, ukazaly
se vyse zminéné problémy a néktefi autofti byli dokonce nuceni pfehodnotit své plvodni zavéry [43,44].
Naopak u dobre diferencovaného hepatocelularniho karcinomu (HCC), jehoZz buriky se podobaji
normalnim hepatocytim nemusi byt restrikce difuze pritomna. K narlstu restrikce difuze dochazi
i u jaterni fibrozy. V jejich pokrodilejsich stadiich mizZe byt zkreslené srovnani difuze v jaternim
parenchymu a loZiskovou lézi. Vterénu jaterni cirhézy mohou byt zdrojem diferencidlné

diagnostickych problém kvli silnému zkraceni T2 relaxacniho ¢asu také siderotické uzly [45].

Karcinogeneze HCC je vicefdzovy proces s postupnou progresi od regeneracnich pres
dysplastické uzly k dobfe diferencovanému HCC. Rozliseni jednotlivych typd uzld je vyznamné kvl
indikaci dalSi 1é¢by a stanoveni progndzy. Standardni MR zobrazeni nemusi jejich odliSeni vidy
umoziovat. To plati pfedevsim pro uzly vykazujici nizké syceni KL, jehoZ mira nemusi vidy reflektovat
histologickou stavbu. Pokud jsou pfi hodnoceni vyuZivané obrazy po aplikaci hepatobiliarni specifické
KL v kombinaci s difuzné vazenymi obrazy, Ize pfi prikazu malignich uzlG velikosti mezi 10 a 40 mm
dosdhnout hodnot senzitivity a specificity vysSich nez 90 % [46, 47]. U plvodné hypovaskularnich
loZisek se restrikce difuze také ukazuje jako slibny prediktor prechodu do hypervaskularniho HCC [48].
Vice autorl uvadi, Ze se stoupajicim grade hepatoceluldrniho karcinomu dochazi ke snizovani hodnot
ADC a mira restrikce difuze koreluje s jinymi biomarkery nadorovych onemocnéni, jako je exprese
vaskularniho endotelidlniho rlistového faktoru (VEGF) nebo mikrovaskularni invaze [49-51]. Jsou ale
zminované problémy s velkym prekryvem hodnot, které neumoznuji tuto metodu zatim vyuzit jako
nahradu histologie [52]. VZdy je tfeba si uvédomit, Ze snizend hodnota ADC se vyskytuje i u dalsich typl
malignich nadord jater, zjichz nejcastéjsi jsou metastazy nebo cholangiogenni karcinom
av nékterych pripadech i u benignich procest [53]. Dalsi zkoumanou indikaci DWI v souvislosti s HCC je
odliseni blandniho a nadorového trombu v portalni Zile, které mize byt duleZitym faktorem pfri
rozhodovani o chirurgické |é¢bé nebo indikaci k transplantaci. Nazory na to, zda difuzné vaiené

zobrazeni pfindsi nebo nepfinasi zpfesnéni diagnostiky nejsou jednotné. Nékteré starsi studie uvadéji,
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Ze blandni tromby maji vyznamné vyssi hodnoty ADC nez nadorové [54]. Novéjsi prace ale dochazeji
k zavéru, Ze na zdkladé méreni ADC nelze spolehlivé obé entity odliSit a spolehlivéjsSim kritériem je

velikost nadorové léze a pfitomnost syceni patologickych hmot [55].

Pfedoperacni rozliSeni mezi benignimi a malignimi nadory ledvin a odliSeni jednotlivych
histologickych typ( malignit je, i pres zlepsSujici se kvality standardnich zobrazovacich metod, stale
trvajici problém. Mezi resekovanymi nddory je aZ tfetina benignich [56]. Nejvétsi potize Cini rozliSeni
onkocytomu od svétlobunécného rendlniho karcinomu, které mohou mit zcela stejné morfologické
vlastnosti. Publikované prace uvadéji vyssi ADC u onkocytomu. AZ na vyjimky se ale autofi shoduji na
tom, Ze jejich odliseni od svétlobunécného karcinomu ani pfi pouZiti této techniky neni spolehlivé.
Dlivodem je patrné vysoka celularita a velka hustota organel v burikach onkocytomu, které mohou
zpUsobit restrikci difuze. Podobné jako u jater byly prvni optimisticky vyznivajici prace [45, 57, 58]

vysttidané vice ¢i méné kritickymi, mezi které pattii nase studie [21,59].

Informace o histologickém typu renalniho karcinomu jsou duleZité pro stanoveni |écebného
postupu a progndzy [60]. Pfi odlisovani svétlobunécného karcinomu od ostatnich typl intrarenalnich
karcinomu se ADC ukazuje jako spolehlivy parametr. Jak ukazuje i nas vyzkum, mezi jednotlivymi typy
ostatnich nejcastéjsich histologickych typ( nadorl (chromofobni renalni karcinom, papilarni renalni
karcinom a intrarendlnim urotelidlni karcinom) vsak nejsou rozdily signifikantni [21, 61, 62]. Mira difuze
molekul vody dle naSich zkuSenosti rovnéz do urcité miry koreluje s grade nadoru dle Fuhrmanové,
které ma vyznam predevsim u svétlobunééného karcinomu. Nadory nizsiho stupné (I. a Il.) maji vyssi
ADC nez nadory vyssiho stupné (lll. A IV.). Histologické hodnoceni je pfitom zaloZzené na morfologii
bunééného jadra a nemd pfimou souvislost s celularitou. Nadory nizkého grade ale maji objemné
buriky s velkym mnoZstvim glykogenu na rozdil od nadorG vyssiho grade, kde je glykogenu méné
a pribyva organel. Je mozné, Ze tento rozdil ovliviiuje intracelularni difuzi, ktera se podili na hodnoté

ADC [21].

U karcinomu prsu dochazi od poloviny 90. let minulého stoleti, i pfes stdle stoupajici
incidenci, k pozvolnému poklesu mortality [63], ktery souvisi nejen se zlepSenim Ié¢ebnych mozZnosti,
ale také kvalitnéjsi a dostupnéjsi diagnostikou. MR je jiz del$i dobu vyuZivana pro odliseni benignich
a malignich zmén predevsim u Zen po operaci nebo pfi vyhledavani vicecetnych lézi u lobularniho
karcinomu. V posledni dobé zacina byt aktualni skrining rizikovych Zen s pozitivni rodinnou anamnézou
nebo prokazanymi genovymi mutacemi, jako je BRCA1 a BRCA2 pomoci kombinace mamografie a MR.
Prace zabyvajici se vyuzitim multiparametrického zobrazovani, véetné nasi, ukazuji, Ze pritomnost
restrikce difuze je nejvyznamnéjsim parametrem pfi uréovani dignity léze a jeho senzitivita a specificita

predci farmakokinetickou analyzu i MRS [64-66].
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Cilem zobrazovacich metod u karcinomu rekta neni obvykle detekce nadoru, ale uréeni jeho
rozsahu a klinického stadia. Spravné stanoveni stadia je nezbytné pro urceni adekvatniho lé¢ebného
postupu, predevSim pro indikaci neoadjuvantni |écby, kterd je vhodnd u stadii T 3-4.
Zde dochazi k extramurdlni invazi, jejiz hodnoceni mohou DWI diky vysokému kontrastu oproti
normdlnim anatomickym strukturdm nebo jizevnaté tkani vyrazné zpresnit. Problematické je
hodnoceni mucinoznich typl karcinom(, které diky velkému zastoupeni mucindézniho materialu

nemusi restrikci difuze vibec vykazovat [67, 68].

DWI se stalo velmi ¢asto pouzivanou metodou v oblasti panve. Kromé karcinomu prostaty
a rekta bylo pouzité napftiklad pfi hodnoceni nddoru mocového méchyre od normalni stény a fibréznich

zmén po |écbé [62,69] nebo pfi hodnoceni gynekologickych nadord [70-72].

Odliseni malignich lymfatickych uzlin je velmi zdsadni urcovani stddia malignich nador(.
Metoda je pomérné spolehlivd u vétsich uzlin, kde se ovSsem vyskytuji i jind zobrazovaci kritéria

malignity. Uzliny malé velikosti jsou ale stdle pretrvavajicim problémem [73].

Difuzné vazené obrazy mohou vyznamné pomoci pfi odliSeni nekrotickych nebo cystickych
nadorl od abscesu. Restrikce difuze v tekuté sloZce absces( je dobfe zndmym faktem, ktery se béziné
pouzivd v praxi [74]. Existuji zde ale vyjimky jako je napfiklad invazivni aspergiléza, ktera sice vytvari
loZiskové léze, které jsou obdobou abscest, na rozdil od nich ale obsahuji nekrotickou tkan a vldkna

houby, nikoliv hnis, a je pro né typické zvyseni ADC [75].

1.2.2.3. Hodnoceni efektu lécby

Predikce ucinku lé¢by a detekce rezidudlni nddorové tkané patfi mezi zdkladni ukoly zobrazovacich
metod u onkologicky nemocnych. Nekrdza bunék jako vysledek protinddorové 1écby vede k uvolnéni
difuze molekul vody a zvy$eni ADC, které obvykle nastava 1-4 tydny po jejim zahdjeni. Casovy vyvoj
difuze zavisi na druhu Ié€by. V soucasnosti je v souvislosti s modernimi zobrazovacimi metodami ¢asto
zkoumana mozZnost Casné predikce efektu IéCby, jejimZ cilem je ¢asné identifikovat nemocné, ktefi
z dané lécby nebudou profitovat a vyhnout se u nich napfiklad problém(m s toxicitou. V iniciadlni fazi
nekrozy tkané muze vlivem preapoptotického intracelularniho edému bunék dojit k pfechodnému
snizeni ADC (tzv. pseudoprogrese), které je pak vystfidané zvySenim odpovidajicim destrukci
membran. Mira tohoto zvySeni koresponduje s mirou lé¢ebné odpovédi. Pozdéjsi pokles ADC naopak
znamend progresi nadoru. Schopnost predikce efektu lécby byla prokdzana experimentalné

i v klinickych studiich naptiklad u glioblastomu [76], karcinomu rekta po neoadjuvantni l1écbé [77,78],
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u karcinomu délozniho ¢ipku, prsu, jicnu, plic nebo prostaty [79-83]. U nékterych typl nadorl byla také
zkoumana moznost predpovédi reakce na |écbu podle hodnoty ADC na vstupnim vySetfeni. Nizsi
hodnoty ADC se naptiklad zdaji byt prediktorem lepsi odpovédi u tumord horni Ccasti
gastrointestinalniho traktu [84]. Podobné vysledky byly publikované také u pokrocilého karcinomu
rekta |é¢eného neoadjuvantni lécbou [85]. Jini autofi ale publikovali zcela opacné vysledky coz ilustruje
skutecnost, Ze se zatim jedna o problematiku, kterd pred eventudlnim pouZitim v klinické praxi

vyzaduje dalsi vyzkum [86, 87].

DWI se ukazuje jako vhodny biomarker efektu chirurgické a lokoregiondlni Iécby
hepatocelularniho karcinomu. Pfitomnost restrikce difuze po lokoregiondlni 1é¢bé umoZniuje zpresnit
odliseni rezidua nebo recidivy nadoru od nekrdzy vzniklé |é¢ebnym zakrokem, kterd mulze byt znacné
nehomogenni a v ¢asnych fazich je obklopena reaktivnim hypervaskularnim zanétlivym lemem nékdy
az imponujicim jako viabilni nadorova tkan. Nékteré vyzkumy naznacuji, ze nizsi hodnoty ADC pred
|é¢bou mohou byt prediktorem vyssi pravdépodobnosti recidivy po resekci a také horsiho efektu TACE

[50].

1.2.2.4. Zobrazeni tenzorl difuze

Zobrazeni tenzord difuze je pokrocilou aplikaci DWI, kterd umozniuje na zakladé analyzy difuzivity
molekul vody v rlznych smérech (v po¢tu 6-256) hodnotit frakéni anizotropii, analyzovat prevazujici
smér difuze a tak napfiklad rekonstruovat mozkové drahy. Frakéni anizotropie reflektuje smérovost
difuze molekul vody a je vyjadfend hodnotami od nuly do jedné, pficemzZ nula pfedstavuje izotropni
difuzi (bez omezeni sméru) a jedna izotropni difuzi (v jednom sméru). Modely drah v bilé hmoté lze
vytvaret pomoci deterministickych a probabilistickych metod. Deterministické metody rekonstruu;ji
trajektorii drahy, kterd je uréend prevaZujicim smérem frakéni anizotropie v jednotlivych voxelech.
Probabilistické metody predpokladaji v kazdém voxell izotropni slozku a jednu a vice anizotropnich.
Drahy se rekonstruuji na zakladé pravdépodobnostni distribuce [88]. Tenzory difuze mohou byt
zobrazeny Cernobile nebo pomoci barevného kédovani podle prevladajiciho sméru difuze — cervena
pro pravolevy, zelend pro predozadni a modra pro kraniokaudalni. Traktografie ndzorné prezentuje
anatomické pomeéry a Iépe odlisi dislokaci mozkovych od preruseni mozkovych drah. Tim lze zlepsit
predoperacni planovani a také Iépe posoudit biologickou povahu mozkového nadoru. Klesajici frakéni
anizotropie v peritumorozni tkani ve srovnani s korespondujici oblasti na druhé strané je indikator
nadorové invaze typické pro glioblastom. Vazogenni peritumorozni edém, nachdazejici se Castéji

u metastdz, je spojeny s dislokaci drah bez preruseni [89].
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1.3. Hodnoceni koncentrace metabolitd ve tkani pomoci MRS

MRS je zakladni analyticka chemickd metoda, hodnotici na zédkladé posunu v rezonancni frekvenci
tkané pritomnost urcitych latek ve vzorku. Je zaloZzena na skutecnosti, Ze elektrony kolem jader atomu
v rlznych molekuldch méni v zavislosti na sloZzeni mirné magnetické pole a molekuly rezonuji na
rtznych frekvencich (tzv. chemicky posun). Rezonancni frekvence je linearné zavisla na sile externiho
magnetického pole, do kterého je zkoumany vzorek umistény a gyromagnetickém poméru daného
atomu. Velkou vyhodou MRS je neinvazivita a s ni spojena moznost analyzovat Zivé tkané, aniz by je
poskodila. Spektroskopickou analyzu muzZe byt provadéna u vSech typl atom{, které jsou ,MR aktivni”
nejéastdji jsou to protony (*H), dale jadra fosforu (3!P), fluoru (*°F) nebo uhliku (*3C). Prvni prace
zabyvajici se spektroskopii byly publikované jesté pfed érou MR zobrazovdni. V soucasnosti doddvaji
vdichni vyrobci MR pfistroji sekvence pro *H MRS. Jeji pouZiti se posunulo z vyzkumnych aplikaci do

béZné klinické praxe a stala se obvyklou souédsti multiparametrického zobrazovani.

Techniku méreni rezonancni frekvence si lze zjednoduSené predstavit jako ladéni radia.
Vysledkem je spektrum, které vyjadfuje posun rezonancni frekvence viéi referencni substanci
(napfiklad vodé), ktera je bud soucasti téla vySetfované osoby anebo je uloZzena ve fantomu (druha
moznost se pouzivd napfiklad pfi vySetfovani karcinomu prsu). Posun se vyjadfuje v jednotkach
frekvence (Hz) nebo ppm (parts per milion). Vyjadreni v ppm ma vyhodu v tom, Ze hodnota je, na rozdil
od Hz, nezavisla na sile magnetického pole. Koncentraci metabolitu odpovida vyska vrcholu na kfivce
(peaku). Hodnoti se obvykle jeji integral. Pokud se méfi pfimo hodnoty koncentrace metabolit(, je
tfeba provést korekce [90]. Pri interpretaci MRS se casto pouZivaji poméry metabolitll, napfiklad

N-acetyl aspartatu a cholinu u nador mozku, nebo pomér cholinu a citratu u karcinomu prostaty.

Dvé zakladni techniky MRS jsou jednoobjemova spektroskopie (single voxel spectroscopy —
SVS) a zobrazovani chemického posunu (chemical shift imaging — CSI). Metodou SVS se spektrum méfi
v jednom objemu zajmu obvykle o velikosti nékolika kubickych centimetr(l. Pouziva se predevsim tam,
kde chceme ziskat celkovy prehled o sloZeni tkané bez nutnosti zohlednéni heterogenity jeji struktury
(napfiklad pti kvantifikaci tuku v jaterni tkani). CSI méfi soucasné spektra ve vice objemech najednou.
Z tohoto divodu jsou do sekvence zabudované fazi kédujici gradienty, které se aplikuji v jednom, dvou
nebo tfech smérech. Tato metoda se vice hodni pro heterogenni tkdné jako jsou tumory [91].
Nejznaméjsimi sekvencemi pro MRS jsou point-resolved spectroscopy (PRESS) nebo stimulated-echo
acquisition mode (STEAM). Sekvence PRESS vyuzZiva, podobné jako spin-echo k refokusaci spini 180°
pulz. Jeji vyhodou je lepsi pomér signal/Sum. Sekvence STEAM vyuziva 90° pulzy a je podobna
sekvencim gradientového echa. UmozZnuje poufziti kratsSiho TE, ovSsem za cenu horsSiho poméru
signal/sum.
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MRS je nejcastéji vyuZivana u onemocnéni mozku. Z vice nez 20 metabolit(, které Ize detekovat
se béiné sleduje N-acetylaspartdt (2,0 ppm), kreatin (3,0, 3,9 ppm), celkovy cholin
(3,2 ppm), laktat (1,3 ppm) a lipidy (1,3 ppm). N-acetylaspartat je druhy nejhojnéjsi metabolit v mozku.
Jeho vyznam neni zcela objasnény. Je ale zndmé, Ze je potfebny pro syntézu neuropeptidu
N-acetylaspartylglutamatu, ktery je nezbytny pro komunikaéni funkce neuront. Za normalni situace
dava pti MRS silny signal a je markerem neurondlni aktivity a pfi posuzovani nadorl slouzi jako
referencni hodnota. K jeho poklesu dochazi pfi rliznych patologickych stavech spojenych s destrukci
neurond. Kreatin je aminokyselina vyznamna pfti recyklaci adenosindifosfatu na adenosintrifosfat,
ktery slouzi jako zdsobarna energie predevsim ve svalovych a mozkovych bunkach. Ukazuje tedy na
miru uklddani a pfenos energie, jeho pokles je spojen rovnéz se zanikem bunék. Zvysené hodnoty
cholinu nachazime u stav(, které jsou se zvySenou syntézou nebo naopak degradaci biologickych
membran. V témér jakékoliv nddorové tkani Ize prokdzat zvySenou aktivitu cholinkindzy, ktera zvysuje
presun cholinu pfes membrany a fosfolipazy C a D, které souviseji s tvorbou a rozkladem biologickych
membran. Z tohoto dlvodu se zde pfi MRS nachazi se zvysena koncentrace celkového cholinu. Ve
skutecnosti se jedna o trojity peak slozeny z cholinu, fosfocholinu a glycerofosfocholinu, jejichz
rezonanéni frekvence se jen velmi mirné lisi (3,2 — 3,3 ppm). Pomoci b&iné *H MR nebo 3!P MRS je
nelze odlisit. To umoZriuji ale specidlni in vivo a in vitro metody jako je *H oddélena 3P MRS (*H —
decoupled 3P MRS) nebo metoda pfenosu polarizace z'H na 3!P (*H to 3!P polarization transfer
method) [91]. ZvySena hladina laktatu produktu anaerobni glykolyzy, se objevuje u ischémie a zanétu.
Volné lipidy se nachdzeji v nékterych typech nadord. Podle toko, jestli obsahuji metylenouvou (CH,)
nebo metylovou (CHs) skupinu, rezonuji na frekvencich 1,3 nebo 0,9 ppm. V mozku se nachazeji
u nékterych typl nadord, jejichZ buriky obsahuji tukové kapénky. Vyssi hodnoty lipidd se nachazeji také

ve tkanich postizenych hypoxii, degeneraci mitochondrii nebo apoptdzou.

U nadorovych onemocnéni mozku nachazime se stoupajicim grade pokles N-acetylaspartatu
s kreatinem a vyssi hodnoty cholinu, laktatu a lipidG. Nejvyssi koncentrace cholinu Ize detekovat
v nejrychleji proliferujicich oblastech. Zvysené hladiny lipid{i jsou typické pro nekrotické zmény, ale
vidime je také v burikach vysokostupriovych gliomU. Vzestup koncentrace laktatu je charakteristicky

pro oblasti s hypoxii nddorové tkané zplsobené nedostacujicim cévnim zasobenim.

Zasadnim problémem pfi nadorové diagnostice je, kromé uréeni jednotlivych histologickych
typl, odliseni nador(i nizkého a vysokého stupné a odliseni nddorl od nenadorovych lézi, které je
mohou imitovat. Nejvice byly tyto mozZnosti studované u astrocytomU. Nékteré studie prokazaly vztah
mezi stupném diferenciace a koncentraci cholinu [92]. Jako hranice pro odliseni nizkostupriovych
a vysokostupriovych gliomd je ¢asto uvadéna hodnota poméru N-acetyl aspartatu a cholinu vétsi nez

1,6 [93]. Ne vSechny studie ale tento zavér potvrzuji. Dalsi metabolity, které se zdaji byt pfinosné pfi
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stanoveni gradu jsou jiz vyse zminéné lipidy a laktat, ale také myoinositol a glycin. Koncentrace glycinu
je wyssi u vysokostupriovych glioml, zatimco nizkostupniové gliomy vykazuji vy$si hodnoty
myoinozitolu. V praxi kromé rozliSeni nizkostupriového a vysokostupriového gliomu mizZze byt MRS
také pfinosna pfti urceni oblasti s nejvysSim grade, ktera je vhodnd k odbéru reprezentativni biopsie
[94]. MRS jednou z metod s potencidlem rozliSit mezi peritumoroznim edémem, u mozkovych
metastdz a nadorovou infiltraci u gliomd. V pfipadé nadorové infiltrace se v peritumorozni tkani

nachdzeji zvySené koncentrace cholinu a sniZzené koncentrace kreatinu [95].

Vyznamnym problémem u mozkovych nador( léenych radioterapii je rozliSeni radiacni
nekrézy od rezidualniho nebo rekurentniho nadoru. Zadna z pouZitych metod MR zobrazeni se zatim
neukazuje jako zcela spolehlivd. MRS ale, spolu s vySetfenim perfuze, ma potencial zvysit pfesnost
rozliSeni obou entit. U rekurentniho tumoru se nachazeji vyssi hodnoty poméru cholinu a kreatinu,
nizsi poméry cholinu ku N-acetyl aspartatu a maligni charakter kfivky syceni spojeny se zvySenou
permeabilitou. Vysledky publikovanych studii ale zatim nejsou konzistentni a uvadéné cut-off hodnoty

pomér metabolitl se lisi [96].

Urcité moznosti skytd MRS také pfi odliSovani jinych primarnich mozkovych nadorl od gliomd.
Vétsina negliovych ndadord vykazuje, na rozdil od gliom(, velmi nizké nebo nulové peaky
N-acetylaspartatu. Pro meningeom je také typicka zvysena hladina alaninu. To miZe pomoci predevsim
pfi odliSeni jeho atypickych forem [97]. U malignich meningeom{ byly také popsané vyssi hladiny lipidQ
[98]. Ty byly prokazané také u lymfomu, coz se vysvétluje kumulaci makrofagud a zvySenou koncentraci

volnych lipidd souvisejici s vystavbou membran [99].

Dalsi patologické stavy mozku, u nichZ Ize vyuzit informace ziskané pomoci MR spektroskopie

jsou ischémie, infekéni a metabolickd onemocnéni.

V nadorové diagnostice mimo oblast mozku se MRS uplatniuje napfiklad u karcinomu prostaty,
prsu nebo dlazdicobunécnych karcinom( v oblasti hlavy a krku. Ve vSech pfipadech se diagnostika,

podobné jako u nddord mozku opira o prikaz zvySené koncentrace cholinu.

Nejvice koncentrovanym metabolitem v prostatické tkani je citrat rezonujici na frekvenci
2,6 ppm. Jedna se o produkt epitelidlnich bunék, ktery se hromadi ve tkani. Jeho funkci je
pravdépodobné aktivace spermie a zvySovani jejich mobility. Citrat ma v MRS prostaty podobnou
funkci jako N-acetylaspartat v mozku. Vyuziva se jako referenéni hodnota pro stanoveni koncentrace
cholinu. Peak cholinu je z anormalni situace nizky (3,2 ppm) a je spojeny s peakem kreatinu (3,0 ppm).
U 3T pfistrojd Ize mezi nimi jesté identifikovat peak polyamint (3,1 ppm), ktery ma vzhled mastku mezi
dvéma predchozimi. VySetteni se provadi standardné technikou CSI s pokrytim celého objemu Zlazy.

U nadorovych onemocnénich dochazi nejen ke zvyseni hladiny cholinu, ale i ke sniZeni koncentrace
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citratd, ktery je se diky expanzivnimu chovani nddoru nemUze ve tkani hromadit a také je vyuzivany
jako zdroj energie pro proliferujici nadorové buriky. V nékterych pfipadech lze také pozorovat snizeni
koncentrace polyamin(, coZ se projevuje vyraznéjsi separaci peak( kreatinu a cholinu. Jako podeziely
z karcinomu se povazuje pomér cholin+kreatin/citrat nad Urovni dvojnasobné hodnoty standardni

odchylky. A jako vysoce pravdépodobné zvyseni hodnoty nad jeji trojndsobek.

Diagnostika karcinomu prostaty za vyuZiti spektroskopie je ale spojena s radou problémd,
z tohoto dlvodu byla vyrazena z aktualni PIRADS klasifikace. Dlvéryhodné vysetieni je naro¢né na
optimalizaci kvality zobrazeni a vyZzaduje c¢as a znacnou zkuSenost vySetfujiciho. Automatizované
nastaveni parametrl a rychlé techniky hodnoceni zatim nedosahuji dostateéné konzistentnich
vysledk(ll. Potize muze Cinit také nehomogenni distribuce metabolitl v jednotlivych ¢astech Zlazy. MR
prostaty je casto indikované pfi neprlikazné biopsii u nemocnych se zvySsenymi laboratornimi
parametry budicimi podezfeni na nador. Krvaceni po biopsii zplsobuje distorze magnetického pole,
které mohou vyznamné modifikovat vzhled spektra. Z tohoto divodu by mélo byt MR provadéné po
biopsii s co nejvétsim odstupem. Pokles koncentrace citratu pozorujeme také u hormonadlné Iécenych

nadoru. Tento nalez spolu s poklesem hladiny citratd mize byt indikatorem efektivni 1é¢by [100].

Publikace zabyvajici se spektroskopii nadorl prsu uvadéji Ze pokud je toto vysetieni zapojeno
do algoritmu multiparametrického zobrazovani, podili se na zvySeni senzitivity a specificity, i kdyz se
jednad o faktor, ktery je méné vyznamny nez hodnoceni miry difuze, je pfinosnéjsi nez farmakokineticka
analyza. Vy3si koncentrace cholinu také koreluji s diferenciaci nddoru. V nasi, ale i jinych studiich mély
nizce diferencované formy duktdlniho a lobularniho karcinomu maji vyznamné vyssi hodnoty integralu
cholinu nez fromy dobfe diferencované [69, 101]. Oblast zajmu pro MRS je nutné umistit do prsu aZ po
provedeni dynamického kontrastniho vysetfeni, které urci suspektni lézi. Bylo prokazano, Ze ionické KL
(dimeglumin gadopentetat, dimeglumin gadobenat a gadoterova kyselina) interaguji s cholinem
a mohou aZ o0 40 % snizit jeho peak pfi MR spektroskopii. Z tohoto dlivodu jsou preferované neionické
KL. U chemoresponzivnich pokrocilych nador( muze pacientka profitovat z neoadjuvantni IéCby, ktera
snizi stddium nadoru a umozni provedeni prs Setficiho chirurgického zakroku. Pro ¢asnou detekci
dostatecné reakce na lécbu, kde nelze pouZit klasické zobrazovaci metody, mamografii
a ultrasonografii, se vice hodi magneticka rezonance. Technika zaloZzend na hodnoceni T1 a T2 vazenych
obrazl a dynamického postkontrastniho vySetfeni nema dostatecné spolehlivé vysledky v casné fazi
|éCby. Z toho dlivodu se hledaji dalsi cesty, jak posouzeni terapeutické odpovédi zpfesnit. Jednou z nich
je MRS. Vysledky zatim mensich studii na toto téma ukazuji, Ze MRS umoziuje v ¢asném obdobi po

nasazeni |é€by odlisit pacientky s dobrou klinickou odpovédi na neoadjuvantni Ié¢bu [102,103].
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U dlazdicobunécnych nadorl hlavy a krku Ize spektroskopii vyuZit pfi predoperacnim planovani
a stanoveni progndzy. Jedna ze studii uvadi silnou pozitivni korelaci mezi pomérem cholinu a vody
a akumulaci 18-F fluorodeoxyglukdzy pfi PET a negativni korelaci s farmakokinetickymi parametry

kep @ Ve [104].

Chronicka jaterni onemocnéni jsou v populaci stdle castéjsi. Pokud nejsou vcas zachycena
a lécend, mohou vést k rozvoji jaterni fibrézy a cirhdzy s komplikacemi, jako je portalni hypertenze,
selhani jater a hepatoceluldarniho karcinom. Nejcastéjsi z nich je nealkoholové tukové jaterni
onemocnéni (Non-alcoholic fatty liver disease — NAFLD). Vzhledem k tomu, Ze metoda zlatého
standardu, jaterni biopsie, je invazivni a spojend s rizikem zdvainych komplikaci, jsou zkoumané
metody neinvazivni kvantifikace procenta tuku v jaterni tkani. MRS je v soucasnosti v této oblasti
povazovana za nejlepsi techniku, kterd dosahuje dostatecné presnosti [105]. Provadi se obvykle
formou SVI s porovnanim vysky peaku vody a tuku. Nevyhodou je, Ze méreni probiha v malé oblasti
jaterni tkané a nemUze tedy reflektovat nehomogenity distribuce tuku. Z tohoto diivodu se prosazuji
dalsi zplisoby, jako je Dixonova metoda (two-point Dixon a multi-echo Dixon), které mohou hodnotit
cely objem jater s pfijatelnou spolehlivosti vysledkd. Néktefi vyrobci dodavaji softwarové baliky
zahrnujici obé metody a umoznujici spolu s obsahem tuku na zakladé T2 nebo T2* relaxometrie
hodnotit i koncentraci Zeleza [106]. Prvni zkuSenosti s vyuZitim jednoho z nich a srovnani vyznamu
jednotlivych metod pfi kvantifikaci jaterni steatdzy a siderdzy bylo také predmétem jedné z nasich
publikaci, ktera také potvrzuje Ze vysledky vySetifeni pomoci Dixonovy metody ma srovnatelné vysledky
s MR spektroskopii, ale Dixonova technika navic umoznuje Iépe posoudit jatra s nerovhomérnou

distribuci tuku [107].

1.4. Zobrazeni vyuZzivajici BOLD efektu

Zobrazovani BOLD (blood oxygen level dependent) efektu je zdkladni metoda funkéniho zobrazovani
mozku pomoci magnetické rezonance. PouZiva se pro vizualizaci anatomickych struktur zapojenych do
procest vnimani, fizeni motoriky a mysleni. Metoda je zaloZena na rozdilech signalu zplsobenych
zménou koncentrace oxyhemoglobinu a deoxyhemoglobinu v krevnim recisti, ke které dochazi po
aktivaci neuron@l (BOLD efekt). Magnetické vlastnosti molekuly Zeleza zavisi na stavu elektrondl. Zelezo
v deoxyhemoglobinu obsahuje Ctyfi neparové elektrony a z tohoto dlivodu se chova paramagneticky.
Jeho pfitomnost ve tkani zplsobi lokalni defazovani protond, a tak snizuje signal v T2* vazenych
obrazech. Oxyhemoglobin neobsahuje Z7adné neparové elektrony, proto je jeji molekula

diamagneticka. Aktivita mozkové tkané je spojena s aktivnim presunem iontli pfes membrany, ktery
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vyzaduje pfisun energie v podobé glukdzy. Ta ovSsem neni v neuronech skladovana a poptdvka po ni
musi byt uspokojena zvySenym pritokem krve, se kterym je spjaty i vyssi pfisun oxyhemoglobinu.
Po ndstupu aktivity neuronu dochazi nejprve k pfechodnému poklesu koncentrace oxyhemoglobinu
a vzestupu koncentrace oxidu uhli¢itého a deoxyhemoglobinu. K hemodynamické odpovédi (tedy
zvys$eni pratoku krve) dojde za 2-6 sekund. V této fazi dojde ke zvyseni koncentrace oxyhemoglobinu,
spojenému se vzestupem signalu. Pro zobrazovani BOLD efektu se obvykle vyuzivaji téZzce T2* vazené
gradientni echoplanarni sekvence, které jsou schopné rozlisit zmény v fadu 1-5 % [108]. Metoda
neumozniuje prfimo méfrit aktivitu mozkové tkané, ale zobrazuje statistickou mapu, kterd ukazuje na
rozdil mezi mozkovou aktivitou za urcitych podminek. Obvykle se jedna o srovnani stavu klidu
a aktivace zkoumaného centra pomoci zevnich podnéti nebo specifickych ukold, které vysetfovany
dostava. Tato kombinace podminek se nazyva paradigmatem funkéni MR. VySetfeni se obvykle provadi

ve vice cyklech, ve kterych se stfidaji faze stimulace a klidu.

Funkéni magneticka rezonance mozku se v klinické praxi vyuZziva prfedevsim pfi mapovani
funkénich center mozku pred neurochirurgickymi zakroky. Je ale také velmi vyznamné pfi vyzkumu
neurologickych a psychiatrickych onemocnéni (naptiklad schizofrenie) a mapovani normalnich

mozkovych funkci [109].

Stav oxygenace krve je také duleZitym faktorem pfi funkci dalSich organ. Mezi nejCastéji
zkoumané pattfi ledviny. Funkéné je Ize chapat jako dva organy — klru a dfen. Prltok krve ledvinnou
klrou je velky a zabezpecuje vyssi prisun kysliku, nez je jeji skutecna potreba. Oproti tomu pratok krve
ledvinnou dfeni je mnohem mendsi, jeji oxygenace je nizsi, a proto je méné tolerantni k hypoxii. Porucha
intrarenalni oxygenace je dlleZitym determinantem rady akutnich i chronickych onemocnéni. Dochazi
k ni pfi snizeném pratoku ledvinnym recistém zplsobenym cévnimi onemocnénimi nebo poruchami
funkce endotelu, které vedou ke zvyseni produkce vazokonstrikénich faktord (napfiklad endotelinu)
a snizeni produkce vazodilatacnich substanci (napfiklad oxid dusny). Zobrazovani BOLD efektu bylo
vyuzito pfi zkoumani patofyziologickych zmén pfi stendze renalni tepny, obstrukéni uropatii,
hypertenzi nebo poskozeni ledvin pfi diabetu. V praxi lze takto ziskané informace vyuzit napfiklad pfi
rozliseni reverzibilniho a ireverzibilniho poskozeni. U transplantované ledviny je zkoumana moznost

odliseni akutni rejekce a akutni tubularni nekrézy v ¢asném potransplantacnim obdobi [110].
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1.5. Hodnoceni perfuze pomoci dynamického kontrastniho vysetreni

Urcitou informaci o perfuze tkdné je moziné ziskat ze vSech zobrazovacich vysSetfeni, kterd jsou
provedena po aplikaci KL [111]. Timto jednoduchym zplisobem ale nelze ziskat informace pouzitelné
pro funkéni vySetfeni. Pokud je tfeba presnéji hodnotit stav mikrocirkulace, je nezbytné prichod KL
tkani zmapovat ve vice fazich. Z takto ziskanych dat Ize pak konstruovat kfivky syceni v jednotlivych
voxelech reflektujici zmény koncentrace KL v ¢ase. Hodnoceni se provadi pomoci kvalitativnich,
semikvantitativnich a kvantitativnich metod. Kvalitativni hodnoceni spociva ve vizualni v analyze ktivky
syceni. Jeji tvar umoznuje rozlisit mezi malignimi a benignimi patologickymi procesy podle tvaru kfivky.
Maligni kfivka syceni ma rychly nastup, ktery je vystfidany vymyvanim (wash-out) nebo stagnaci KL
(plateau). U benignich procest naopak dochazi k pozvolnému syceni az do pozdni faze. Tento zplsob
hodnoceni se jiz delsi dobu vyuZiva u nadoru prsu a prostaty. Pfi semikvantitativnim hodnoceni se méfi
rozdil mezi stavem pred a po aplikaci KL. Miru kontrastniho syceni Ize vyjadfit napfiklad v procentech.
Kvantitativni hodnoceni je zaloZzené na aplikaci nékterého z matematickych modell, umoznujiciho
vypocet farmakokinetickych parametrd, které jsou vyjadrené parametrickymi mapami nebo Ciselnymi

hodnotami. Hovofime pak o farmakokinetické analyze.

Zobrazeni perfuze lze provést vice zpUsoby. Historicky nejstarsi je vyuZiti metod nuklearni
mediciny. Perfuze m{ze byt v téchto pfipadech vyjadiena pouze relativné na zakladé srovnani aktivity
v misté zdjmu a referencni oblasti. V poslednim desetileti je vSak rutinné vyuZivdno zobrazeni perfuze
pomoci radiologickych metod, predevsim CT, MR a novéji i kontrastni ultrasonografie (CEUS). Oproti
metodam nukledrni mediciny Ize hodnotit vice parametrl a v nékterych ptipadech je i presnéji
kvantifikovat. Nejstarsi radiologickou metodou pouZivanou k zobrazeni perfuze je perfuzni CT. Jeho
vyhodou je linearni vztah mezi denzitou a koncentraci KL v krvi, na jehoz zakladé Ize relativné snadno
kvantifikovat farmakokinetické parametry. Nevyhodou je pomérné vysoka radiacni zatéz, kterd mlze
aZ desetkrat prevysit standardni zplsoby skenovani [112]. Z tohoto dlvodu se v posledni dobé stale
Castéji pouziva perfuzni MR nebo perfuzni CEUS. Ty sice nejsou zatizené radiacni davkou, ale vysetieni
je technicky obtiznéjsi a vice nachylné k artefaktim.

Perfuzni vySetfeni ma relativné nizkou miru variability mezi jednotlivymi pozorovateli
(interobserver variability) i pfi opakovanych hodnocenich jednim pozorovatelem (intraobserver
variability). Podminkou je ovSem vyuziti shodného softwaru, matematického modelu a protokolu

vySetfeni [113].
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1.5.1. Perfuzni CT

Méreni tkanové perfuze pomoci perfuzniho CT (PCT), zndmé od zacatku 80. Let minulého stoleti,
vychazi z hodnoceni vztahu mezi vyvojem denzity tepen, tkané a u nékterych matematickych model(
i Zil béhem prvniho obéhu jodové KL krevnim recistém. Zakladem pro vypocet perfuznich parametr( je
krivka syceni v ¢ase (time attenuation curve — TAC) [114]. Ta se sestavuje z méreni denzity v sérii
opakovanych skend tésné po rychlé aplikaci malého objemu KL (40-50 ml). Vysoka rychlost aplikace
(v rozmezi 5-9 ml/s) je nutnd pro vylouceni vlivu recirkulace. Nejstarsim matematickym modelem pro
vypocet farmakokinetickych parametr je momentova metoda, novéjsi jsou kompartmentova analyza,
Patlakova metoda, slope a dekonvolu¢ni metoda. Zakladnimi méfenymi parametry jsou objem krve
(ml/100 g), pratok (ml/min) a stfedni tranzitni ¢as (s). Pro posuzovani cirkulace je dale mozno vyuZit
¢asu do maximalniho nasyceni tkané, zkracené ¢asu do maxima (s), ktery vypovida, podobné jako
stfedni tranzitni ¢as o rychlosti cirkulace, ale je méné zatizeny artefakty a drendiniho casu (s),
ukazujiciho na rychlost vymyvani KL. Pro potfeby nddorové diagnostiky se vyuZivd parametr
permeabilita (ml/100 g/min), ktery vyjadfuje miru prestupu KL do extraceluldrniho extravaskularniho
prostoru a v podstaté koreluje s ménécennosti stény novotvorenych cév. U jater se pouZivaji specifické
parametry — arteridlni jaterni perfuze (ml/100 g/min), portalni jaterni perfuze (ml/100 g/min) a jaterni
perfuzni index (%), které lIze stanovit pomoci tzv. dual-input slope metody. Podobnym zplsobem lze
také odlisit dualni zasobeni parenchymu plic [111, 115, 116]. Pfed érou multidetektorovych pfristrojd
bylo moZné vysetfovat perfuzi pouze v malém objemu tkdné odpovidajicim jednomu nebo nékolika
fezdm. Soucasné pfristroje s velkym poctem fad detektori nebo moznosti kyvadlovych pohybi stolu
umoZziuji provést vysetreni v rozsahu nékolika desitek centimetr( a zobrazit tak celé organy nebo vétsi
anatomické oblasti. Podrobnéji je teorie, technika a hodnoceni perfuzniho CT rozebrana v nasi

monografii [112].

1.5.2. Perfuzni MR

Vyhodou magnetické rezonance je minimalni zatéZ nemocného a vysoky tkanovy kontrast, ktery
umozni detekovat |éze Spatné zobrazitelné jinymi metodami a |épe posoudit miru syceni KL. Na druhou
stranu technika perfuzni MR (PMR) je sloZitéjsi nez PCT. K zobrazeni perfuze Ize pouZit tfi metody:
T2* vazené zobrazeni susceptibility, T1 vazené dynamické zobrazeni a technika arterial spin labeling
(ASL). Prvni dvé metody se provadeéji po aplikaci KL a podobaji se PCT. Nejvétsim rozdilem je skutecnost,

Ze u gadoliniové KL neexistuje linearni vztah mezi jeji koncentraci ve tkani a intenzitou signalu. Proto
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je vypocet perfuznich parametrd sloZitéjsi a ne vidy je moznd kvantifikace. Metoda ASL se provadi

nativneé.

T2* vazené zobrazeni susceptibility hodnoti susceptibilni efekt gadolinia obsazeného ve tkani,
ktery se projevi zkracenim T2 relaxaciho casu. Aplikuje se vétsi objem KL (pfiblizné dvojnasobek oproti
standardnimu vysetfeni) vyssi rychlosti (3-7 ml/s). Poté je provedena dynamickd akvizice dat béhem
prvniho obéhu KL. Kfivka syceni, kterd ma ve srovnani s kfivkou ziskanou pomoci CT horizontalné

preklopeny tvar [108]. Tato technika se pouziva predevsim v hodnoceni mozkové ischémie.

T1 vaZzené kontrastni zobrazeni vyuzivda mensi objem KL nez u T2* vazené techniky a nizsi
aplikac¢ni rychlost. KL v tomto pfipadé zvysSuje intenzitu signalu tkané a vznika kfivka syceni podobna
jako pfi CT vysetteni. Tato metoda ma velmi dobré casové rozliseni, ale umozZiuje vysetfit mensi objem
tkané nez T2* vaiené zobrazeni susceptibility [117]. PfedevSim pro nddorovou diagnostiku je
v soucasnosti nejc¢astéji vyuzivany Toftsiv model, ktery hodnoti vyménu mezi dvéma zadkladnimi
kompartementy ve tkani — intravaskuldrnim prostorem a extracelularnim extravaskululdrnim
prostrorem. UmoZiiuje stanovit parametry K™ (obdoba permeability pfi PCT, jednotka s7?),
kep — eliminacni konstanta (pfestup KL z extraceluldrniho extravaskuldarniho prostoru do cévniho
felistd, jednotka s?), Ve — frakce extravaskularniho extraceluldrniho prostoru v procentech,
V, — objemova frakce plazmy v procentech, a iAUC — inicidlni plocha pod kfivkou (koreluje s objemem

krve). Tato techniku je jiz béZnou soucastil vysSetieni nadorl prostaty, mozku nebo prsu [118].

1.5.3. Perfuzni CEUS

CEUS vyuziva k zesileni odrazli z krve suspenzi mikroskopickych bublin plynu, které predstavuji vyrazna
akustickd rozhrani a navic rezonuji s ultrazvukovym vinénim, ¢imz se odrazy jesté vice zesiluji. Takto
Ize za pomoci metody pulzniho inverzniho zobrazeni detekovat KL a soucasné potlacit signal okolni
tkané. Zobrazeni pefuze Ize provést pfi prvnim obéhu KL nebo v reperfuzi. Pfi vySetfeni béhem prvniho
obéhu KL se aplikuje rychly bolus a snimad se prvni nasyceni oblasti zajmu. Pfi reperfuzni technice se KL
aplikuje pomalou infuzi po dobu nékolika minut, kdy je dosazeno maximalniho nasyceni a poté je
aplikovan destrukéni puls o vysoké mechanické energii, ktery rozbije bubliny v misté zajmu a sleduje
se opétovné vysyceni tkané. V obou pfipadech se vysetfeni uklada v podobé videosmycky s frekvenci
nékolika snimk{ za sekundu (podstatné vyssi nez u PCT a PMR). Perfuzni CEUS se vyuZiva nejcastéji
k posuzovani miry neoangiogeneze v nadorové tkani a jeji zméné po terapii. Umoznuje ale také

objektivnéji posoudit miru a pritomnost vymyvani KL, coz je typicka diferencidlné diagnosticka znamka
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malignich tumor(, ktera pfi ménici se echogenité pozadi nemusi byt pouhym okem jednoznacéné
posouditelnd. Vzhledem k tomu, Ze KL neni vyluc¢ovana ledvinami, lze ji s vyhodou pouzit i u nemocnych

s ledvinnym selhdnim.

Perfuzni software vytvofi v oblasti zajmu kfivku intenzity videosignalu (video intensity curve),
jiz je proloZena negativni exponencialni kfivka, z niZ se pocitaji parametry perfuze a je mozno vytvaret
i barevné parametrické mapy. Vzhledem k tomu, Ze neexistuje jasné dana zavislost mezi intenzitou
signalu a mnoZstvim krve, neumoznuje perfuzni vysetreni objektivni kvantifikaci perfuznich parametrd,
ale jen jejich relativni hodnoceni. Zakladnimi méfenymi parametry jsou procento maximalniho
nasyceni (A), ¢as do dosazZeni plateau (time to plateau) a rychlost proudéni mikrobublin (B). Z téchto
hodnot je moZno ziskat korelaty k perfuznim parametrdm znamym z perfuzniho CT nebo MR. Objem
krve koreluje s parametrem A, pratok koreluje se soucinem A * B, ¢as do dosaZeni plateau je
ekvivalentem ¢asu do maximalniho nasyceni. Z kfivky syceni lze rovnéz stanovovat stredni tranzitni ¢as,
inicialni plochu pod ktivkou, rychlost vymyvani KL a dal$i parametry. Perfuzi ultrasonografie ale neumi,

vzhledem k Cisté intravaskuldrnimu charakteru KL posuzovat permeabilitu [119].

1.5.4. Hodnoceni mozkové ischémie

Casnd detekce mozkové ischémie je historicky prvni aplikaci PCT [120]. Dle souéasnych doporuéeni
neni povinnou soucasti vysetfeni u nemocnych s cévni mozkovou pfihodou, ale je mozno ji vyuZzit jako
dopliujici metodu zejména u ischemické cévni mozkové pfihody na hranici terapeutického okna

a v klinicky nejasnych pfipadech.

PFi klinickych znamkdach cévni mozkové prihody je metodou prvni volby CT bez aplikace KL.
V akutni fazi slouzi ptredevsim k vylouéeni krvaceni. V pripadé ischemického plvodu pfihody (asi 85 %
pfipadl) je ndlez v prvnich Sesti hodinach bud negativni nebo prokazuje pomérné diskrétni zmeény,
které casto nelze jednoznacné interpretovat a neumoznuji presné hodnoceni rozsahu postizeni. Pokud
se zvazuje lokalni lécba (mechanicka trombektomie), je nutné doplnéni zobrazeni cév, obvykle formou
CT angiografie. Zmény je ale samoziejmé také, v pripadé, Ze lze vySetieni realizovat bez zdrzeni,
prokazat pomoci MR. Perfuzni vysetfeni umoznuje vtomto ¢asném obdobi vyhledat ischemické loZisko
a posoudit miru poruseni perfuze, coZ je vyznamné pfi indikaci 1é¢by (pfedevsim trombolyzy)
a stanovovani progndzy nemocného. Zakladnimi parametry, které se stanovuji je prlitok mozkem
(CBF), objem krve v mozkové tkani (CBV) a ¢as do maxima (TTP). Minimalni hodnotou prlitoku krve

Sedou hmotou, ktera je nezbytna pro zachovani funkce neurond je 50 ml/100g/min, normalni objem
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krve v S$edé hmoté je 4 ml/100 g a tranzitni ¢as 5 s. Pro bilou hmotu jsou hodnoty pritoku a objemu
pfiblizné polovicni a tranzitni cas je delsi. PFi redukci mozkové perfuze na hodnoty mezi 50-20
ml/100g/min nebo ml hovotfime o oligémii. Je provazena kompenzatorni dilataci mozkovych cév.
Projevi se proto mirnou redukci CBF a narGstem CBV a prodlouZzenim TTP. Funkce neuronl byva
v tomto stadiu zachovana nebo jen minimalné porusend. Pfi vétsi redukci perfuze kompenzatorni
mechanizmy selhdvaji a dochazi k rozvoji ischémie spojené se ztratou funkce neurond. Oblast se
snizenim CBF na 20-12 ml/100g/min se nazyva polostin (penumbra). Neurony zde nejsou jesté
strukturalné zménéné a jejich poskozeni je ovlivnitelné Iécbou. Nachazime zde snizeni pritoku pfi
zachovani CBV a prodlouzeni TTP. Pfi poklesu perfuze pod 12 ml/100g/min dochazi k ireverzibilnimu
poskozeni mozkové tkané spojenému s nekrézou bunék. Takto postizend zéna se nazyva jadrem
ischémie a je |éEbou neovlivnitelnd. Pfi perfuznim vySetfeni zde nachdzime vypadek ve vSech

parametrech [115].

PCT ma vyznam také pti detekci spazmd mozkovych tepen (napfiklad u subarachnoidealniho
krvaceni) a hodnoceni cerebrovaskularni rezervy u sten6z mozkovych tepen (formou farmakologického
zatéZzového testu) pri posuzovani vhodnosti neurochirurgického revaskulariza¢niho vykonu, napfriklad
bypassu mezi extrakranidlni a intrakranialni tepnou. Zkusenostmi s druhou uvedenou indikaci se

zabyva jedna z nasSich publikaci [121].

1.5.5. Hodnoceni nddorovych onemocnéni

Pro rdst primarnich i sekundarnich nador je od velikosti 2-3 mm nezbytna neoangiogeneze. Jejim
facilitatorem je nedostarecny prisun kysliku dalSich potifebnych latek z okolnich tkani. Buriky zacinaji
vytvaret faktory podporujici novotvorbu cév, mimo jiné vazoaktivni endotelidlni rlstovy faktor
(vascular endothelial growth factor — VEGF) nebo fibroblasticky ristovy faktor (Fibroblast growth
factor — FGF) a angiopoetiny. Maligni novotvorené cévy maji zpravidla nedostate¢né vyvinutou sténu
s defekty, které usnadnuji prestup krve do extraceluldurniho extravaskularniho prostoru projevujici se
zvySenou permealilitou. Velkd mira cévni novotvorby je zndmkou agresivity nddoru a souvisi také
s jeho tendenci k diseminaci do dalSich ¢asti téla. Na druhou stranu umoznuje efektivni pouZiti cilené
|éCby, kterd se zaméruje na jeji potlaceni (monoklonalni protilatka bevacizumab, inhibitor

tyrozinkinazy sorafenib a podobné).

Vyuziti perfuzniho vysetreni v onkologii vychazi ze skutecnosti, Ze mikrovaskularni zmény

v nadorové tkani koreluji se zménami parametri perfuze [122]. U nador( s vysokou mirnou
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neoangiogeneze nachazime zvyseni pritoku a zvétSeni objemu krve, vyssi hodnoty permeability
a kratSi tranzitni c¢as. Prakticky vyznam metody spocivd predevSim v hodnoceni vyvoje
mikrovaskularizace v pribéhu terapie [123,124]. Efekt 1éCby se nemusi projevit zménou velikosti
loZiska nebo denzity v jedné cirkulaéni fazi a zména perfuze tak mize byt podstatné lepsim ukazatelem
|écebné odpovédi. Optimalni je, pokud muiZe byt hodnoceni provedené v ¢asné fazi po nékolika
tvodnich cyklech. Pokud je efekt dostatecny, je l1é¢ba dokoncena, v opacném pripadé muize byt
neefektivni léCebnd metoda s vysokym rizikem vedlejsich ucinkd, ukoncena a nebo zménéna [123,125].
DalSimi aktualné zkoumanymi mozZnostmi perfuzniho vySetfeni ve vztahu k cilené [é¢bé je stanoveni

progndzy jesté jejim zahajenim, vybér vhodnych kandidatl, nebo ¢asné odhaleni rekurence [126].

U imunoterapie (napfiklad pomoci prepardtl jako je ipilimumab, pembrolizumab
a novolumab) dochazi v ¢asném obdobi po zahajeni |écby u ¢asti nemocnych k pfechodnému zvétseni
nadorové masy — pseudoprogresi. Tento efekt je také zndmy u glioblastomu Ié¢eného chemoterapii
a radioterapii. Jeho neodhaleni mlZe vést k nespravnému rozhodnuti o dalsim pokracovani lécby nebo
ke zbytecné indikaci biopsie. Studie zabyvajici se moznosti rozliSeni pseudoprogrese a pravé progrese
u mozkovych metastdz maligniho melanomu a glioblastomu ukazuji, ze pfi PMR se v pfipadech
pseudoprogrese zvysuji hodnoty objemu plazmy (V,) a u skute¢né progrese jsou signifikantné vyssi

hodnoty K" [127].

Pomoci vysetieni perfuze Ize zefektivit posuzovani Gcinku lokoregionalni [é¢by jaternich (nebo
i jinych) nadordq, jako je abla¢ni Iécba nebo chemo- ¢i radioembolizace [128]. Absence perfuze svédci
pro jeji dobry ucinek. Parapetrické mapy lze vyuzZit také pro volumetrii rezidudlni nddorové tkané a tim
zpresnit hodnoceni efektu (VRECIST kritéria) nebo casnéji odhalit recidivu. To plati prfedevsim pro
hypovaskuldrni nadory, jako jsou metastazy kolorektalniho karcinomu, kde pfi standardnim zobrazeni

nemusi byt nddorova tkan dobfe detekovatelna.

Zmény parametr( perfuze umoznuji u nékterych typl nador( zpresnit hodnoceni miry
diferenciace. Prikladem je hepatoceluldrni karcinom, kde bylo u dobfe diferencované formy oproti
stfedné a Spatné diferencované zjisténé zvyseni pritoku, objemu krve a permeability a zkraceni
tranzitniho ¢asu [129]. U astrocytomU byla prokazana souvislost mezi parametry K" a V. a stupném
diferenciace. Nadory vysokého grade vykazuji jejich zvySeni [130]. | kdyZ timto zplsobem nelze zcela
nahradit histologické vysetfeni, mize byt metoda, mimo jiné, vhodna, pfi planovani biopsie, kdy
u heterogennich nadorl vyhledd vhodna mista pro odbér vzorku a zabrani podhodnoceni nalezu.
U renalnich nador( Ize vysSetfeni perfuze pouZit pfi rozliSeni hypervaskularizovaného konvenéniho

rendlniho karcinomu od papilarniho rendlniho karcinomu nebo presnéji detekovat pritomnost perfuze
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u komplexnich cyst. Podobné jako u difuzné vazeného zobrazeni, neni tato metoda spolehliva pfi

rozliSeni svétlobunécného renalniho karcinomu a onkocytomu [131].

Zajimavou moznosti je vyuZiti perfuzniho vysetreni jako biomarkeru tkanové hypoxie. Pokud
nador rychle roste, dostavd se do situace, kdy jeho cévni zasobeni prestava odpovidat objemu
nadorovych bunék, koncentrace kysliku se snizuje na hodnoty nizsi nez u normalni tkané a dochazi
k poskozeni bunécného metabolizmu. Jednim z faktord, ktery se v podminkach hypoxie vytvafi, je
hypoxii indukovany faktor (HIF-1), ktery se podili na komplexnim mechanizmu hypoxické adaptace
nadoru. Kromé jiného ma vliv na stimulaci erytropoézy, neoangiogeneze, deregulaci glykolyzy (exprese
glukdzového transportéru GLUT-1 a hexokinazy) nebo inhibici apoptdzy a bunééné diferenciace. Tyto
zmény vedou ke vzniku klonl nddorovych bunék, které jsou schopné vice vzdorovat nedostatku kysliku
a chovaji se agresivnéji. To ma za nasledek rozsifovani nadoru a jeho metastazovani. Hypoxicka
adaptace nadorové tkané také souvisi s resistenci na lé¢bu, predevsim radioterapii. Nedostatek kysliku
totiz snizuje efekt oxidacniho stresu na némz je mechanizmus ucinku terapie ionizujicim zarenim
zavisly. Pfi perfuznim vySetfeni se v téchto pripadech nachazi atypickda kombinace snizeni pratoku
v kombinaci se zvySenim objemu krve (tzv. perfusion mismatch). To je dané vazodilataci, ktera vznika
jako nasledek zvyseni parciadlniho tlaku oxidu uhli¢itého a koncentrace laktatu. Tyto zmény se také daji
hodnotit kombinaci perfuzniho zobrazeni a PET, kdy na hypoxickou adaptaci nadorové tkané ukazuje
pfitomnost vysoké akumulace 18F FDG v kombinaci se snizenim pritoku. Zatim mimo béZnou klinicku
praxi existuji také radiofarmaka pro PET specificka pro hypoxickou tkan zaloZzena na 2-nitromidazolu.
Poznani mechanizmu hypoxické adaptace nadorové tkané vedlo k vyzkumu novych Iékd, které jsou
cilené na hypoxickou tkan, popfipadé zvysuji radiosenzitivitu nadord nebo difuzi kysliku do nadorové

tkané [132].

1.5.6. Dalsi aplikace vysetfeni perfuze

Perfuzni vysetfeni myokardu je provadéné ve velké mife pomoci metod nukledrni mediciny.
V soucasnosti ale zaznamendvame posun k jednodussim technikam, jako je vySetfeni pomoci
dynamické kontrastni CT nebo MR, které umoznuji semikvantitativné detekovat oblasti s poruchou
perfuze myokardu a zaroven prinaseji anatomickou informaci. Velkou vyhodou perfuzniho CT je
moznost kombinace s CT koronarografii, ktera obvykle perfuznimu vySetfeni predchdzi. Perfuzni
vySetfeni Ize provadét i po farmakologické zatézi navozené intravenzné podanou vazoaktivni latkou
(regadenoson) u nemocnych kde neni jasné jaky je vztah mezi ndlezem na véncitych tepnach

a poruchou perfuze srde¢niho svalu nebo pred velkymi cévnimi rekonstrukénimi vykony. Pred
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vySetfenim v zatéZzi musi byt provedena CT koronarografie, ktera vylouc¢i vyznamné postizeni kmene
levé koronarni tepny spojené s vyznamnym rizikem fatadlni akutni ischémie myokardu. Dalsim
potencidlnim pfinosem CT koronarografie pred zatéZzovym perfuznim vySetfenim je odhaleni
negativnich nalezl nebo minimalnich zmén, u nichZ neni pravdépodobné funkéni postizeni myokardu
a zatézové vysetieni neni nutné [133]. Informaci o distribuci nasyceni KL a tedy i zménéné perfuzi
myokardu je mozné ziskat i z pouhé CT angiografie koronarnich tepen. Vyuzivd se toho zejména
u pacientl v kritickém stavu napfiklad pfi akutnim bezvédomi neznamého plvodu, s poranénim nebo
pfi vySetfovani nejasnych bolesti na hrudi [111].

Neinvazivni diagnostika jaterni fibrézy a cirhdzy pomoci zobrazovacich metod je problematicka
a vyzaduje specidlni techniky. Na zakladé béZného anatomického zobrazovani lze detekovat pouze
pokrocild stadia onemocnéni, kde jiz obvykle neni mozné terapeuticky zakrocit. Zlatym standardem
v neinvazivni diagnostice jaterni fibrdzy je v soucasnosti MR nebo ultrazvukova elastografie. Na Urovni
mikrocirkulace dochazi nalsledkem zvySené produkce vaziva k takzvané kapilarizaci sinusoid spojenou
s defenestraci a obliteraci Disseho prostoru. To se projevuje redukci portdlni perfuze, zvysenim
arteridlni perfuze a prodlouzenim tranzitniho ¢asu. Zmény farmakokinetickych parametrd koreluji se
stadiem jaterni fibrézy a s Childovou-Pughovou klasifikaci. Toto hodnoceni se ale, vzhledem k relativné
velké radiacni zatézi, provadi obvykle jako vedlejsi vystup vysSetfeni za ucelem charakterizace
hepatocelularniho karcinomu, kdy mimo jiné mze slouZit jako pomocna metoda pfi stanoveni funkéni
rezervy v ramci predoperacniho planovani [134].

Skutecnost, Ze je KL vylucovana ledvinami dala vznik myslence kvantifikace glomerularni
filtrace pomoci perfuzniho vysetfeni. Pro tyto Ucely je vhodny Patlak(v farmakokineticky model, kery
predpoklada jednosmérny transfer indikatoru mezi krvi v cévach a extracelularnim prostorem. KL z cév
je poté vymyta, jeji zbytek v parenchymu odpovidd mnoZstvi v extraceluldrnim prostoru a koreluje
s mirou glomerularni filtrace. Ta se pocita jako podil permeability a objemu ledvinné kary, ktery lze
zmérit volumetrii. Nevyhodou je samoziejmeé pouziti nefrotropni KL, které je u nemocnych s poruchou

funkce ledvin kontraproduktivni [135].

1.6. Hodnoceni perfuze pomoci techniky ASL

Metoda ASL umozinuje vysetfit perfuzi v oblastech s vyssim pritokem bez pouZiti KL pomoci
magnetického oznaceni arteridlni krve pred pritokem do oblasti vySetieni. Toho se dosahne aplikaci
180° inverzniho pulzu. Vysledkem je opac¢nd magnetizace vody. Ta za urcity ¢as, ktery odpovida TTP,
pritéka do oblasti méreni a sniZuje magnetizaci krve a tkané, ktera ji obsahuje [136]. Prakticky se ASL
vyuziva predevsim pti hodnoceni mozkové ischémie, ale objevuji se i prace zabyvajici se jejim vyuZitim
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v ostatnich ¢astech téla, napfiklad u onemocnéni ledvin. ASL mZe byt pouZité také pro perfuzni
funkéni MR mozku.

Jsou zndmé dvé techniky ASL, kontinudlni a pulzni. U kontinualni ASL se pouziva delsi
radiofrekvencni pulz pribézné oznacujici arterialni krev az do dosaZeni ustaleného stavu ve tkani. Tato
metoda umozZnuje dosdhnout vyssiho kontrastu, mize ale byt zatizena chybou zplsobenou efektem
magnetizacniho transferu, ktery vznika pti dlouhych radiofrekvencnich pulzech a vede k nadhodnoceni
objemu krve. Pulzni ASL je technicky jednodussi. Pouziva opakované kratké radiofrekvencni pulzy
oznacujici tenci vrstvy tkdné. Oproti kontinualnim ASL sice dosahuje nizsiho kontrastu, ale neni zatizena
rizikem nadhodnoceni perfuze. Urcitym kompromisem s dobrou efektivitou oznadovani krve
a soucasné nizkym pomérem signal-sum je novéjsi technika zvana pseudokontinudlni ASL. Pomoci ASL
Ize béZné hodnotit parametr objem krve. Existuji také i zptsoby, jak pomoci ASL hodnotit pratok krve

a tranzitni Cas, zatim ale bé&zné klinicky pouzivané [137].

1.7. CT s dualni energii zareni

Bézné CT vysetieni se provadi pomoci pomoci jednoho svazku zareni emitovaného jednou rentgenkou
a detekovaného jednou sadou detektorl. Absorbce rentgenového zareni ve tkani se kvantifikuje
pomoci Hounsfieldovych jednotek nebo pomoci Sedoskdlového obrazu. Principem CT s dudlni energii
zareni (DECT) je skenovani pomoci zafeni se dvoji energii. To miZe byt realizované bud’ systémem se
dvéma rentgenkami a dvéma sadami detektorl (dual source DECT — Siemens), pomoci jedné
rentgenky, u které je rychle pfepinand hodnota napéti nebo pomoci systému s jednou rentgenkou
a dvéma fadami detektorl (single source DECT - GE), z nichZ jedna je citlivd k zafeni o nizké energii
a druhad k zareni o vysoké energii (detector based spectral CT - Philips). Vysledkem jsou vzdy dvé sady
dat ziskané pfi odlisSnych hodnotach kilovoltd. Pokud jsou napfiklad pouZity hodnoty napéti na
rentgence 80 a 140 kV, pohybuje se energetické spektrum zareni u prvniho zdroje mezi 25 a 80 keV
a u druhého zdroje mezi 25 a 140 keV. U vyssich voltazi je navic ve vyzareném spektru vétsi podil
charakteristického zareni oproti brzdnému a u nizsich je tomu naopak. Za téchto podminek se mira
absorbce rentgenového zareni v rlznych materidlech lisi. Z obrazl je navic moziné vypocitat
zpramérované obrazy z rliznym prispévkem obrazem o nizké a vysoké energii, které simuluji obrazy
ziskané pfi bézném napéti, napfiklad 120 kV, (virtudlni monoenergetické obrazy), které Ize pouZzit pro

béZné hodnoceni denzity jako u monoenergetického zareni [138].
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1.7.1. Separace material{

Separace materialli na zakladé CT s duaini energii zareni vyuziva vyse zminénych odlisnosti atenuacnich
profilt rdznych tkani pfi odlisSnych energiich zafeni. Substance s nizkymi atomovymi Cisly (napfiklad
voda) maji malé rozdily v absorbci zafeni s vysokou a nizkou energii foton. U material( s vysokym
atomovym cislem (napfiklad jédova KL) je rozdil vétsi. Zatimco u kalcia nebo vody absorbce zareni se
vzrlstajici energii absorbce linearné klesa, u jodové KL je tento vztah nelinearni, pfi nizsich energiich
(kolem 50 keV) dochazi k jejimu vyraznému vzestupu. Pro dekompozici materiald se pouZivaji techniky
dvoumateridlové a tfimateridlové dekompozice. Vysledkem zpracovani dat jsou mapy materialové
denzity [139,140]. Ze vsech mozZnych druh( materidlové specifickych obrazi se v praxi nejvice vyuzivaji
mapy distribuce vody a mapy distribuce jodu (umozriujici kvantifikovat obsah jédu v mgl/ml). Mapy
distribuce vody, takzvané virtualni nativni zobrazeni, vytvareji z postkontrastnich obraz( simulované
nativni obrazy a jich hlavni vyznam spociva ve zkraceni vySetfovaciho Casu a sniZzeni radiacni zatéze
vySetfovanych osob v pfipadech, kdy je za jinak nezbytné provést nativni i postkontrastni vysetieni.
Dalsimi nami publikovanymi priklady praktického pouZiti je detekce mozkového krvaceni z obrazl CT
angiografie, nebo rozliseni nddorové tkané od koagul u tumorl mocovych cest [141, 142]. DECT je
schopna rovnéz vyresit problémy s rozliSenim prosakujici KL a krvdcenim nemocnych po intraarterialni

trombektomii mozkovych tepen.

1.7.2. Hodnoceni plicni perfuze

Klasickym zplsobem zobrazeni ventilacnich a perfuznich zmén v plicnim parenchymu je provedeni
ventilacné-perfuzni scintigrafie. Pokud je pfi CT vySetfeni pouZita dudlni energie zareni, je dle nasich
publikovanych zkusenosti mozné pfti srovnavani map distribuce jodu a minimum intensity projection
rekonstrukci ziskat obdobné informace a rozliSit tak onemocnéni jako je plicni embolie (podle
zadvaznosti normalni nebo redukovana perfuze pfi normalni ventilaci), onemocnéni malych dychacich
cest nebo emfyzém (redukovand perfuze a zvySeny obsah vzduchu), intersticialni edém (zvysena
perfuze a redukovany obsah vzduchu) a intersticidlni plicni onemocnéni (redukovana perfuze
a redukovany obsah vzduchu). Vyhodou CT oproti metodam nukledrni mediciny je mozZnost korelace

zjisténych funkénich zmén s anatomickym zobrazenim, které se vytvafti ze stejné sady dat [143].
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1.7.3. Charakterizace nadorové tkanée

DECT pfinasi diky moznosti vytvareni map distribuce jédu zkvalitnéni detekce patologickych lézi a jejich
charakterizace. Zobrazuji se budto jako Sedoskalové obrazy nebo jako barevné mapy, které Ize fuzovat
s virtualnimi nativnimi obrazy. Vzhledem k tomu, Ze je eliminované ovlivnéni nativni denzitou tkanég, je
mozné rozpoznat i velmi diskrétni syceni KL, které by za jinych okolnosti nebylo detekovatelné. Tyto
schopnosti vySetfeni pomoci dudlni energie zareni lze wvyuzit napriklad pfi hodnoceni
subcentimetrovych lézi v jaternim parenchymu. Ty jsou obvykle oznacovné jako “pfilis malé na to, aby
mohly byt charakterizované”. Casto se jedna o drobné cysty. Ty je viak nutno odlisit od malych nador.
DECT ma potencial snizit potfebu dalsiho sledovani nebo podrobnéjsiho vySetfovani dalsimi metodami
[144]. Na detekci kontrastniho syceni zdavisi také odliSeni zakalenych cyst od cystickych nebo
hypovaskularnich solidnich nadora. Hyperdenzni cysty se zakalenym obsahem maiji zvySenou denzitu,
ale na rozdil od nador(, nevykazuji kontrastni syceni [145]. DECT lze vyuzit také k lepSimu urceni hranic
nadoru, coz umoznuje presnéjsi méreni jeho velikosti vyznamné pfi stanovovani lécebné odpovédi
podle WHO nebo RECIST kritérii. Pomoci kvantitativniho hodnoceni obsahu jédu Ize rovnéz posoudit
perfuze nadorové tkané po chemo- nebo radioterapii. Dvoufazové vysetreni za vyuziti dudlni energie
zareni muzZe do jisté miry nahradit komplikovanéjsi perfuzni zobrazeni [146]. Slibné vysledky byly
publikované naptiklad u nadord plic IéCenych antineoangiogenetickou lécbou nebo uzlinovych
metastaz [147]. Pomoci DECT lIze lépe analyzovat syceni KL u nador( lé¢enych lokoregionalni Ié¢bou

napftiklad v oblasti jater, plic [148].

1.7.4. Chemickd analyza mocovych konkrement(

Analyza chemického sloZzeni mocovych konkrementl je spolu s lokalizaci a klinickymi symptomy je
dllezita pri rozhodovani o zplsobu Iécby. Pro urologa je zdsadni predevsim odliseni uratovych
a neuratovych konkrementd. Uratové obsahuji leh¢i chemické prvky (vodik, uhlik, kyslik a dusik) a je
pro né typické zvySeni absorbce pfi vysokych hodnotach kV vlivem Comptonova rozptylu, zatim co
neuratové konkrementy jsou slozené z prvk( s vyssim atomovym cislem (kalcium, fosfor, sira)
a nachazime u nich naopak zvyseni denzity pfi nizkém napéti, za které je odpovédny predevsim vétsi
fotoelektricky efekt. U dvoumateridlové dekompozice jsou generované mapy jodu a vody. Neuratové
konkrementy jsou videtelné na obou typech map, zatimco uratové pouze na mapach vody.
Ttimateridlova dekompozice predpoklada, Zze kazda voxel je sloZzeny ze smési kalcia, kyseliny mocové
a vody. Hodnoti se zastoupeni jednotlivych substanci a vysledné obrazy jsou podle atenuacniho profilu

konkrementu kédované jako cervené, pokud jsou uratové nebo jako modré v pripadé kalciovych.
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Poméry atenuace jsou navic vyznacené v grafu, kde mohou byt srovnané s referen¢nimi hodnotami

pro jednotlivé typy kament [149,150].

1.7.5. Dalsi aplikace DECT

Data ziskana omoci DECT jsou také vyuzitelnd pfi CT angiografiich, kde umozZiuje docilit vyssiho
kontrastu aplikované jédové KL a na zakladé odliSeni jodu a kalcia také Iépe odstranit rusivy vliv sumace
skeletu a kalcifikaci. Benefitem DECT je také potlaceni artefaktll z utvrzeni svazku zareni, které se
vyskytuji v okoli kovovych objektl. Z toho lze profitovat predevsSim pfi vysSetfovani pacienttd
s implantaty, jako jsou dlahy a endoprotézy nebo pfi CT angiografiich po embolizaci aneurysmat
kovovymi spirdlami. Pfedmétem vyzkumu je rovnéz moznost vyuZiti DECT pfi virtudlnim cisténi stfeva
pro ucely CT kolografie, odliseni jaterni fibrézy a cirhdzy, detekce dnavych tof( nebo odliseni edému

kostni dfené pfi vysetrovani fraktur obratl(l [151].

1.8. Shrnuti a vyhledy do budoucnosti

Moderni zobrazovaci metody jsou schopné poskytnout mnozstvi informaci funkéniho i molekularniho
charakteru. Ty ale zatim (kromé vysetieni tkariového metabolizmu pomoci PET) nejsou ve vétsim
rozsahu akceptované v bézné praxi. Existuji samoziejmé vyjimky, jako je karcinom prostaty, kde je
multiparametrické MR vysetreni jiz oficialné doporucované. Problémem ve vétsiné ostatnich ptipadd
je maly pocet rozsahlejsich studii a nekonzistence vysledk(l dand chybéjici standardizaci, technickou
obtiznosti a nepfenositelnosti mezi jednotlivymi modalitami a zafizenimi od rdznych vyrobcd.
V soucasnosti (a pravdépodobné tomu nebude jinak ani v dohledné budoucnosti) nelze fici, Ze existuje
jedna nejlepsi metoda, kterd by byla idedlni pro feSeni vétSiny diagnostickych problémi. Metody
pouzivané v multiparametrickém zobrazovani proto nelze chapat jako kompetitivni, ale jako
komplementarni. Ukazuje se, Ze cestou k jejich vétsimu rozsifeni je, spiSe neZ snaha o vytvoreni
univerzalnich protokoll a zplsobl hodnoceni, jejich dokonalejsi prizplsobeni jednotlivymi klinickym
otazkam. Vyzkum se musi zamérit na identifikaci relevantnich biologickych procest, které Ize zobrazit
a maji skutecny vyznam pro progndzu pacienta a také rozpoznat v datech ze zobrazovacich vysetteni
odlisné vzorce chovani konkrétnich patologickych stavll umoznujici individualizaci 1é¢by v souladu

s konceptem precizni mediciny.
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Abstract. Background/Aim: Diffusion-weighted imaging
(DWI) allows for differentiation of benign from malignant
tumors, histological tumor types and their grade. The aim of
the study was to evaluate the capabilities of DWI using 3
Tesla Magnetic resonance inaging (3T MRI) in the
preoperative assessment of renal tumors. Patients and
Methods: This retrospective study included 143 tumors in
139 patients (130 malignant tumors and 13 benign tumors)
that were examined using DWI with b values of 50, 400 and
800 s/mm?. In all tumors, the lowest value of apparent
diffusion coefficient (ADC) in the solid tissue was measured
and correlated with the histological finding. Results: A
significant difference between ADCs of malignant and benign
tumors was found (p<0.001). Comparison of the most
common malignant and benign tumors clear-cell renal
carcinoma (CCRCC) grade I and oncocytoma resulted in a
difference of borderline significance with a marked overlap
(p=0.046). By assessing the histological types of malignant
tumors, we detected a significant difference between CCRCC
and all other histological types (p=0.048 for chromophobe
(CH) RCC, p=0.002 for papillary (P) RCC and p=0.002 for
urothelial carcinoma (UC)). Mutual differentiation of other
types of carcinomas was not feasible (p=1.0 in all cases).
The differences between low-grade (grade 1+11) and high-
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grade (grade I11+1V) CCRCC was significant (p<0.001). A
significant difference was found even between CCRCC grade
I and others (p=0.01 for grade II, p<0.001 for grade II1+1V,
respectively). Conclusion: DWI may contribute in
distinguishing CCRCC from other histological types and to
determin its grade. The method has certain potential for
distinguishing benign from malignant tumors; however,
differentiation of the most frequently represented types,
CCRCC grade I and oncocytoma, remains difficult.

Worldwide, renal carcinomas represent approximately 3% of
all malignancies (1). These tumors are most frequently
encountered in developed countries of temperate climate,
especially in Central and Eastern Europe. In the last twenty
years, the detection rate of disease in the lower, asymptomatic
stages has increased and improved the prognosis due to
development of imaging techniques (2). However, despite
improving imaging modalities, the differentiation between
benign and malignant tumors in certain cases still remains a
problem. According to published studies, benign tumors
comprise up to one third of those resected (3, 4). An even
bigger problem is the non-invasive differentiation between
histological types of tumors and grade determination. Such
information is important for the selection of appropriate
therapeutic methods and prognosis estimation. For example,
patients with clear-cell renal carcinoma (CCRCC) have a
worse prognosis than patients with chromophobe (CHRCC)
or papillary RCC (PRCC) (5, 6). In urothelial carcinoma
(UC), different surgical treatments are used.

Modern imaging techniques allow for assessment of not only
the morphological characteristics, such as size, contrast
enhancement and relationship to surrounding structures, but
also functional and molecular parameters. One of the
parameters is the diffusion of water molecules, which can be
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Table 1. MRI examination protocol.

T1 VIBE In-phase/ T1 FLASH T2 T2 T2 TSE  EPI 2D Diffusion T1 FLASH T1 VIBE
Opposed -phase 2D trueFISP HASTE weighted 3D
Orientation Axial Coronal Coronal Coronal Axial Axial Coronal Coronal, axial
Time to 4.35 162.0 3.52 1300 2200 6100 2.99 4.30
repeat (ms)
Time to 1.33,2.45 3.69 1.54 91 100 61 1.06 1.89
echo (ms)
Flip angle 9 70 70 160 160 N/A 16 9.0
(degrees)
Paralell imaging 2 2 2 3 2 2 3 2
acceleration factor
Pixel size (mm) 0.6x0.6 1.0x1.0 1.3x1.3 1.6x1.6 0.9x0.9 2.0x2.0 1.2x1.2 1.2x1.2
Slice thickness 30 50 5.0 50 50 50 1.1 30
(mm)
Fat supression No Yes No Yes Yes Yes Yes Yes
(mm)
b-value (s/mm?2) N/A N/A N/A N/A N/A 50, 400, 800 N/A N/A
Postcontrast N/A N/A N/A N/A N/A N/A Precontrast, arterial, Delayed,
circulation phase arteriovenous, excretory
venous

Acquisition time 0:18 0:46 0:13 0:35 5:25 4:10 0:16 0:21

(min:s)

VIBE, Volumetric interpolated breath-hold examination; 2D, two dimensional; FLASH, fast low angle shot; trueFISP, true fast imaging with steady
precession; HASTE, half-fourier acquisition single-shot turbo spin echo; TSE, turbo spin echo; EPI echo planar Imaging; 3D, three dimensional.

evaluated using diffusion-weighted magnetic resonance
imaging (DW MRI). This method has previously been
associated almost entirely with imaging of cerebral pathologies.
Due to the use of stronger gradients and faster pulse sequences,
DW MRI has recently been used more frequently in other
organs, especially in oncological indications. Application of
diffusion-weighted imaging to characterize the tissue is based
on differences of diffusion of water molecules in benign and
malignant lesions (Figure 1). The reason for this difference has
not been yet fully explained. It is assumed that this difference
is caused by tumor cellularity, extracellular space turtuosity,
degree of tissue disorganization and, presumably, the cellular
structure (7, 8). Diffusion-weighted imaging (DWI) can also be
affected by perfusion (9, 10).

Images are obtained using diffusion-weighted sequences
(the most common imaging is echo planar imaging (EPI))
with different b-values. The b-value expresses the impact of
gradients on diffusion-weighted images. The higher the
b-value is, the greater the diffusion weighting and,
subsequently, the sensitivity of the movement of water are.
To express the rate of diffusion of water molecules, an
apparent diffusion coefficient (ADC) is used, which is
expressed in unit mm?/s (11). The ADC values are
automatically calculated from diffusion-weighted images
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with at least two b-values and they are expressed either
numerically or using the grayscale parametric maps.

The aim of the present study is to assess the possibility of
diffusion-weighted imaging for the preoperative determination
of dignity, histological type and grade of renal tumors using
3.0 Tesla (3T) MRI and comparison of the results with
previously published studies.

Patients and Methods

From a group of 161 patients, who underwent MRI of kidneys for a
suspected tumor between 2011-2014, we selected 139 patients with 143
tumors (61 females, 78 males, average age 65 years, range=37-86
years). Twenty-two patients with cysts (n=15), typical
angiomyolipomas with fat content (n=5) and low quality DWI (n=2)
were excluded. All tumors were resected and examined by a pathologist
who is specialized in assessment of kidney tumors. In addition, for
CCRCC the grade was specified according to Fuhrman (12).

All the examinations were carried-out with the 3.0 T MR
scanner Siemens Magnetom Skyra (Siemens, Erlangen, Germany)
using the matrix body coil with the standard protocol of our
department for imaging of the renal carcinoma. Diffusion weighted
images were obtained using echo planar sequences with b values
of 50, 400 and 800 s/mm2. From these three values, we
automatically generated parametric maps of ADC, which were used
to measure numeric values (Table I).
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Figure 1. Example of two patients with oncocytoma (A, B) and clear-cell RCC grade I (C, D). A similar appearance in postcontrast T1 weighted

images (A, C) is observed. Apparent diffusion coeficient maps show high value for oncocytoma (1.868x10-3

RCC (1.37x10-3 mm?/s) (D).

Image analysis was performed retrospectively by the two
radiologists with 11 and 4 years of experience in the field of
abdominal MRI without knowledge of the histological findings. For
each tumor, three to five circular areas of interest with a diameter of at
least 1 cm were selected based on the size of the tumor. The areas of
interest had been selected to include only the solid tissue with contrast
enhancement. Based on consensus, both radiologists selected areas of
interest with the lowest value of the ADC that was included in the
statistical analysis.

Statistical analysis was carried-out using the Statistica software
(StatSoft, Tulsa, OK, USA). Due to the non-normal distribution of the
ADC values, non-parametric methods were used. Assessment of the
differences between the two groups of tumors (between malignant and
benign tumors and between low-grade CCRCC and oncocytoma) was
performed using the Mann-Whitney U test. For the assessment of the
difference in the ADC among other carcinoma groups (individual

mm?/s) (C) and low value for clear-cel

histological types of tumors and the grade of CCRCC), we used the
Kruskal-Wallis ANOVA test. The difference between the ADC of
tumors and normal renal parenchyma was assessed using the
Wilcoxon paired test. The Fischer exact test was used for testing of
the impact tumor grade on the differentiation of various histological
types. In all cases, the significance level of 5% was predetermined.

Results

In total, 130 malignant tumors were found. This number
included 123 RCC and 7 intrarenal UC. The most frequent
histological variant of RCC was CCRCC (n=102). CHRCC
and PRCC were represented significantly less (n=8 and
n=14, respectively). Furthermore, the CCRCCs were divided
according to the grade. Grade I (n=48) was the most
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Figure 2. Box and Whisker plot of ADC values difference of malignant and
benign tumors from normal renal parenchyma shows significant difference
between both groups of tumors. The difference between benign tumors and
renal parenchyma is, contrary to malignant tumors, insignificant.

frequently encountered grade; the number of carcinomas of
grades II and III accounted for approximately half (n=25 and
n=27, respectively). There was a very small number of grade
IV carcinomas (n=2). Thirteen benign carcinomas included
11 oncocytomas and 2 mixed epithelial and stromal tumors.
Measured ADC values are summarized in Table II.

Differentiation between benign and malignant tumors.
Compared to the normal renal parenchyma in malignant and
benign tumors, a tendency towards a lower ADC was found
(median=1.825, interquartile range (IQR)=0.1 18%1073 mm?/s
vs. median=1.305, IQR:O.365><10'3 mm?/s and median=
1.671,IQR=0.415x% 1073 mm?/ s, respectively). The difference
was significant for malignant tumors (p<0.005). In the
benign tumors, the difference between the ADC in tumors
and renal parenchyma was insignificant (p=0.10) (Figure 2).
The difference between the ADC values of all the malignant
and benign tumors was significant (p<0.001) (Figure 3).
Since CCRCC grade I, which was the most common type of
malignant tumor in the group, had the highest ADC value of
all malignant tumors (median=1.467, IQR:O.201><10'3
mm?/s), we compared this group with the most common
benign tumor-oncocytoma (median=1.652, IQR=0.362x10"3
mmz/s). In this case, the difference was only on the border of
statistical significance (p=0.046) with a marked overlap of
ADC values (Figure 4).

Differentiation of histological types of tumors. We observed a
tendency towards a decrease in the ADC from CCRCC
(median=1.365, IQR=0.302x10"> mm2s) over CHRCC
(median=1.068, IQR=0.232x10"3 mm?/s) and PRCC (median=
1.006, IQR=0.549x10 mm?s) to UC (median= 1.028,
IQR=0.189x103 mm?%s). The ADC in CCRCC was
significantly higher than in any of the other groups. For
CHRCC, the finding achieved the border of statistical
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Figure 3. Box and Whisker plot of ADC values in all malignant and
benign tumors shows significant difference.

significance (p=0.048), in PRCC (p=0.002) and UC (p=0.002)
the finding was unambiguously significant. The mutual
difference between CHRCC, PRCC and UC was not significant
(p=1.0 in all cases) (Figure 5). In addition, it excluded that the
differentiation of histological types of carcinomas was affected
by the unequal representation of grade in each group (p=1.00).

Differentiation of grade. Statistical analysis of the grade of
tumors was performed only in CCRCC. The results show that
an increase in the grade of the tumor causes a tendency to
reduce the value of the ADC. At first, the differences between
tumors of high (grade I+II) and low grades (grade III+IV) were
assessed (median=1.430 vs. 1.189%x103 mm?/s, p<0.001)
(Figure 6). The result was statistically significant (p<0.001). A
significant difference was found also between tumors of grade
I and other grades (median=1.324, IQR:O.283><10'3 mmz/s,
p=0.01 for grade II and median= 1.189, IQR:O.29O><10'3
mm?/s, p<0.001 for grade III+IV, respectively). The grade II
tumors did not differ significantly from grade III and IV tumors
(p=0.057). In this group, there were only two grade IV tumors;
therefore, this group was not assessed separately (Figure 7).

Discussion

According to the authors' best knowledge, this is the largest
published set of renal carcinomas examined using DW MRI
from a single center.

Due to the expected higher quality of diffusion-weighted
images, we used the 3T system and calculated the ADC value
from three b-values, with the highest b value at 8§00 s/mm?
(8, 13). The considerable heterogeneity in structure can cause
a problem in the assessment of diffusion in the renal tumors.
A recommended technique for analysis of diffusion-weighted
images has not been established; therefore, the approach of
individual authors differs. In recent studies, the area of
interest is focused on a solid portion of the lesion.
Subsequently, the mean value (14-16) or the lowest ADC
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high- grade (GIII+G 1V) clear cell RCCs shows significant difference.

value (9, 17-21) have been assessed by measuring multiple
areas, with the number of considered areas depending on the
size of the tumor. In one study, the authors focused on a
histogram of the entire lesion to distinguish RCC and
angiomyolipoma without visible fat content (22). Our
technology of ADC assessment was based on selection of one
area of interest with the lowest measured value, which in our
opinion is appropriate for routine clinical assessment. We
chose the region of interest for ADC measurement based on
the consensus of two radiologists; therefore, analysis of
interobserver agreement was not performed.

Comparison of ADC for each lesion with other studies is
difficult due to differences in the equipment used and the
design of diffusion-weighted sequences. This can be
documented with the mean ADC in the renal parenchyma. In
recent literature, these values vary between 1.64x1073 and
2.35%1073 mm?/s (14, 15, 18-23). In our group of patients,
we found a median of 1.825x10 mm?%/s with an IRQ of
0.118x1073 mm?/s. Similar differences can be observed even
in pathological lesions (24).

Preoperative differentiation between benign and malignant
tumors has been an ongoing problem. Some of the earlier
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Figure 5. Box and Whisker plot of ADC values in different types of
malignant tumors. Difference between clear cell RCC and chromophobe
RCC is of borderline significance, difference between clear cel RCC and
other tumor is clearly significant.
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Figure 7. Box and Whisker plot of ADC values distribution among clear
cell RCC grade I, grade Il and grade III+1V. Insignificant difference
between grade Il and grade III1+1V; other differences are significant.

publications have shown that DWI can be particularly useful
in differentiating oncocytomas, which may look similar to
carcinomas on other types of MR imaging (24). We proved a
statistically significant difference in ADC values between all
benign and malignant tumors (p<0.001). When we assessed
the most frequently abundant malignant tumors with the
highest ADC values (CCRCC G I) and the most frequently
benign tumor (oncocytoma) in isolation, the result had
borderline statistical significance (p=0.046) with marked
overlap. This finding demonstrates the problematic utility of
ADC for safe differentiation of these two entities, which is
also mentioned in another study with 10 oncocytomas from
one center (14). In other studies, which present significant
differences, the oncocytomas were represented only in very
small numbers; therefore, the results might be distorted (16,
19, 25-27). An interesting fact is that cellularity, which is
significantly higher than in CHRCC, does not become a
factor determining the diffusion of water molecules in
oncocytoma (19). The group of benign lesions did not
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Table II. Apparent diffusion coefficients in renal parenchyma and
different tumor types.

Tumor type Number of ADC (median, IQR)
patients (x10-3 mm?/s)
Renal parenchyma 139 1.825,0.118
Malignant tumors 130 1.305, 0.365
Benign tumors 13 1.671,0.415
Clear-cell RCC 102 1.365, 0.302
Chromophobe RCC 8 1.068,0.232
Papillary RCC 14 1.006, 0.549
Urothelial carcinoma 7 1.028,0.189
Oncocytoma 11 1.652,0.362
Clear-cell RCC GI 48 1.467,0.201
Clear-cell RCC GII 25 1.324,0.283
Clear-cell RCC GIII 27 1.206, 0.221
Clear-cell RCC GIV 2 1.011, N/A
Clear-cell RCC GI+II 73 1.430,0.262
Clear-cell RCC GIII+IV 29 1.189, 0.290

ADC, Apparent diffusion coefficient; IQR, interquartile range; RCC,
renal cell carcinoma; G, grade.

include cysts and angiomyolipoma that could be specifically
distinguished by the presence of liquid or fat by other
sequences and the ADC is either significantly higher (cysts)
or lower (angiomyolipoma) and could modify the results.

When differentiating the histological types of carcinoma,
we found higher ADC values in CCRCC compared to all
other malignant tumors, similar to most published studies
(15, 18,21, 22). In our group, the difference was statistically
significant. Other histological types of tumors were not
distinguishable based on measurements of ADC to
distinguish. Slightly higher, but not significantly different,
the values are still found in CHRCC. This result does not
correlate with histological characteristics of presented tumors
because CCRCC has a higher cellularity than PRCC and
CHRCC. A likely explanation is the difference in perfusion,
which also affects the diffusion-weighted images. CHRCC
and PRCC are typically hypovascular compared to CCRCC
(15, 22, 28). We did not even prove significant difference
between UC and non-clear RCCs (p=1.00). This is most
likely related to the higher cellularity of this tumor type. The
surprising fact is represented in this year’s published study
that presents a significantly higher ADC in CHRCC and
PRCC than in CCRCC (1.59+0.55x10° mm?/s vs.
6.72+1.85%103 mm?/s ) (18). To our knowledge, this
observation is unique.

In the observed group, a tendency to decrease the ADC was
correlated with increasing tumor grade. Using the simplified
differentiation of the low-grade and high-grade tumors, which
is recommended to reduce the variability among observers
assessing the histology (29), the difference was statistically
very significant. A significant difference was even observed
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between grade I and grade II tumors (p=0.01). Grade II tumors
did not show a significant difference compared to grade III+IV.
The assessment of the grade according to Fuhrman is
important, particularly in CCRCC, where it is based on the
morphology of the cell nuclei and does not have a direct link
with the cellularity of the tumor. Low-grade tumors have large
cells with large amounts of glycogen, unlike the higher-grade
tumors with less amount of glycogen and more organelles. It
is possible that this difference affects intracellular diffusion,
which may also contribute to the value of the ADC (9).

The presented study suffers four main limitations. The
first one is its retrospective character. The second one is
based on the unequal representation of different histological
variants of carcinomas arising from their prevalence (30).
A third limitation is represented with the absence of
interobserver agreement, an important point that has to be
aimed at due to the great heterogeneity of carcinoma
structures and inconsistent methodology for future separate
studies. The fourth limitation is represented by an
independent ADC assessment, without other types of MR
imaging that could contribute to better differentiation of the
individual groups.

Conclusion

Assessment of diffusion of water molecules in renal tumors
using ADC may help to distinguish CCRCC from other
histological variants of renal carcinomas and to determine
its grade. The method has also some potential for
differentiating benign from malignant tumors, especially
between the most common representatives, oncocytoma and
CCRC grade I. It is not currently possible to reduce the
number of unnecessary resections of these benign lesions
based on ADC assessment. To use DWI in common practice,
it is necessary to define a suitable and proper methodology
for measuring ADC. Due to differences of measured values
using different equipment and different designs of pulse
sequences, we can determine limit values transferable within
differently equipped institutions.
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SOUHRN

Ferda J, Hora M, Hes O, Kastner J, Ferdo-
va E, Mirka H, Baxa J, Heidenreich E, Finek J,
Kreuzberg B. Zobrazeni prostaty na 3T MRI
u nemocnych se zvysenou hladinou PSA

Cil. Posoudit klinicky vyznam zobrazeni
prostaty na 3T MRI pfi detekci prostatické-
ho karcinomu a konfrontovat nalezy MRI
s bioptickymi.

Metoda. 86 muzti s elevaci PSA a nizkym
free-to-total pomérem podstoupilo 3TMRI
zahrnujici T2 vaZené zobrazeni, difuzné va-
zené zobrazeni, 3D-zobrazeni chemického
posunu pro spektroskopickou analyzu a déle
dynamické T1 vazené zobrazeni po poda-
ni gadoliniové kontrastni latky. Hodnotici
protokol zahrnoval posouzeni morfologie
prostaty, restrikce difuze, podilu cholinu
ve spektru a farmakodynamickych parame-
trd gadoliniové k.l. ve Zlaze. U v§ech muzt
ze souboru byla provedena nasledné biopsie
s histologickym hodnocenim nélezu.

Vysledky. V souboru bylo dosazeno
97,62% senzitivity, 68,18% specificity, 74,55%
pozitivni prediktivni hodnoty a 96,77% ne-
gativni prediktivni hodnoty. Ctrnact falesné
pozitivnich nélezti zahrnovalo dva ptipady
prostatitidy, tfi pripady high-grade prosta-
tické intraduktalni neoplazie a devét pfipa-
di adenomyomatdzni hyperplazie.

Zavér. Komplexni protokol zobrazeni
pomoci magnetické rezonance je robust-
nim néstrojem k detekci karcinomu prostaty
u muzi s patologickymi hodnotami PSA.

Kli¢ova slova: karcinom prostaty, 3T
MRI, MR spektroskopie, difuzni zobrazeni.

SUMMARY

Ferda J, Hora M, Hes O, Kastner J, Ferdo-
va E, Mirka H, Baxa J, Heidenreich F, Fi-
nek J, Kreuzberg B. Prostate imaging with
3T MRI in patiens with elevated PSA levels

Aim. To assess the clinical value of magnetic
resonance with 3T (3TMRI) in detection of
the prostate carcinoma and to confront the
results with those of trans-rectal biopsy.

Method. 86 men with elevated PSA
with low free-to-total ratio underwent the
3TMRI including T2 weighted images, dif-
fusion weighted imaging, 3D-chemical-shift
imaging and contrast-enhanced dynamic T1
weighted imaging. The evaluation protocol
consists of the assessments of morphology,
diffusion restriction, choline concentration
and the pharmacokinetic of gadolinium-
based contrast agent. The bioptic assessment
was performed in every case.

Results. The overall sensitivity reached
97.62%, specificity 68.18%, positive predic-
tive value 74.55% and negative predictive
value 96.77%. Fourteen false positive cases
included two cases of prostatitis, three cases
of high-grade prostatic intraductal neoplasia
and nine cases of the adenomyomatous hy-
perplasia.

Conclusion. The integral imaging proto-
col using 3T MRI is a robust tool to detect
prostatic carcinoma in men with pathologi-
cal PSA values.

Key words: prostate carcinoma, 3T MRI,
MR-spectroscopy, diffusion weighted imag-
ing.
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Karcinom prostaty je v Ceské republice tfeti nejéastéjsi nado-
rovou pfi¢inou imrti v muzské populaci, ve svétovém métitku
zaujima misto dokonce druhé. V celkové incidenci nadorovych
onemocnéni jde o vedouci diagnézu v celosvétovém méfit-
ku. Diagnostické algoritmy u karcinomu prostaty se zaméruji
na detekci pfitomnosti nadoru, ohodnoceni agresivity nado-
rového onemocnéni, ale také na lokalizaci nadoru v prostaté
a hodnoceni vyvoje onemocnéni a odpovédi na 1é¢bu (1).
Vyvoj zobrazeni prostaty magnetickou rezonanci prochazi
v poslednim desetileti vyraznym urychlenim. Od protokolu
s T2 vaZzenymi obrazy doplnénymi T1 vaZenymi obrazy pred
a po podani kontrastni latky, pfes zapojeni difuzniho vazeni,
1H-spektroskopie az po nejnovéjsi protokoly s hodnocenim

A Obr 1C
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farmakodynamickych parametrt nebo hybridnich zobrazeni
(2, 3). Kromé protokolii se méni i technické vybaveni pouzi-
vané k zobrazeni prostaty magnetickou rezonanci, v sou¢asné
dobé dochazi k ustupu od pouzivani dedikovanych endorek-
talnich civek a k vyuzivani ptistroju s indukci magnetického
pole 3T (4-7).

Prace hodnoti zku$enosti se zobrazenim prostaty u ne-
mocnych, u nich? je indikovana biopsie prostaty kvili zvyse-
né hladiné prostatického specifického antigenu.

MATERIAL A METODA

Byl ziskan prospektivné koncipovany soubor 86 muzu (vékové
rozpéti 49-75 let) indikovanych k biopsii prostaty z jediného

A Obr. 1D
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pracovi$té, u nichz se hodnoty prostatického specifického an-
tigenu (PSA ) 4,2-156 ng/ml s patologickymi hodnotami po-
meéru volného a vazaného antigenu pod 20 %. Vs$ichni nemoc-
ni podstoupili komplexni zobrazeni prostaty na 3T systému
magnetické rezonance (Magnetom Skyra, Siemens, Erlangen,
Némecko) na zakladé informovaného souhlasu. K vySetfeni
byla vyuzita povrchova osmndctikanalova phased-array civ-
ka. Vlastnimu vy$etfeni predchdzela kanylace antekubitalni
zily plastikovou kanylou 18 gauge.

Zobrazovaci protokol se skladal ze zobrazeni T2 vazenymi
obrazy rychlého spinového echa (TSE T2) ve tfech ortogo-
nalnich rovinach, jez byla nasledovana T1 vazenymi obrazy
gradientniho echa (VIBE - volume interpolated breath-hold
examination). Dalsi sekvenci je zobrazeni difuzné vazenymi
obrazy echoplanarni sekvenci s kalkulaci aparentniho difuz-
niho koeficientu (ADC)a vypoc¢tu map kvantifikujicich b-va-
lue. Nasledujicim krokem bylo provedeni MR spektroskopie,
kdy bylo pouzito varianty akvizice dat 3D zobrazeni chemic-
kého posunu (3D-chemical shift imaging). Nasledovalo dy-
namické zobrazeni po podani bolu kontrastni latky. U vSech
vy$etfeni byla pouzita k.l. s vysokou relaxivitou — gadobent
dimeglumin (Multihance, Bracco, Milano, Itdlie) v davce
0,5 mmol/kg. Béhem aplikace byla spusténa akvizice dat 46
sérii T1 vazenych obrazii gradientniho echa (VIBE), ktera
ukoncila akvizici dat.

Pfi hodnoceni byl méfen objem prostaty s kalkulaci ob-
jemu v mililitrech aproximovanou z vypoctu pomoci polo-
viny nasobku velikosti v ortogonalnich rovinach. Déle byla
hodnocena struktura zlazy na TSE T2 obrazech, hodnocena
pritomnost vysokého signalu na T1vazenych obrazech. Pti
posuzovani difuzniho zobrazeni byly hledany nehomogeni-

ty se zndmkami restrikce difuzivity. Pro hodnoceni spektro-
skopie byla volena analyza voxel-by-voxel v celém objemu
prostaty. Za patologické byly oznaceny nalezy ve voxelech,
kde kmit cholinu s kreatinem dosahovaly vice nez polovinu
vy$e kmitu citratu. Pri farmakodynamickém hodnoceni byl
pouzivan analyticky software Tissue4D (Siemens, Erlangen,
Némecko) dovolujici vytvorit na zdkladé analyzy dynamic-
ké T1 vazené série mapy objemu krve ve tkani (vypocitany
integralem z dynamické kiivky, tj. area under the curve),
ddle mapu transferové konstanty (K ), objemu extracelu-
larniho prostoru (V) a kone¢né mapu elimina¢ni konstanty
(K,). Kromé hodnoceni map byla v podezielych oblastech
hodnocena kfivka syceni kontrastni latkou, za patologicky
nélez byla oznacena kfivka s hypervaskularizaci a rychlym
wash-outem.

Vyhodnoceni, zda jsou v prostaté pritomny znamky kar-
cinomu, spo¢ivalo na konkordantnim nalezu nejméné tii
z nasledujicich ¢tyf nalezt: 1. hypointenzivni loZisko na T2,
2. lozisko restrikce difuze, 3. pozitivni nélez na spektroskopii,
4. patologicky nalez pii farmakodynamické analyze, tj. pato-
logicka kfivka syceni + loZisko hypervaskularizace spole¢né
sezvySenim K __ .

Vsichni nemocni podstoupili v rozmezi jednoho dne a 92
dni punkéni biopsii navadénou transrektdlni ultrasonografii,
u deviti nemocnych byla déle provedena i radikalni prostatek-
tomie. Ndlezy bioptické byly porovnany s nalezy MRI. Byla
stanovena senzitivita, specificita, negativni a pozitivni predik-
tivni hodnota MRI vztazena k bioptickému nalezu. Kromé
stanoveni statistickych ukazatelt za celé sledované obdobi
byly porovnany hodnoty ziskané v prvnich ¢tyrech a dal$ich
¢tyfech mésicich vysetfovani.

A Obr. 1E

A Obr IF

Obr. 1. Karcinom prostaty v predni dsti levého laloku. A - TSE T2; B— ADC mapa; C - spektrum z tumoru; D — postkontrastni T1 vdzZeny obraz; E — typicky
kfivka syceni tumoru (Cervené) ve srovndni s normdilni tkdni (Zluté); F — mapa pratocného objemu (iIAUC)

Fig. 1. Carcinoma in the anterior corner of the left lobe. A - TSE T2; B— ADC map; C - spectrum within the tumor; D - contrast enhanced T1 weighted image;
E - typical curves of the enhancement within the tumor (red) and within the normal gland (yellow); F — map of the flow volume (iAUC)
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A Obr.2A

VYSLEDKY

V prvnich ¢tyfech mésicich byla provedena vySetieni v poctu
30, ve druhém obdobi 56 vysetieni, dohromady tedy 86 vyset-
feni. Celkem bylo v souboru pritomno 42 biopticky potvrze-
nych karcinomti prostaty, nalezy shrnuje tabulka 1. Statistic-
ké vysledky shrnuje tabulka 2. Pti analyze dat bylo dosazeno
v celkovém souboru vysoké senzitivity (97,62%) a vysoké
negativni prediktivni hodnoty (96,77 %). Relativné vysoka
fale$na pozitivita se promitla do nizs$ich hodnot specificity
(68,18 %) a pozitivni prediktivni hodnoty (74,55 %). Z fales-
né pozitivnich nalezti je nutné zminit prostatitidu ve dvou
pripadech, high-grade prostatickou intraduktalni neoplazii
(PIN) ve tfech pripadech a devét nalezu, kdy biopsie ukaza-
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A Obr.2B

Tab. 1. Diagnozy
Table 1. Diagnoses

acinarni karcinom 42
high-grade PIN 3
prostatitis

adenomyomatozni hyperplazie a dalsi benigni nalezy 41

la na adenomyomatdzni hyperplazii. Ve tfech ptipadech byl
nélez z MRI vysoce pravdépodobny pro karcinom, v jednom
pripadé mél nemocny dokonce hodnoty PSA 113 ng/ml. Fa-
le$né pozitivni nélezy shrnuje tabulka 3.



Ces Radiol 2012; 66(1): 9-17

4 Obr. 2F

A Obr. 2F A Obr. 2G

Obr. 2. Karcinom periferni zény. A - TSE T2; B— ADC mapa; C - spektrum z tumoru; D — mapa poméru cholin/citrdt; E - farmakodynamickd analyza); F — aku-
mulace "®F-fluorocholinu, fize PET/MRI; G - histologicky prepardt s oznacenim tumoru

Fig. 2. Carcinoma in the peripheral zone. A - TSE T2; B— ADC map; C - spectrum within the tumor; D — map of the choline/citrate ratio; E — pharmacodyna-
mical analysis; F - '®F-fluorocholine accumulation, PET/MRI fusion; G - histological specimen with signed tumorous tissue

Naopak jediny falesné negativni pfipad ukdzal velmi maly = mozné nalézt na mapdach farmakodynamické analyzy a difuz-
periferné ulozeny karcinom, kdy pti zpétném hodnoceni bylo = niho vazeni diskrétni nélez.
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A Obr. 3A

A Obr. 38

A Obr. 3C

A Obr.3D

Tab. 2. Vysledky Tab. 3. Falesné pozitivni ndlezy
Table 2. Results Table 3. False positive findings
Prvni 4M Druhé 4M Celkem Falesné pozitivni nalezy 14
spravné pozitivni 13 28 41 prostatitis 2
spravné negativni 8 22 30 high-grade PIN 3
falesné pozitivni 9 5 14 adenomyomatoézni hyperplazie 9
falesné negativni 0 1 1 z toho velmi suspektni MRI nalez 3
pocet vysetieni 30 56 86
senzitivita (%) 100,00 96,55 97,62
specificita (%) 47,06 81,48 68,18
PPV (%) 59,09 84,85 74,55
NPV (%) 100,00 95,65 96,77 D I S KU S E
Zobrazeni prostaty a detekce karcinomu prostaty (PCA) je
v radiodiagnostice dlouhodobé velmi problematickou za-
lezitosti. Kromé magnetické rezonance neposkytuji ostatni
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A Obr. 3E

A Obr. 3G

A Obr. 3H

Obr. 3. ,Falesné” negativni ndlez na MRI, nemocny s hladinou PSA 113 ng/I. A-D - farmakodynamickd analyza; E— ADC mapa s restrikci difuze; F - po-
zitivni spektrdlni ndlez; G - mapa poméru cholin/citrate; H — akumulace '®F-fluorocholinu, fize PET/MRI; u nemocného byly provedeny tii negativni punkcni

biopsie

Fig. 3. “False” positive finding of MRI, PSA level 113 ng/I. A-D — pharmacodynamical analysis; E - ADC map; F - positive spectral finding; G - map of the
choline/citrate ratio; H - "®F-fluorocholine accumulation, PET/MRI fusion; in patient were performed three biopsies with negative findings

metody dostate¢né kontrastni rozliSeni. Sama metodika mag-
netické rezonance dlouhodobé postradala rovnéz dostateéné
technické podminky k ziskani kvalitniho odstupu signélu
od $umu za prijatelnych skenovacich ¢ast. V poloviné minulé
dekady byly postupné zavedeny do klinické praxe endorektal-
ni dedikované civky, které mély za cel zvyseni kontrastniho
rozliSeni a homogenity signalu v blizkém poli za cenu zvy$eni
invazivity vy$etfeni. Postupné byly do klinické praxe rovnéz

produkovéany systémy s vy$$i magnetickou indukci, namisto
1,5T se zacaly prosazovat v zobrazovani panve véetné prostaty
systémy 3 T (8, 9). Se zvySenim kvality rozliseni byly postupné
vyzkou$eny povrchové civky a byla dokdzana shodna repro-
dukovatelnost obrazti i spektroskopického nalezu, ziskanych
jak povrchovymi, tak endorektalnimi civkami (4, 5, 7, 9).
Vyvojem skenovacich technik byly postupné kompletovany
protokoly morfologické, protokoly molekuldrniho zobrazeni
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se spektroskopii a difuznim zobrazenim. Nejnovéji byly zave-
deny do klinické praxe dynamické skenovaci protokoly, které
je mozné vyuzit jako zdrojova data pro farmakodynamickou
analyzu. Posunem v hodnocenti je jednoznaéné i moznost no-
vych analytickych postupt pro vytvafeni map distribu¢nich
parametru kontrastni latky (2, 6,7, 11).

Z hlediska nalezu magnetické rezonance byva typickym
karcinomem prostaty oznacovan tumor vznikajici v periferni
z6né 7lazy, hypointenzivni v T2 (3), vykazujici restrikei difuze
pti spektroskopickém nélezu, obsahujici vysoky kmit cholinu
s kreatinem, v dynamickém postkontrastnim obrazu rapidné se
sytici kontrastni latkou, ale sou¢asné s jejim rychlym vymyva-
nim (12). Nalezeni typického obrazu byva jednozna¢né, avak
existuje velkd skupina obrazii, které se od idedlniho zna¢né lisi.

T2 hypointenzivni 1éze v tkni prostaty v prechodové z6né
jsou velmi ¢asté u adenomyomatdzni prestavby, dale u kalci-
fikaci ve zlaze. Adenomyomatdzni hyperplazie zptsobi ¢asto
vytladeni tkdné periferni zény do podoby tizké slupky.

Problém hodnocent restrikce difuzivity spoéiva v pfitom-
nosti nehomogenit zpusobenych krvacenimi po predchozi
biopsii. Dale restrikce difuzivity byva pritomna u zanétlivé
infiltrace s vysokou buné¢nosti (hnisava prostatitida). Problé-
mem mohou byt také artefakty na prechodu prostaty v okolni
tukové luzko nebo silna vrstvy vaziva na povrchu, kdy chyb-
nym hodnocenim muze byt pfehlédnuta léze na samé perife-
rii, jak se stalo i v na§em jediném fale$né negativinim nalezu.
Pro lepsi orientaci muze byt pouzito mapy b-value, kterd je
dle nasich zku$enosti méné citlivd k témto artefaktam (12).

Ani hodnoceni spektroskopie neni prosto potiZi; nejvy-
znamnéj$im problémem je dle naich zku$enosti problém
parcidlniho objemu. Jelikoz tumory prostaty casto tvoii
hnizda o velikosti jen nékolik malo milimetrii, voxel, kte-
ry je tvofen zobrazenim pouZitym v protokolu a je krychli
o hrané 0,5 cm, miize byt pro presné posouzeni hladiny cho-
linu ve tkani nedostate¢ny (10). Tvori-li karcinom jen mensi
¢ast objemu méteného voxelu, nebo presahuje-li z¢asti navic
mimo néj, nemusi byt ziskané spektrum urcujici pfitomnost
karcinomu. Tento problém je jesté vice zesilen v oblasti hyper-
trofické tkané v prechodové z6né nebo na okraji prostaty (8).

Dynamické zobrazeni po podani gadoliniové kontrastni
latky je standardnim postupem pti zobrazovani mnoha nado-
rovych procestl — za mnohé je tfeba jmenovat zobrazeni prsu.
U karcinomil az na vyjime¢né situace plati, Ze se nadorova
tkan diky neovaskularizaci velmi rychle syti podanou kon-
trastni latkou a pozdéji dochédzi k ¢asnému vymyvani kon-
trastni latky. V nadorové tkani je mozné aplikovat kompart-
mentovy model distribuce latky s extracelularni distribuci
(6). Nadorova tkan obsahuje cévni prostor, dale extracelu-
larni prostor tvofeny mezibunéénymi prostory. U karcino-
mu prostaty byva nékdy zvazovan jako dalsi prostor acinarni
prostor zlazek. Pti dynamickém zobrazeni registrujeme diky
neovaskularizaci ¢asnou hypervaskularizaci, kterd se odrazi
ke zvétsenému obejmu kontrastni latky ve tkani. Objem je vy-
pocitan jako plocha pod ktivkou vzniklou dle intenzity v jed-
nom kazdém voxelu (area under the curve). Soucasné vsak,
protoze nedostate¢nostmi stény novotvorenych cév molekuly
rychleji pronikaji do extraceluldrniho prostoru, unika rychleji
kontrastni latka do extraceluldrniho prostoru. Rychlost pre-
stupu k.l. mimo cévni prostor charakterizuje tzv. transferova
konstanta (K ). Rychlé zpétné uvolnéni molekuly do cév-
niho prostoru charakterizuje eliminacni konstanta (K ). Ve-
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likost extraceluldrniho objemu (V) je zdvisld na bunécnosti
nadorové tkané. Obecné Ize konstatovat, Ze mapy farmako-
dynamickych parametrti pomahaji identifikovat v prostatické
tkani oblasti hypervaskularizace. Ty, ve kterych je rychlejsi
prestup kontrastni latky do intersticia, a kde je jeji rychlejsi
eliminace zpét do krevniho obéhu. Tyto mapy jsou tedy dob-
rym voditkem k tomu, aby bylo mozné hodnotit kfivku syceni
tkané v oblasti zdjmu. Samotné hodnoceni charakteru kfivky
ma vyzna¢né postaveni v odliSeni hypervaskularizace z neo-
vaskularizace u karcinomu od uzlovitych vyskularizovanych
lozisek adenomyomatdzni hyperplazie.

Ke spravnému urc¢eni mista podeztelého z karcinomu neni
mozné pouzit pouze jediného pozitivniho priznaku, vétsina
autorti prisuzuje nalezu vahu, pokud jsou kombinovany pa-
tologické nélezy z difuzniho zobrazeni s nélezy patologického
zastoupeni cholinu ve spektru a s ndlezem morfologickym
na T2 obrazech (11). Nase zkusenosti ukazuji na mimorad-
nou vahu nalezu hypervaskularizace s rapidnim nasycenim
a rychlym vymyvanim tkdné, kdy farmakokinetické mapy
ukazuji na oblast podeztelou, kdy by mélo byt vlastni precizni
zhodnoceni provedeno pomoci konstrukce kiivky syceni.

Velmi zajimavym aspektem analyzy souboru porovnavaji-
ciho nalezy magnetické rezonance s bioptickymi zavéry vzor-
ki ziskanych transrektalni punkci jsou fale$né pozitivni nale-
zy. V rozséhlych kohortach nemocnych byla ziskana data, ze
u nemocnych s patologickou hladinou PSA je 66-71 % biopsii
negativnich, a navic az 23 % karcinomu prostaty neni zastize-
no v prvni biopsii. Tento fakt je velmi vyznamnym u tzv. Sedé
z6ny — hodnoty PSA 4-10 ng/ml (1). Je obtizné se tedy serioz-
né postavit k faktu, ze témét kazdy Ctvrty pripad fale$né po-
zitivniho nalezu MRI mtize byt ve skute¢nosti biopsii nedia-
gnostikovanym karcinomem. Tento problém dokumentuje nas
pozitivni nalez u muze s hladinou PSA 113 a negativni biopsii
i s cilenim dle jednozna¢né vysoce pozitivniho nélezu na MRI
a déle ptipady celkem péti nemocnych, u nichz byla diagnéza
karcinomu prostaty prokazana az opakovanou biopsii.

Stejné zavaznym problémem, jako je neodhaleni karcinomu
prostaty, mtiZe byt jeho diagnostikovani. Pozitivni diagnéza kar-
cinomu prostaty dle studii ze Spojenych stati americkych vede
ke zvy$eni kardiovaskularni morbidity a mortality a také ke zvy-
$eni incidence suicidalniho chovani (1). JelikoZ rizika plynouci
z karcinomu prostaty jsou zavisla na agresivité procesu a dale také
na véku nemocného, bude v budoucnosti zapottebi také hodnotit
riziko agresivniho chovani nadoru. V budoucnosti bude mozné
ve studii kvantifikovat, eventualné navrhnout skére dle restrikce
difuzivity, charakteru neovaskularizace a trovné podilu cholinu
ve spektru (10). U nadord prostaty je rutinné uzivanym zputso-
bem hodnoceni gradingu nadort prostaty pomoci Gleasonova
skore, ke kterému by srovnani mohlo byt vztahovano.

ZAVER

Nage analyza relativné velkého prospektivné sledovaného
souboru dovoluje konstatovat, Ze komplexni zobrazeni pro-
staty na 3T MRI zahrnujici morfologické zobrazeni, zobra-
zeni difuze molekul vody, biochemické hodnoceni pomoci
MR spektroskopie a hodnoceni postkontrastniho syceni je
robustni diagnostickd metoda s velmi slibnymi vysledky pii
odhalovani karcinomu prostaty u nemocnych s patologicky-
mi hodnotami PSA v¢etné nizkého free-to-total poméru PSA.
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Abstract. Background/Aim: The aim of this work was to
evaluate experience with multiparametric breast imaging on
3-Tesla magnetic resonance (3T-MRI) scanner using a
dedicated 18-channel coil compared to histological findings
in women after surgery. Materials and Methods: The study
included 100 women with 105 Breast Imaging Reporting and
Data System (BI-RADS) 4 to 6 lesions by mammography who
were examined using 3T-MRI and subsequently underwent
surgery. MRI included non-contrast T1, T2 and T2 short tau
inversion recovery (STIR) sequences, diffusion-weighted
imaging with apparent diffusion coeficient maps,
postcontrast dynamic study and single-voxel MRI
spectroscopy. The results were compared to those of
histopathological examination. Results: A sensitivity of
98.68% was found for the whole population, with specificity
of 86.20%. The most valuable findings were diffusion
restriction with sensitivity of 90.79% and specificity of
89.66%, and increased choline in the spectrum with
sensitivity of 68.42% and specificity of 93.10%. Evaluation
of the enhancement curve had sensitivity of 45.05% and
specificity of 72.41%. In examination of lymph nodes, 3T-
MRI had sensitivity of 92.59% and specificity of 93.87%.
Conclusion: Multiparametric 3T-MRI breast imaging shows
excellent results in evaluation of breast cancer compared to
histological findings, both for primary tumor and nodal
metastases. The greatest contribution to improving
diagnostic performance is the evaluation of diffusion.
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Magnetic resonance imaging (MRI) is the imaging modality
of choice for advanced assessment of changes in the
mammary gland to confirm benignity or malignancy of the
lesion and for precise staging before surgery, in particular to
confirm or rule out multifocal and multilateral carcinoma (1,
2). Although targeted MRI of the breast is well-established
in clinical practice, the introduction of 3T scanners into
clinical routine use, recent advances in receiving coil design,
and new scanning sequences has brought new options for
multiparametric high-resolution breast imaging.
Conventional protocols combining morphological TI-
weighted images, T2-weighted images including T2 short tau
inversion recovery (STIR) sequences and finally dynamic
T1-weighted gradient echo images after administration of
gadolinium contrast media are routinely used today. New
techniques, widely used in other indications for tumor
imaging, diffusion-weighted imaging (DWI), 'H MR
spectroscopy (MRS) and pharmacokinetic analysis methods,
have minimally been used for breast imaging. The aim of the
work was to evaluate our experience with multiparametric
breast imaging using a 3T-MRI scanner with dedicated 18-
channel coil compared to histological findings in women
after surgery. At the same time, we evaluated the benefits of
the individual parameters for the detection of breast
carcinoma.

Materials and Methods

The study included 100 women (aged 23 to 71 years, mean
age=52.7 years) with Breast Imaging Reporting and Data System
(Bi-RADS) 4 to 6 lesions in mammography who were examined on
3T-MRI and subsequently underwent surgery. Five women had
surgery on both breasts. All patients underwent a simultaneous
multiparametric breast examination on 3T-MRI (Skyra, Siemens
Healthcare, Erlangen, Germany) using an 18-channel dedicated coil
(Breast 18, Siemens Healthcare, Erlangen, Germany). The imaging
protocol included T1-weighted images, T2-weighted images with
suppression of the signal from adipose tissue by STIR, DWI
acquired by echo planar sequences with suppression of the signal
from adipose tissue by spectrally adiabatic inversion recovery
(SPAIR), including the calculation of the apparent diffusion
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coefficient (ADC) map. All images were made in the transverse
plane. The protocol continued with dynamic gradient echo T1-
weighted images (DynaViews) with suppression of the signal from
adipose tissue by the spectral attenuated inversion recovery (SPAIR)
technique after administration of contrast agent in six cycles, where
the contrast agent gadoterate meglumine (Dotarem, Guerbet, Paris,
France; relaxivity r{=3.4+0.4 mmol/s at 3T) was administered at 0.1
mmol/kg between the first and second acquisition, and image
subtractions and whole-volume breast reconstructions were also
made in-line using the maximum intensity projection (MIP)
algorithm in the transverse and coronal planes. After the evaluation
of the post-contrast phase, lesions were selected and spectroscopic
measurements were performed by single voxel spectroscopy (SVS)
using the turbo gradient-spin-echo (GRASE) sequence with
selective pulse suppression of water and lipid signals.

The findings were evaluated using the double reading method.
Both evaluations were performed by radiologists with 20 years of
experience in breast MRI. The shape and internal structure of the
lesion were evaluated. In DWI, the ADC maps were evaluated, and
signs of diffusion restriction were monitored in relation to the focal
lesions enhanced after the administration of the contrast agent,
significant decrease of ADC value suspected from carcinoma was
set below the level of 1,000x10-¢ mm?2/s. Visual evaluation of the
metabolite spectra was performed as part of the assessment, with a
special focus on choline, using the total-choline-peak (tpCho)
method and evaluation of the tpCho peak integral and the level of
the arbitrary value (AU) significant for malignancy was set to 7 AU.
An essential part of the evaluation was the use of pharmacokinetic
analysis (Tissue4D; Siemens Healthcare).

Breast surgery, i.e. partial resection or subcutaneous or total
mastectomy, was performed in all patients, while patients with
malignant findings underwent resection of axillary lymph nodes
based on the results of a sentinel node biopsy or axillary lymph
node dissection in the case of severe preoperative findings. All
resected tissue samples were subjected to histopathological
examination, including an evaluation of structure, nuclear grading,
proliferation activity, presence of estrogen and progesterone
receptors, and the presence of human epidermal growth factor
receptor 2 neu (HER2/neu) gene mutation.

The findings obtained by pathologist were compared with
preoperative findings on MRI, and sensitivity and specificity was
evaluated in the entire population and for the individual findings.

All imaging and surgical procedures were performed after
informed consent was obtained, the study was carried out in
accordance with Helsinki declaration.

Results

There were 105 surgeries to be compared with results of
breast MRI. A total of 76 malignant findings were detected
in the group of breasts operated on, and benign lesions were
found in 29 breasts (Table I). In 76 surgeries, lymph nodes
were removed from the axilla, and metastatic involvement
was confirmed by a pathological anatomist in six cases.
When comparing MRI results with pathological and
anatomical findings, a sensitivity of 98.68% (75/76) was found
throughout the population, with specificity of 86.20% (25/29),
when all evaluation parameters were considered, such as lesion
shape, the presence of diffusion restriction, increased choline

Table 1. Summary of diagnoses proven by biopsy.

Diagnosis N
Invasive ductal carcinoma 38
Invasive lobular carcinoma 31
Ductal carcinoma in situ 7
Sclerosing adenosis 11
Papilloma/papillomatosis 8
Fibroadenoma 7
Abscess 2
Granuloma 1
Total 105

in the spectrum and enhancement of the lesion. Four false-
positive results were detected in the population, which were
confirmed as ductal fibroadenoma in one case by histology and
showed enhancement characteristics corresponding to rapid
enhancement, slow elution of the contrast medium and an
increased percentage of choline in the spectrum, on the other
hand, its shape was round and its diffusivity was relatively
high, higher than that of the pectoralis major muscle; with
additional false-positive findings confirmed as two cases of
sclerosing adenosis and one case of papilloma.

In a more detailed analysis of the sensitivity and
specificity of signs for breast cancer detection in the study
population, the most valuable findings were diffusion
restriction with the highest sensitivity and specificity:
sensitivity of 90.79% (69/76), specificity of 89.66% (26/29),
and increased choline in the spectrum above 7 AU when
assessing the tpCho integral, with sensitivity of 68.42%
(52/76) and specificity of 93.10% (27/29).

Traditional evaluation of the enhancement curve
characteristics was affected by a very low sensitivity
(45.05%, 35/76) with a relatively high specificity (72.41%,
21/29) (Tables II and III). Subjective criteria were used to
evaluate the lymph nodes based on the shape and size of the
nodes and the character of their enhancement. Eeven for
precise assessment in multiple lymph node involvement, and
in solitary nodal metastases the results were very good, with
satisfactory values of sensitivity (92.59%, 25/27) and
specificity (93.87%, 46/49) being achieved in the entire
population of women who underwent surgeries including
axillary lymph node removal (Table IV).

Discussion

Non-contrast-enhanced morphological imaging based on T1-
and T2-weighted images have only limited value in detection
and characterization of breast carcinoma. We use T1 fast low-
angle single shot (FLASH) for the detection of adipose tissue
in the lesions, and in cases after biopsy, for the detection of
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Table II. Results of magnetic resonance imaging versus biopsy findings.

Multi- Spiculated or ADC value tpCho Enhancement Enhancement
parametric irregular <1000x10-6 integral curve wash curve progressive
assessment lesion margins mm?/s >7 AU out or plateau or logaritmic

True positive, n 75 46 69 52 35 41
False negative, n 1 30 7 24 41 35
True negative, n 25 17 26 27 21 8
False positive, n 4 12 3 2 8 21
Total, n 105 105 105 105 105 105
Sensitivity 98.68% 60.53% 90.79% 68.42% 46.05% 53.95%
Specificity 86.21% 58.62% 89.66% 93.10% 72.41% 27.59%
Positive predictive value 94.94% 79.31% 95.83% 96.30% 81.40% 66.13%
Negative predictive value 96.15% 36.17% 78.79% 52.94% 33.87% 18.60%

ADC: Apparent difusion coefficient; AU: arbitrary unit; tpCho: total-choline-peak.

hemoglobin degradation products, especially methemoglobin
(1). T2-Weighted images are aimed at imaging tissues with
relatively high or very high water content such as cysts or
fluid collections in abscesses. When evaluating the shape of
a pathological lesion, post-contrast T1-weighted images with
adipose tissue signal suppression are of the utmost
importance, as they allow better differentiation between
smooth oval, lobular and stellar lesions (2). When using
isotropic or near isotropic imaging, the shape of the lesion
can be evaluated in any plane by multiplanar reconstruction.

DWTI in breast diseases is useful for assessing tissue
microstructure. Highly cellular tumors with small cells and
small intercellular space lead to a limitation of Brown’s free
movement of water molecules, resulting in diffusion
restriction (3-5). However, the character of malignant tumor
growth may differ. In particular, higher grade tumors exhibit
the highest degree of diffusion restriction compared to lower
grade tumors. For tumors of grade 3 or more, the ADC is
about 1,000x10™° mm/s? or even lower (4-7). If an ADC
value of 1,270x107® mm/s2 or lower is chosen for the
detection of a malignant lesion in the breast, the sensitivity
of carcinoma detection is 100% and the positive predictive
value is 65%. With decreasing ADC value, sensitivity
decreases (well-differentiated carcinomas types are falsely
negative), but positive predictive value increases. In contrast,
for benign lesions, the ADC values are above 1,500x107°
mm/s up to 2,000x107% mm/s? (6).

Dynamic post-contrast imaging has been used in the
diagnosis of breast cancer by MRI since the early 1990s. At
present, high spatial resolution techniques with voxel size of
I1x1 mm are preferred as they allow detection of small lesions
of less than 5 mm (1). Conventional imaging algorithms used
data acquisition at 1 min. intervals of up to 9 to 10 minutes
after contrast agent administration. In our practice, we used
five post-contrast series to calculate the enhancement curve

Table III. Enhancement curves in invasive ductal carcinoma and
invasive lobular carcinoma.

Enhancement curve wash out or plateau

Finding IDC ILC
True positive, n 26 10
False negative, n 12 21
Total 38 31
Sensitivity* 68.42% 32.26%

IDC: Invasive ductal carcinoma; ILC: invasive lobular carcinoma.
*Specificity and other parameters cannot be calculated.

Table IV. Axillary lymph node assessment: magnetic resonance imaging
versus biopsy findings.

Finding N
True positive 26
False negative 2
True negative 46
False positive 2
Total 76
Sensitivity 92.86%
Specificity 95.83%
Positive predictive value 92.86%
Negative predictive value 95.83%

and also to evaluate the pharmacokinetic parameters. When
evaluating the findings, it is important to assess the initial
skewness of the curve and its subsequent development. For
carcinoma, a typical tissue intensity curve is traditionally rapid
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Figure 1. Ductal invasive carcinoma with activated (benign) axillary lymph node. A: T1-Weighted postcontrast image (Roil: lymph node, Roi2:
carcinoma). B: Diffusion- weighted image showing restriction of diffusion within the tumor. C: Enhancement curves for the lymph node (Roil ) and
tumorous tissue (Roi2). D: Magnetic resonance imaging spectroscopy shows high choline (Cho) peak integral.

rising with a subsequent decrease in intensity (washout) (2),
while a slow continuous increase in tissue intensity resembling
the shape of a logarithmic curve is typical for benign lesions.
However, our results show that the traditional ‘malignant’
curve is relatively rare for lobular carcinomas, although it
describes slightly more than half of ductal carcinomas cases
(Figure 1). For these reasons, an evaluation based on the
enhancement curve alone is not sufficient. Finding of a
‘benign’ curve in malignant tumors might be explained by
desmoplasia, or infiltrative growth, which may be the cause
of relatively low vascularity (Figure 2). Overall, it can be
stated that the character of breast enhancement is relatively

variable and should always be evaluated in the wider context
of other findings. The sensitivity of dynamic post-contrast
imaging usually exceeds 90% in expansive tumors but the
specificity varies from 37% to 95% (1). The values of these
parameters are significantly lower for infiltrative tumors. The
relative larger count for lobular carcinoma and ductal
carcinoma in situ leads to lower sensitivity and specificity for
detection of carcinoma using enhancement alone.
Examination of breast tissue is a relatively new use of
MRS. When assessing focal breast lesions, the method is
based on the presence of choline derivatives, as with other
tissues. Their resonance appears at around 3.2 ppm (8).
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Figure 2. A: Lobular invasive carcinoma (Roil and Roi4) with metastases to the axillary lymph nodes (Roi2 and Roi3). B: Note the logarithmic

shape of the enhancement curves.

Choline, phosphocholine, glycerophosphocholine and
taurine, substances involved in the building and destruction
of biomembranes composed of the phospholipid bilayer, are
believed to contribute to the resonance signal. Choline
oscillation is complex in breast tissue and is termed tpCho.
SVS is more commonly used than chemical shift imaging
(CSI). The voxel volume is customized to the volume of the
lesion, and the quality of the obtained spectrum is higher.
There are relatively few studies using CSI, but these show
results similar to those with SVS. While values of the tpCho
integral greater than 7 were considered pathological here, we
nevertheless achieved similar sensitivity as when the cut-off
level was 2.6 (9). In other comparable studies, higher choline
levels were found in some fibroadenomas, similar to the
results of our study, as opposed to benign lesions, such as
inflammation or sclerosing adenosis. These lesions have
been found to have low integral values, with a median of
about 2. However, values above 4.5 have not been found in
fibroadenomas in published reports, but in our population
fibroadenoma (false-positive finding) had an integral value
of 8.02. The value of the tpCho integral has a marked
relationship with the differentiation of lesions and increases
in dedifferentiated carcinoma types, with high proliferative
activity, and then reaches a significantly higher value than
for well-differentiated lesions, both in lobular and ductal
carcinomas (8, 9). In contrast, in tumors with very low
proliferative activity, especially lobular, the choline fraction
in the spectrum is scarce in lesions with a benign character.
Spectroscopy therefore has a significant additive role in the

detection of carcinoma but also is of great importance in
assessing the aggressiveness and biological behavior of the
carcinoma.

Our patient sample was affected by an imbalance in the
frequency of lobular carcinomas in reality, the reason being
that MRI is more often indicated for biopsy-confirmed
lobular carcinomas due to the more probable presence of
multifocality and bilaterality. We achieved very satisfactory
results by combining examinations of multiple parameters.
DWTI and spectroscopy should be considered as the most
valuable in the evaluation of lesions, while dynamic imaging
appears to be of less importance for the differentiation of
benign and malignant lesions. However, it is a necessary part
of the examination, which is used to target spectroscopic
imaging and other methods of targeted evaluation. One way
of the future development of breast imaging could be
positron-emission tomography-MRI, which will further
improvement of multiparametric diagnostics by including
energy metabolism (13, 14).

Conclusion

Multiparametric 3T-MRI breast imaging shows excellent
results in breast cancer evaluation compared to histological
findings, both for primary tumor and nodal metastases. The
greatest contribution to improving diagnostic performance is
the evaluation of water molecule diffusion, where the T2-
weighting nature exploits the greatest benefits of 3T-MRI,
despite distortion problems.
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SOUHRN

Mirka H, Ferda J, Jindra P, Steinerova K,
Hejda V. Kvantifikace jaterni steatdzy a si-
derdzy na 3T MR pristroji pomoci metod
two-point Dixon, multiecho Dixon s T2*
relaxometrii a "H MR spektroskopie s T2
relaxometrii

Cil: Prace shrnuje nase prvni zkusenosti se
stanovenim obsahu tuku a Zeleza v jatrech
na 3T pristroji pomoci softwaru vyuZivaji-
ciho soucasné techniku two-point Dixon,
techniku multiechoDixon kombinovanou
s T2* relaxometrii a single voxel 'H spektro-
skopii v kombinaci s T2 relaxometrii.
Metodika: Do studie bylo zahrnuto 55
MR vysetfeni jater provedenych na 3T pti-
stroji za pouziti softwarového baliku Liver-
Lab (Siemens, Erlangen, Némecko), ktery
obsahuje sekvence a posprocessingové na-
stroje umoznujici stanovit obsah tuku a Zele-
za pomoci vy$e uvedenych technik. Jako re-
feren¢ni metody jsme pouzili 'H single voxel
spektroskopii a sérovou hladinu feritinu.
Vysledky: Technika two-point Dixon do-
sahla pfi rozhodovani o pfitomnosti steatozy
ve srovnani se spektroskopii senzitivity (SE)
72,4% a specificity (SP) 80,7 %. Technika
multiecho Dixon v oblasti zajmu, ktera se
shodovala s oblasti zdjmu pro spektroskopii,
meéla pfi rozhodovani o pfitomnosti steatézy
SE 72,4 % a SP 92,3 %. Pii kvantifikaci dosah-
la velmi vysoké shody se spektroskopii r =
0,93. Pti rozhodovani o pritomnosti jaterni
sider6zy méla technika two-point Dixon SE

SUMMARY

Mirka H, Ferda J, Jindra P, Steinerova K,
Hejda V. Quantification of hepatic steato-
sis and siderosis on 3T MR using methods
of two-point Dixon, multiecho Dixon with
T2 * relaxometry and 'H MR spectroscopy
with T2 relaxometry

Aim: Our study deals with our first experi-
ence with quantification of liver fat and iron
concentration at 3T MRI using two-point
Dixon technique, multiecho Dixon tech-
nique combined with T2* relaxometry and
single voxel 'H spectroscopy in combination
with T2 relaxometry.

Methods: 55 MR examinations were in-
cluded into the study. The examinations were
performed using a software package Liver-
Lab (Siemens, Erlangen, Germany), which
contains the sequence and posprocessing
tools enabling evaluation using techniques
that are mentioned above. As reference
methods we used 1H single voxel spectros-
copy and serum ferritin.

Results: In decision on the presence of
steatosis two-point Dixon reached sensitivity
(SE) 72.4% and specificity (SP) 80.7% com-
pared to MR spectroscopy. Multiecho Dixon
with measurement in the regio of interest
that coincide with the area of interest for
spectroscopy, had in decision on the pres-
ence of steatosis SE 72.4% and 92.3% SP. In
quantification it reached a very high agree-
ment with spectroscopy, r = 0.93. When de-
ciding on the presence of hepatic siderosis
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69,2% a SP 60,0%. T2* relaxometrie méla
pti rozhodovani o pritomnosti siderézy SE
92,3% a SP 100 %. Pfi kvantifikaci dosdhla
vysoké shody se sérovymi hladinami feriti-
nu, r = 0,74. U T2 relaxometrie byla pti roz-
hodovani o pritomnosti siderézy SE 61,5%
a SP 80,0%. Shoda se sérovymi hladinami
feritinu byla nizka, r = 0,28. Pfi srovnani T2
a T2* relaxometrie byla shoda obou metod
nizka, r = 0,38.

Zavér: Ve studii se ukazuje, Ze ze srov-
navanych metod pro soucasné stanoveni
koncentrace tuku a Zeleza v jatrech je z prak-
tického hlediska nevyhodnéjsi technika mul-
tiecho Dixon spojena s T2* relaxometrii.

Kli¢ova slova: magnetickd rezonance,
two-point Dixon, Multiecho Dixon, 'H MR
spektroskopie, T2* relaxometrie, T2 relaxo-

two-point Dixon compared to serum feritine
level reached SE 69,2% and SP 60.0%. T2* re-
laxometry had in decision on the presence of
siderosis SE 92.3% and SP 100%. In quanti-
fication it reached a high agreement with se-
rum ferritin, r = 0.74. At T2 relaxometry was
when deciding on the presence siderosis SE
61.5% and 80.0% SP. Agreement with serum
ferritin was low, r = 0.28. When comparing
T2 and T2* relaxometry the agreement of
both methods was low, r = 0.38.
Conclusion: Our study shows that mul-
tiecho Dixon technique combined with T2*
relaxometry is from practical point of view
the most suitable technique for simultaneous
estimation of the liver steatosis and siderosis.
Key words: magnetic resonance, two-
point Dixon, multiechoDixon, '"H MR spec-

metrie.

uvoD

Rada chronickych onemocnénti jater je spojena s patologickou
akumulaci tuku (steatézou), zeleza (siderézou) nebo jejich
kombinaci. Pokud tyto stavy nejsou v¢as zachycené a lécené,
mohou vést k rozvoji jaterni fibrézy a cirhdzy s komplikace-
mi, jako je portalni hypertenze, selhani jater a hepatocelu-
larni karcinom. Jaterni steatéza se nejcastéji vyskytuje u ne-
mocnych s nealkoholovym tukovym jaternim onemocnénim
(non-alcoholic fatty liver disease - NAFLD) a abuzem alko-
holu. Pozornost klinickych Iékart je nasmérovana predevsim
k NAFLD, coz je v soucasnosti nej¢astéjsi chronické jaterni
postizeni v industrializovanych zemich. Jedna se o dynamicky
se vyvijejici onemocnéni bez klinickych symptomu, které je
rizikovym faktorem rozvoje metabolického syndromu (obe-
zita, hyperlipidemie, diabetes mellitus 2. typu, hypertenze).
Asi ve Ctvrtiné pripadti onemocnéni bez 1é¢by progreduje
do nealkoholické steatohepatitidy (NASH), kterd pak prechd-
zi do jaterni fibrdzy a cirhdzy. Predpoklada se, ze spoustécim
mechanismem této transformace mize byt pretizeni Zelezem,
infekce, geneticka dispozice nebo stres. Pokud je jaterni posti-
zeni v¢as odhaleno a lé¢eno, 1ze vhodnou 1é¢bou agresivnimu
prubéhu onemocnéni zabranit (1, 2). Jaterni siderdza je spoje-
na s onemocnénimi zpusobujicimi zvy$enou absorpci Zeleza
ve stievech (hereditarni hemochromatéza, chronicka jaterni
onemocnéni véetné NASH), zvy$enou destrukci erytrocytt
(srpkovita anemie), hemolyzu (thalasemie) nebo s opakova-
nymi transfuzemi. ZvySena koncentrace Zeleza v jaterni tkani
vede k rozvoji oxida¢niho stresu, ktery opét provokuje vznik
fibrézy a cirhdzy (3, 4). Magnetickd rezonance je vysoce citliva
ke zvyseni obsahu tuku i Zeleza v jaterni tkani a pomoci niZze
uvedenych specidlnich metod jej umoziuje i kvantifikovat.

troscopy, T2* relaxometry, T2 relaxometry.

STANOVENIi OBSAHU TUKU

Technika two-point Dixon (dual echo
zobrazeni, zobrazeni pomoci chemického
posunu)

Tato metoda je zaloZena na zobrazeni pomoci T1 gradient
echo sekvence v in-fazi (IF) a opposed-fazi (OF), které je béz-
nou soudasti vysetteni jater. Béhem jedné akvizice jsou ziskany
dva obrazy za pomoci rtiznych echo ¢ast (TE), které reflektuji
odli$nou rezonan¢ni frekvenci protont vody a tuku (tuk cca
1,2 parts per milion (ppm), voda 4,7 ppm, rozdil 3,5 ppm).
V IF je zvolen takovy TE, ve kterém maji peak signalu vody
a dominantni peak signdlu tuku stejnou fazi a spole¢né se po-
dileji na signalu jater. V OF jsou tyto dva peaky v opa¢né fazi
a dochazi k subtrakei signélu tukové tkané. Hodnoty TE zavisi
na sile magnetického pole. V 1,5T magnetickém poli je pe-
rioda oscilace peaku vody 2,4 ms a dominantniho peaku tuku
4,8 ms. Proto se pro zobrazeni v IF pouziva TE 4,8 ms nebo
jeho nasobky a pro zobrazeni v OF ¢as TE 2,4 ms nebo jeho
nasobky. U 3T systému jsou hodnoty TE polovi¢ni, tedy pro
IF 2,3 ms a pro OF 1,15 ms. U raiznych systémi se tyto Casy
mohou mirné lidit, coz je patrné i v protokolu naseho vysette-
ni (5). Kvantifikaci obsahu tuku lze z takto ziskanych obrazu
provést pomoci Dixonovy techniky (two-point Dixon), kterd
vychazi z predpokladu, Ze obrazy v in-fazi (IF) jsou tvorené
souctem signélu tuku (F) a vody (W): IF = W + E, kdeZto ob-
razy v opposed-fazi (OF) jsou jejich rozdilem: OF = W - E.
Mapy signalu vody a tuku jsou rekonstruovany podle nasle-
dujicich vzorct: W =1/2 [IF + OF] = 1/2 [(W + F) + (W - F)]
aF=1/2 [IF - OF] = 1/2 [(W + F) - (W - F)] (6). Vyhodou
této metody je rychlost, technickd nendro¢nost a moznost
hodnoceni celého objemu jater (obr. 1, 2). Nevyhodou je niz-
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Tukova frakce Vodni frakce
A Obr. 1

Obr. 1. Two-point Dixon - normdlni ndlez
Fig. 1. Two-point Dixon - normal finding

osed faze

Tukova frakce Vodni frakce

A Obr.2

Obr. 2. Two-point Dixon, steatéza - zvyseni intenzity signdlu v mapé tukové frakce
Fig. 2. Two-point Dixon, steatosis - increased signal intensity in fat fraction map
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$1 dynamicky rozsah hodnoceni tukové frakce (0-50 %), va-
riabilita vysledkd pti pouziti riznych systému a skenovacich
parametru a také skute¢nost, ze se hodnoti pouze dominantni
peak signalu tuku, protoze ve skute¢nosti ma tukova tkan dal-
$1 mensi pridatné peaky rezonujici na odlisnych frekvencich
(0,94-1,5 ppm) (7-9).

Technika multiecho Dixon

Tato metoda vyuziva pro stanoveni obsahu tuku, na rozdil
od predchozi, nejen magnitudu signalu, ale i fazovou in-
formaci z minimdlné tfi obraztl ziskanych s rtiznymi TE.
Obvykle se vyuzivaji tfi pary obrazi v IF a OF. Vzhledem
k tomu, Ze Ize takto identifikovat vice peaki tuku, je separace
signalu tuku a vody presnéjsi nez u predchozi metody. Vyu-
zivaji se T1 gradientové sekvence s malymi sklapécimi thly.
Tukovou frakci lze uréit ze vztahu FF = Sf/(Sw + Sf), kde FF je
tukova frakce, Sf intenzita signélu tuku a Sw intenzita signalu
vody (obr. 3). Vzhledem k tomu, Ze jsou k dispozici obrazy
s vice TE, je mozné soucasné se stanovenim tukové frakce
urdit za pouziti matematické metody nejmensich ¢tverctt T2*
relaxacni ¢as tkdné, ktery umoznuje hodnoceni obsahu Ze-
leza. Timto zpusobem lze rovnéz zachytit cela jatra, ovéem,
na rozdil od predchozi techniky, je rozsah hodnoceni v roz-
mezi 0-100 % tuku. Nevyhodou je vétsi technicka naro¢nost
a nutnost korekce T1, T2* a Sumového zkresleni a vifivych
proudu, které vznikaji diky rychlému prepinani gradientd.
Vzhledem k relativné nizké citlivosti k BO i B1 nehomogeni-
tam magnetického pole je metoda vhodna i pro 3T pfistroje
(5,10, 11).

MR spektroskopie

MR spektroskopie je povazovana za zlaty standard pfi neinva-
zivnim stanoveni obsahu tuku v jatrech. Identifikuje chemické
substance ve tkani na zakladé jejich rezonan¢ni frekvence (tj.
pozice ve spektru), kterd je vyjadfena pomoci posunu frek-
vence relativné k signalu vody v Hz nebo ppm. V praxi se pro
spektroskopické méfeni nejcastéji vyuzivaji protony. Protono-
va ("H) MR spektroskopie je relativné jednoducha a ma dobry
pomér signalu k Sumu. Pro hodnoceni tuku v jatrech se vyu-

4 Obr. 3

Obr. 3. Multiecho Dixon, sideréza - vysoky
signdl v mapé R2*; na obrdzcich vievo je vy-
znacena segmentace jaterniho parenchymu
a mensi oblasti zdjmu, na obrdzcich vpravo
jsou vysledky méreni a histogramy, poloha
v barevném spektru je zvyraznéna bilymi
Sipkami

Fig. 3. Multiecho Dixon, siderosis - increased
signal intensity in R2* map; segmentation
of the liver and smaller regio of interest in
the figures on the left side, results of quan-
tification a histograms on the right, position
in the color spectrum is highlighted by white
arrows

ziva single voxel méfeni pomoci metod PRESS (point-resol-
ved spectroscopy) nebo STEAM (stimulated-echo acquisition
mode). Nevyhodou MR spektroskopie je, ze vySetti obsah
tuku pouze v malé ¢asti jaterni tkané a nemiize reflektovat ne-
homogenni distribuci steatdzy (obr. 4). Stejnym problémem je
ov$em zatizeno i bioptické vysetteni (5, 9, 12-14).

STANOVENi OBSAHU ZELEZA

Hodnoceni poméru intenzity signalu jater
a referencni tkané

Tento princip vychazi ze skute¢nosti, ze Zelezo zptisobuje
zkraceni T2 a T2* relaxa¢niho ¢asu tkané. Signalni intenzita
jater se srovnava s intenzitou jinych tkani, které zelezo neaku-
muluji (paraspindlni svaly, ledviny, slezina). Pfednostné se vy-
uzivaji T2* obrazy, které maji vyssi senzitivitu. Za nejlépe pro-
pracovanou je povazovand metoda publikovana Gandonem,
kterd vyuziva pét gradientovych sekvenci s riiznym TE a skla-
pécim uhlem, které generuji T1, protondenzitné, lehce, stied-
né a tézce T2*-vazené obrazy. Problémem je predevs$im vari-
abilita vysledktl v zavislosti na pouzitych sekvencich, typech
ptistroju a civek. Interpretace vysledkd mize byt také zkres-
lena jaterni steatézou a patologickymi stavy svalt. Hornim
limitem pro hodnoceni je koncentrace zeleza 375 umol/kg
(15, 16).

T2 a T2* relaxometrie

Relaxometrie je robustnéjsi nez predchozi metoda. Zhoto-
vuji se série ezt sekvencemi spinového nebo gradientového
echa s narustajicimi TE, z nichZ je mozné ur¢it T2 nebo T2*
relaxaéni ¢as tkané (17). Intenzita signdlu jater je funkci TE
a konstanty ubytku signalu pro T2 nebo T2*. Krat$i hodnoty
relaxa¢nich ¢ast znamenaji vys$$i obsah Zeleza. Misto hod-
not T2 a T2* relaxa¢niho ¢asu se ¢asto pouzivaji hodnoty R2
nebo R2%, které odpovidaji tisicindsobku prevracené hodnoty
ptislusného relaxa¢niho ¢asu (R2 = 1000/T2 a R2* = 1000/
T2*), jednotkou je s'. Vzhledem k tomu, Ze mira tbytku sig-

strana 241



Ces Radiol 2015; 69(4): 238-246

nélu zavisi na sile magnetického pole (u 3T je rychlejsi nez
u 1,5T), musi byt pro kvantifikaci pouzity kalibra¢ni kifivky
vhodné pro dané magnetické pole. T2* relaxometrie mtiZe byt
kombinovana s vy$e popsanou technikou multiecho Dixon,
nebot méfeni miize byt provedeno i na T1-vazenych obrazech
(obr. 3) (15). Relaxometrie je kombinovatelna rovnéz se spek-
troskopii, pokud je provedena s vice hodnotami TE (multi-
echo MR spektroskopie) (obr. 4). Zobrazeni na 3T pfistrojich,
ma oproti 1,5T pristrojiim vyssi senzitivitu, ale je vice zatiZené
vlivem susceptibilnich artefakttl, méné citlivé k nehomogenni
distribuci Zeleza a ma niz$i kvantifika¢ni limit (od urcité kon-
centrace zeleza dochazi k efektu plateau), ktery je ale vy$si nez
u predchozi metody. Problémem u vSech systémi mize byt
soucasna pritomnost steatézy nebo fibrozy, kdy tuk zkracuje
a vazivo prodluzuje T2 a T2* relaxacni ¢asy tkané, a mohou
tak nepfiznivé ovlivnit méfeni (3, 18).

CiL PRACE

Prace shrnuje prvni zkusSenosti se stanovenim obsahu tuku
a zeleza v jatrech na 3T pfistroji pomoci softwarového baliku
vyuzivajiciho soucasné techniku two-point Dixon, techniku
multiecho Dixon kombinovanou s T2* relaxometrii a single
voxel 'H spektroskopii v kombinaci s T2 relaxometrii. Tim-
to zptisobem bylo mozné srovnat vysledky uvedenych metod
a zhodnotit jejich praktickou vyuzitelnost.

METODIKA

Do studie bylo zahrnuto celkem 60 nemocnych (24 muzu, 36
zen, vékovy pramér 54 let), ktefi byli indikovani k MR vy$et-
feni jater na 3T pristroji (Magnetom Skyra, Siemens, Erlan-
gen, Némecko) v obdobi od brezna do kvétna 2015 a neméli
v jatrech rozsahlejsi loziskové zmény, které by mohly modi-
fikovat vysledky. U 25 nemocnych bylo cilené pozadovano
stanoveni obsahu tuku nebo Zeleza v jatrech, u zbylych bylo
provadéno vysetteni jater z jiného divodu a sekvence pro
stanoveni obsahu tuku a Zeleza byly pridany ke standardni-
mu protokolu pro vySetfeni jater. Po vyrazeni péti vySetfeni
z dtivodu $patné kvality zobrazeni (dva pfipady: jednou pohy-
bové artefakty a jednou fat-water swap artefakt) nebo selhani
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4 Obr.4

Obr. 4. Kvantifikace pomoci spektroskopie -
steatoza; vlevo vysledky méreni, vpravo na-
hore spektrum (tuk cervené, voda modre),
vpravo dole grafické vyjddieni méreni T2
relaxace

Fig. 4. Quantification of fat and Iron using
spectroscopy - statosis; quantification re-
sults on the left, resonance spectrum and
graphical representation of T2 relaxation
measurement on the right (fat red, water
blue)

segmentace jater (tfi pfipady) zbylo 55 vySetfeni, kterd jsme
statisticky zpracovali. Mezi nemocnymi se zvy$enou hladinou
feritinu (celkem 13 pacientti) bylo 12 po opakovanych krev-
nich prevodech a jeden s jaterni cirhézou. Pro hodnoceni
byl vyuzit sofwarovy balik LiverLab (Siemens, Erlangen, Né-
mecko), ktery obsahuje sekvence a posprocessingové néstroje
umoznujici stanovit ve tfech krocich obsah tuku a Zeleza. Ba-
lik je navrzen tak, Ze pokud je v prvnim kroku spocivajicim
v provedeni vySetfeni technikou two-point Dixon (tzv. scree-
ning Dixon) normalni ndlez, vy$etfeni se ukoncuje, v opac-
ném pripadé je automaticky doporuceno pokrac¢ovani dal$im
krokem, kterym je bud vySetfeni pomoci techniky multiecho
Dixon spojené s T2* relaxometrii (tzv. quantification Dixon),
nebo single voxel '"H multiecho spektroskopii kombinovanou
s T2 relaxometrii (tzv. Histo). V nasi studii byly z davodu ové-
feni spolehlivosti techniky multiecho Dixon vzdy aplikovany
vSechny tti kroky.

Two-point Dixon (screeningovy Dixon)

V prvnim kroku byly ziskany T1-vazené obrazy pomoci gra-
dientové sekvence v IF a OF (¢as do opakovani (TR) 3,97 ms,
TE 1,25 a 2,52 ms, sklapéci uhel (FA) 11°, ¢as akvizice (TA) 11
s, matice 196 x 320, sife vrstvy 3 mm, paralelni akvizice (PAT)
CAIPIRINHA s faktorem 4), z nichZ byly automaticky vypo-
¢itany mapy tukové a vodni frakce a orienta¢né zhodnocen
obsah tuku a Zeleza v celém objemu jater. Software automa-
ticky segmentoval jaterni parenchymu a na zakladé analyzy
intenzity signalu v obrazech tukové a vodni frakce rozdélil
pacienty do ¢tyt skupin: 1. normalni nalez, 2. zvyS$eny obsah
tuku, 3. zvyseny obsah Zeleza nebo 4. kombinované postizeni.

Multiecho Dixon (kvantifika¢ni Dixon)

V dal$im kroku byla aplikovana technika multiecho Dixon
umoznujici stanovit procento tuku v jaternim parenchymu
a pomoci T2* relaxometrie hodnotit i obsah Zeleza (TR 9 ms,
TE 1,09 2,45, 3,69, 4,92, 6,15 a 7,36 ms, FA 4°, TA 13 s, mati-
ce 208 x 320, $ife vrstvy 3,5mm, PAT CAIPIRINHA s fakto-
rem 4). Obsah tuku byl vyjadren v procentech, T2* relaxa¢ni
¢as pomoci hodnoty R2*. Kvantifikace byla provedena auto-
maticky v celém objemu jater a v mensi, manudlné urcené,
oblasti zdjmu, ktera byla nasledné pouzita pro spektroskopii.
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Za patologické nalezy jsme povazovali obsah tuku nad 5%,
coz je hranice pouzivana pii histologické kvantifikaci a R2*
nad 70 s, ktera je uvadéna v Henningerové publikaci (3).

MR spektroskopie (Histo)

Ve tetim kroku byla provedena single voxel "H multiecho MR
spektroskopie sekvenci STEAM s péti TE slouzicimi soucasné
k T2 relaxometrii v oblasti zajmu, ktera korespondovala s ob-
lasti z4jmu zvolenou v predchozim kroku (TR 3000 ms, TE
12,24, 34,48 a 72 ms, TA 13 s, voxel 30 x 30 x 30 mm, rozsah,
17-9,57 ppm). Bylo stanoveno procento tuku a T2 relaxac-
ni ¢as vyjadfeny pomoci hodnoty R2. Jako patologické byly
hodnoceny nalezy s obsahem tuku, stejné jako u predchozi
metody, vétsim nez 5% a hodnotou R2 presahujici 45 s™* (dle
doporuceni vyrobce).

Jako standard pro hodnoceni obsahu tuku byly u vSech
pacientt pouzity vysledky spektroskopie. U 18 pacientt byly
navic k dispozici hodnoty sérového feritinu, které jsme pou-
zili pro korelaci s T2* a T2 relaxometrii. Za patologické byly
povazovany sérové hladiny feritinu nad 284 ug/l.

Pii statistickém hodnoceni jsme stanovili senzitivitu, spe-
cificitu, negativni a pozitivni prediktivni hodnotu pro uréeni,
zda je nebo neni ptitomen patologicky stav a dale Pearsontv
korela¢ni koeficient (r) pro posouzeni vzajemné zavislosti vy-
sledkd za pouziti MedCalc Statistical Software version 15.8
(MedCalc Software bvba, Ostende, Belgie).

VYSLEDKY

Hodnoceni obsahu tuku

Méfeni jsme provedli u 55 nemocnych. Technika two-point
Dixon pii rozhodovani o pritomnosti ¢i nepfitomnost ste-
atézy dosdhla ve srovnani se spektroskopii senzitivity (SE)
72,4 %, specificity (SP) a pozitivni prediktivni hodnoty (PPV)
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Graf 1. Korelace MR spektroskopie a techniky multiecho Dixon p¥i stano-
veni tukové frakce s méfenim v oblasti zdjmu shodné se spektroskopii
Graph 1. Correlation between MR spectroscopy and multiecho Dixon
method in the measurement of the fat fraction in the same regio of in-
terest

Tab. 1. Srovndni metod pro stanoveni jaterni steatozy se spektroskopii
Table 1. Comparison of methods to decide on the presence of liver stea-
tosis in and spectroscopy

Metoda Two-point Multiecho Multiecho Dixon
Dixon Dixon ROI celd jatra

SE 72,4 % 72,4 % 82,4 %

SP 80,7 % 92,3 % 92,1 %

PPV 80,7 % 91,3 % 92,1 %

NPV 72,4 % 75,0 % 83,3 %

ROI - oblasti zajmu

shodné 80,7 % a negativni prediktivni hodnoty (NPV) 72,4 %
(tab. 1). Osm vysetteni bylo falesné negativnich a pét falesné
pozitivnich, vzdy se jednalo o nemocné s hodnotami procenta
tuku blizkymi hranici normy. Pf¥i méfeni pomoci multiecho
Dixon v oblasti zajmu, kterd se shodovala s oblasti zajmu pro
spektroskopii, byla pro rozhodovani o pfitomnosti steatdzy
SE 72,4%, SP 92,3%, PPV 91,3% a NPV 75,0% (tab. 1). Pti
kvantifikaci vykazovaly vysledky ve srovnani se spektroskopii
velmi vysokou zavislost (r = 0,93, p < 0,001) (graf 1). Bylo
zaznamenano osm fale$nych negativit a dvé falesné pozitivity,
opét se jednalo o nalezy blizké hranici normy. Pokud byly se
spektroskopii srovnavany hodnoty namérené v celém objemu
jater, byla pfi rozhodovani o pfitomnosti steatézy SE 82,4 %,
SP a PPV shodné 92,1 % a NPV 83,3 % (tab. 1). Pfi kvantifika-
ci byla ve srovnani se spektroskopii vzajemna zavislost hod-
not vysoka (r = 0,89, p < 0,001) (graf 2). Bylo pét fale$nych
negativit a jedna fale$nd pozitivita.

Hodnoceni obsahu zeleza

Ve skupiné 18 nemocnych byla v péti ptipadech zjisténa nor-
malni sérova hladina feritinu, ve zbylych 13 ptipadech byla
jeho hladina zvy$ena. Pfi rozhodovani o pritomnosti ¢i ne-
pritomnosti jaterni siderdzy za pouziti two-point Dixon byla
SE 69,2 %, SP 60,0 %, PPV 81,8 % a NPV 57,1 % (tab. 2). Za-
znamenali jsme ¢tyfi faleSné negativity, faleSné pozitivni nalez
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Graf 2. Korelace MR spektroskopie a techniky multiecho Dixon p¥i stano-
veni tukové frakce s méfenim v celém objemu jater

Graph 2. Correlation between MR spectroscopy and multiecho Dixon
method in the measurement of the fat fraction in the whole liver volume
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Tab. 2. Srovndni metod p¥i rozhodovdni o pFitomnosti jaterni siderézy se
sérovymi hladinami feritinu

Table 2. Comparison of methods to decide on the presence of hepatic si-
derosis with serum ferritin

Metoda Two-point | T2* relaxo- | T2* relaxome- | T2 relaxo-
Dixon metrie ROl | trie cela jatra metrie
SE 69,2 % 92,3 % 92,3 % 61,5 %
SP 60,0 % 100 % 100 % 80 %
PPV 81,8 % 100 % 100 % 88,9 %
NPV 57,1 % 83,3 % 83,3 % 44,4 %

ROI - oblast zdjmu

se nevyskytl. U T2* relaxometrie pti hodnoceni celych jater
i mensi oblasti zdjmu shodné s oblasti zajmu pro spektrosko-
pii bylo pti rozhodovani o pfitomnosti ¢i nepfitomnosti ja-
terni sider6zy shodné dosazeno SE 92,3 %, SP a PPV shodné
100% a NPV 83,3 % (tab. 2). Pti korelaci se sérovou koncen-
traci feritinu vykazovaly hodnoty vysokou zéavislost (r = 0,74,
p < 0,001) (graf 3), byla zjisténa jedna fale$na negativita a zad-
n4 falesna pozitivita. Pomoci T2 relaxometrie byla pfi rozho-
dovani o pritomnosti siderézy SE 61,5 %, SP 80 %, PPV 88,9 %
a NPV 44,4 % (tab. 2). Pfi korelaci se sérovymi hladinami fe-
ritinu byla zavislost hodnot nizka (r = 0,28, p = 0,27) (graf 4).
Fale$na negativita se vyskytla v péti ptipadech a falesna po-
zitivita v jednom pripadé. Zavislost naméfenych hodnot pii
srovnani T2 a T2* relaxometrie byla, stejné jako pfi srovnani
T2 relaxometrie a hladiny feritinu nizka (r = 0,38, p = 0,12)
(graf 5).

DISKUSE

Pfi rozhodovani o pfitomnosti steatdzy byla ve srovnani se
spektroskopii nejméné presna metoda two-point Dixon, ktera
umoznuje pouze orientaéni hodnoceni jaterniho parenchymu
bez kvantifikace. Problémy byly predevsim s faleSnymi negati-
vitami u pacientd s mirnéj$im stupném postiZeni.

Technika multiecho Dixon pfi stanoveni procenta tuku
dobte korelovala se spektroskopii, ktera je povaZzovana za me-
todu nejpresnéjsi. Byla vSak zaznamendna tendence k mir-
nému podhodnocovani, ktera mtize, podobné jako u scree-
ningové Dixonovy techniky vést k falesnym negativitim
u pacienttl s mirnym stupném postizeni. Pokud by se tato
tendence prokazala na vétsim souboru nemocnych korelova-
nych s biopsii, bylo by zfejmé na misté upravit kalibraci nebo
upravit hrani¢ni hodnotu. Metoda byla zkoumana ve vice stu-
diich, z nichz vétsi ¢ast prokazala dobrou shodu s histologic-
kym vySetfenim (11, 14, 19), vyznamné neshody byly publi-
kovany jen vyjimeéné (20).

Oproti spektroskopii ma multiecho Dixon zasadni vyho-
du v tom, Ze umoziuje provést méfeni v celém objemu jater
nebo v libovolné oblasti zajmu. Méfeni v oblasti z4jmu shod-
né se spektroskopii mélo paradoxné nizsi senzitivitu a nega-
tivni prediktivni hodnotu pti uréeni, zda ma pacient steatézu
nez méfeni v celych jatrech, coz odpovida rozdilu v poctu
fale$nych negativit. Jednalo se opét o pacienty s nalezy bliz-
kymi nami stanovené hranici normy. Vyznamnéjsi je v tomto
pripadé hodnoceni korela¢nich koeficienttl, které nezohled-
nuje ndmi stanovenou hranici normy a ukazuje vy$si shodu
pri méfeni ve stejné oblasti zajmu. Niz$i shodu pfi srovnani
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Obr. 5. Nehomogenni jaterni steatéza patrnd v opposed fdazi a mapé tukové frakce
Fig. 5. Inhomogenous steatosis visible in Opposed-phase and fat fraction images

s méfenim v celém objemu jater lze vysvétlit nejspiSe ne zcela
homogenni distribuci zmén.

Pfi hodnoceni siderézy byla ve srovnani se sérovou hla-
dinou feritinu nejpresnéj$i metoda multiecho Dixon, u které
jsme zjistili vysokou shodu. Two-point Dixon byla ale v tomto
ptipadé dokonce presnéjsi nez T2 relaxometrie, kterd vykazo-
vala ze v§ech metod nejmensi shodu s laboratornim nalezem.
Tato skute¢nost koreluje s literarnimi udaji uvadéjicimi u T2
relaxometrie niz$i senzitivitu (15).

Jak jiz bylo uvedeno vyse, vyznamnou vyhodou techniky
multiecho Dixon je moznost stanoveni obsahu tuku i Zeleza
v celém organu. I pres to, ze segmentace jater byla provadé-
na pouze automaticky, bez moznosti korekce uzivatelem, za-
znamenali jsme jen maly pocet pripadu, kdy zahrnovala vétsi
rozsah tkdné mimo jatra, coz by mohlo modifikovat méreni
v celém objemu. Pokud k takové chybé dojde, mame stéle
moznost provést méfeni manualné.
nemocnych (pfedev$im pii kvantifikaci siderozy), je skutec-
nost, ze nalezy nebyly korelovany s histologickym vyS$etfenim,
ale pouze s jinou, provéfenou, zobrazovaci metodou nebo
hladinou sérového markeru.

Histologické vySetfeni lze povazovat za nejpresnéjsi meto-
du pfi kvantifikaci tuku a Zeleza v jatrech. Distribuce zmén ob-
sahu Zeleza i tuku v jaternim parenchymu muze byt nehomo-
genni, proto by pfi srovnani s biopsii muselo byt MR méfeni

provedeno presné v misté odbéru vzorku, ¢ehoz lze v bézné
praxi jen tézko dosahnout (obr. 5). Zobrazeni celého jaterniho
parenchymu muze vést k objektivnéjsim vysledkiim, ovéfeni
by ale vyzadovalo animalni experiment s moznosti histolo-
gického hodnoceni vice oblasti jater (14, 20, 21). Na druhou
stranu vice studif ukazuje velmi dobrou korelaci spektroskopie
s histologickou kvantifikaci jaterni steatozy (9, 11, 13, 14).

Hladina feritinu se ukazuje jako jeden z vhodnych mar-
kerti uklddani Zeleza v téle. Studie zabyvajici se touto pro-
blematikou prokazaly, Zze sérové koncentrace pres 1000 az
1500 g/l jsou spojené se zvySenym rizikem jaternich kom-
plikaci a zaroven je, stejné jako u NAFLD dulezité sledovani
vyvoje v ¢ase, které muze byt pomoci MR snadno provedeno
(22, 23).

Nepotvrdila se ndam zku$enost publikovana Henningerem,
kterd uvadi mezi metodami two-point Dixon a multiecho Di-
xon velmi vysokou shodu pti hodnoceni obsahu tuku i Zele-
za (3). Z tohoto diivodu se nam v situaci, kdy mame soucas-
né k dispozici techniku two-point Dixon jako screeningové
vy$etfeni a Multiecho Dixon pro kvantifikaci s podobnymi
akvizi¢nimi Casy, jevi jako vyhodnéjsi preskolit prvni krok
a pouzit rovnou druhou, presnéjsi, metodu. Kombinace 'H
spektroskopie a T2 relaxometrie se vzhledem k horsim vy-
sledkiim T2 relaxometrie jevi jako méné vhodna pro hodno-
ceni obou parametrt, mtize vSak byt pouzita k samostatnému
hodnoceni obsahu tuku.
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ZAVER

V na$i studii na mens$im souboru pacientti se ukazuje, Ze ze
srovnavanych metod pro soucasné stanoveni koncentrace tuku
azeleza vjatrech je z praktického hlediska nevyhodnéjsi techni-
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There are still challenges and unmet needs for the imaging techniques, such as conditions of uncertain
origin in patients with clinically serious, life-threatening conditions with unknown cause that are not
associated with dominant chest pain, ECG changes or other symptoms indicating a possible primarily
cardiac or coronary cause. The contribution of the myocardial enhancement evaluation of urgent cardiac
CTA scans significantly improves to determining the diagnosis of acute myocardial injury and choosing
appropriate treatment. When incorporating the myocardial enhancement assessment into the imaging
algorithm of an emergency department, emphasis is placed on a uniform imaging procedure and a uniform
evaluation approach. The color coded images of the myocardial enhancement in emergency situations

helps identify the most serious pathologies and shorten the time to adequate targeted therapy in patients.
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1. Introduction

Urgent cardiac imaging using computed tomography is a
relatively new indication of CT coronary angiography. Its intro-
duction into clinical practice resulted in the requirement that
healthcare facilities meet several important criteria, such as ade-
quate instrumentation, equipment and personnel, interdisciplinary
cooperation with the cardiology department and emergency and
logistics expertise [1,2]. Patients with acute heart disease who
have a confirmed acute ST-segment elevation myocardial infarc-
tion (STEMI) are immediately scheduled for an urgent percutaneous
coronary intervention. Other groups of acute patients are those who
have no ST segment elevation, but have positive cardiac markers.
These may include patients with a history of myocardial revas-
cularization or those with atypical chest pain [3-5]. The biggest
challenge for acute imaging is patients with critical life-threatening
conditions or failing vital functions. Patients in critical condition are
usually non-compliant or unconscious with controlled ventilation.
The usual symptoms in patients undergoing urgent examination
of the heart are tachycardia and/or arrhythmia. CT angiography of

* Corresponding author at: Department of Imaging Methods, University Teaching
Hospital Pilsen, Alej Svobody 80, 304 60 Plzeni, Czech Republic.
E-mail addresses: mirka@fnplzen.cz (H. Mirka), ferda@fnplzen.cz (J. Ferda),
baxaj@fnplzen.cz (J. Baxa).

http://dx.doi.org/10.1016/j.ejrad.2016.07.004
0720-048X/© 2016 Elsevier Ireland Ltd. All rights reserved.

the heart has undergone 15 years of development, and the last ten
years have seen the resolution of almost all technical limitations
that previously interfered with the sufficient technical quality of CT
angiography (CTA) [6-8]. All important structures and functional
characteristics, including heart valves, myocardium, left ventric-
ular kinetics and coronary arteries, can now be evaluated with
sufficient precision. In particular, low time resolution has been
gradually overcome (the currently achieved acquisition time is
below 80 ms), which previously had not allowed sufficient quality
of imaging in patients with a heart rate of 70/min (3). The sufficient
temporal resolution of imaging is the most important technical
factor for urgent examination. Imaging of coronary arteries, the
aorta and pulmonary arteries in patients with chest pain with-
out ST segment elevation on ECG, as well as imaging in patients
with complications after cardiac surgery on the heart, are relatively
well-established indications for ECG-synchronized acute cardiac
imaging [9,10]. However, there are still challenges and unmet needs
for the imaging techniques, such as conditions of uncertain origin
in patients with clinically serious, life-threatening conditions with
unknown cause that are not associated with dominant chest pain,
ECG changes or other symptoms indicating a possible primarily car-
diac or coronary cause. This article presents the contribution of the
myocardial enhancement evaluation of urgent cardiac CTA scans,
which significantly improves to determining the diagnosis of acute
myocardial injury and choosing appropriate treatment.
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2. Imaging

Our experience resulted from eight years of the clinical use of
dual-source CT within the emergency department [9]. All exami-
nations should be performed using equipment, which is installed
directly at the emergency facility. The examinations are recom-
mended to be performed using ECG-synchronized continuous
exposure with dose reduction in the diastolic phase throughout
the heart using voltage and current modulation. Adapted for the
patient habitus, about 80 ml of the iodinated contrast agent at an
iodine concentration of 350 mgl/ml or more with the flow rate
4-5ml/s could be used with volume corrected to BMI correction.
Image reconstruction is carried out at a reduced field-of-view and
targeted at the heart, using retrospective gating in end-diastolic
and end-systolic phases with high resolution using the reconstruc-
tion matrix of 512 x 512 pixels, and datasets are reconstructed in
ten phases from 0% to 100% of the RR interval with a reduced
matrix of 256 x 256 pixels. Soft tissue reconstruction algorithms
(soft kernel) is recommended for cardiac imaging. Since a pul-
monary parenchyma assessment is an integral part of the imaging,
data reconstruction was made across the entire chest width using
a high-frequency algorithm with ultra-sharp resolution (sharp ker-
nel) [11].

2.1. Assessment

An evaluation of the findings should be carried out comprehen-
sively using a multi-parametric tool with the coronary module and
cardiac functional evaluation module, including kinetic imaging of
the heart valves, automatic calculation of cardiac volumes, gener-
ating myocardial kinetics polar maps and polar maps of myocardial
first-pass perfusion. Coronary circulation should be evaluated using
VRT reconstruction with an assessment of all segments of the
right and left coronary arteries, primarily including evaluation of
the complete occlusion of the coronary artery, or signs of critical
stenosis, stable or instable atherosclerotic plaque with present or
suspected plaque rupture [11-13]. For a detailed assessment of the
nature of coronary involvement, it is recommended to use targeted
projections and targeted coronary artery imaging using advanced
vascular analysis with navigated curved reconstructions. In addi-
tion to the coronary circulation, the myocardial kinetic analysis
with the calculation of heart volumes and generated polar maps
of myocardial kinetics and contractility have to be included into
the evaluation. As an auxiliary method of evaluating the relevance
of coronary pathological findings, the color myocardial perfusion
maps for evaluation of myocardial first-pass perfusion aided to
assess the impact of the coronary involvement on global myocardial
perfusion (Fig. 1).

2.2. Evaluation of the coronary circulation

The first steps to be performed, an analysis of the coronary cir-
culation and evaluation of the first global image using the volume
rendering technique (VRT) for 3D reconstruction of the coronary
tree are used. For the assessment of the coronary tree, imaging in
the systolic phase is sometimes preferable in patients with high
heart rates, or targeted reconstruction can be used in an optimal
time window. A 3D model can be used to identify places with
gross pathology and to document anatomical segmentation of the
coronary vasculature. An essential part of the evaluation is the
analysis of planar images, especially for the detection of other find-
ings, such as aortic dissection, pulmonary embolism or pathological
pulmonary findings [11]. We can use a basic evaluation in a 3D
environment with reconstructed multiplanar reconstruction (MPR)
sloped according to the current tangent line to the artery and per-
pendicular to it, or using the advanced vascular analysis program,

including curved planar reconstruction alongside the streamline
of the artery and sequence of plane images of the arterial wall
perpendicular to the current vector of the streamline [12]. These
planar images make it possible to evaluate the quality of the vas-
cular wall, intraluminal changes, and changes in the surrounding
of the artery, and help to assess the impact of these changes on
the hemodynamics of the coronary circulation. They are especially
useful in assessing arterial dissection or detecting the presence of
soft unstable atherosclerotic plaque [14,15]. As the visual equiva-
lent of the fractional flow reserve, the attenuation changes along
the artery could be assessed and could display the hemodynamic
relevance of the narrowing. The decreased enhancement in lumen
of the artery could have an equivalent in myocardial enhancement,
more pronounced when artery is occluded or critically narrowed
[16,17] (Fig. 2).

When performing an examination with a reduced volume of
contrast agent, the evaluation of myocardial enhancement is vir-
tually impossible in the window set for vascular lumen imaging
used for the evaluation of coronary arteries. The window should
be adjusted to abdominal setting, or even narrower with a win-
dow level of 0 HU and a width 25-350 HU. Density changes caused
by acute or chronic changes in myocardial perfusion can be better
seen with this window setting. Since the differences in the myocar-
dial density are often very small, it may be helpful to create a color
map to normalize the myocardial density compared to the den-
sity achieved in the thoracic aorta. Color polar maps, as well as
color myocardial imaging in the color scale on multiplanar recon-
structions, help determine the differences in perfusion of the heart
muscle [18]. For differential diagnosis, it is important to assess the
reduction in myocardial enhancement in the territories related to
the respective coronary arteries, especially in those locations where
normal myocardium is wide, since such findings suggest a potential
ischemia in the given territory. It is also necessary to compare the
differences in the enhancement between the systole and diastole.

2.3. Evaluation of left ventricular function and kinetics

Evaluation of left ventricular function is used to analyze car-
diac performance, but also contributes to the differential diagnosis
of the causes of life-threatening conditions [18]. An essential part
of the analysis is the evaluation of cardiac volumes. At present,
automatic calculation is a very robust and fast tool that is used
as a background during the evaluation of coronary circulation to
independently and reliably calculate ejection fraction of the left
ventricle (EFLV) from the end-systolic volume (ESV) and end-
diastolic volume (EDV), as well as the stroke volume (SV) and
cardiac output (CO) from the known heart rate values. In addition
to the evaluation of cardiac volumes, another tool used in the dif-
ferential diagnosis is regional analysis of myocardial kinetics. Polar
maps showing thickening of the myocardium and its width in the
systole and diastole enable territorial differentiation of myocar-
dial disorders and distinguish local and global kinetics changes.
Monitoring individual volumes is important for differential diag-
nosis. ESV is indicative of sufficient myocardial contractility, or,
vice-versa, increased ESV suggests myocardial contractility impair-
ment. Increased EDV values are indicative of left ventricular volume
overload.

2.4. Pathological findings and clinical images in patients with
urgent heart disease

In patients with serious life-threatening conditions, the true
cause of patient state is sometimes masked by clinical symptoms
resulting from causal pathological changes in the heart. Coronary
artery disease, myocardial disorder and valvular disorder are rela-
tively rarely reported as the cause of unconsciousness or severe
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Fig. 1. Young female after car crash suffering from the seat-belt chest injury. During the post-trauma period in the intensive care unit increased levels of troponin. CTA
detected dissection of left descending artery. A, B — volume rendering images showing narrowing of the involved artery, C — curved planar analysis of the affected artery, D
— 3D-display of the decreased enhancement in the apex and the anterior wall of the left ventricle, E — long axis view in gray scale, F — long axis view in color scale showing
the decreased enhancement in blue color within the myocardial infarction, G — short axis view in gray scale, H — short axis view in color scale showing the decreased

enhancement in blue color within the myocardial infarction.

overall condition in patients with a negative history of cardio-
vascular disease. In the critical analysis of the clinical condition,
its progression and differentiation of subsequent symptoms from
the original symptoms, it is very important to know the develop-
ment of individual symptoms, including the potential development
of laboratory or ECG findings. Of great importance is the knowl-
edge of the levels of cardiac and inflammatory markers [19,20].
A model situation is an unconsciousness of unknown etiology in
which intracranial cause or occlusion of arteries supplying the brain
has been excluded as a cause of unconsciousness. After ruling out an
endovascular etiology of cerebral ischemia, it is necessary to search
for a cardiac cause, including hemodynamically significant pul-
monary embolism and acute onset myocardial ischemia followed
by asystole or ventricular fibrillation. If resuscitation is successful,
imaging studies can be used, if possible in the initial period of devel-

opment of the clinical condition, with a special focus on coronary
and pulmonary circulation.

As with any other diagnostic imaging techniques that use mul-
tiparameter data combined with imaging studies, it is necessary
to a perform synthesis of all data. Combining the evaluation of
enhancement (perfusion) characteristics with an analysis of cardiac
function and myocardial contractility makes it possible to assess
which changes have hemodynamic effects, which are acute and
which are likely to be of a chronic nature.

Color maps of enhancement distribution may be used to iden-
tify significant hypoperfusion or a perfusion in all patients with
acute myocardial infarction, including those in critical condition,
which typically included changes in the normally wide layer of
the myocardium [18]. When comparing perfusion in the sys-
tolic and diastolic phases, differences can be observed in areas
of hypoperfusion depending on changes in tissue pressure dur-
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Fig. 2. Middle-aged female, sudden asystolia during sleeping, reanimated by the husband. A, B — volume rendering images showing occlusion of the posterolateral branch
of the right coronary artery, C, D — 3D-display of the decreased enhancement in the basal two thirds of the inferior wall of the left ventricle, E — long axis view in gray scale,
F — long axis view in color scale showing the decreased enhancement in blue color within the myocardial infarction, G — short axis view in gray scale, H — short axis view in
color scale showing the decreased enhancement in blue color within the myocardial infarction.

ing the contraction, with alternations of the character of changes
in the systole and diastole and during complete (concordant)
standstills in global ischemia. Conversely, no concordant hypoper-
fusion/ischemia was found in patients without MI. In patients after
revascularization, hypoperfusion could be detected even in areas of
old post-infarction changes. However, a marked difference in the
perfusion was present, when older changes after myocardial infarc-
tion featured a preserved partial enhancement of a contrast agent
in both systole and diastole. In acute contractility disorders, concor-
dant findings for perfusion and contractility are present on kinetic
and perfusion maps, whereas in chronic changes, myocardium
width reductions are present both in systole and diastole — the
findings that suggest an area of older post-infarction scar.

Evaluation of color perfusion and kinetics maps are beneficial
for evaluation of acute hemodynamic effects of critical disabil-
ity or coronary artery occlusion in all cases, and enables a clear
assessment of the impact of morphological changes on myocardial
perfusion.

When evaluating cardiac volumes, left ventricular volume over-
load with increased EDV is observed in patients with acute changes
in the left ventricular performance, and the influence of impaired
myocardial function on global circulation is indicated by cardiac
output. In patients with severe global circulation disorders, acute
heart failure is manifested particularly by reduced cardiac output,
while patients with less severe conditions have preserved cardiac
output (mainly due to heart rate compensation). In contrast, acute
failure of aortic valve function results in an extreme overload of the
left ventricle due to inefficient ejection of blood from the left ven-
tricle, and increased heart rate may also have serious consequences
for the diastolic filling of the heart.

3. Conclusion

Comprehensive cardiac imaging in emergency medical condi-
tions combines the advantages of rapid imaging with evaluation
of the heart pumping function and simultaneous evaluation of
the response of pathophysiological changes to myocardial perfu-

sion and the global situation. When incorporating the myocardial
enhancement assessment into the imaging algorithm of an emer-
gency department, emphasis is placed on a uniform imaging
procedure and a uniform evaluation approach. The color coded
images of the myocardial enhancement in emergency situations
helps identify the most serious pathologies and shorten the time
to adequate targeted therapy in patients. Further improvement of
this approach could be driven by the introduction of low-kilovolt
acquisition techniques and the novel visualization tools [21].
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SOUHRN

Mirka H, Ferda J, Baxa J, Tfeska V, Liska V,
Schmidt B, Flohr T. Perfuzni CT jater

Perfuzni CT (PCT) je metoda vyuZivana
k hodnoceni mikrovaskularizace organt.
V oblasti jater umoziluje posoudit nejen
celkovou perfuzi, ale i odlisit jeji arteridlni
a portalni slozku. Diky tomu je mozné hod-
notit miru neoangiogeneze v nadorovych
loZiscich a jeji zmény v ramci terapie. PCT
také prispiva k hodnoceni zmén vaskula-
rizace u chronickych hepatopatii. Zasadni
kvalitativni posun nastal se zavedenim pri-
stroju s velkym poctem fad detektort, které
umoznuji zobrazit perfuzi v rozsahu celého
organu. Perfuzni CT tak lze vyuzit nejen pro
podrobnéjsi hodnoceni jiz zndmych nadoro-
vych loZisek, ale i k jejich vyhledavani.
Kli¢ova slova: jaterni nadory, cirhdza, per-
fuze, pocitacova tomografie.

SUMMARY

Mirka H, Ferda J, Baxa J, TieSka V, Lis-
ka V, Schmidt B, Flohr T. Perfusion CT of
the liver

Perfusion CT (PCT) is a method used for the
assessment of microvascularisation. In liver
it enables to evaluate not only total perfusi-
on, but also to distinguish between it s arte-
rial and portal component. Thanks to this
possibility is this method able to evaluate
neoangiogenesis in tumorous tissue and it’s
reaction to the therapy. It is also contributing
in the diagnostics of chronic heepatopathies.
Substantial qualitative shift arose after intro-
duction of multidector computed tomogra-
phy with high number of detector rows, that
allows to examine the whole volume of the
liver and so perfusion CT can be utilized not
only for more detailed evaluation of known
tumors but also for their detection.

Key words: cirrhosis, computed tomogra-
phy, liver tumors, perfusion.

uvoD

Pokrok ve vyzkumu nadorovych onemocnéni pfinasi nejen
zlep$eni moznosti 1é¢by, ale i zvysujici se ndroky na diagnos-
tické zobrazovani, jehoZ metody se posouvaji z ¢isté morfolo-
gické trovné na uroven funkéni. Jednou z takovych funkénich
metod je perfuzni CT (PCT), které se pouziva k hodnoceni
loZiskovych a difuznich odchylek mikrovaskularizace organt.
Teoretické a experimentdlni zaklady metody byly poloZeny
jiz na prelomu sedmdesatych a osmdesatych let 20. stoleti.

Komer¢né se zacala vyuzivat se zavedenim spiralnich ptistro-
ju v prvni poloviné devadesatych let (1-6).

V oblasti jater ma PCT velky vyznam pro diagnostiku, pre-
dikei vyvoje a hodnoceni efektu 1é¢by malignich nadoru a lze
ji vyuzit i pro diagnostiku chronickych hepatopatii. Umoziu-
je nejen kvantifikovat celkovou perfuzi, ale i odlisit jeji arte-
ridlni a portalni slozku. Kvantifikace perfuznich parametrt
vychazi z méfeni zmén denzity tkané béhem prvniho obéhu
malého mnozstvi rychle podané extracelularni kontrastni
latky a jejiho porovnani s denzitou cév a sleziny. Kontrastni
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latka je distribuovana nejen cévnim systémem, ale prechdzi
i do extracelularniho extravaskularniho prostoru. Perfuz-
ni vysetfeni tedy umoznuje hodnotit jak prutok cévami, tak
vyménu s extravaskularnim prostorem (7). I kdyz se jedna dle
nasich zkusenosti i literatury o perspektivni metodu, neexis-
tuji zatim rozséhlejsi studie a metanalyzy, které by objektivné
potvrdily jeji pfinos a misto v diagnostickém algoritmu.

A7 do neddvné doby bylo mozno hodnotit pouze maly
objem tkdné (jednu nebo nékolik vrstev), coz limitovalo moz-
nosti vyuziti PCT jako nastroje pro detekci loZiskovych zmén.
Toto zasadni omezeni bylo odstranéno se zavedenim multi-
detektorovych pristrojii s velkym poétem rad detektord, které
jsou schopné vysettit perfuzi celého organu (objemové perfu-
zni CT - VPCT). To se déje bud souc¢asnym nabérem velkého
mnozstvi datovych stop pii konstantni poloze nemocného,
nebo postupnym nabérem mensiho mnozstvi datovych stop
béhem kyvadlového pohybu stolu. Pfiklad vysettovaciho pro-
tokolu pro pfistroj s kyvadlovym pohybem stolu (Siemens
Somatom Definition) je uveden v tabulce 1.

Vypocet perfuznich parametr vychazi z linearniho vzta-
hu mezi koncentraci kontrastni latky a denzitou. Software
vyhodnocuje zménu denzity parenchymu v Case a srovnava
ji s vyvojem denzity aorty, portalni Zily a sleziny. Vystupem
jsou barevné mapy a ¢iselné hodnoty. Zakladnimi perfuznimi
parametry spole¢nymi pro vSechny organy jsou objem a prii-
tok krve, stfedni tranzitni ¢as, ¢as do maximalniho nasyceni
a permeabilita. V jatrech je navic nezbytné odli$eni arterialniho
a portalniho zasobeni, které jsou vyjadfreny parametry arterial-
ni a portalni perfuze a jaternim perfuznim indexem (obr. 3).
Pro tento tcel se jako referen¢ni hodnota vyuziva denzita par-
enchymu sleziny. Moment jeho maximalniho nasyceni uréuje
hranici mezi vypoétem arterilni a portalni slozky.

Vyznamnym zdrojem neptesnosti v hodnoceni muze byt
pohyb jater, ktery, vzhledem k minimalné minutu trvajici akvi-
zici, musi byt zakonité pfitomen. Soucasny software umoznu-
je pohyb jater korigovat a synchronizovat fezy ve vech cyk-
lech. Proto je lepsi nenutit pacienty k zadrZovani dechu, ale
nechat je béhem vy$etfeni zvolna pravidelné dychat.

Dynamicka vySetfeni jsou ve srovnani s béZnymi vySet-
fovacimi technikami vZdy spojena se zvyS$enou radiaéni
zatézi. PCT jater predstavuje v zavislosti na technice prove-
deni 3-10x vyssi radiaéni davku neZ standardni CT. Redukce
davky je mozné dosdhnout snizenim expozi¢nich parametrti
nebo poctu skenovacich cyklt.

PREHLED PERFUZNICH PARAMETRU

Prutok krve (blood flow - BF) - rychlost pritoku krve cév-
nim feci$tém (ml/100 g/min nebo ml/100 ml/min).

Objem krve (blood volume - BV) - objem tekouci krve
v cévach (ml/100 g nebo m1/100 ml).

Sti‘edni tranzitni ¢as (mean transit time - MTT) - doba
pruatoku krevnich elementti od arteridlniho po venézni konec
krevniho fecisté (s).

Cas do maximalniho nasyceni (time to peak - TTP) -
doba do maximaélniho nasyceni tkané kontrastni latkou (s).

Permeabilita (PMB) - rychlost prestupu kontrastni
latky do extravaskuldrniho prostoru (ml/100 g/min nebo
ml/100 ml/min).
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Tab. 1. Vysetrovaci protokol, kyvadlovy méd - pristroj Somatom Defini-
tion (Siemens, Forchheim, SRN)

Table 1. Examination protocol, shuttle mode - machine Somatom Defini-
tion (Siemens, Forchheim, Germany)

Parametr Hodnota
kv 100

mAs 130
davkova modulace vypnuto
kolimace 24 x 1,2 mm
perioda rotace 0,33s
rozsah vysetieni 20cm
rekonstruovana site vrstvy 1,5/5 mm
increment 0,7/3 mm

rekonstrukéni algoritmus potlaceni rozhrani

pocet cykld 25

perioda 25s
koncentrace KL 400 mgl/ml
objem KL 40 ml

rychlost aplikace KL 6 ml/s

dose length product (VPCT) 2815 mGy .cm

dose length product (dvoufazové CT)* 500-700 mGy . cm *¥

* hodnota u dvoufézového CT jater, pro srovnani; ** u dvoufazového CT jater je, na rozdil
od VPCT, zapnut systém davkové modulace a nemaji stejnou délku v ose z.

Arterialni perfuze (arterial liver perfusion - ALP) - pru-
tok arteridlnim fe¢istém (ml/100 g/min nebo ml/100 ml/min).

Portalni perfuze (portal vein liver perfusion - PVP) -
priitok portdlnim fecistém (ml/100 g/min nebo ml/100 ml/
min).

Jaterni perfuzni index (hepatic perfusion index -
HPI) - podil arteridlni perfuze na celkové perfuzi jater (%).

Casova MIP rekonstrukce (time MIP) - nejednd se
o perfuzni parametr, ale o maximum intensity projecti-
on rekonstrukci vytvofenou sloudenim vsech fazi vysetfeni
do jednoho obrazu. Uziva se pro detekci loziskovych zmén
a zobrazeni jejich vztahu k cévam.

Normalni hodnoty jsou uvedeny v tabulce 2.

CEVNIi ZASOBENI JATER

Jatra je mozné chépat jako systém dvou vzajemné komuni-
kujicich kompartmentt - intravaskuldrniho a extravaskular-
niho (Disseho prostor) (obr. 1). Zvlastnosti intravaskular-
niho kompartmentu je, Ze méd dva ptitoky — vétve portdlni
Zily a jaterni tepny (obr. 2). U nddorovych procest a cirhdzy
dochazi ke zménam v cévnim recisti, které ovliviiuji arteridlni

Tab. 2. Zmény perfuznich parametrii u jaternich lézi
Table 2. Changes in perfusion parameters in liver lesions

Typ léze BF | BV | TTP | MTT | PMB | ALP | PVP | HPI

HCC, hypervasku-

. . T T N 3 2 ) ) )
larizované meta

hypovaskularizo-
vané meta

cirh6za N3 y X T T T 2 T

{ | { { { T \ T

T - zvyseni; 4 = snizeni; x = Udaje chybf
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Obr. 1. Jaterni sinusoid a Disseho prostor
Fig. 1. Liver sinusoid and space of Disse

a portalni prutok a jejich vzdgjemny pomér, ktery je za normal-
nich okolnosti 1 : 3 (8).

U nadort je hlavnim podkladem perfuznich zmén neo-
angiogeneze, jejimz hlavnim projevem je zvySené arterialni
zasobeni. Hepatocelularni karcinom vznikd vétsinou v terénu
jaterni cirhézy pfeménou regenera¢nicho uzlu v uzel dysplas-
ticky a nasledné karcinom. Béhem tohoto vyvoje se z bunék
endotelu sinusoid vytvari sit arteriol, které nemaji napojeni
na portalni systém a bézi mimo jaterni triddu. DuleZitou roli
zde hraje cévni endotelidlni rustovy faktor (vascular endothe-
lial growth factor - VEGF), jehoz zvys$ena hladina je souc¢asné
ukazatelem aktivity tumoru a prognostickym faktorem (7, 9).

Metastazy vznikaji extravazaci nddorovych bunék cirkulu-
jicich v krvi. S postupnym rastem nddorového loZiska se zvy-
$uje potieba vyzivy a od urdité velikosti je k jejimu udrzeni
nezbytna novotvorba cév. Jejim podkladem je, stejné jako
u hepatocelularniho karcinomu, proliferace bunék endotelu
sinusoidfl za ucasti cévniho endotelidlniho rtstového fak-
toru. Zaroven bylo zji$téno, Ze u jaternich metastaz dochazi
ke globalnimu zvysen{ arteridlni perfuze jater, coz se vysvétlu-
je pravdépodobnym uvoliiovanim nadorovych vazoaktivnich
mediatort (7, 10, 11).

Pii cirhéze dochazi ke kapilarizaci sinusiodu, pro kterou
je charakteristicka defenestrace endotelu a depozice kolagenu
v Disseho prostoru. Vysledkem je zvy$eni nitrojaterni cévni
rezistence a pokles portalniho prutoku spojeny s otevienim
portosystémovych kolateral. Nedostatek portalniho krevniho
zasobeni je kompenzovan dilataci tepenného systému a zvy-
$enim arterialniho prutoku (7, 9).

HEPATOCELULARNI KARCINOM

Prace zabyvajici se detekci hepatocelularniho karcinomu pro-
moci PCT dokazuji, Ze tato metoda odlisi spolehlivé hepato-
celularni karcinom od normalniho i cirhotického jaterniho
parenchymu predevs$im na zakladé zvySeni arteridlni perfuze
(arteridlni perfuze, jaterni perfuzni index), sniZeni portalni
perfuze a zkraceni tranzitniho ¢asu (tab. 3) (12-16). Je rov-
néz popisovano zvét$eni objemu krve (obr. 3). Vyskytuji se
diskrepance v hodnotach pritoku a permeability, které jsou

Obr. 2. Cévni anatomie jaterniho laliicku
Fig. 2. Vascular anatomy of the liver lobule

vysvétlovany malymi pocty pacientt v souborech a odlisnou
metodikou (12, 17). Autoti jedné z téchto studii zjistili, Ze
perfuzni parametry se také vyznamné li$i podle stupné dife-
renciace nddoru. U dobte diferencovaného karcinomu nasli
oproti ostatnim formam statisticky vyznamné vy$si hodnoty
celkového pritoku, objemu a permeability a kratsi tranzitni
¢as. PCT se tedy muze do jisté miry podilet i na uréeni stupné
diferenciace. Nebyla ale prokdzana souvislost zmén perfuz-
nich parametra s hladinou alfa fetoproteinu a mirou angioin-
vaze (17). Experimentdlné na zvifecim modelu bylo potvrze-
no, Ze PCT muze nador detekovat jiz v dobé, kdy jesté nejsou
zjistitelné morfologické zmény (18). PCT je ptinosné i prti
planovani biopsie nddoru. Tim, Ze uréi misto nejvy$si miry
neoangiogeneze (a tedy i rustové aktivity nddoru), predejde
arteficidlnimu podhodnoceni grade zptisobenému nevhod-
nym vybérem mista odbéru materidlu (19).

METASTAZY

Jatra jsou velmi Castym mistem metastazovani malignich
nadord. Detekce metastaz je zdsadni pro staging onemocnéni
a pro planovani terapie. PCT se nejvice se uplatiiuje u meta-
staz kolorektalniho karcinomu, kde bylo prokazano, stejné
jako u hepatocelularniho karcinomu, zvy$eni arteridlni per-
fuze a jaterniho perfuzniho indexu, sniZeni portalni perfuze,
zkrceni tranzitniho ¢asu a sniZeni permeability. Odli$né je
snizeni celkového objemu a prutoku krve. Tyto zmény jsou
charakteristické pro vSechny hypovaskularizované metastazy
(obr. 4). U hypervaskularizovanych metastaz nachdzime zmény
obdobné jako u hepatoceluldrntho karcinomu (tab. 3) (6, 20,
21). Dle préce srovnavajici pesnost standardniho CT a PCT pri
detekci metastaz bylo prokazano zvyseni senzitivity CT ze 78,4
na 89,2% a specificity ze 78,3 na 83,6 % (22). Ve studii, ktera
probihd na nasem pracovisti, bylo dle pfedbéznych vysledku
u 74 metastaz kolorektdlniho karcinomu zji$téno zvyseni sen-
zitivity z 86 na 97,3 %. Dalsi prace prokazuji, Ze je PCT schop-
né detekovat i mikrometastazy, které nelze jinym zptusobem
zobrazit. Projevuji pouze zvy$enim rezistence v jaternich sinu-
soidech, které 1ze detekovat na zakladé difuznich zmén perfuze
podobnych jako u loZiskovych 1ézi (23, 24).
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Tab. 3. Perfuzni parametry normdlniho parenchymu (stfedni hodnoty)
Table 3. Perfusion parameters of normal liver parenchyma (mean values)

Obr. 3. Hepatoceluldrni karcinom
e~ L levého jaterniho laloku, barevné
LS« mapy a Ciselné vyjddreni perfuznich

S parametrd. Sloupec 1 (Sedy) — nddor;

l sloupec 2 (modry) - jaterni parenchym

WS ® i, 3 Hepatocellular carcinoma of

-y ’
. i f‘ the left liver lobe, colour maps and

] 'i L 1§
-

numerical quantification. Column 1
(grey) - tumor, column 2 (blue) - liver
8 parenchyma

HPI

BF

) S BV (ml/100g*) | TTP | MTT PMB ALP PVP HPI
*

Studie (;“I‘/'ﬂ)?nf’lfm::*l) (ml100m*) | (s) | (s) | (m/100mUmin) | (ml/100 mi/min) | (ml/100 ml/min) | (%)

\(/;/S;dekann 20 102

(21"6‘;“ 106,2* 20.2% 15,1 17 90 16

ga;s)hlmoto 103,9% 12,5% 11,1 18,4

(C;‘ze)” 156 189

?g;'es 17 34

Blomley (21) 19 43

Van Beers (35) 108** 16 17

FN Plzef *+* 34,9+ 11,0 26,2 156 14,8 44,8 25,8

**¥ zatim nepublikované predbézné vysledky; vyraznéjsi diskrepance v nékterych parametrech jsou zptsobené odlisnou metodikou

TERAPIE JATERNICH NADORU

PCT je vhodnou metodou ke kontrole efektu lokalni i cel-
kové terapie jaternich nadoru. Pozitivni odpovéd na 1é¢bu je
provazena snizenim parametrii ukazujicich na pfitomnost
neoangiogeneze. V soudasnosti je ¢asto vyuzivana biologicka
lé¢ba zaméfend pravé na jeji potlaceni (preparaty sorafenid,
bevacizumab a dalsi). Informace, kterou poskytuje PCT, tedy
presné koresponduje s i¢inkem 1é¢by a umoznuje jej posoudit
drive nez ostatni metody (obr. 4) (25, 26). Pro validni hodno-
ceni je nezbytné provést vstupni vy$etfeni pred 1é¢bou. Poté se
béhem 1é¢by, po nékolika cyklech chemoterapie, provadi kon-
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trola, kterd ur¢i, zda nador na 1é¢bu reaguje. Pokud je efekt
pozitivni, je 1é¢ba dokonéena, v opaéném ptipadé je zménéna
(27, 28).

Pii aspésné destrukéni 1é¢bé nadoru (RFA apod.) docha-
z{ ke kompletni nekréze nadorové tkané, ktera je provazena
vypadkem vSech perfuznich parametri. Recidiva nebo non-
ablace se projevi loziskovym zvySenim arteridlni perfuze
a dal$imi zménami typickymi pro pfitomnost viabilni nado-
rové tkané (29). V ¢asném obdobi po vykonu (1-3 mésice) se
objevuje v periferii nekrozy zanétliva reakce, kterd ma v PCT
obraze podobné vlastnosti jako nddorové tkan a v nékterych
ptipadech ji neni mozné odlidit od recidivy nebo non-ablace
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nadoru. Hodnoceni efektu 1é¢by se proto provadi az po tretim
mésici.

Po chemoembolizaci se zji$tuje rozsah nekrézy nadoru
a zmény perfuze jeho eventudlnich viabilnich zbytka (obr.
5) (30-32). Pomoci PCT je rovnéz mozno kontrolovat efekt
embolizace portdlni Zily za Gc¢elem posileni regenerace zdravé
jaterni tkdné u nemocnych pied jaterni resekci s nedostatec-
nym predpokladanym reziduem jaterni tkdné. V embolizo-
vané Casti dochazi ke snizeni portdlni perfuze a kompenza-
tornimu zvyseni perfuze arteridlni (obdobné jako u cirhézy),
ve zbylé ¢asti jaterniho parenchymu dochézi k opa¢nym zmé-
nam portalni a arteridlni perfuze (33). Pfedmétem vyzkumu

Obr. 4. Metastdza kolorektdlniho
karcinomu - pozitivni reakce na bio-
logickou lécbu. A - vystupni vysetient;
B - kontrola po trech cyklech, velikost
lozZiska se neméni, redukce BF, BV, ALP
aHPI

Fig. 4. Metastasis of the colorectal
carcinoma - positive reaction to the
biological therapy. A - initial exami-
nation; B — examination after 3 cycles,
size of the lesion is unchanged, reducti-
on of BF, BV, ALP and HPI

je, zda tyto zmény perfuze mohou pomoci predikovat miru
regerace zdravé jaterni tkané.

JATERNI FIBROZA A CIRHOZA

Diagnostika chronickych hepatopatii pomoci zobrazovacich
metod je problematickd, protoze se v nékterych ptipadech
neprojevuji morfologickymi zménami, které by byly deteko-
vatelné béznym zptisobem. Uréeni miry prestavby parenchy-
mu a jejitho vyvoje v ¢ase je pritom dalezité pro volbu 1é¢by
a stanoveni progndzy onemocnéni. Ma také vyznam pro urde-
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Vysetfeni po vykonu

Tab. 4. Perfuzni parametry u patologickych jaternich procesti (stfedni hodnoty)

Table 4. Perfusion parameters in pathological liver processes (mean values)

40br.5

Obr. 5. Hepatoceluldrni karcinom
léceny chemoembolizaci. Horni
fada - vysetieni tésné po vykonu, vypa-
dek perfuze v rozsahu témeér celého
nddoru; dolnitfada - recidiva po 8 mési-
cich, v periferii i centru loZiska se obje-
vuji oblasti s arteridlni hyperperfuzi

Fig. 5. Hepatocellular carcionoma
treated with chemoembolization.
Upper row — examination immediately
after the procedure, perfusion defect
of allmost entire tumor; lower row —
reccurence after 8 months, zones of
increased arterial perfusion in the peri-
phery and in the centre of the tumor

o BF BV PMB
Léze Studie Mérena (m1/100°g/min)* | (ml/100 g)* TTP | MTT (m1/100 g/min)* ALP . PVP . I-:PI
oblast (m1/100 ml/min)** | (mi100 mh** | | )| (m1/100 ml/min)»+ | (MI/100 mi/min) | (ml/100 ml/min) | (%)
tumor 92,8*% 4,9%* 8,1 34,5%
Sahani (17)
parenchym 14,9*% 2,6%* 14,9 23,5%
tumor 46,9%* 27,5 19,4 60,4
HCC Long (12)
parenchym 86,78** 12,2 74,56 14
EN Plzef: * tumor 41,5%* 10,7** 17,3 19** 52,5 16,3 76,3
zen
parenchym 27,0%* 9,08*%* 289 31,2%* 9,44 35,0 204
tumor 43
Miles (6)
parenchym 19
tumor 50
Blomley (21)
metastazy parenchym 17
CRC Legett (40) tumor >25
Perkins (41) tumor > 37
EN Plzets * tumor 28,8** 9,1 21,1 13,6%* 27,4 22,8 57,3
zen
parenchym 34,9%* 11,0%* 26,2 15,6 14,8 44,8 25,8
cirhoza 12,2 24,9
Chen (32)
kontrolni sk. 15,6 18,9
cirhoza 25 93
Blomley (21)
kontrolni sk. 19 43
cirhéza
cirhoza 36 17
Miles (6)
kontrolni sk. 17 34
cirhoza 67%* 51 41
Van Beers (35)
kontrolni sk. 108** 16 17

*KK
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ni funkéni rezervy jater pred resekei pro hepatoceluldrni kar-
cinom v terénu cirhézy. Jedinou zndmkou difuzniho onemoc-
néni jsou v téchto ptipadech odchylky jaterni perfuze, které je
mozno neinvazivné diagnostikovat pomoci PCT.

Zmény mikrovaskularizace u fibrézy a cirhdzy se projevuji
sniZzenim portalni perfuze a zvy$enim arteridlni perfuze, kterd
vSak nedokaze plné kompenzovat snizeny pfisun krve portal-
nim Fecistém. Proto jsou parametry celkovy priitok a objem
snizené. Vlivem zvy$ené cévni rezistence se prodluzuje tran-
zitni ¢as. Obliterace Disseho prostoru kolagenem se odrazi
ve zvy$eni permeability (obr. 6) (6, 17, 21, 32, 34, 35). Bylo
prokdzano, ze PCT umoziuje ¢asnou detekei jaterni fibrozy
a cirhozy a zaroven dokaze odlisit fibrézu od cirhézy (17).
Jind prace ukazuje, Ze zmény perfuznich parametru se lisi

B - normdlni parenchym

ll Fig. 6. Liver cirrhosis. A — perfusion
changes in advanced liver cirrhosis;
B - normal liver parenchyma

u jednotlivych stadiich cirh6zy dle Childovy klasifikace (36).
Vzhledem ke zvy$ené radia¢ni z4tézi je vhodné hodnoceni
chronické hepatopatie provadét pouze jako vedlejsi vystup
vySetfeni provadénych za ucelem detekce a charakterizace
hepatocelularniho karcinomu. V jinych ptipadech je vhod-
néj$i zvolit méné zatézujici a levnéj$i alternativu v podobé
elastografie nebo biopsie.

DALSIi APLIKACE METODY

PCT je mozno vyuzit i v dal$ich situacich, kdy je tfeba posu-
zovat a Casné detekovat odchylky perfuze jater, jako je stav
po transplantaci nebo po vytvoreni portosystémového zkra-
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tu (TIPS apod.). Literarni udaje o vyuziti v téchto indikacich
jsou ale zatim jen ojedinélé (37-39). Z dat ziskanych pti obje-
movém perfuznim vySetfeni je mozno vytvaret dynamické
CT angiografie (4D CT angiografie), které jsou pfinosné pti
podrobném hodnoceni cévnich abnormalit, jako je patologic-
ka vaskularizace nddorti, arteriovendzni zkraty nebo kolate-
ralni obéh (obr. 7).

ZAVER

Perfuzni CT jater je funk¢éni metoda, kterd umoziiuje hodnotit
perfuzni zmény u loZiskovych a difuznich jaternich procest.
Prispiva k jejich ¢asnéj$i a presnéjsi detekei a blizsi charakte-
rizaci. U malignich nadort je vhodna i k hodnoceni odpo-
védi na 1é¢bu. Zasadnim meznikem ve vyvoji této metody je
zavedeni CT pfistroji s velkym poctem fad detektoru, které
umoznuji vySetfit perfuzi celého organu. Vzhledem k tomu,
Ze je spojena s vy$$i radia¢ni zatéZi, je tfeba ji indikovat pouze
v odtivodnénych pripadech. Zatim neexistuji rozsahlejsi stu-
die a metaanalyzy, které by objektivné zhodnotily skuteény
ptinos PCT a ur¢ily jeho misto v diagnostickém algoritmu.
Nicméné dle nasich i jinych zku$enosti se jevi jako perspek-
tivni.

A Obr.7

Obr. 7. 4D CT angiografie, hepatoceluldrni karcinom. Postupné plné-
ni arterioportdiniho zkratu (bilé Sipky) a nddorové tepny (Cervené sipky).
Obrdzky jsou fazeny shora dold.

Fig. 7. 4D CT angiography, hepatocellular carcinoma. Progressive filling
of arterioportal shunt (white arrows) and tumorous artery (red arrows).
Figures are arranged up to down.
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SOUHRN

Ferda J, Baxa J, Mirka H, Mracek ]J,
Priban V. Zatézova perfuzni vypocetni to-
mografie mozku s podanim acetazolamidu

Cil: Zhodnotit moznosti provedeni zatézové
perfuze mozku po aplikaci acetazolamidu
a moznosti posouzeni cerebrovaskularni re-
zervy (CVR).

Metoda: Béhem 12 mésicii bylo prove-
deno celkem deset vySetfeni objemového
perfuzniho CT mozku v zatéZi po podani
1000 mg acetazolamidu intravenozné, jed-
nalo se o sedm muzu a tfi Zeny (pramérny
vék 54,4 let, rozpéti 28-72 let). V souboru
byl sledovan stav cerebrovaskularni rezer-
vy pomoci porovnani klidové a zatézové
perfuzni mapy s hodnocenim perfuzniho
objemu (CBV) a stfedniho tranzitniho ¢asu
(MTT).

Vysledky: U vsech c¢tyf nemocnych
s okluzi vnitfni krkavice na podkladé spon-
tanni disekce nebylo prokazano snizeni
CVR. Ze Sesti nemocnych s aterosklerotic-
kou okluzi vnitfni krkavice nebylo snizeni
CVR ptitomné u dvou nemocnych, ze ¢tyt
nemocnych s vycerpanim CVR byl u tfech
nemocnych proveden EC-IC bypass.

Zavér: Zatézové perfuzni zobrazeni moz-
ku s podanim acetazolamidu pomoci CT je
testem vhodnym k posouzeni CVR u ne-
mocnych, u nich? je zvazovana indikace EC-
-IC bypassu. Nejvhodnéj$imi mapami pro
posuzovani CVR jsou mapy MTT.

Kli¢ova slova: perfuzni CT mozku, ace-
tazolamid, extra-intrakranialni bypass.

SUMMARY

Ferda J, Baxa J, Mirka H, Mracek J,
Priban V. Acetazolamide challenge test
during perfusion computed tomography
of the brain

Aim: To assess the effectiveness of acetazola-
mide challenge perfusion CT of the brain in
detection of cerebrovascular reserve.

Method: During twelve months, 10 exa-
minations of volume perfusion CT of the
brain was performed during acetazolamide
challenge. The sample of patients consisted
of 7 males and 3 females (mean age 54,4
years, range 28-72). The cerebrovascular
reserve (CVR) was assessed using the com-
parison of perfusion maps during rest and
challenge, cerebral blood volume (CBV) and
mean transit time (MTT) were used.

Results: Significant decrease of CVR was
not found in any of four patients with oc-
clusion of internal carotid after spontaneous
dissection. In four of six patients with athe-
rosclerotic occlusion of internal carotid, the
significant decrease of CVR was found; three
of them underwent EC-IC bypass graft sur-
gery. In remaining two patients was found
no decrease of CVR.

Conclusion: Acetazolamide challenge
test is useful test in detection of CVR, accor-
ding tis test is possible to stratify the patients
in whom the EC-IC surgery may improve
the brain blood perfusion.

Key words: brain CT perfusion, acetazo-
lamide, extra-intracranial bypass.
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Kvantitativni hodnoceni cerebrovaskularni rezervy (CVR)
umoznuje hodnotit miru moznosti autoregulace mozkové per-
fuze v zatézi, a tim odhadnout riziko hrozici mozkové ischémie.
Posouzeni CVR je dulezitym ukazatelem kumulativniho rizika
ischémie mozku u nemocnych s okluzi vnitini krkavice. Rizi-
ko ischemického iktu stoupd u nemocnych se snizenou VCR
ve srovnani s nemocnymi, u nichz je CVR zachovana.
Provedeni  extra-intrakranialniho  karotido-karotické-
ho (EC-IC) bypassu umoznuje efektivné zvysit priitok krve
mozkovou tkani u nemocnych s redukovanou cerebrovasku-
larni kapacitou, a tak efektivné snizit riziko mozkové ischémie.
Posouzeni cerebrovaskularni rezervy umoziuje selektovat sku-
pinu nemocnych, u nichZ opera¢ni vykon muze mit na cirku-
la¢ni poméry efekt a prevazi rizika operaéniho vykonu.
Perfuzni vypocetni tomografie (PCT) se stala béZnou sou-
casti vySetfovacich protokold v detekci mozkové ischémie. Pro
posouzeni cerebrovaskuldrni rezervy je zapotfebi porovnat
klidové perfuzni parametry s perfuznimi parametry v zatézi.
Hlavnim mediatorem autoregulace priitoku krve mozkem je
zvy$eni parcidlniho tlaku oxidu uhli¢itého, resp. koncentrace
vodikovych kationt v krvi. Proto se pro simulaci podobného
stavu vyuziva postupti zvyseni koncentrace H*v krvi - jednim
z takovych mechanismu je zablokovani funkce karboanhyd-
razy v renalnich tubulech podanim acetazolamidu (1, 2).

METODIKA

V pribéhu 12 mésict jsme provedli celkem deset vySetfeni
perfuzni vypocetni tomografie s podanim acetazolamidu,
jednalo se o sedm muzi a tfi Zeny (pramérny vék 54,4 let,
rozpéti 28-72 let). U nemocnych bylo indikovano zatézové
perfuzni CT vySetfeni na zakladé prokdzané okluze kré¢niho
useku vnitini krkavice, v Sesti pripadech ptivodu ateroskle-
roticko-trombotického a ve ¢tyfech pripadech u nemocnych
s uzavérem na podkladé spontanni disekce. Retrospektivni
charakter studie nevyzadoval v dané instituci schvaleni etic-
kou komisi.

Vysetteni byla provddéna na zdkladé informovaného sou-
hlasu pomoci objemového perfuzniho CT na dvou dvouzdro-
jovych CT ptistrojich (Somatom Definition DSCT a Somatom
Definition Flash, Siemens, Forchheim, SRN) pouzitim proto-
kolu s pokrytim celého objemu mozkovny technikou kyva-
vého pohybu stolu (tzv. shuttle-mode). Protokol se sestava ze
zobrazeni v 24 cyklech po dvou s kolimaci 32 x 1,5mm, resp.
64 x 1,5mm s pouzitim 100 kV napéti na rentgence. Vysette-
ni byla provadéna po podani 30 ml iomeprolu (Iomeron 400,
Bracco, Milano, Italie) s priitokem 6 ml/s. Jako klidova zob-
razeni byla provedena recentni perfuzni zobrazeni u nemoc-
nych, ktefi byli vySetfovani v neddvné dobé pro mozkovou
ischémii nebo podezfeni na ni, u ostatnich bylo provedeno
klidové vySetfeni den predem. Nasledujici den bylo provede-
no zatézové vysetfeni s acetazolamidem (ACZ). Vlastni per-
fuzni vysetfeni bylo provedeno 20 minut po pomalé infuzi
1000 mg po aplikaci ACZ (Diamox,Mercury Pharma, Wyeth,
USA).

Pomoci programu pro perfuzni analyzu byly vytvoreny
perfuzni mapy (Syngo Volume Brain Perfusion, Siemens, For-
chheim, SRN) s pouzitim map cerebral blood flow (CBF), ce-
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rebral blood volume (CBV), time to peak (TTP), mean transit
time (MTT) a permeabilita. Hodnoceni perfuznich map bylo
provadéno vizualné a s kvantifikaci parametra pomoci oblasti
zajmu (region of interest — ROI) zvlast v klidu a zvIast v zatézi
anasledné byly mapy porovnany vizualné. Barevné mapy byly
zhotoveny ve stejném rozsahu hodnot, aby bylo umoznéno
vizualni hodnoceni.

Jako vycerpana cerebrovaskularni rezerva byl hodnocen
stav, kdy doslo v zatézi k rozsiteni oblasti s prodlouzenim MTT,
prodlouzeni MTT vice nez o 3,5 a sou¢asné nedoslo ke zvy$eni
CBYV, nebo k jeho poklesu (dle kritérii Eicker et al.) (3).

VYSLEDKY

U vSech vySetfeni bylo mozné CVR hodnotit, vSechna vySet-
feni byla diagnostickd. V$ichni nemocni tolerovali vy$etfeni
dobrte, beze znamek subjektivnich obtizi. Provedenim zaté-
zového hodnoceni perfuze byly zjistény celkem ¢tyfi pripady
vycerpané cerebrovakularni rezervy, u kterych bylo ve tfech
pripadech nasledné ptistoupeno k provedeni EC-IC bypassu,
jeden nemocny s provedenim operace nesouhlasil. Ve vSech
pripadech se jednalo o chronickou okluzi vnitini krkavice
na podkladé aterosklerotického postizeni. Ve véech operova-
nych pripadech bylo prokazano prodlouzeni MTT o vice nez
0 3,5 s, soucasné u jednoho z nemocnych bylo prokazano, ze
po podani ACZ dochazi k vyraznému snizeni CBV na rozhra-
ni teritoria levé stfedni a pfedni mozkové tepny. U véech ope-
rovanych nemocnych bylo snizeni CVR nejvyraznéjsi v teri-
toriu predni cirkulace na rozhrani teritorii predni a stfedni
tepny. U neoperovaného nemocného bylo prokdzano vycer-
pani rezervy v oblasti celého teritoria stfedni mozkové tepny
a angularni oblasti vpravo.

U jednoho nemocného bylo pozorovano nevyznamné pro-
dlouzeni MTT na rozvodi predni a stfedni tepny, u jednoho
na pomezi teritoria zadni a stfedni tepny.

Ani v jediném ptipadé okluze krkavice, kdy jejim podkla-
dem byla disekce tepny, nebylo prokazano, ze dochazi k signi-
fikantnimu snizeni cerebrovaskularni rezervy. Objevovalo jen
nepatrné prodlouzeni MTT na okraji teritoria stfedni mozko-
vé tepny. Vysledky shrnuje tabulka.

DISKUSE

Zakladnim mechanismem autoregulace mozkové cirkulace
je reakce na zvy$eni acidity krve v mozkové tkani. Zvy$eni
koncentrace vodikovych kationtt vede k prekapilarni dilataci,
a tim ke snizeni perfuzniho odporu, soucasné se zvy$uje ob-
jem krve ve tkani. Posouzeni stavu mozkové cirkulace a jeji
reakce na zatéZ je mozné navozenim situace, kterd simuluje
snizeni perfuzniho tlaku. Metodami jak zvysit koncentraci H*
v krvi jsou inhalace oxidu uhli¢itého nebo farmakologické vy-
volani acidézy acetazolamidem. Acetazolamid inhibuje kar-
boanhydrazu, ktera katalyzuje prvni ¢ast reverzibilni reakee,
kdy jsou CO, a H,O konvertovany na bikarbondt. Zabloko-
vanim karboanhydrazy v rendlnich tubulech vede ke zpoma-
leni zpétné konverze bikarbondatu na CO, a k reabsorpci H*
paralelné s chloridovym aniontem. Soucasné je zvy$ena ex-
krece bikarbonatu. Nésledkem u¢inku reabsorpce vodikovych
kationt je zvy$eni acidity krve, dochazi tedy k imaginarnimu
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4 0br. 1D

Obr. 1. Spontdnni disekce s okluzi pravé vnitini
krkavice na krku se zachovanou cerebrovasku-
Idrni rezervou. A, B - CT angiografie; C - klidovd
perfuze; D - perfuze s poddni acetazolamidu

Fig. 1. Spontaneous dissection with occlusion of
the right internal carotid, preserved cerebro-
vascular reserve. A, B - CT angiography; C - rest
perfusion; D — perfusion with acetazolamide appli-
cation
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4 Obr. 2D

Obr. 2. Aterosklerotickd okluze pravé vnitini
krkavice na krku se zachovanou cerebrovasku-
ldrni rezervou. A, B - CT angiografie; C - klidovd
perfuze; D - perfuze s poddni acetazolamidu

Fig. 2. Atherosclerotic occlusion of the right in-
ternal carotid, preserved cerebrovascular re-
serve. A, B— CT angiography; C - rest perfusion; D —
perfusion with acetazolamide application
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g 4 Obr.3A

Obr. 3. Aterosklerotickd okluze pravé vnitrni krkavice na krku s vyéerpanou cerebrovaskuldrni rezervou. A - klidovd perfuze; B - perfuze s poddni ace-
tazolamidu, C - klidovd perfuze po provedeni EC-IC bypassu ukazuje vylepseni perfuznich parametrd; D, E - CT angiografie EC-IC bypassu

Fig. 3. Atherosclerotic occlusion of the right internal carotid, severe decrease of cerebrovascular reserve. A - rest perfusion; B - perfusion with acetazo-
lamide application; C - restoration of perfusion parameters after EC-IC bypass surgery; D, E - CT angiography after EC-IC bypass surgery
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A Obr.3D

zvy$eni pCO, a ndsledné dochdzi k autoregulacnim zméndm
v moku, shodnym se situaci nedostate¢né perfuze (2).
Konven¢ni metodou k posouzeni CVR je provedeni
SPECT mozku s aplikaci *Tc-HMPAO, ktera v§ak neumoz-
nuje kvantifikovat perfuzni parametry a je zalozena prede-
v$im na semikvantitativnim hodnoceni. Eicker et al. (3) pro-
kazali shodu v hodnoceni CVR mezi SPECT a perfuznim CT.
V podminkach Ceské republiky nebylo provozovano zobraze-
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ni mozkové perfuze pomoci CT s aplikaci xenonu ani perfuz-
ni zobrazeni mozku zaloZené na extrakci O, nebo po aplikaci
"0-H,0 (4, 5).

Perfuzni CT se zavedenim celoobjemového skenovaciho
protokolu je metodou, kdy pomoci dekonvolu¢niho algorit-
mu lze kvantifikovat zakladni i odvozené perfuzni i cirkulaéni
parametry. Metoda umoziuje pfimé méteni MTT i kalkulaci
CBYV jako plochy pod ktivkou. Z patofyziologického mecha-
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Tab. 1. Soubor nemocnych
Table 1. Sample of patients

Pohlavi | Vék | Okluze ACI CBV klid acetaczi‘llamid CBV rozdil M.TT mTT . MTT -\f;iflzgzni Lécba
mi/100ml ml/100 ml | klids | acetazolamids | rozdil s
ml/100ml rezerva

1| muz 72 | ateroskleréza 4,3 4,5 0,2 53 8,9 3,6 snizena konzervativné

2| muz 65 | aterosklerdza 53 4,8 -0,5 4,3 5,7 1,5 zachovana konzervativné

3 muz 64 | ateroskleréza 3,4 4,4 1,0 4,0 7,9 3,9 vycerpana EC-IC bypass

4| muz 62 | ateroskleréza 53 2,9 -2,4 4,1 8,1 4,0 vycerpana EC-IC bypass

5| zZena 55 | ateroskleréza 49 5,1 0,2 3,9 4.8 0,9 zachovana konzervativné

6| muz 60 | ateroskleréza 4,6 4,7 0,1 4.6 9,1 4,5 vycerpana EC-IC bypass

7| zena | 49 disekce 32 34 0,2 38 3,7 -0,1 zachovand | konzervativné

8| Zena 45 disekce 2,1 2,3 0,2 3,3 6,4 3,1 zachovana konzervativné

9| Zena 45 disekce 3,6 3,7 0,1 4,1 4,5 04 zachovana konzervativné
10| muz 28 disekce 2,3 2,6 0,3 4,0 3,2 -0,8 zachovana konzervativné

nismu vyplyvd, Zze prvnim indikdtorem naruseni cerebro-
vaskularni rezervy je tedy pti perfuznim vySetfenim zvySeni
CBYV, jakozto ukazatel snizeni perfuzniho tlaku. Kaneko et
al. (6) prokazali ve studiich, ze presnéj$i posouzeni poruseni
CVR je méfeni MTT.

Ve srovnani s vySetfenimi vyuzivajicimi metody nuklearni
mediciny (SPECT, ale i PET) i s vySetfenim pomoci magnetické
rezonance poskytuje CT zobrazeni lepsi informaci o teritoriu
postiZeni, véetné moznosti zobrazeni dynamické 4DCTA, kte-
ra poskytuje operatérovi i trojrozmérnou predstavu o anatomii
tepenného zasobeni mozku. Soucasné je perfuzni objemové
CT metodou, ktera dovoluje kvantifikovat perfuzni paramet-
ry i parametry cirkulace. Dynamické skenovani dovoluje vel-
mi dobfe méfit stfedni transitni ¢as (mean transit time, MTT),
ktery, jak bylo vySe uvedeno, nejlépe koreluje se zménami
v mozkové cirkulaci pfi chronickych hypoxicko-ischemickych
zménach (7-9). Soucasné algoritmy hodnoceni perfuzni analy-
zy dovoluji i spolehlivé hodnotit objem krve ve tkani na rozdil
od metod kvantifikace perfuze u magnetické rezonance nebo
SPECT a starsich algoritmti pro CT, kdy je uZivan jen parametr
relativniho objemu rCBV (5-7). Pouziti magnetické rezonance
s hodnocenim toku krve pomoci fazového kontrast je jednou
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The assessment of intracranial bleeding
with virtual unenhanced imaging by means
of dual-energy CT angiography

Abstract The purpose of this study
was to assess virtual unenhanced brain
computed tomography (CT) images
obtained by dual-energy CT angiog-
raphy (CTA) for the detection of
intracranial bleeding. In total,

25 patients were included in the study
(average age 53.2 years, range 25—
75 years, 14 male, 11 female), all with
intracranial bleeding on unenhanced
brain CT and who underwent addi-
tional CTA performed on a dual-
source CT in a dual-energy acquisition
mode. The two X-ray tubes were
operated at 140 and 80 kV, respec-
tively. Data were analyzed using dual-
energy evaluation software. Virtual
unenhanced images were calculated
by removing the relative iodine con-
tent from each voxel. The virtual
unenhanced images were evaluated by
a radiologist blinded to the findings of

Introduction

the conventional images related to the
presence of intracranial bleeding. The
image quality and contrast-to-noise
ratio (CNR) between bleeding and
brain tissue were assessed. The virtual
image quality was found to be suffi-
cient in 96%. The agreement in
detection of intracranial bleeding on
virtual and conventional unenhanced
images reached 96% in per-lesion
analysis and 100% in per-patient
analysis. The averaged CNR reached
2.63 in virtual unenhanced images
and 3.27 in conventional. Virtual
unenhanced images are sufficient

for the detection of intracranial
bleeding.

Keywords Dual-energy CT - Brain
hemorrhage - Cerebral aneurysm -
Subarachnoid hemorrhage -

Virtual imaging

One of the oldest clinical applications of computed
tomography is the detection of intracranial bleeding. CT
without intravenous administration of a contrast agent
represents the gold standard in cases of suspicion of
intracranial bleeding, since the CT density of intracranial
blood is markedly different from the CT density of brain
tissue, cerebrospinal fluid, and bone [1]. Examinations
involving the intravenous administration of a contrast
medium did not belong to the diagnostic work-up for
intracranial bleeding until the 1990s. In recent years, CT
angiography (CTA) has become a significant part of the
imaging methods in the diagnosis of subarachnoid hemor-

rhage (SAH), and it has completely replaced digital
subtraction angiography for the primary diagnosis of the
source of intracranial bleeding [2, 3]. Brain imaging has
been supplemented by routine contrast-enhanced examina-
tions in the arterial phase for imaging of aneurysms or
vascular malformations. If these examinations are per-
formed using a dual-source CT, it is possible to acquire
dual-energy data by operating both X-ray sources at
different voltages (different kV settings) [4, 5]. Dual-
energy CT (DECT) allows for an analysis of different tissue
types according to their different X-ray attenuations at
lower and higher X-ray energies. First clinical studies have
been published on the use of DECT analysis for virtual
unenhanced imaging of tissues in the abdominal area
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and imaging of the pulmonary tissue [6-9]. The aim of
this study is to evaluate the diagnostic value of virtual
unenhanced brain imaging obtained from dual-energy CT
angiography (DECT angiography) acquisitions in cases of
intracranial bleeding.

Materials and methods

In total, 25 patients were included in the study (the average
age was 53.2 years, range 25-75 years, 14 males, 11
females) who were diagnosed with intracranial bleeding on
unenhanced brain CT and who underwent additional CT
angiography to clarify the source of the bleeding.

Informed consent could not be obtained from some of
the patients, as all examinations were emergent under a
serious, generally life-threatening condition. In patients
whose condition allowed obtaining informed consent,
informed consent was received. Retrospective evaluation
of' the patient’s image data was approved by the local ethics
committee. All examinations were performed using a dual-
source CT (Somatom Definition, Siemens Healthcare,
Forchheim, Germany). First, an unenhanced brain CT
using a spiral technique with the following parameters was
performed in all patients: collimation 2% (32 x 0.6 mm) with
simultaneous acquisition of 64 slices by means of a z-flying
focal spot (double z-sampling), reconstruction slice width
6 mm without overlap, and—in addition—0.75 mm with a
reconstruction increment of 0.5 mm. A medium-smooth
head kernel (H25) was used for all reconstructions.

All CT angiography, ranging from the aortic arch to the
vertex of the head, was performed in a dual-energy (DE)
mode using 140-kV tube voltage for measurement system
A and 80-kV tube voltage for measurement system B.
Collimation was again 2x (32 0.6 mm) with simultaneous
acquisition of 64 slices by means of a z-flying focal spot
(double z-sampling). The examinations were performed
after application of an iodine contrast medium (60 ml) of
400 mg/ml at a flow of 4 ml/s with subsequent saline flush
using 50 ml of saline solution. An overpressure injector
system was used for the application of the contrast medium
and flushing (Ohio, Ulrich, Ulm, Germany). CT data
acquisition was automatically started after the administra-
tion of the i.v. contrast agent as soon as the CT density in
the ascending aorta exceeded 100 HU.

For each examination, we reconstructed two image data
sets, one at 140 kV and one at 80 kV. Additional averaged
images, obtained by weighted addition of the 80 and 140 kV
images (ratio factor of 80 kV/140 kV=0.3), were not used in
further image evaluation. These averaged CT images are
about equivalent to standard CT images acquired at a tube
voltage of 120 kV. A medium-smooth head kernel (H25)
was used for all dual-energy reconstructions.

For the purpose of the study, the 80 and 140 kV images
were further processed using dual-energy evaluation soft-
ware (syngo Dual Energy, Siemens Healthcare, Forchheim,

Germany). By means of a three-material decomposition
algorithm [4], both virtual unenhanced images were
calculated from the DECT-angiography data. The findings
on conventional unenhanced images (reconstruction slice
width 6 mm) were compared to the virtual unenhanced
images. Virtual unenhanced (VU) images were recon-
structed in identical orientation and slice width. The virtual
unenhanced images were reconstructed, then anonymized
and stored by one radiologist (14 years of experience with
CT, of which 6 years were with MDCT) who evaluated the
“conventional” unenhanced (CU) images. The virtual
unenhanced images were evaluated retrospectively and
independently by another radiologist (23 years of experience
with CT, of which 6 years were with MDCT) blinded to the
patients’ clinical data and blinded to the findings of
conventional unenhanced brain images. Both radiologists
evaluated the presence of intracranial bleeding, differen-
tiated particular locations of subarachnoidal bleeding and
the presence of intracerebral hematoma, the presence of
blood in the ventricular system, and the presence of other
types of intracranial bleeding. The evaluations were recorded
by each radiologist in a table and the two tables were
compared. Finally, the image quality was rated by the blinded
radiologist using a three-point scale: 1 = excellent, when the
VU-CT images were comparable with CU-CT images; 2 =
sufficient, when images were usable in detection of
intracranial bleeding; and 3 = insufficient, when the images
were insufficient for detection of intracranial bleeding.

The contrast-to-noise ratio between hematoma and brain
tissue was calculated within the virtual unenhanced and
conventional unenhanced images.

Results

In the study group, there were 15 cases of pure subarachnoid
bleeding, 4 cases of subarachnoid bleeding combined with
presence of blood in the ventricular system, 5 cases of
subarachnoid bleeding combined with intracerebral and
intraventricular bleeding, and finally 1 case of combined
subarachnoid, intracerebral, and subdural bleeding.

Our study group included four patients with subarachnoid
bleeding together with traumatic medical history. In three
cases, vascular abnormality was not found to be the
etiological factor and thus the source of the post-traumatic
bleeding. A bleeding aneurysm was found in the one patient
with combined subarachnoid, intracerebral, and subdural
bleeding. In this case, hemorrhage was the primary reason
for the fall (included in the subset of complicated bleedings
with aneurysm as a cause).

In total, 19 patients were found to have vascular abnor-
malities as the cause of bleeding. Two cases involved an
arteriovenous malformation as a cause of bleeding with
intracerebral and intraventricular bleeding. Nine cases were
purely subarachnoid bleeding from a rupture of an aneurysm
without blood in the ventricular system or intracerebral
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Fig. 1a—c¢ Traumatic subarachnoidal bleeding. a Conventional unenhanced image, b DE CT-angiography averaged image, ¢ virtual

unenhanced image

hematoma. The bleeding was due to a rupture of an
aneurysm complicated by the presence of blood in the
ventricular system (four cases), blood in the ventricular
system combined with intracerebral hematoma (three cases),
or a combination of interaventricular, intracerebral, and
subdural bleeding (one case).

Three patients were found to have perimesencephalic
bleeding in the typical location, but repeated DECT
angiography did not find any vascular abnormality.

The virtual unenhanced images showed a higher image
noise level and markedly reduced contrast between gray
and white matter compared to the measured unenhanced
images (Figs. 1, 2, 3). Nevertheless, all locations of
subarachnoid bleeding, identical locations and size of the
intracerebral hematomas, as well as the presence of blood
in the the ventricular system could be identified on the
virtual unenhanced images. In all cases, the hemorrhage
was displayed on both the virtual unenhanced images and
the real unenhanced images at the same location and with
the same extent except one case, when the small amount of

blood sediment was not detectable on VU-CT. The virtual
unenhanced brain imaging with regard to the detection of
intracranial bleeding reached complete agreement between
VU-CT and CU-CT in 96%. For the general presence of
any intracranial bleeding, accuracy reached 100% in per-
patient analysis.

In terms of image quality, 13 sets of virtual unenhanced
images were of excellent quality, 12 were sufficient, and no
set was rated as insufficient. The average rating was 1.48,
suggesting that some worsening of the image quality was
noted on virtual unenhanced images.

The averaged contrast-to-noise ratio between hematoma
and brain tissue reached 2.63 (range 1.92-3.34) in VU-CT
and 3.27 (range 2.74-3.80) in CU-CT.

Discussion

Unenhanced brain imaging belongs within the basic work-
up for the diagnosis of intracranial disease [1]. Unenhanced

Fig. 2a—c Spontaneous subarachnoidal bleeding caused by the ruptured aneurysm of the basilar artery with presence of the blood in the
ventricular system. a Conventional unenhanced image, b DE CT-angiography averaged image, ¢ virtual unenhanced image
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Fig. 3a—c Intracerebral and subdural bleeding caused by the ruptured aneurysm of the middle artery. a Conventional unenhanced image, b
DE CT-angiography averaged image, ¢ virtual unenhanced image

brain imaging helps to detect structures with high density,
especially calcium in calcifications and ossified tissues,
and it allows for the evaluation of bleeding, where the high
CT density is caused by a high protein content. In addition
to its use in determining the presence of calcium and
bleeding, unenhanced imaging is used to compare the
increased density of tissue on the enhanced images after the
intravenous application of an iodine contrast medium.
While the evidence of bleeding (including subarachnoid) is
classically supported by unenhanced CT, CT angiography
is currently the first-line method indicated to find the cause
of the bleeding. The first experience using CTA in the
detection of the sources of intracranial bleeding was
published in the early 1990s [10]. Currently, the clinical
routine for subarachnoid bleeding firmly includes CT
angiography, which is performed after previous unen-
hanced brain CT. Recent studies show that CTA using 16-
and greater multi-detector-row CT systems can fully
replace intra-arterial catheterization digital subtraction
angiography (DSA) in the therapeutic decision process.
Aneurysm as a cause of subarachnoid bleeding can be
diagnosed with more than 96% sensitivity, more than 98%
sensitivity, and with a positive predictive value of more
than 99% [3]. Perimesencephalic bleeding can be differen-
tiated with a high accuracy of up to 100% [2]. DSA is
added only in nondecisive cases. The current role of CTA
is, therefore, firmly established in evaluating the source of
subarachnoid bleeding.

The results of our study demonstrate the usability of
contrast-enhanced brain imaging such as DECT angiography
for the detection and description of intracranial bleeding if
virtual unenhanced imaging is used for visualization of the
hemorrhage. Virtual unenhanced CT scans can be recon-
structed from dual-energy CT data acquired after the
previous intravenous application of the contrast medium.
The correct location and extent of intracranial bleeding could
be detected on the virtual unenhanced images in 24 of 25

patients, but the presence of bleeding was found in all of
them. These results show a significant potential for the
detection of bleeding using only the postcontrast dual-energy
scans and, therefore, suggest the possibility of omitting the
conventionally performed unenhanced brain scan. With
regard to the radiation dose to the patient, the current dual-
energy CTA scan protocol of the head and neck is not
different from a conventional single-energy CTA protocol
(see Table 1).

Dual-energy data acquisition enables the reconstruction
of virtual unenhanced images in which the iodine content
of each voxel is subtracted. The corresponding algorithm is
based on the markedly increased X-ray attenuation of
iodine at 80 kV compared to 140 kV, as a result of the
significant contribution of the photoelectric effect due the
high atomic number of iodine [4]. Other tissues in the brain
show a much less pronounced change in X-ray attenuation
since they consist of elements with low atomic number.
Therefore it is possible to calculate, for any given voxel,
how the iodine content and the tissue itself contribute to the
final density [4], and to create a map corresponding to the

Table 1 Comparison of the acquisition parameters: CTA with the
use of the unenhanced data subtraction and CTA using dual-
energy CT

64-DCTA DE CTA
(system A/system B)

eff. mAs 150 56/250
kv 120 140/80
Data traces 2x32x0.6 mm  2x32x0.6 mm
Pitch 1 0.65
Gantry rotation (s) 0.33 0.33
Acquisition time (s) 7 9
CTDIvol (mGy) 10.8 11.1
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unenhanced densities of tissues [4, 5]. This virtual
unenhanced image created by DECT angiography displays
the neurocranium, brain tissue, and cerebrospinal fluid, and
the bleeding in patients with intracranial bleeding.

In our study, the virtual unenhanced scan showed
decreased contrast-to-noise ratio between hematoma and
brain tissue compared to conventionally performed un-
enhanced brain imaging. The reduced contrast-to-noise
ratio did not result in poorer differentiation of blood, but
was subjectively felt to worsen the image quality. However,
no influence on the detectability of bleeding was found,
indicating the potential for omitting the unenhanced brain
scan from the diagnostic work-up.

There are some limitations to our study. To generalize the
role of virtual unenhanced brain imaging for the detection
of bleeding, it will be necessary to use a larger study group
by adding patients with other indications for brain imaging.
For the next level of evaluation of the possibility of
replacing unenhanced brain imaging with DECT, patients
with ischemic cerebrovascular events or patients with
intracranial expansive masses have to be included. The
second diagnostic imaging modality (VU-CT) was only
performed when the first imaging modality (CU-CT) was
positive for intracranial bleeding. This approach confers an

increased awareness of the presence of intracranial bleeding
and thus perhaps an overestimation of the sensitivity. In
addition, no negative cases were included and therefore
specificity can not be reported.

In the future, we plan more extensive study including
patients without intracranial bleeding to definitively
determine the significance of virtual unenhanced brain
imaging.

Conclusion

Based on the data from a single contrast-enhanced dual-
energy CT acquisition, it is possible to reveal the presence
of intracranial bleeding with high detectability. Our study
indicated some potential for contrast-enhanced dual-energy
CT including analysis of virtual unenhanced imaging to
replace generally conventional unenhanced brain imaging
in the future, and therefore, to significantly reduce the
overall radiation burden on the patient.
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Abstract. Background/Aim: The aim of this study was to
evaluate the possibility to discriminate the blood clot from
tumorous tissue in the assessment of transitional cell
carcinoma (TCC), when CT data are used only from single
phase dual-energy CT (DECT). Materials and Methods: A
total of 18 patients were included into the retrospective
analysis of the prospectively collected data (the average age
was 67.3 years, range=62-79 years, 12 males, 6 females).
DECT was performed in all patients after intravenous
administration of the iodinated contrast material. DECT
analysis using three-material decomposition algorithm was
used to discriminate blood and enhancing tumorous tissue. In
all patients, TCC was detected and subsequently kidney
surgery or endoscopy was performed within the next two
weeks. The findings were compared with DECT results.
Results: In our cohort of patients we found 9 TCC of the renal
pelvis or ureter and 7 TCC of the urinary bladder. The
accuracy of the TCC detection was 94% (17/18). The presence
of coagulated blood within the urinary collecting system
together with a tumor was detected in 7 CT examinations. The
blood coagulum without a confirmed malignant tumor was
found in one case with false positive DECT finding. In other
6 cases bleeding was confirmed during surgery or endoscopy
(accuracy 87%). Conclusion: The dual-energy data analysis
enables discrimination of a blood clot from tumorous tissue.
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It helps in detection of UCC in cases when the excretion
potential of the kidneys is decreased due to fulfillment of the
collecting system with blood clots.

Transitional cell carcinoma (TCC) is a malignant tumor
arising from the transitional epithelial cells lining the urinary
tract from the renal calyces to the urethra. TCC is the most
common tumor of the renal pelvis. Bladder cancer is
diagnosed annually in the western world with increasing
incidence. Upper urinary tract TCC is estimated to occur in
5% of all TCC, TCC of the renal pelvis forms less than 10%
of all renal tumors. Evidence indicates that the frequency of
urinary collecting system malignancies is increasing.
Massive hematuria occurs in many TCC cases, so the
detection of the tumor within the collecting system fulfilled
with clotted blood is an important diagnostic goal.
Non-contrast CT still represents the gold standard in cases
of suspected bleeding in most institutions, since the CT
density of coagulated blood is markedly different from those
of the soft tissues urine and calcified tissues. Examinations
after intravenous administration of a contrast medium are
used in detection of vascular structures and enhanced tissue.
Kidney imaging has been supplemented by routine contrast-
enhanced examinations in the arterial, venous and
nephrographic phases for imaging of tumors including
vascular kidney supply. In recent years, CT urography has
become a significant part of the imaging methods in the
assessment of the urinary collecting system and it has
replaced intravenous urography (1, 2), however the role of
CT urography in cases of decreasing excretion of urine is
still limiting. If CT examination is performed using a dual-
source CT, it is possible to acquire dual-energy data by
operating two X-ray sources at different voltages (different
kV-settings) (3-7). Dual-energy CT (DECT) improves the
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evaluation of examination when an analysis of different
tissue types according to their different X-ray attenuation at
lower and higher X-ray energies is used. Several clinical
studies have been published on the use of DECT analysis for
virtual unenhanced imaging of tissues in the abdominal area,
lungs and brain (3-11). The aim of this study was to evaluate
the possibility to discriminate the blood clot from tumorous
tissue in the assessment of transitional cell carcinoma using
CT data from single phase postcontrast dual-energy CT.

Materials and Methods

In total, 18 patients were included in the retrospective study (the
average age was 67.3 years, range=62-79 years, 12 males, 6
females). All of them underwent DECT and subsequently received
surgery or endoscopy due to the suspected TCC. Informed consent
was obtained in all patients. Retrospective evaluation of the patient’s
image data was approved by the Local Ethic Committee. All
examinations were performed using a dual-source CT (Somatom
Definition, Siemens Healthineers, Forchheim, Germany) operating
in dual-energy data acquisition regime.

All dual-energy abdominal CT, ranging from the dome of the
diaphragm to the pelvis floor, were performed using 140 kV tube
voltage for measurement system A and 80 kV tube voltage for
measurement system B. Collimation was 2x (32x0.6 mm) with
simultaneous acquisition of 64-slices by means of a z-flying focal
spot (double z-sampling). The examinations were performed after
application of an iodine contrast medium with a concentration of
400 mg of iodine per ml (Iomeron 400, Bracco, Milan, Italy) with
flow rate of 4 ml/s followed by flush of 50 ml of saline solution. A
power injector system was used for the application of the contrast
medium and saline solution flushing (Ohio, Ulrich Medical, Ulm,
Germany). CT data acquisition was automatically started with the
delay of fifteen seconds after the CT-density in the distal descending
aorta exceeded the threshold of 100 HU. In this circulation phase
after the intravenous administration of the iodinated contrast agent
we achieved optimal enhancement of the vessels, kidney
parenchyma and collecting system wall.

For each examination, we reconstructed two image data sets, first
at 140 kV and second at 80 kV. For estimation of the quality of the
examination and further evaluation we reconstructed averaged
image series with contribution of 80 kV and 140 kV images with
ratio of 0.3. These averaged CT images are almost equivalent to
standard CT images acquired at a tube voltage of 120 kV. A
medium-smooth body kernel (B31) was used for all reconstructions.

For the purpose of the study, the 80 kV and 140 kV images were
further processed using dual energy evaluation software (Syngo
Dual Energy — Liver VNC algorithm; Siemens Healthineers). By
means of a three-material decomposition algorithm (4) both virtual
unenhanced images and maps of iodine distribution were calculated
from the DECT data.

The images were anonymized and further evaluated retrospectively
and independently by two radiologists (one 15 years’ experience with
CT, of which 8 years were with MDCT, second with 14 years’
experience with CT, of which 8 years were with MDCT). Both
radiologists evaluated the presence, location and extent of coagulated
blood and tumorous tissue within the urinary collecting system. The
evaluation was recorded by each radiologist in a table and both tables
were compared. Finally, the image quality of virtual-unenhanced

images was rated using three-point scale: 1 — excellent, when the
contrast-to-noise virtual-unenhanced images were comparable with
averaged CT images; 2 — sufficient, when images were usable in
detection of bleeding, stones or masses; and 3 — insufficient, when the
images were insufficient for detection of bleeding, stones and masses.

The findings were compared with the results of investigation of
the resected organ or with results of endoscopy performed by an
experienced urologist. The histological examinations were
performed by a pathologist who was an experienced specialist in
genitourinary pathology.

Results

In our cohort of patients, we found 7 cases of TCC within
the renal pelvis (Figure 1), 2 TCC in the distal ureter (Figure
2),and 7 TCC of the urinary bladder. The presence of clotted
blood within the urinary collecting system was detected in 7
cases. In one patient, only chronic cystitis and no tumorous
tissue was identified during cystoscopy.

The virtual unenhanced images showed a higher image noise
level. Nevertheless, all locations of coagulated blood were well
detectable. In the urinary collecting system, the intra-luminal
growth of the tumorous tissue differed from coagula on the
iodine distribution map with its detectable iodine uptake. The
bleeding in the collecting system was identified due to the
increased density compared to the surrounding structures on
virtual unenhanced images; the tumorous tissue disappeared
within the pelvis or ureter due to the subtraction of the density
value added by the iodine respectively.

The blood clots were found twice within the renal pelvis,
twice both within ureter and urinary bladder and once in the
urinary bladder only. All locations were confirmed except
from one that was not found in the pelvis during surgery.

The tumorous lesion was confirmed by surgery or
endoscopy in 17 cases. The virtual unenhanced imaging
regarding the detection of coagulated blood reached the
complete agreement between DECT and endoscopy in 87%
(7 of 8 patients). All tumors were correctly found, so the
sensitivity reached 100%. The specificity estimation was
biased due to the small number of negative cases, so its
value of zero showed low validity and is not reported.
Regarding the image quality, 13 sets of virtual unenhanced
images were of excellent quality, 4 sufficient, and none
insufficient. The average rating was 1.25, which means that
the image quality was slightly deteriorated, but the ability to
assess it was not significantly impaired.

The averaged contrast-to-noise ratio between urine and
muscle tissue reached 2.25 (ranged=1.73-3.12) in virtual
unenhanced CT images, and 4.32 (ranged=2.92-5.80) in
contrast enhanced original CT images respectively.

Discussion

Unenhanced abdominal imaging belongs within the basic
algorithms of the diagnosis of urinary calculi (1, 2, 10).
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Figure 1. Transition cell carcinoma of the renal pelvis. A — Conventional enhanced image (DECT averaged image), B — DECT iodine map showing

an enhancement of tumorous tissue (arrow), no enhancement in coagulated blood, C — DECT virtual unenhanced image showing the hyperdense
coagula within pelvis (arrow) and absence of increased in density of tumorous tissue.

Figure 2. Very small transition cell carcinoma of the distal ureter. A — Conventional enhanced image (DECT averaged image), B — DECT iodine
map showing an enhancement of tumorous tissue (arrow) and absence of enhancement in coagulated blood localized inside distal ureter, C — DECT
virtual unenhanced image showing the coagula within the distal ureter and low density of tumorous tissue.

Unenhanced imaging helps to detect all structures with high
density, not only calcium containing urinary stones and
ossified tissues, but also uric acid stones. Furthermore, it
allows evaluation of bleeding, the high CT density of which
is caused by a high content of proteins. In addition to the
determination of the presence of calcium and bleeding,
unenhanced imaging is used in the assessment of tissue
enhancement, when unenhanced images are compared with
those after the intravenous application of an iodine contrast
medium. While the detection of urinary stones is classically
performed by unenhanced CT, multiphase multi-detector CT
(MDCT) is currently the first-line method indicated in

differential diagnosis of renal masses. Recent studies show
that multi-detector-row CT systems can fully cover the
clinical requests in the therapeutic decision process in renal
tumors (10, 12). The algorithm of CT examination in patients
suffering from hematuria firmly includes unenhanced
imaging, followed by contrast enhanced MDCT, finished by
excretory imaging called CT-urography (1, 2, 10). The
current role of CT is, therefore, firmly established in
evaluation of the possible sources of bleeding into the
urinary collecting system — tumors and calculi.
Implementation of DECT in the imaging algorithms
provides the reduction of the needed number of scans (3, 5-
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7) with the additional improvement of data evaluation by
means of the evaluation of iodine content within the tissues
and by the means of chemical analysis of the urinary stones.
The results of our study demonstrate the usability of
contrast-enhanced abdominal imaging such as single contrast
enhanced DECT for the detection and description of tumors
growing into the collecting system including discrimination
of the tumorous tissue and clotted blood if virtual
unenhanced imaging is used for visualization of the
hemorrhage and iodine distribution map for visualization of
tumorous tissue. Virtual unenhanced CT scans can be
reconstructed from dual-energy CT data acquired after the
previous intravenous application of the contrast medium. The
correct location of the tumorous tissue could be detected
using combined imaging with the virtual unenhanced images
and iodine distribution maps in high accuracy of 94%
(Figure 1, 2). These results show a significant potential for
the detection of TCC only from one post-contrast dual-
energy scan and, therefore, the possibility to omit the
conventionally performed unenhanced abdominal scan and
in some cases scans in the excretory phase. Regarding the
radiation dose to the patient, the current dual-energy CT scan
protocol exceeded 1.2 times the dose obtained from a
conventional single-energy CT protocol (13).

Dual-energy data acquisition enables the reconstruction of
virtual unenhanced images and iodine distribution maps,
when the density of each voxel is splitting in those derived
from the iodine content and those derived from natural
tissue. The corresponding algorithm is based on the
markedly increased X-ray attenuation of iodine at 80 kV
compared to 140 kV, because of the significant contribution
of the photoelectric effect due to the high atomic number of
iodine (3, 4, 14). Other tissues show a much less pronounced
change in X-ray attenuation since they consist of elements
with a lower atomic number. Therefore, it is possible to
calculate, for any given voxel, how the iodine content and
the tissue itself contribute to the final density (3, 4), and to
create a map corresponding to the unenhanced enhanced
densities of tissues (3-5). This virtual unenhanced image
created from DECT data displays the soft tissues, kidney
parenchyma, clear urine, blood or calculi.

The reduced contrast-to-noise ratio did not result in poorer
differentiation of structures, but influenced in some
subjectively felt worsening of the imaging quality (15-17).
However, no influence on the detectability of tumor or
urinary stone was found, indicating the potential of omission
of the unenhanced scan from the diagnostic algorithm (6).

The CT-urography is thought to be the first method of
choice in the imaging of the collecting system. Being the
cause of urine outflow obstruction, the massive content of
coagulated blood or tumorous tissue may result in the
markedly delayed excretion of the iodine. However, in some
cases the imaging in the excretory phase must be repeated,

which increases dose burden to the patient. Our DECT data
analysis showed, that the imaging in the excretory phase has
added value in the detection of hematuria cause, only in few
cases, therefore it can be omitted.

Our study indicates the potential of contrast enhanced
DECT analysis of virtual unenhanced imaging to replace the
generally conventional approach in urinary imaging, and
therefore, to significantly reduce the overall radiation burden
on the patient. Further decrease of the radiation dose could
be achieved using novel approaches in data reconstruction
using iterative reconstruction algorithms and using the pre-
filtration of X rays on tube using the effect of spectral
shaping by high energy tin filtration (17-20).

Limitations of our study include the relative small cohort
of patients which reduces the possibility to generalize the
role of single phase iodine enhanced DECT in indication in
patients with bleeding. In addition, no negative cases were
included and therefore specificity cannot be reported. For
these reasons, further studies on this issue are needed.

Conclusion

Based on the complex data derived from a single contrast-
enhanced dual-energy CT acquisition, it is possible to
distinguish with high accuracy TCC from bleeding into the
urinary collecting system in patients suspected for a urinary
collecting system tumor with a significant reduction of the
radiation dose.
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Aim: The aim of the study is to present the feasibility of using dual-energy CT and the evaluation of iodine
and air distribution in differentiation of pathological conditions.

Material and method: We used the data of 50 CT examinations performed due to suspected pulmonary
embolism with any pathological finding except consolidation of the parenchyma. The patients underwent
CT angiography of the pulmonary arteries on a dual-source CT (DSCT), with the two tubes independently
operated at 140 and 80KkV. By exploiting the dual-energy information, iodine distribution maps were
obtained in addition to the conventional CT images which served as a marker of pulmonary perfusion.
Minimum intensity projections (MinIP) were used as a marker of air content.

Results: By comparing the iodine distribution maps and MinIP images, it was possible to differentiate
between the following templates of lung parenchyma: A - normal iodine and air distribution; B - iodine
content deficit with minimal or with no redistribution of air; C — reduced iodine content and increased
content of air; D - deficit of iodine content and increased content of air; E — increased iodine content and
normal content of air; F - increased iodine content and reduced content of air; G - reduced perfusion and
reduced content of air. The type A (five cases) was typical for the pulmonary embolism with preserved
normal conditions of perfusion and ventilation. Type B (18 cases) occurred in pulmonary embolism; type
Cwas found in case of inflammation of small respiratory airways (five cases); emphysema was typical for
type D (nine cases); increased perfusion was observed in the parenchyma preserved from emphysema or
preserved from embolism in cases of emphysema or pulmonary embolism; type F occurred in pulmonary
interstitial edema (four cases) both with pulmonary infection; finally type G was found in interstitial lung
diseases (five cases).

Conclusion: Imaging of the pulmonary circulation by means of dual-energy CT opens the potential to study
pathological changes of circulatory and pulmonary perfusion impairments, our presented work signs the
important relations between iodine and air distribution which have to be thought in the interpretation
of dual-energy perfusion imaging of the lungs.
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1. Introduction

Under normal circumstances, pulmonary ventilation and perfu-
sion have a very close relation [1,2]. Most pathological conditions
of the pulmonary parenchyma change the blood flow in the
pulmonary capillary system or aeration of the alveolar system.
The most commonly used imaging methods are those which are
based on imaging of the pulmonary vascular system or indirect
imaging of the pulmonary tissue perfusion. Only a few radiolog-
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ical imaging methods allow for a depiction of ventilation, some
by means of the inhalation of rare gases [3,4]. Currently, there
is no routinely used imaging method which would enable the
imaging of aeration and blood perfusion during one examina-
tion.

When the pulmonary parenchyma is displayed by means of
computer tomography with intravenous application of a contrast
medium, the final density of the pulmonary parenchyma depends
on the iodine and air tissue distribution - therefore it is dependent
on substances whose distribution in the pulmonary parenchyma
is expressed by pulmonary ventilation and perfusion. In cases of
impaired perfusion both in pulmonary embolism and emphysema,
the simple perfusion map assessment is not sufficient to differ-
entiate between those causes of perfusion deficit, so the parallel
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comparison of the iodine distribution and air distribution promises
an improvement of the image interpretation.

Dual-source CT (DSCT) allows us to perform an analysis of the
chemical composition of tissues by means of dual-energy data
acquisition and tissue decomposition [5,6]. CT data analysis with
dual-energy CT (DECT) is based on the different X-ray absorption
of heavy elements at lower and higher energies of the radiation
used. Recently published applications of DECT [5,6] included eval-
uation of the iodine content in tissue after intravenous application
of contrast medium and chemical analysis of urinary calculi. The
aim of this work is to present first results of dual-energy CT angiog-
raphy of the pulmonary arteries for an analysis of disorders of the
aeration-perfusion relation.

2. Material and method

We used the data from 50 CT examinations of patients who had
no signs of consolidation of the pulmonary tissue with diagnoses
subsequently proved by hematology tests, microbiology, histology
or clinical course, In any case, CT angiography of the pulmonary
arteries was performed due to suspicion of pulmonary embolism,
using a technique with dual-energy CT. The informed consent was
obtained from all patients; the study was approved by local ethic
committee. The group of patients included 23 males and 27 females
with a mean age of 45.6 years range 18-82 years.

All examinations were performed using the dual-energy acqui-
sition mode of a DSCT system (Somatom Definition, Siemens
Healthcare, Forchheim, Germany), which is equipped with two X-
ray tubes and two corresponding detectors (A and B) offset by 90°.
For the CT chest examinations, measurement system A, which cov-
ers a scan field of view (SFOV) of 500 mm, was operated at 140 kV
tube voltage, while measurement system B, which is restricted to
a central SFOV of 260 mm, was operated at 80 kV. Both detectors
have a collimation of 32 mm x 0.6 mm and acquire 64 slices per
rotation by means of a z-flying focal spot (double z-sampling). The
quality reference mAs settings were 8 mAs in tube A, 340 mAs in
tube B, respectively. The gantry rotation time was 330 ms; we used
a pitch of 0.9 for our examinations. The dose index (CTDI) reached
7.7 mGy/cm - comparable to the CTA protocol exploiting 120 kV.

All examinations were performed after intravenous application
of iodine contrast medium (100 ml) with a flow rate of 4 ml/s and a
concentration of 400 mg of iodine per milliliter followed by 50 ml
of saline flush by means of a power injector (Ohio, Ulrich, Ulm,
Germany).

For each examination, we reconstructed two image data sets,
one at 140 kV and another at 80 kV, and additional averaged images,
which were obtained by weighted addition of the 80 and 140 kV
images (ratio factor of 80/140kV =0.3). These averaged CT images
are about equivalent to standard CT images acquired at a tube volt-
age of 120kV. The reconstruction slice widths were 2 and 0.6 mm,
we used both a standard reconstruction kernel for CT angiography
(B26) and a high resolution kernel (B60) for pulmonary high reso-
lution CT (HRCT). For the purpose of the study, the 80 and 140 kV
images were further processed using a dual-energy evaluation
software (syngo Dual Energy, Siemens Healthcare, Forchheim, Ger-
many). By means of a three material decomposition algorithm [5],
iodine distribution maps were calculated, which depict the iodine
content in each image voxel (algorithm lung perfused blood vol-
ume PBV). The iodine distribution maps reconstructed in 5 mm thin
slabs represented the distribution of the blood volume in the lung
parenchyma and were used as an indicator of pulmonary perfusion.
Additionally we calculated 5 mm thin slabs minimum intensity pro-
jections (MinIP) from the averaged images to evaluate the aeration
of the pulmonary parenchyma. Although the images of MinIP could
be affected by the reduced density due to the decreased iodine dis-

tribution, they were used as the aeration distribution maps of the
lung.

In total, we evaluated four types of image data sets and com-
pared the findings for each patient:

e Maximum intensity projections (MIP) of the averaged 80/140 kV
images, using a window for pulmonary CT angiography.

¢ HRCT reconstructions of the averaged 80/140 kV images.

¢ Jodine maps of the lung parenchyma (PBV images).

e MinlIP reconstructions of the averaged 80/140 kV images.

3. Results

Even if the field of view of 80 kV images is restricted to 260 mm
and the peripheral rim of parenchyma is left from dual-energy anal-
ysis, the comparison of the MinIP and iodine distribution maps
could be performed. By comparing the iodine distribution maps
and MinlIP reconstructions it was possible to differentiate between
some templates of the mutual relation of the aeration and perfusion
of the pulmonary tissue. According to the air and iodine distri-
bution in the lungs, the findings were divided into the following
types: A - normal iodine and air distribution of; B — iodine content
defect with minimal or with no redistribution of air; C - reduced
iodine content and increased content of air; D - defect of iodine
content and increased content of air; E - increased iodine content
and normal content of air; F - increased iodine content and reduced
content of air; G - reduced iodine content and reduced content of
air. The type A (five cases) was typical for pulmonary embolism
with preserved normal conditions of perfusion and aeration, no
case of other pathology was found. Type B (18 cases) occurred in
pulmonary embolism, in three patients were found signs of mild
emphysema; type C was found in cases of the inflammation of small
respiratory airways (five cases); advanced emphysema was typi-
cally found in type D (nine cases); increased perfusion was observed
in the parenchyma preserved from emphysema or preserved from
embolism in cases of emphysema or pulmonary embolism; type
F occurred in pulmonary interstitial edema (four cases) both with
pulmonary infection; finally type G was found in interstitial lung
diseases (five cases). The characteristics of the iodine content and
distribution of air in the particular pathological conditions are sum-
marized in Table 1. According to the templates, a direct or counter
change of the aeration and perfusion ratio of the pulmonary tissue
can be presumed. Therefore, a certain type of behavior could be
seen in the single diagnoses’ group, even though it was impossi-
ble to generalize the results due to the small sample size in groups
except pulmonary embolism.

3.1. Pulmonary embolism

Pulmonary embolism was found in a total of 23 patients. Exten-
sive central pulmonary embolism occurred in 15 patients who had
impairment of the lobar and segmental branches; three patients
were diagnosed with multiple sub-segmental embolisms with
free main and lobar branches and five patients were diagnosed
with embolism within only one affected segment. The perfu-
sion maps showed the perfusion defect mainly by affection on
the segmental and more peripheral level. Some perfusion defect
was found in any patient suffering from pulmonary embolism
(Fig. 1). In case of extensive pulmonary embolism with affection
of the main branches, it was possible to see a failure of per-
fusion in the segments with full occlusion of branches of the
pulmonary arteries, with only minimally reduced perfusion in the
incompletely obstructed segments, and with preserved perfusion
in those without embolism. The perfusion defects correspond to
the location of the occlusion of the pulmonary arteries, addition-
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Table 1
Behavior templates of perfusion and aeration.

Finding

Perfusion (DE PBV)

Aeration (MinIP)

Central embolism, incomplete arterial occlusion
Central embolism, complete arterial occlusion
Periferal embolism

Air trapping

Emphysema - dead space

Emphysema - spared parenchyma

Interstitial edema

Inflammation - ground-glass opacity
Interstitial lung diseases

Normal

Segmentary hypoperfusion
Periferal hypoperfusion
Minor hypoperfusion
Hypoperfusion
Hyperperfusion
Hyperperfusion
Hyperperfusion
Hypoperfusion

Normal

Minimally increased
Minimally increased
Increased

Extremely increased
Relatively decreased
Relatively decreased
Opacity

Decreased

Fig. 1. Segmental perfusion defects in pulmonary embolism with minimally increased aeration, comparison of MinIP image (left) and perfusion map (right).

ally we found in two patients with multiple embolism perfusion
defects without affection of the segmental branches of pulmonary
arteries. Due to the extent of the perfusion changes it was pos-
sible to upgrade the embolism as extensive - the cause of the
finding was probably micro-emboli behind the spatial resolution
(Figs. 2 and 3).

When the MinIP images were evaluated, the density was
only minimally reduced in the hypo-perfused areas (due to the
decreased of the iodine concentration), or the reduction of per-
fusion and the reduction of MinIP density were identical -
therefore, no significant changes of redistribution of the air con-
tent occurred also in three patients with mild signs of centrilobular
emphysema.

"

3.2. Air trapping

In five patients, it was possible to differentiate changes cor-
responding to air trapping, even the expiration scans were not
conducted. Three patients with obstructive bronchitis, one patient
with bronchiolitis and one male patient with asthma were included
in our study (the level of the D-dimers was found normal in all of
them at a later stage). None of the patients was diagnosed with
pulmonary embolism by means of evaluation of the pulmonary
artery lumen and its branches on CTA images. Reduction of per-
fusion in the peripheral pulmonary areas could be differentiated in
the perfusion scans with a compensatory mild increase of perfusion
in the central part of the pulmonary parenchyma. Reduction of per-

Fig. 2. Peripheral perfusion defects in pulmonary embolism with respecting increased air content in affected parenchyma, comparison of MinIP image (left) and perfusion

map (right).
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Fig. 3. Decreased perfusion in the areas of increased aeration in air trapping during bronchitis, comparison of MinIP image (left) and perfusion map (right).

Fig. 4. Severe pulmonary emphysema leads to the severe perfusion deficit in areas of dead space, comparison of MinIP image (left) and perfusion map (right).

fusion was not as dramatic as in the case of pulmonary embolism
- a typical finding is shown in Fig. 4. By evaluation of the MinIP
scans, it was possible to see a mosaic-like increase of the content of
air in the peripheral pulmonary parenchyma, which respected the
lobulary arrangement of the lungs and the hypo-perfused area. By
evaluation of the HRCT scans, dilated bronchial walls were seen on
the level of the segmental and sub-segmental generations in both
patients.

3.3. Emphysema - pulmonary dead space

In 10 cases of affection of the pulmonary parenchyma by emphy-
sema, normal or slightly increased perfusion was observed in areas
which were not affected or relatively spared by emphysema . On
the other hand, a very significant reduction of the pulmonary per-
fusion occurred in the areas of increased affection of the pulmonary
tissue. Markedly reduced density in the MinIP images matched the
areas with reduction of perfusion in the iodine maps. A marked
reduction of the pulmonary parenchyma density corresponded to
increased dead alveolar space.

3.4. Pulmonary edema

Three patients were diagnosed with left heart failure in the
phase of interstitial edema with interlobular septal thickening on
the HRCT images of the lung parenchyma. Depending on gravi-
tation, hyper-perfusion in the affected area was found in all the

patients in the dorsal part of the lung tissue. The level of perfu-
sion corresponded to higher values compared to the parenchyma
without interstitial edema. Reduced aeration was seen during eval-
uation of the MinIP images in the areas of affected tissue. A typical
finding is shown in Fig. 5.

3.5. Inflammation

Four patients were diagnosed with pulmonary infection in the
phase of intra-alveolar exudation with ground-glass opacification
on HRCT images of the lung parenchyma. Hyper-perfusion in the
affected area was found in all patients (Fig. 6). The level of per-
fusion corresponded to higher values compared to the healthy
parenchyma. Reduced aeration was seen during evaluation of the
MinlIP images in the areas of inflammation.

3.6. Interstitial lung diseases

Idiopathic pulmonary fibrosis with affection similar to the usual
interstitial pneumonia, UIP occurred in three cases of intersti-
tial processes with fibroproduction. In two cases, sarcoidosis was
confirmed later in a pulmonary biopsy. Reduced perfusion of the
pulmonary parenchyma was found in both cases together with
reduced aeration of the pulmonary tissue (Fig. 7). A possible reason
for theses findings is the traction forces of the fibrous tissue in the
interstitium.
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Fig. 6. Locally increased perfusion in areas of inflammation, comparison of sagittal high resolution image (left) and perfusion map (right).

4. Discussion

In our study, we provide a concept of imaging the aeration (term
means the static distribution of the air in a given time) and the
pulmonary perfused blood volume by means of the distribution
of intravascular deposited iodine and intra-alveolar air. The limi-
tation of the study is depending on field of view of 80 kV images
restricted to 260 mm so the peripheral rim of parenchyma is left

from dual-energy analysis, this disadvantage could be overcame
in next generation of dual-energy capable scanners with increased
field of view of second detector sector.

Ventilation-perfusion imaging of the lungs has been used
mainly in combined imaging in pulmonary scintigraphy, in which
two examinations were performed separately for evaluation of the
perfusion and ventilation. The discrepancy in a deficit of distribu-
tion of a radiopharmaceutical served as a marker for identification

Fig. 7. Diffuse decrease of perfusion in patient with disseminated sarcoidosis involvement of the lung, comparison of MinIP image (left) and perfusion map (right).
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of the areas with pulmonary embolism. Established imaging meth-
ods use mainly rare elements for evaluation of the ventilation,
for example, krypton in ventilation scintigraphy, hyperpolarized
helium in magnetic resonance or xenon in computer tomog-
raphy [3,4]. Use of these gasses (except krypton in nuclear
medicine) is expensive and logistically very demanding, and
depends on the use of special inhalators and pressurized gas bottles
as well.

Imaging pulmonary perfusion using DECT is based on the
assumption that the iodine concentration in the arterial phase of
imaging the pulmonary parenchyma is mainly caused by intravas-
cular iodine distribution and not by extravascular distribution.
Therefore, the iodine distribution map represents only, with a
minor simplification, the pulmonary vascular volume map - pul-
monary blood perfusion volume (PBPV). The calculation of the
iodine distribution map in the pulmonary tissue is based on tissue
decomposition of three materials (air-tissue-iodine) by analysis
of the data acquired using 140 and 80kV. The decomposition is
possible because the density of air - the predominant substance
in the pulmonary parenchyma - is identical for 80 and 140kV
(—1000 HU) [5]. The relative proportion of the tissue density related
to iodine can be determined due to its special properties - a very
high increase of X-ray attenuation with decreasing tube voltage
(80KkV vs. 140kV). [5,6].

Airisanatural contrast substance in the pulmonary parenchyma
in the case of CT. The density of the pulmonary parenchyma
depends mainly on its air content. If the minimum intensity pro-
jection algorithm Minlp is used, even it depicts the distribution
of air in the pulmonary tissue with the effect of suppression of
other lung structures, mainly vessels filled by contrast agent [7-9],
the reduction of the density could be observed in reduction of the
iodine content in the vessels affected by embolism. Application
of MinIP reconstructions in the pulmonary tissue highlights those
areas with an increased air content compared to the surrounding
tissue. The known paradox is that the reduced density of the pul-
monary parenchyma is caused by an increased air content which is
not ventilated - the alveolar dead space or air trapped in the lung
tissue. The hyperventilation of the dyspneic patients prior to the
examinations improved the differences in those with air trapping
affected lung parts. By the minimal simplification, pulmonary ves-
sels participate minimally in the final low density of the lung tissue.
On the contrary, the areas with increased intra-alveolar fluid or the
areas of pulmonary consolidation have a high final density, as well
as the soft mediastinal tissues or chest wall. By means of MinlIP,
it is possible to display not the well-ventilated but, conversely,
the poorly ventilated areas - the air trapping area of air reten-
tion behind the collapsed bronchial tree in expiration or the area in
which ventilation impairment is caused by dead alveolar space in
emphysema [8,9]. Reduced ventilation is also manifested reactively
in the areas with reduced blood perfusion - reactive bronchial con-
striction and mild reduction of the volume of ventilated air occur in
a paradoxically slightly increased volume of air in the pulmonary
tissue. By means of different densities in MinIP reconstructions,
it is possible to distinguish the areas with limited air exchange
from normally ventilated lungs. Although the examinations were
performed during mild inspiration, the patients examined due
to a suspicion of pulmonary embolism generally hyperventilate
due to dyspnea, and therefore, the areas with air trapping are
highlighted. CT angiography of the pulmonary artery in expira-
tion can be considered, but it is more stressful for patients with
dyspnea.

The physiological and patho-physiological mutual interactions
of ventilation and perfusion are very complex [1,2,10,11]. There-
fore, it is impossible to simplify them. In order to understand single
patho-physiological changes which can be seen during CT exami-
nations displaying both perfusion and ventilation, it is necessary to

consider certain basic procedures that affect pulmonary blood flow
[12,13].

Interstitial strengths have a significant influence on perfusion
in the capillary circulation as well [14]. The interstitial connec-
tive tissue causes high radial traction during inspiration, which
causes a collapse of the capillary circulation and dilatation of the
vessels with a bigger lumen. This effect is very marked in the inter-
stitial pulmonary processes in inspiration and takes part in the
reduction of the perfusion in the affected pulmonary tissue, which
can be seen in the perfusion maps in our patients with interstitial
affection.

In inflammatory affection of the pulmonary parenchyma, there
is, rather, hyper-perfusion in the initial phases due to local inflam-
matory mediators, and therefore local hyper-perfusion of the
pulmonary tissue occurs, which could also be seen on the perfusion
maps.

Thieme et al. [15] found that imaging of pulmonary perfusion
using DECT is technically feasible and is able to identify perfu-
sion defects; however the comparison with perfusion scintigraphy
reveals only 75% sensitivity and 80% specificity per patient. Our own
observations confirmed the usefulness of a comparison of the aer-
ation and perfusion especially in cases where no visible pulmonary
emboli could be distinguished even in the sub-segmental arteries.
In order to overcome limitations in the interpretation of perfu-
sion deficits (as mentioned by Thieme et al.) we routinely used the
comparison of aeration (ventilation?) and perfusion images. Using
a detailed investigation of the changes in actual cases, we could
specify pulmonary affection in more detail, in particular in acute
states of dyspnoe or to correctly distinguish reactive impairments
of pulmonary circulation from disorders of pulmonary perfusion
due to pulmonary embolism. However, it could be possible to dif-
ferentiate the sites affected by microscopic embolism in pulmonary
embolism which have impaired pulmonary perfusion on the basis
of obliteration of the microcirculation - the assessments of the
perfusion involved the estimation of the severity of pulmonary
embolism.

5. Conclusion

Imaging of the pulmonary circulation by means of dual-energy
CT opens the potential to study pathological changes of circulatory
and pulmonary perfusion impairments, our presented work signs
the important relations between iodine and air distribution which
have to be thought in the interpretation of dual-energy perfusion
imaging of the lungs.

Conflict of interest

The authors state no conflict of interest.

Acknowledgement

This study was supported by the Czech MSM research project
no: 0021620819.

References

[1] Fishman AP, editor. The pulmonary circulation: normal and abnormal. Philadel-
phia: University of Pennsylvania Press; 1990.

[2] Herget J. Pathophysiology of the pulmonary blood vessels in chronic lung dis-
ease. Physiol Res 1991;40:129-37.

[3] Chae EJ, Seo JB, Goo HW, Kim N, Song KS, Lee SD, Hong SJ, Krauss B. Xenon ven-
tilation CT with a dual-energy technique of dual-source CT: initial experience.
Radiology 2008;248(2):615-24.

[4] Nakagawa T, Sakuma H, Murashima S, Ishida N, Matsumura K, Takeda K. Pul-
monary ventilation-perfusion MR imaging in clinical patients. ] Magn Reson
Imaging 2001;14(4):419-24.



J. Ferda et al. / European Journal of Radiology 77 (2011) 287-293 293

[5] Johnson TRC, Krauss B, Sedlmair M, et al. Material differentiation by dual energy
CT: initial experience. Eur Radiol 2007;17:1510-7.

[6] Ferda ], Flohr T, Kreuzberg B. Tissue imaging with dual-energy computed
tomography - initial clinical experience. Ces Radiol 2008;62:11-22.

[7] Satoh S, Kitazume Y, Taura S, Kimula Y, Shirai T, Ohdama S. Pulmonary emphy-
sema: histopathologic correlation with minimum intensity projection imaging,
high-resolution computed tomography, and pulmonary function test results. ]
Comput Assist Tomogr 2008;32(4):576-82.

[8] Satoh S, Ohdama S, Shibuya H. Sliding thin slab, minimum intensity projection
imaging for objective analysis of emphysema. Radiat Med 2006;24(6):415-21.

[9] Endo S, Murayama F, Hasegawa T, Sohara Y, Fuse K. Helical computed tomo-
graphic minimum-intensity projection of a slit in an airway obstruction. Ann
Thorac Surg 1999;67(3):847-9.

[10] Cope DK, Grimbert F, Downey JM, et al. Pulmonary capillary pressure: a review.
Crit Care Med 1992;20:1043-56.

[11] Weitzenblum E, Apprill M, Oswald M, et al. Pulmonary hemodynamics in
patients with chronic obstructive pulmonary disease before and during episode
of periferal edema. Chest 1994;105:1377-82.

[12] Hoffman EA, Chon D. Computed tomography studies of lung ventilation and
perfusion. Proc Am Thorac Soc 2005;2(6):492-8.

[13] Harris B, Bailey DI, Chicco P, et al. Objective analysis of whole lung and lobar
ventilation/perfusion relationships in pulmonary embolism. Clin Physiol Funct
Imaging 2008:14-26.

[14] Strickland NH, Hughes JM, Hart Da, et al. Cause of regional ventilation perfusion
mismatching in patients with idiopathic pulmonary fibrosis: a combined CT
and scintigraphic study. AJR 1993;161(4):719-25.

[15] Thieme VF, Becker CR, Hacker M, et al. Dual energy CT for the assess-
ment of lung perfusion—correlation to scintigraphy. Eur ] Radiol 2008;68(3):
369-74.



	Assessment of myocardial enhancement during coronary CT angiography in critically ill patients
	1 Introduction
	2 Imaging
	2.1 Assessment
	2.2 Evaluation of the coronary circulation
	2.3 Evaluation of left ventricular function and kinetics
	2.4 Pathological findings and clinical images in patients with urgent heart disease

	3 Conclusion
	Conflict of interest
	Acknowledgements
	References

	Pulmonary imaging using dual-energy CT, a role of the assessment of iodine and air distribution
	Introduction
	Material and method
	Results
	Pulmonary embolism
	Air trapping
	Emphysema – pulmonary dead space
	Pulmonary edema
	Inflammation
	Interstitial lung diseases

	Discussion
	Conclusion
	Conflict of interest
	Acknowledgement
	References


