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Cil prace

Predkladand dizertacni prace shrnuje pribéh a vysledky vyzkumné prace feSici

problematiku moznosti autofluorescencni diagnostiky kolorektalniho karcinomu.

Prace vychazi a navazuje na grantovy projekt Doc. MUDr. L. Horaka, DrSc.

(Skolitele predkladatele prace) - Opticka biopsie v diagnostice kolorektalni

rakoviny — IGA ND7581/2003, na kterém se autor pfimo podilel jako

spolupracovnik. Ze stejného grantu byly téZ hrazeny ndklady na experimentalni

¢ast vyzkumné prace.

Vytyceny byly nasleduijici cile:

ovéreni moznosti vyuziti autofluorescencnich vlastnosti normalni
a nddorem zménéné tkané tlustého streva k jejich diferenciaci,

ovéreni mozZnosti vyuZiti experimentdlné vytvorené prenosné
mérici sestavy k provedeni ,optické biopsie” v pribéhu

operacniho vykonu pro kolorektalni karcinom.

Prace byla rozdélena do 3 etap:

laboratorni etapa - ovéreni fluorescencnich vlastnosti normalni
a nadorem zménéné tkané tlustého stfeva a moznosti vyuZiti
k jejich odliSeni
experimentdlni etapa - ovéreni funkénosti experimentalné
vytvorené prenosné méfici soustavy
klinickd etapa - kterd byla dale rozdélena na 2 podetapy:
a. ovéreni realnych diskriminaénich moznosti
autofluorescencnich charakteristik normalni a nadorové
tkané pomoci statistického modelu

b. ovéreni moznosti vyuziti experimentalni sestavy v klinické

praxi

10
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Uvod

Zakladnim kriteriem Uspésné chirurgické |écby jakéhokoli nddorového
onemocnéni je kompletni odstranéni tumorem zménéné tkané. Tato podminka
je standardné zajisStovana opakovanymi, peroperacné provadénymi,
histologickymi vySetfenimi tkanovych vzork( odebranych z rizikovych oblasti.
V pfipadé kolorektalniho karcinomu je timto kritickym mistem oblast distalni
resekéni linie. Soucasnd metodika tuto oblast, ktera ve svém delSim rozméru
mUZe dosahovat 40 a vice mm, vySetfuje jen v nékolika lokalitdch, které jsou
zvoleny na zdkladé, bud patologického makroskopického nalezu, nebo
nahodnym vybérem. Je zcela zfejmé, Ze spolehlivost takového vysSetreni je
prfinejmensim diskutabilni a eventuelni negativni dopad nerozpoznaného

nadorového rezidua na dalsi prognézu nemocného je zcela zasadni.

Toto riziko, které se vsoucasnosti udava kolem 5%(1), lze vzasadé

minimalizovat dvéma zpUsoby:

" npeumérnym navySenim vySetfovanych mist, za cenu vyrazného
prodlouzeni c¢asu potiebného ke zpracovani materidlu, a tim
i operacniho ¢asu, respektive doby celkové narkdzy

= nebo nalezenim a oznadenim rizikovych oblasti jeSté pred vlastnim

histologickym zpracovanim.

K tomuto uclelu se jako velmi slibné jevi vyuziti odliSnych optickych

vlastnosti normalni a nddorem zménéné tkand'" 2.

Diagnostické techniky zaloZzené na optické spektroskopii dosahly
v soucasnosti jiz takové Urovné, Ze umoznuji zkoumat biochemické i morfologické

vlastnosti tkani. DalSi bezkonkurenéni vyhodou je rychlost, neinvazivita

a moZnost kvantitativniho i kvalitativniho hodnoceni®.

Klinické aplikace jiz bézné zahrnuji diagnostiku nadorovych onemocnéni

(4-8) (9,10) (2,4,11)

v oborech pneumologie™ ', urologie nebo gynekologie a v posledni

11
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dobé lIze v literatufe pozorovat vyraznou experimentdlni aktivitu s realnou nadé;ji

klinického vyuziti béhem endoskopickych vysetfeni, jak horni, tak dolni casti

zazivaciho traktu®*119),

12
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1. Kolorektalni karcinom

Kolorektalni karcinom je tfeti nejcastéjsi nddorové onemocnéni lidské populace

a nejéast&jéi nador zazivaciho traktu*®2%.

1.1. Epidemiologicka data

Je obecné zndmo, 7e Ceskd republika zaujimd predni mista v mezinarodnich
statistikach incidence kolorektalniho karcinomu. Studie Estimates of the cancer
incidence and mortality in Europe in 2006 ¥adi CR na 2. misto v Evropé z pohledu
muzské a na 5. misto z pohledu Zenské populace. V pfipadé mortality je na tom
Ceska republika jesté hGfe — muZi 2. misto a zeny 3. misto (Epidemiologické
trendy kolorektalniho karcinomu v CR - pfiloha 1). Dosadime-li si za tyto hodnoty
realna &isla, pak vCR je kazdoroéné nové diagnostikovano pfiblizné 8000
nemocnych s kolorektalnim karcinomem a na stejné onemocnéni zemre mezi
4100-4500 pacient(. Prevalence, tedy pocet Zijicich osob, které maji nebo mély
diagnostikovdn tento typ nddoru, dosahla v roce 2007 hodnoty 43 835 osob
a ve srovnani s rokem 1995 tak vzrostla o 99,6 %227 dlouhodobého hlediska
jsou zde ndznaky, Ze v incidenci a mortalité jiz bylo dosazeno vrcholu a nastupuje
sestupny trend. BohuZel prevalence a nejenom v Ceské republice stale stoupa
témér linearnim zpﬁsobem(ZO’B). S tim souvisi i nadale stoupajici celoZivotni riziko

onemocnéni, jehoz hodnota se v soucasné dobé pohybuje kolem 5,9 %.

Zavainym a zatim i stdle pretrvavajicim nepfiznivym faktorem je zachyt
onemocnéni u nemocnych v pokrocilém stadium, kdy Sance na vyléceni vyrazné
klesa. Dle statistickych dat je témér 50% nové diagnostikovanych onemocnéni

ve 3. a 4. stadiu (Graf 1)(21).

13
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Graf 1 - TNM stadia v dobé zdchytu onemocnéni
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Zdroj: http://www.rektum.cz/res/image/epidemiologie/c18-c20-stadia-zachyt.png

Karcinom rekta, ktery je predmétem této price se podili na incidenci

kolorektalniho karcinomu vice jak v 50% .

1.2. Chirurgicka 1écba

Primdarnim krokem uUspésné onkologické lécby kolorektalniho karcinomu je

7

radikdlni odstranéni postizené ¢asti vcetné bezpecnostniho okraje a spadové

lymfatické oblasti chirurgickym zékrokem® %),

Onkologicka radikalita je definovana na zakladé 3 principl, které musi byt

striktné dodrzeny:

= proximdlni princip radikality — odstranéni lymfatického povodi
= [aterdIni princip — odstranéni mezorekta

= distdlni princip — bezpecna vzdalenost resekéni linie

Historicky, z obavy z intramurdlniho S$ifeni nadoru, se po desetileti
dodrzovalo u 3. kriteria pravidlo 5 cm. Nastup novych technologii — staplerovych
technik, které umoznily technické provedeni anastomdzy iv oblasti panevniho
dna vtésné blizkosti svéracll, atim i zachovani integrity traviciho traktu

v pfipadech dfive indikovanych kamputaénimu vykonu, vyvolal potiebu

14
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prehodnoceni. Cetné studie véetné Hildovy(l) prokdzaly, Ze dostatecna bezpecna
vzddlenost distalni resekéni linie od makroskopicky patrného tumoru je 1-2 cm
(vztahuje se na Ccerstvy, nefixovany, nenapjaty prepardt in situ). Bezpecna,
ale neznamenad jistotu. Jak vyplyva z udaja tabulky €. 1 intramurdlni Sifeni
do vzdalenosti 2 cm od primarniho loZiska u T3 nadoru bylo zaznamenano u vice
jak 11% pacientd. Navic se nadory nemusi Sifit jen z jednoho centrdlniho loZiska

(cirkularni nadory), ale existuji i ostravkové (inzuldrni) zarodecné fokusy.

Tabulka 1 - Intramuralni Sifeni nadoru podle distalniho principu dle Hilda

N Celkem (%) <1cm (%) <2cm (%) <3cm (%)

T1 8 0 0 0 0
T2 38 0 0 0 0
T3 128 11,7 8,6 3,1 0
T4 24 25,0 16,7 8,6 0
VSechnaT 198 10,6 7,6 3,0 0

Dalsi dulezitou lé¢ebnou modalitou nddor(i rekta ovliviujici vysledek
chirurgické |écby je i predoperacni aktinoterapie. V nékterych pfripadech
je indikovana za ucelem redukce nddorové masy a tim zvyseni Sance na radikalni
chirurgicky vykon. Standardné je ale indikovdna u vsech rektdlnich karcinomu

(1,25,26) Vyhodou predoperacniho nacasovani

za U€elem snizZeni lokdlnich recidiv
je predevsim vyssi senzitivita zplisobena jeSté neporusenym cévnim zdsobenim,
tedy zachycenim nddorové tkané v aktivnim ,reprodukénim® cyklu, ktery

je radioterapii nejvice ovlivnén.
Soucasna terapeuticky protokol nabizi 2 varianty:

= standardni frakcionovanou terapii nebo
= akcelerovany rezim.
V prvém pfipadé je ozareni aplikovano 5x tydné v davce 1,8 — 2 Gy po dobu

5 tydn( do celkové davky 44 — 45 Gy. Operacni vykon je pak proveden v ¢asovém

15
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odstupu 4 — 6 tydn(. Akcelerovany reZzim spociva v aplikaci 5 Gy béhem 5 dna.
Naslednd toxickda reakce ale vyZaduje, aby chirurgicky zakrok byl proveden

do 72 hodin.

Vysledky klinickych studii ale prokazaly sniZzeni lokdlnich recidiv jen
u standardniho  protokolu. Vyznamnéjsi prodlouzeni celkového preziti

nemocnych nebylo prokazano ani u jednoho protokolu %),

16
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2. Fluorescence

Fluorescenci rozumime emisi elektromagnetického zareni, zejména ve viditelné
nebo UV (asti spektra optického zareni, které je vyzafovano tkani i jinym

materialem pti vhodné excitaci.

Obecné jev emise elektromagnetického zafeni systémem po jeho excitaci

nazyvame luminiscenci a podle typu mechanizmu vybuzeni rozliSujeme napft.:

= chemiluminiscenci — chemickou reakci

= bioluminiscenci — enzymatickou reakci vZivych organizmech
(svatojanska muska)

= elektroluminiscenci — elektrickym proudem

= fotoluminiscenci — svételnym zarenim

Fotoluminiscence je asi nejzndmé;jSim druhem luminiscence. RozliSujeme

dva typy:

= fluorescenci

= 3 fosforescenci.

Zakladni odlisnosti je, Ze wu fluorescence dochdzi k vyzarovani

G
|

elektromagnetického zareni okamzité po excitaci a po ,zhasnuti” excitacniho
zdroje také vzapéti vyhasind. Naproti tomu u fosforescence je energie ziskand
zarfenim nejprve ,,akumulovana“” a teprve posléze postupné uvolfiovana. Je tedy

patrna rizné dlouhou dobu i po ukonceni excitace.

2.1. Historické poznamky

Prvni zminka o fluorescenci se objevuje v roce 1565 v knize Spanélského lékare
a botanika Nicoldse Monardese (Historia medicinal de las cosas que se traen de
nuestras Indias occidentales). Popisuje namodralou opalescenci vody ve které
bylo vyvareno drevo stromu pozdéji nazvaného Lignum Nephriticum. Diky
¢asnému prekladu prace do latiny (1574) tento jev brzo upoutal pozornost

i dalSich badatel(. Jednim z nich byl i Galileo Galilei, ktery studoval fosforescenci

17
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tehdy zndmého kamene lapis solaris (barium sulfat). George Stokes (obr. 1)
(1819-1903) zavedI! pojem fluorescence a dalSimi pokusy potvrdil, Ze po absorpci
svétla o nizsi vinové délce dochazi k emisi svétla o vyssi (delsi) vinové délce.

Tento rozdil dnes nazyvame Stokes(iv posun(3'10’19'27 ~30)

Obrazek 1 Definitivni teoretické vysvétleni tohoto jevu

pfinesly objevy aZz Maxe Plancka (1858-1947)

Sir Georges Stokes

a Alberta Einsteina (1879-1955). Prvné jmenovany
Y r. 1901 demonstroval, ze svétlo
(elektromagnetické zareni) nemd jen vinovou
povahu, ale Ze jeho emise i absorpce probihd
v tz. energetickych kvantech neboli paketech,
a energie takového kvanta zareni je umérna jeho

frekvenci. Na tuto jeho prdci navazal Enstein

vysvétlenim fotoelektrického jevu a jako prvni

zdroj: zaCal povaZzovat kvanta elektromagnetického
http://www.specialtyinterests.net/ch
zareni za skuteCné ¢astice — fotony. Ddle prokazal,

ampions_of_conditional_immortality.

html

Ze pokud je foton absorbovan néjakou latkou jeji

elektrony se presouvaji na vyssi energetickou uroven, a tim zvysuji celkovou

energii latky (moIekuIy)(31). (Historicky prehled - pfiloha 2)

2.2. Princip fluorescence

Fluorescence tkané je tedy vysledek 3 stupriového procesu, ktery se vyskytuje
u urcitych latek/molekul s konjugovanymi vazbami (polyaromatickych
uhlovodikli nebo heterocyklickych sloucenin), které nazyvdme ﬂuorofory1 nebo

fluorescenénimi barvivy.

' v literatufe se Ize asto chybné setkat s pouZitim vyrazi fluorofor a chromofor jako synonymy.

18
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Prvni a i pres dodatec¢né drobné korekce dosud spravnou teorii principu

fluorescence vytvofil polsky fyzik Alexandr Jablonsky (1898—1980) v roce 1935.

Cely proces znazornil pomoci diagramu, ktery od té doby nese jeho jméno

(obr 2).
Jednotlivé faze jsou:

= fdze excitace
= fdze excitovaného stavu

= fdze fluorescence

Ve fazi excitace foton o energii

hvex je absorbovan fluoroforem,

ktery prejde do excitovaného stavu -
singletového stavu (S;) — jeho jeden

elektron preskoci na vyssi

energetickou hladinu. Excitovany

stav typicky trvd pod dobu 1 - 10 ns. Béhem této doby dochazi na fluoroforu
ke strukturalnim zméndm a k mnoha dalSim interakcim s okolnim prostfedim,
které zpUsobuji urcité energetické ztraty (vibracni ztraty). Ve treti fazi fluorofor
vyzafi jiny foton o energii hvgy a tim se energeticky vrati do klidového,
zakladniho stavu Sp. V disledku vySe uvedenych ztrat v excitovaném materialu je
energie tohoto emitovaného fotonu nizsi nez energie absorbovaného fotonu®”
3 VInova délka emitovaného zareni je tedy vzdy nizsi nez excitacniho respektive

absorbovaného zareni. Rozdil vtéchto energiich respektive vinovych délkach

Obrazek 2 - Jablonského diagram

excited
higher energy
triplet states

_A
" S
5 absorbed
g i
el | e _
fluorescence iriplet
light states
S phosphorescence
ground state
zdroj: (32)

(hvex - hvem) se nazyva Stokestiv posun (obr. 3)

o fluorofor — je latka, kterd po absorpci svételného zareni ( energie) je schopna

tuto energii vydat vyzarenim flurescencniho zareni

e chromofor —je latka, ktera svételné zareni pouze pohlcuje

19
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Molekuly fluoroforli ale maiji
Obrazek 3 - Stokeslv posun
schopnost pohlcovat

Stokes shift .1 T,
b---- elektromagnetické  zareni  pouze
urcitych vinovych délek. Je to dano

tim, Ze mohou existovat v urcitych

Excitation Energy
Aysuaju uoissiug

kvantovych stavech, které

Wavelength (ai) charakterizuji  elektronovy systém

latky. Jestlize ma molekula pfrejit
zdroj:

. ) zestavu s nizsSi energii do stavu
http://www.piercenet.com/media/Stokes- g

shift-675px.jpg s energii vyssi, musi absorbovat zareni

o frekvenci v, kterd pravé odpovida

rozdilu energii mezi energetickymi hladinami Ep a Eq obou kvantovych stav(

podle Bohrovy frekvenéni podminky:
Rovnice ¢. 1 AE=Ey-Eq=hv=hc/A

kde c je rychlost svétla, A vinova délka a h Planckova konstanta (6,626*10-34 Js);
excitovana hladina je oznacena indexem p, zdkladni indexem q.

(Schematické znazornéni excitace viz pfiloha 3.)

2.3. Optické vlastnosti tkani

Biologické latky jsou opticky nehomogenni prostfedi. Primérny index lomu
na rozhranni s okolnim prostfednim, ale i jednotlivych strukturdlnich vrstvach,
maiji vZdy vyssi hodnotu nezZ je hodnota pro vzduch. Tato skutec¢nost zpUsobuje,
Ze na jakémkoli prostorovém nebo strukturalnim rozhranni je svételny paprsek
CasteCné odrazen a castecné pronikd dale do tkané (Fresnellv odraz).
Pti prGchodu tkani v dlsledku pfitomnosti chromoforl navic dochazi kjeho
absorpci. Obé zminéné fyzikalni vlastnosti se vyrazné podileji na sifeni, praniku,

ale hlavé poklesu intenzity pronikajiciho excitacniho svételného svazku®®,
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Z hlediska optiky mizeme biologické tkané rozdélit do dvou vyznamnych skupin:
= slabé rozptylujici (transparentni) tkané a kapaliny

= silné rozptylujici neprihledné (turbidni) tkané a kapaliny

Prvni skupinu predstavuji tkané, jako jsou rohovka, ¢i o¢ni ¢ocka. Jejich
optické vlastnosti mohou byt popsany pomoci prostého rozptylu
v organizovaném izotropnim ¢i anizotropnim prostredni, kde rozptylujici centra

jsou v podstaté absorpcéni centra.

Druhou skupinu tvofi napt.: kiize, mozek, cévni stény, krev, lymfa, ale také
sttevni sténa. Optické vlastnosti této skupiny se popisuji pomoci
mnohondsobného rozptylu skalarnich ¢i  vektorovych vin v nahodné

nehomogennim absorpénim prostfeni (Monte Carlo model)®2939),

Vystavime-li tedy material, respektive biologickou tkan, svételnému zareni,

dochazi k nasledujicim interakcim (obr. 4) :

= odrazu
= |omu
= absorpci

= arozptylu
které popisujeme nasledujicimi fyzikalnimi veli¢inami:

= absorpcnim koeficientem — p, [mm'l]

= rozptylovym koeficientem — [mm'l]

= indexem lomu—n

= fazovym posunem (funkci) — @

V tkanové optice je absorpéni a rozptylovy koeficient obvykle méren

na ultratenkych rezech za ucelem minimalizace ptispévku opakované (vicecetné)
diftze.

Index lomu n je definovan jako pomeér rychlosti svétla ve vakuu a v tkani.
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Fdzovy posun (funkce) ®(s’,s) popisuje pravdépodobnost, Ze foton bude

odchylen z pavodniho sméru s’ do sméru s.

Obrazek 4 - Optické vlastnosti tkani

Budici svételné zareni

Pfimy v Y
Rozptyleny (zrcadlovy) :
odraz odraz Fluorescence

Mucosa

Submucosa

Muscularis
propria

zdroj:(35)

Tyto proménné zasadné ovliviuji, jak excitaéni zareni, tak i emitované

zareni — vlastni fluorescenci a jsou funkci vinové délky.

Svételné paprsky z oblasti UV a viditelné ¢dsti spektra (< 700 nm) pronikaji
pouze do vzdalenosti nékolika mikronl, maximalné 1 milimetru. Naproti tomu
vinové délky z intervalu 700 — 900 nm mohou proniknout do hloubky i nékolika

centimetra®®),

Rozptyl a absorpce svételného paprsku v tkanich je zavisla na koncentraci
a distribuci nefluorescentnich absorbujicich ¢i rozptylujicich ¢astic (molekul)
v jednotlivych strukturdlnich vrstvach. Obé tyto veliciny vykazuji stejnou zavislost

na vinové délce, tedy klesaji smérem od modrého k ¢ervenému svétlu.
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Hlavnim  absorberem (chromoforem) v lidské tkani je hemoglobin

a B karoten, ktery je ve vyrazném mnozstvi pfitomen v tukové tkani 57,

2.4. Tkanova fluorescence

Jak jiz bylo zminéno, fluorescence je schopnost emise vlastniho svételného zareni
tkani. VSechny biologické tkané mimo nekrotické tkané, ktera neobsahuje

@7 emituji fluorescenci, pokud jsou vystaveny viditelnému nebo UV

fluorofory
zareni.
MozZnosti rozliSeni normalni a nadorové tkané jsou zmifovany
a verifikovany c¢etnymi pracemi. Nejcastéji jsou tyto zmény pfipisovany odlisné
(3,6,14,15,17,38-42)

strukturdlni stavbé a metabolickému stavu , hicméné presné pficiny

dosud spolehlivé objasnény nebyly.

To Ze fluorescence umoznuje rozliSeni biologickych tkani eventuelné

i jednotlivych strukturdlnich vrstev je zajisténo nasledujicimi vlastnostmi:

a. kazdy fluorofor ma svoje jedinecné excitacni i emisni spektrum

(viz ptiloha 5 — emisni a excitacni spektrum — podle (34))

b. kazdy tkanovy vzorek obsahuje smés mnoha fluorofortd v riiznych

koncentracich
c. fluorofory jsou ve tkanich rozmistény nestejnomérné

Pfi nadorové prestavbé tkané dochazi ke strukturdlnim i metabolickym

zménam, které se pak projevi i ve spektroskopickém obraze.
Zakladni odliSnosti mezi normalni a nddorovou tkani:
1. koncentrace fluorofort a prostorova distribuce

2. metabolicky stav tkané ( NADH je fluorescentni pouze pokud se

vyskytuje v redukované formé)
3. biochemické a biofyzikalni vlastnosti

4. strukturdlni zmény (zesileni vrstvy napf. mukdzy nebo jeji ztrata)
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5. koncentrace a distribuce choromofor( — latek, které excitacni
zareni pouze pohlcuji a tim oslabuji, jak excitacni, tak emisni

zareni (hemoglobin)

Bylo prokdzano, Ze fluorofory se vyskytuji vriznych koncentracich*”

(10 y celém jeho prabéhu

ve vSech strukturalnich vrstvach zazivaciho traktu
véetné rekta. Strukturalni zmény, ke kterym dochazi pfi pfestavbé na nddorovou
tkan, se manifestuji, bud" zménou tvaru spektralni kfivky nebo odliSnou

intenzitou emitovaného signalu ve srovnani s normalni (pGvodni) tkani(1017.1943

44)

2.4.1. Historické poznamky

Prvni  pokusy  wvyuZiti  tkanové  autofluorescence proved| 1924

A. Polica rC|(3,10,19,27 30,45)

, ktery pozoroval cervené fluorescencni zareni pfi
mikroskopickém zkoumani mysiho sarkomu pod ultrafialovym zafenim. Tehdy
byl tento jev pfipisovan ucinkiim bakterii na prekursory protoporfyrinu (Ghadially

a kol. ).

Vyvojovym zlomem byl rok 1965, kdy Lycette a kol. navrhl, a posléze
i otestoval, vyuziti emitovaného fluorescenéniho spektra k odliSeni normaini
a nadorové tkané, konkrétné jicnu, zaludku, prsu a Stitné Zlazy. Tkanové vzorky
ozaroval svétlem o vinové délce 330 nm. Jako odpovéd' ziskal fluorescencni
zareni vrozsahu 360 — 600 nm a vyslovil hypotézu, Ze nddorova tkan vidy

vyzatuje fluorescenci o kratdi vinové délce nez normalni zdrava tkan'® .

Dalsi klicové pionyrské prace zkoumajici fluorescencni vlastnosti zvifecich
a lidskych tkani byly po té provedeny v 70. a 80. letech tymy kolem A.E. Profia,
D.R. Dirona, R.R. Alfana, W. Lohmanna a Y. Yanga(g). 90. léta pfinesla jiz prvni

klinické aplikace téchto vyzkuma.

2.4.2. Fluorofory

v e . (11,1
Fluorofory rozdélujeme do 3 skupln( 1 18,30,3440) 1.
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= endogenni — které jsou zodpovédné za pfirozenou tkanovou
fluorescenci (autofluorescenci)

= endogenné syntetizované — vytvarené tkani po dodani prekursoru —
typickym ptikladem je protoporphyrin IX, ktery se po doddani kyseliny
aminolevulové je schopen vyrazné fluorescence

= exogenni - fluorofory dodané pfimo do organizmu jako exogenni latka.
Tyto latky vétSinou obsahuji fluorescein, indocyaninovou zelen nebo
latky, které se vyuZivaji ke zvySeni fotosenzitivity tkani v ramci
fotodynamické léc¢by (FDT) jako napfiklad derivaty hematoporfyrinu

nebo mTHPC (tetra(m-hydroxyphenyl)chlorin)
Endogenni

V lidské tkani se fluorofory vyskytuji ve strukturalni matrix nebo jsou soucasti

bunécnych metabolickych proces(.

Hlavnimi zastupci fluoroford pritomnych v bunécéné strukture jsou kolagen

a elastin.

= kolagen — je hlavni strukturalni slozkou pfitomnou v témér vsech
tkanich zajistujici mezibunécnou vazbu.
Excitac¢ni maximum — 325 nm, emisni maximum — 400 nm.

= elastin — je zakladni sloZzkou elastickych vlaken a nachazi se ve vétsiné
pojivovych  tkani  spole¢né skolagenem a  polysacharidy.

Excitacni maximum - 320 nm, emisni — 405 nm.

U obou téchto zastupcl je fluorescence vysledkem zkfizenych vazeb mezi
aminokyselinami (hydroxylysyl pyridolin a lysyl pyridolin — kolagen a triamino

pyridin — elastin).

Druhou skupinu tvori aminokyseliny s aromatickym postrannim fetézcem -
tryptofan a tyrosin — které jsou zakladni strukturalni jednotkou bilkovin.
Excitacni maximum je v rozmezi 280 — 295 nm. Pfi vyssSich vinovych délkach si
pouze tryptofan zachovava fluorescenéni schopnost. Zajimavosti je pomérné

Casty energeticky transfer tryptofan > tyrosin(S).
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Treti skupinu tvori koenzymy metabolickych reakci, které napf. zastupuji

nikotinamid adenin dinucleotid (NADH) a flaviny.

Poslednim dullezitym zastupcem je porfyrin, stavebni slozka pfi syntéze
hemu. Porfyriny emituji fluorescencni zareni v ¢ervené ¢asti viditelného spektra
s vrcholy na 630 a 690 nm pfi excitaci modrym svétlem v rozsahu 400 — 450 nm.

Intenzita fluorescence je zdvisla na pH prostFedl'B‘”.

Diky pfitomnosti aromatickych aminokyselin maji fluorescencni schopnosti
i lipopigmenty (ceroidy a lipofuscin), které jsou kone¢nym produktem lipidového

metabolizmu.

(Tabulka endogennich fulorofor(i — pfiloha 4)

(Absorpéni a emisni spektra tkanovych fluoroford — pfiloha 5)
Endogenné syntetizované

Jednou z cest, které vedou ke zvyseni , fluorescencniho” kontrastu mezi normaini
zdravou a nddorem postizenou tkani, je podani latek, které zvysuji emisni aktivitu

fluoroford, tz. fluorescencni prekurzory.

NejznaméjSim prekurzorem je 5-aminolevulova kyselina (ALA), kterd
je béZznou soucasti viech bunék lidského organizmu mimo erytrocyti. ALA
je mezi¢lankem pfi syntéze hemu a podili se na syntéze vysokofluorescenéniho
Protoporfyrinu IX (PPIX) (metabolickd kaskdda syntézy hemu - viz pfiloha 6). Jeji
zvySend nabidka obchazi fidici zpétnou vazbu, a tak zplsobuje zvySenou tvorbu
i akumulaci PPIX v tkanich. Intenzivni metabolizmus nadorové tkané, vietné

«(34)

ranych stadii*"", pak dale vytvari podminky i pro zvySenou akumulacii PPIX, a tim

vyssi fluorescencni odpoveéd.
BohuZel vétSimu rozsifeni pouziti brani nasledujici negativa:
= vyraznd cena prekursou

= vyraznd individualni i tkdnova variabilita distribuce a resorpce

vyzadujici podani mnozstvi latky hranicici s toxicitou
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= nutnost zachovani exaktniho intervalu mezi aplikaci a vlastnim
mérenim

= odlisny nastup aktivity s ohledem na metabolicky obrat( ,,turn over®)

= rychly photobleaching — pokles autofluorescecni aktivity pfi déle
trvajici stimulaci

V soucdasnosti se jako mnohem perspektivngjsi jevi vyuZiti ALA

p¥i fotodynamické terapii nadord, nez p¥i vlastni diagnostice!® 137161834, 47, 48]

Exogenni

VétSina exogennich fluoroforli byla primarné vyvinuta jako fotosenzitizery
pro fotodynamickou terapii. Nejcastéji se jednd o derivaty hematoporfyrinu
(HpD). Tyto latky silné absorbuji v modré ¢asti svételného spektra s vrcholem na
635 nm s naslednou emisi mezi 625 — 675 nm. BohuZel na tyto latky se vztahuji

stejna negativa jako na vysSe uvedeny prekurzor ALA.

2.5. Zplisoby analyzy - méteni fluorescence

Autofluorescencni analyza tkané je zaloZzena na méreni fluorescence generované
endogennimi fluorofory tkané a jsou vyhodnocovany nasledujici vlastnosti

. 7 v /(3,10,17-19, 43, 44, 4
emitovaného zafeni! ¥10:17-19 43,44, 49).

= intenzita fluorescencniho zareni
= spektralni rozlozeni fluorescencniho zareni
= doba dohasinani (¢asové rozliSena fluorescence)

= nebo kombinace vySe uvedenych
Vyse uvedené parametry lze vyhodnocovat bud' pro:

= jednu konkrétni vinovou délku

= nebo v celém rozsahu méreného spektra,

3

a dale

= vjediném bodé testovaného vzorku

= nebo na jeho celé nebo omezené plose.
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Bodova analyza®10141>18)

umoznuje pouze matematickou nebo grafickou
prezentaci ziskanych dat (hodnota, graf) na rozdil od analyzy ploSného

obrazu(®910:14.15.184448) | 4y yustupem miZe byt i ndzorna obrazova informace.

Kazda z vySe uvedenych moznosti ma své vyhody a nevyhody. VyZaduje ale
zcela odlisny typ technického vybaveni. (Obrazové srovnani vySe uvedenych

metod — viz pfiloha 7)

IdedInim feSenim je kombinace. PloSnou analyzou vytipovat rizikové oblasti

a ty dale cilené otestovat.
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3. Technické vybaveni

Zakladni méfici sestava umoziujici analyzu autofluorescencnich vlastnosti

biologické tkané vyzaduje pouziti nasledujicich komponenta:

= zdroj excita¢niho svételného zareni
= opticky transportni systém svételného excitaéniho i emitovaného
zareni

= zafizeni pro spektralni analyzu emitovaného zareni

3.1. Zdroje excitatniho svételného zareni

Zdroje optického zareni jsou objekty, v nichz dochazi k pfeméné riznych forem
energie na energii elektromagnetického zafeni v optické oblasti

elektromagnetického spektra.
Existuji pfirozené a umélé zdroje zareni.

Mezi pfirozené patfi slunce, atmosférické vyboje a luminiscen¢ni objekty

rostlinného nebo Zivocisného plivodu.
Umélé zdroje se déli na

= tepelné
= a luminiscencni (luminofory, luminiscenéni diody, laserové diody,

plynové lasery)
a podle vlastnosti zareni na

= koherentni (lasery)

= anekoherentni (spontanni zareni s chaoticky ménici se fazi).

V rdmci vyzkumného projektu byly pouZity 2 zdroje zafeni - laserové a LED

(Light Emitting Diode).
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e

3.1.1. Laserové zdroje excita¢niho zareni

Slovo “LASER" je akronymem anglického ndzvu Light Amplification by Stimulated

Emision of Radiation coz znamena ,zesilovani svétla stimulovanou emisi zafeni”.

Definice popisuje LASER jako kvantovy generator a zesilova¢ koherentniho
(vnitfné usporadaného, sfazovaného) optického zareni, ktery vynika extrémni
monochromatic¢nosti (tj. vSechny fotony tohoto zafeni maji stejnou barvu,
respektive vinovou délku ¢i frekvenci), nizkou rozbihavosti (divergenci) svazku
(vSechny fotony laserového zareni se pohybuji stejnym smérem) a vysokou

hustotou pFenaeného vykonu & energie 42475053,

Od teoretické predpovédi stimulované emise elektromagnetického zareni
vr. 1917 A. Einsteinem do vytvoreni prvniho funkéniho pfistroje ubéhlo pouze

43 |et.

Obrazek 5 - Laureati Nobolovy ceny za objev laseru 1964

M. G. Bassov & M. Procharoy

G. H. Townas

zdroj: http://www.odbornecasopisy.cz/index.php?id document=23208

Za objev laseru, ktery je tak vyznamny, Ze jej lze srovndvat s nejvétSimi
objevy v historii lidstva, se v roce 1964 podélil americky fyzik Charles Hard
Townes o Nobelovu cenu se dvéma ruskymi fyziky, Nikolajem Gennadijevicem

Bassovem a Alexandrem Nikolajevicem Prochorovem (obr 5).

Zakladnim principem funkce je kvantovd povaha elektronového systému
aktivniho prostredi i svétla. Dodanim energie do aktivniho prostredi se vybudi

elektrony a ty se prfesunou na vyssi energetickou hladinu. Pfi zpétném presunu
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elektronu na nizsi energetickou hladinu dojde k vyzafeni fotonu. Vhodnym
umisténim odrazovych zrcadel v rezonatoru dochdzi ke stimulované emisi,
vyzaruji dalsi fotony. MnoZstvi vyzarenych foton( exponencidlné roste. Vysledny

paprsek opousti laser polopropustnym zrcadlem(obr. 6).

Zrcadla laseru (jedno propustné a druhé polopropustné) tvofi tz. rezonator.
Podle aktivniho prostfedni rozliSujeme Cctyfi zdkladni typy laserli — plynové,
pevnolatkové, plovodiCové znaméjsi jako laserové diody a vldknové lasery

(opticka vlakna dotovana vhodnymi ionty vzacnych zemin).

Obrazek 6 - princip laseru

E._ 1. . .:.,3;2, Coe .3. *0e0000 0000 _&:,a\j

—_— ) [ ] [ ] D@ e C el ]
Laserovy
svazek
Totalné odrazné Polopropustné
zrcadlo rezonatoru zrcadlo rezonatoru
zdroj: (53)

Hlavni prednosti Laseru pro vyuziti v mediciné jsou:

= |aserové zareni Ize koncentrovat do nepatrného bodu s minimalnim
postizenim okolni tkané

= vhodnou regulaci vykonu, hustoty energie, vinové délky a doby
plUsobeni lze velmi dobre regulovat ucinek a hloubku penetrace
do tkani

= diky snadnému vedeni pomoci flexibilni nebo i rigidni optické soustavy
lze prenést laserovou energii i do obtizné pfristupnych oblasti

(endoskopie)
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3.1.2. LED zdroj

LED diody jsou elektronické
Obrazek 7 - Schema LED diody

polovodi¢ové  soucastky  vyzatujici

nekoherentni svétlo s relativné uzkym

plastové pouzdro —s, fivod anody

spektrem(51’ 5254 Tento jev je zplsoben &p LED
elektroluminiscenci. Pasmo  spektra o
zareni diody je zavislé na chemickém katoda anoda

sloZzeni pouZitého polovodice a mize

pokryt celé pasmo viditelného a ¢ést

infracerveného spektra.
zdroj: (51)

Prvni LED dioda byla vyvinuta

v Sedesatych letech 20. stoleti.
Pro svoje unikatni vlastnosti :

= pracuji s pomérné malymi hodnotami proudu a napéti. Pfi 1W energie
generuji vice svétla nez jiné zdroje svétla (nejmodernéjsi pres 300
Lm/W)

= mohou vyzairovat svétlo v poZadované barvé — svételném spektralnim
intervalu

= vrezimu ,stmivani“ neméni barvu pfi snizeni napajeciho proudu.

= jsou velmi dobfe odolné mechanickému poskozeni

= rychly start na 100% vykonu

= extrémné vysoka Zivotnost

nachdzi stale vétsi jak védecké, tak primyslové uplatnéni.

3.2. Opticky transportni systém

Pfenos excitatniho i emitovaného zafeni je zajisStovan optickou soustavou.
V laboratornich podminkdach se ke smérovani a fokusaci paprsku vyuziva pevnych

optickych prvk( (zrcadel, hranold, ¢ocek). V primyslovém, ale i klinickém vyuziti
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vyZadujici vyrazné vétsi prostorovou i tvarovou flexibilitu se uplatiuji opticka

vlakna (obr ¢. 8)(8’18’51’ 52,55-58)

Obrazek 8 - Schéma optického vldkna Zakladni odlisnosti

od prenosu elektrického
plast

sighalu je, Ze nositelem

N optického signalu jsou fotony,

které na rozdil od galvanickych

jadro vazeb aelektricky nabitych

zdroj: (57) elektroni na sebe nepusobi,

atim na spojich nevznikaji

elektricka a magneticka pole, ktera jsou pfic¢inou rusivych signélﬁ(ss).

Princip prfenosu je zaloZzen na odrazu svételného paprsku na rozhrani dvou
material( s rozdilnym indexem lomu. Jeden z materiadl( tvofi jadro s indexem
lomu n1l, které je obklopeno plastém o indexu lomu n2. Jako jadro se nejcastéji
pouziva kiemenné, sklenéné nebo plastové vldkno. Pro zvolené materidly musi
platit Ze nl > n2. Na takto vytvoreném optickém rozhrani poté dochazi
k totalnimu odrazu paprsku, ¢imZz dochazi kjeho Sifeni optickym vldknem

(vinovodem) 57),

Prichod svétla svétlovodem je ovlivnén disperzi, kterd omezuje
prenosovou rychlost optického spoje. Prlimér optickych vldken se pohybuje
od jednotek po stovky um. Opticka vldkna maji velmi malé ztraty a umoznuji vést

svétlo i na vzdalenost nékolika kilometru.
Podle konstrukce délime vldkna na:

= jednovidovad
= amnohovidovad.
Jednovidova vldkna maji velmi maly pramér a signdl, ktery je jimi vedeny, je

tvoren jednim svételnym mdédem - videm.
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Na rozdil od mnohavidového vldkna (obr. 9), kde signal je tvofen zarenim
slozeném z nékolika paprskovych vidl. Tyto vidy se podle Uhlu vstupu do vldkna
odrazi od obalu pod rdznym udhlem a diky tomu k detektoru dorazi s rlznym
Casovym zpozdénim. Dochazi k tz. vidové disperzi, kterd muze zpUsobit zkresleni
signdlu. Toto zkresleni narlsta s délkou vldkna. Z tohoto dlvodu se pouZivaji

pouze k pfenosu informace do vzdalenosti 2 km.

Obrazek 9 - mnohovidové vidkno

generétor % detektor

zdroj: upraveno podle (57)

3.3. Nastroje pro analyzu emitovaného zareni

Zakladni podminkou analyzy ziskaného fluorescenéniho zareni je prevedeni
optického vykonu na vykon elektricky pomoci optického detektoru. Jako detektor
se pouzivaji optoelektronické soucastky, které jsou zaloZzeny na interakci

optického zareni s elektricky nabitymi ¢asticemi v polovodicich.
Podle typu mechanizmu prevodu detektory délime na:

= fotovodivostni — kdy dopadajici zafeni generuje v polovodici volné
nosice naboje a ty zvysSuji mérnou vodivost polovodice (tz. — vnitfni
fotoelektricky jev) — fotorezistor

= fotovoltaické — kdy dopadajici zareni generuje napéti na elektrodach
(PN prechodu) - fotodioda

= fotoemisni — dopadajici zareni zpusobuje emisi elektront do volného
prostoru (tz. vnéjsi fotoelektricky jev) — fotonasobite — pouZivané
predevsim k detekci velmi slabych svételnych tokd.

Nejednd se jiz o polovodiovy prvek, ale o vakuovou elektronku. Jeji
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funkce je zaloZzena na Einseinové fotoefektu, kdy elektron emitovany
fotoemisi z fotokatody je pfitahovan k prvni dynodé d;, kde pfi
dopadu vyrazi & sekunddarnich elektront, pritahovanych k nasledujici
dynodé d, Postupné vzrlistd pocet emitovanych elektronu
geometrickou fadou. Signdl z fotondsobice lze registrovat jako proud
tekouci v obvodu anody nebo jako napéti vzniklé na zatéZzovacim
odporu zapojeném mezi kladnym pélem zdroje a anodou.
Detektor vidy pokryva (je citlivy na) pouze urcitou cast optického
spektra v zavislosti na pouZitém polovodicovém materidlu. Pro méreni
spektralni zavislosti fluorescence je tfeba nejprve vhodnym optickym
dispersnim elementem rozloZit studované zareni na jednotlivé vinové
délky. Nejjednodussim dispersnim elementem je opticky hranol. Pro

presnéjsi uhlovy rozklad svétla je vSak tfeba pouzit difrakéni mtizku.

Zatizeni umoZiujici méreni spektrdlni zavislosti emitovaného zafeni se

nazyva spektrometr. Ve spektrometru s pohyblivou mtizkou (monochromator) se

do pevné vystupni Stérbiny s detektorem postupné (v ¢ase) dostava vidy pouze

jedna vinova délka z méreného spektra — v zdvislosti na poloze mfizky. Presné

proméreni potfebného spektralniho intervalu tedy vyZaduje c¢as potrebny

k pomalému otaceni mrizky a integraci signalu v kazdé poloze (vinové délce).

Monochromator je velmi vhodny nastroj pro laboratorni vyuziti ne vsak pro

klinickou praxi.

Obrazek 10 - spektrometr

SMA-entrance connector

Pro klinické experimenty je
vhodné  pouzit  spektrometr

focussnomic | (obr.10) s pevnou  mfizkou

Detector

a konektorem  pro  pfipojeni
optického vldkna. V tomto

S v/ Y v v, .
Grating Colimating miror pfipadé vSak nestaci jeden

zdroj: www.avantes.com detektor, ale musi byt k dispozici

detekéni systém s velkym

mnozstvim stejnych detekcnich element(, obvykle v linedrnim usporadani — tzv.
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diodové pole. Diodové pole je ve spektrometru vhodné umisténo vzhledem
k pevné mfiice, aby byla pokryta celd udhlova vyse¢ zareni z mfizky. Kazdy
element diodového pole pak detekuje pouze jednu vinovou délku (respektive AL)
a Cas, potrebny k méreni spektra, je velmi kratky — dany pouze odezvou
detektoru a zpracovanim signdlu. Pro méfeni v UV a viditelné oblasti spektra se
vyuzivaji CCD elementy (na bizi Si) a pro IC oblast spektra polovodi¢ové diody na

bazy InGaAs. Pocet prvkl v diodovém poli je obvykle 1024 nebo 2048.

Pfi mérfeni je vstupujici analyzovany svételny paprsek nejprve ptiveden
na kolimator, odkud je pak veden na difrakéni mfizku, kde je rozlozen
na jednotlivé vinové délky a poté nasmérovan na opticky detektor CCD typu.
Ziskané hodnoty intenzity zareni a prislusné vinové délce A jsou pak uloZeny

na zaznamové zarizeni a/nebo v redlném case zobrazeny na displeji.
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4. Material a metodika

Prace vychazi a navazuje na grantové projekty Doc. MUDr. L. Hordka, DrSc.,

Skolitele predkladatele prace:

1. LED diodové svételné zdroje pro rigidni endoskopii ¢. projektu - FF-
2P/116 (2003-2005)

2. Opticka biopsie v diagnostice kolorektaIni rakoviny - ND7581/2003 -
2005

Na feSeni 2. projektu se autor ptimo podilel jako spolupracovnik.

Regeni vyzkumného projektu bylo rozdéleno do nékolika etap i s ohledem

na postup praci na grantovych projektech.

I. etapa - laboratorni ovéfeni — byly experimentalné ovéreny
fluorescencni  charakteristiky normalni a nddorové tkané
kolorektalniho karcinomu pomoci plynného Ar (argonového) laseru.
K mé&feni byl wvyuZit fotoluminiscenéni spektrometr v Ustavu
radiotechniky a elektroniky AVCR (od roku 2007 piejmenovany
na Ustav fotoniky a elektroniky AV CR, v.v.i).

Il.  etapa - experimentdini testovdni — byla zamérena na ovéreni funkce
a moznosti klinického vyuZiti experimentalné vytvorené, prenosné
sestavy sestdvajici ze svételného zdroje na bazi nekoherentni LED
diody, dvouvldknového prenosného systému svételného zareni
a prfenosného spektralniho analyzatoru Avantes.

lll.  etapa - klinické testovdni — byla dale rozdélena na dalsi 2 podetapy.

1. ovéfeni a statistické zhodnoceni diskriminaénich mozZnosti
autofulorescencnich charakteristik ziskanych pfi méreni v redlném
prostredi

2. vlastni klinické testovani experimentalni méfici sestavy
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4.1. Prvni etapa - laboratorni ovéreni

Cilem této etapy bylo ovéreni literdrné popisovanych autofluorescencnich
vlastnosti nadorové tkané - kolorektalniho karcinomu. Experimentalni méreni

probihala v laboratoti Ustavu fotoniky a elektroniky Akademie véd CR.

4.1.1. Technické vybaveni

Jako svételny zdroj byl pouzit argonovy laser (ArL) poskytujici koherentni zareni
na vinové délce 488 nm a 514,5 nm a HE-Ne laser o svételném paprsku vinové
délky 632,8 nm. Excitacni i emitovany paprsek byl od zdroje a do laboratorniho
spektrometru veden pevnymi optickymi prvky (zrcadla, ¢ocky). Fotoluminiscencni

spektrometr je vybaven monochromatorem s pohyblivou mfizkou.

Na stejném zafizeni byl po té testovan i flexibilni systém vedeni exciacniho
i emitovaného zareni - pomoci svétlovodnych vlaken. Bylo pouzZito svétlovodné
vldkno o prliméru 600 um nizkych optickych ztrat s dvojim povlakem. Optickd
funkce byla zajisténa vnitinim plastém z polysiloxanového polymeru o indexu
lomu ~1,44. Zevni plast z UV vytvrditelného akrylatu dodal velmi dobrou ochranu

a mechanické vlastnosti.

4.1.2. Metodika a provedeni

V této fazi bylo provedeno 10 méfeni s tkanovymi bloky o velikosti cca 10x10
mm. Vzorky byly odebrany od 10 ti ndhodné vybranych, operovanych nemocnych
pro kolorektdlni karcinom. Odbér byl proveden po dohodé s patologem tak, aby
nedoslo k znehodnoceni prepardtu, atim i moznému zkresleni hodnoceni
definitivniho histologického nalezu. Material byl prepravovan v chladicich boxech

pfiteploté 5°C. Doba prepravy byla v rozmezi 40 - 60 minut.

S kazdym vzorkem bylo provedeno 5 méfeni a hodnoty byly posléze

pramérovany.

38



Kapitola | Material a metodika

4.1.3. Vysledky

Ziskané hodnoty potvrdily mozZznost rozliSeni normalni a nadorové tkané jak po
kvalitativni strance - zménou spektralni kfivky, tak i po kvantitativni strance -

zménou intenzity autofluorescencéniho zareni ve vybranych vinovych délkach.

Obrazek 11 - méreni HeNe laser
100 He-Me laser, 5328 nm -
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PFi excitaci pomoci He-Ne laseru jsme pozorovali pfispévek o hodnoté cca
30 a.u. prakticky v celém méreném intervalu s maximem mezi 670 — 700 nm, coz
odpovida fluorescencnimu spektru porfyrint. Normalni tkan nevykazovala témér

Zadnou aktivitu (obr.11).

V pfipadé poutZiti Ar laseru se diskriminacni hodnoty intenzit pohybovaly
pouze v fadu jednotek. Vétsinou byly zmény pouze v intenzité (pfiloha 8. obr. A).
Pouze ojedinéle jsme ziskali vyssi prispévek u nadorové tkané na vinové délce

630 nm (odpovidajici porfyrinim (pfiloha 8 obr. B).

Srovnani namérenych hodnot v této inicidlni fazi projektu s hodnotami,
které jsme ziskali pfi méfeni na nativnim prepardtu v pozdéjSich etapach
projektu, zcela jasné prokdzalo, Ze pomérné dlouhy interval transportu
v chladicim boxu mél velmi nepfiznivy a mozind i zkreslujici vliv na hodnoty

fluorescence.
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4.2. Druhd etapa - experimentalni ovéreni

Tato etapa byla zaméfena na ovéreni funkce a moznosti klinického vyuziti
experimentalné vytvorené, prenosné sestavy sestavajici se ze svételného zdroje
na bazi nekoherentni LED diody, dvouvldknového prenosného systému

svételného zareni a prenosného analyzatoru Avantec.

4.2.1. Technické vybaveni a provedeni

Experimentdlni méfici sestava (obr. ¢. 12) byla sloZzena ze zdroje excitacniho
zareni vybaveného modrou polovodi¢ovou diodou, optického vldkna zajistujiciho
pfenos excitacniho i emitovaného optického svazku a optického analyzatoru

(foto sestavy — priloha 9).

vwvs

Obrazek 12 - Experimentalni méfici sestava

(1) (@) fidici jednota (notebook)

(2) opticky spektrometr

svételny zdroj

(3) /

optické vlakno

LA A

méfici koncovka
(5)

Jako zdroj excitaéniho zareni byla pouzZita polovodi¢ovd nekoherentni
elektro-luminiscenéni dioda emitujici v pasu 450 nm (modré svételné spektrum)
s parametry - vykon 5W / spektralni rozptyl 430 - 470 nm / pulzni méd —

s frekvenci 1kHz rozdé&lenim Gé&inku H400us/L600ps. Uginnost a moZnosti vyuZiti

(52) (55)

tohoto zdroje byly experimentalné ovéreny v préci Zavadila™*' a Hordka

Svételny zdroj byl vyvinut v rdmci grantového projektu skolitele autora -
Doc. L. Hordka (FF-P2/116). Nelze zasttit, Ze pti volbé zdroje excitaéniho zareni

bylo hlavnim kritériem ekonomické hledisko, které bohuZel prevazilo nad
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funkénim. Vyhodnéjsi by bylo poufziti laserové diody, ale jeji cena byla nad ramec

finan€nich moZnosti gratové podpory.

Pouziti vySe uvedeného zdroje bohuzel pfineslo ztratu mozZnosti vyuZiti
Ze charakteristicka excita¢ni i autofluorescecni spektra vétSiny pfirozenych
biologickych fluorofor(i pfitomnych v kolonické tkani jsou mimo, respektive pod

dolni hranici testovaného spektralniho pasu.

Pfenos excitacniho svazku a vedeni ziskaného signalu k detektoru bylo
zajiSténo optickym vldknovym systémem sestdvajicim se ze dvou vldken s tiremi
terminaly. Pouzili jsme specidlni polymerizované vldkno o priméru 600um,
nizkych optickych ztrat a s dvojim povlakem. Ke zdroji a k analyzatoru bylo
optické vldkno pfipojeno pres vhodny opticky konektor. VysSetfovaci hrot
(obr. 13) o priméru 1,2 mm zajistujici jak vlastni dodavku excita¢niho zareni, tak

sbér fluorescence, byl kryt plastovou manzetou

prekryvajici jeho konec o 1 mm. Tim byla
Obrazek 13 - schéma

zajisténa standardni vzdalenost od mérené
koncovky

tkané a minimalizovan vliv okolniho svételného
Sumu. Kontaktni zplsob méreni popisovany také
jinymi autory® se nam opakované neosvédcil

pro Casté znecisténi snimaci plochy a nasledné

vyrazné zkresleni namérenych hodnot.
Jako analyzator byl pouZit opticky

spektrometr typu AvaSpec-248, ktery je tvoren

sestavou AvaBench-75-2048 s difrakéni mrizkou

VB pracujici ve spektralni oblasti 360 — 1000 nm

a elektronické fidici desky AS 161 Board for
AvaBench-75-2048 od firmy Avantes. Septromer je vybaven optickym
konektorem pro ptipojeni optického vldkna a linearnim CCD detektorem.

Ovladani spektrometru a sbér namérenych dat je zajisténo fidicim notebookem
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pripojenym pres USB port. Software - AvaSoft© v. 6.1 fy Avantes dodavany se

spektrometrem.

Sestava byla jeété doplnéna o LP (longpass) filtr® ktery byl umistén pied
spektrometr. PouZiti tohoto nového prvku bylo opét vynuceno zvolenym
svételnym zdrojem. Nekoherentni LED svételny zdroj vyddva svételny paprsek
proménlivé vinové délky ve vyse definovaném spektru. Tento svételny ,chvost”,
ktery je standardné soucasti odrazeného a rozptyleného svétla, vyrazné zhorsuje
moznosti analyzy testovaného emitovaného zareni. Proto je nutné jej co nejlépe

odfiltrovat.

Pouzit byl interferencni filtr Spectogeon 530 nm s velmi ostrou nabézinou
hranou. Tento filtr byl vloZzen do specialni komory - sestavy 2 mikroobjektivd,
jejiz ukolem je nejprve kolimace svételného paprsku pred filtrem a po jeho

Upraveé prevod zpét do optického vldknového prevodniho systému.

Soucasti této etapy bylo i stanoveni nejvhodnéjsich snimacich parametr(
spektroskopu a volba standardnich podminek, za kterych budou provadéna
méreni. Po urcité dobé experimentovani byla stanovena ndasledujici kritéria

a parametry:

= vylouceni jakéhokoli jiného svételného zdroje mimo nepfimého
denniho svétla v prostredi kde je provddéno méreni

= shérny cas (integration time) - ¢as po kterou dopadd analyzovany
svételny paprsek na Cidlo spektrometru - 200 ms

= pramérny pocet méreni pro ziskani relevantniho spektra z jednoho
mista tkané - 3

= pocet pixell pro ziskani hodnoty v jednom bodé spektra -4

Za validni hodnoty pfi pouziti této mérici sestavy, pfi zohlednéni vSech
moznych vlivl, byl stanoven interval ve viditelné ¢asti spektra v rozsahu 600 -

800 nm.

V této fazi experimentu bylo provedeno celkem 10 méfeni na ex vivo

materidlu - celém resekatu. Opét u nahodné vybranych operovanych nemocnych
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pro kolorektdlni karcinom. Hodnoty normalni tkané byly méfeny pfi ordlnim
okraji resekatu a pro nadorovou tkan vétSinou pfimo ze stfedu makroskopicky
patrného nadoru. Mista, kde bylo provadéno méreni, bylo vidy oznaceno stehem
pro cilené histologické zpracovdni a ovéreni pritomnosti nebo nepfitomnosti
nadorové tkané. V kazdé lokalité bylo provedeno 5 méreni a vysledky byly

primérovany. (Data z méreni €. 8. viz pfiloha 10)

4.2.2. Vysledky

Ziskana méreni prokazala moznost vyuZziti testované sestavy v realnim klinickém

nasazeni.

Graf 2 - priimérné referencni hodnoty
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Pfi méreni jsme ziskali hodnoty, které umoznovaly diskriminaci mezi
nadorovou a normalni tkani pouze na zdkladé rozdilu intenzit, a které v oblasti

vinovych délek kolem 690 nm dosahovaly az stovkovych hodnot.

Pomér intenzit byl ale v celém spektru pfiblizné stejny a kolisal kolem
hodnoty 2. Zménu v charakteru spektrdlni kfivky jsme nezaznamenali ani

v jediném pfripadé (Graf ¢. 2).
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4.3. Treti etapa - klinické ovéreni

Treti — klinicka etapa byla dale rozdélena na dalsi 2 podetapy:

= ovéfeni a statistické

zhodnoceni  diskriminacénich  moznosti

autofulorescencnich charakteristik ziskanych pfi méfeni v redlném

prostredi

= klinické testovani experimentalni méfici sestavy

4.3.1. Technické vybaveni

Méreni byla v obou pfipadech provadéna stejnou technikou a experimentdlni

sestavou jako predchozi etapa.

4.4. Treti etapa - I. podetapa - ovéreni a statistické zhodnoceni

4.4.1. Metodika

V rozpéti 1 roku (7/2007 — 7/2008) bylo u 20 nahodné vybranych pacientl s nizko

ulozenym kolorektdlnim karcinomem provedeno méreni autofluorescence z 2 jiz

vySe uvedenych standardnich lokalit. Pro pfitomnost jiného nez kolorektalniho

Obrazek 14 - ¢ast resekatu

karcinomu (1x recidiva ovarialniho
karcinomu) byly vzorky od 1
nemocného z dalsiho zpracovani

vylouceny.

Vlastni méfeni  bylo vidy
provadéno na celém vzorku tkanového
resekatu (obr. 14), témeér
bezprostfedné po jeho vyjmuti z téla
nemocného a po jeho omyti pitnou

vodou o teploté 21 - 24°C.

Zpusobu statistického zpracovani je vénovana celd nasledujici kapitola. Zde

pouze struéné shrnuti.
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Pro ovéreni diagnostickych schopnosti testované meéfici sestavy a pro
urceni nejvhodnéjsich vinovych délek pro rozliSeni mezi zdravou a nadorovou

tkani jsme pouZili model logistické regrese® > 4660

Zdlivodu velkého poctu nezavisle proménnych (naméfené hodnoty
intenzity autofluorescence pfi vinovych délkach 600 — 800 nm a méficiho
intervalu 1 nm) jsme nejdfive pomoci metody hlavnich komponent vybrali 30,
respektive 40 (pro zlepsSeni predikénich schopnosti modelu) nejvice ovliviiujicich
vinovych délek (tabulka — viz pfiloha 11). Hodnoty intenzit autofluorescence pfi
téchto vinovych délkach jsme pouZili ke konstrukci logistického modelu. Vycet
vinovych délek vstupujicich do model(i a charakteristiky logistické regrese obou
modell jsou shrnuty v tabulce. Oba modely splnily zakladni podminky statistické
vyznamnosti pro pfijeti (test vyznamnosti regresnich koeficientd, statistika — 2LL,
je vysoce statisticky vyznamnd p = 0,000). Pouze model se 40 vstupujicimi
proménnymi ale prokldda data adekvatné — hladina vyznamnosti Hosmer —

Lemeshowova testu je vétsi nez 0,05 (p = 0,15).

4.4.2. Vysledky

Na zakladé naSich méreni bylo zjisténo, ze klasifikacni schopnost modelu je 79,7
% (30 proménnych) a 82,5 % u modelu se 40 vstupnimi proménnymi. RozliSovaci
schopnost model(i (AUC) je opét u modelu se 40 proménnymi lepsi, a to az 0,91
(vyte&na - podle Tapea'®), zatimco u modelu se 30 proménnymi je 0,88 (dobr4 -

opét podle Tapea(ﬁl)).

Pro pfimé pouziti autofluorescencni techniky na operac¢nim sdle jsme pro
tkani, spocitali priméry a intervaly spolehlivosti. Souhrn téchto hodnot viz

tabulka 5.

Jako nejvyznamnéjsi byly vyhodnoceny nésledujici vinové délky - 607, 610,
649, 655, 662, 667 a 745 nm, kde na 95% urovni spolehlivosti se mezni hodnoty
bud' vlibec nebo jen zcela marginalné prekryvaji(tabulka 5). Pro dalsi klinické

testovani byly tedy urceny vinové délky mensi nez 700 nm, kde rozdilovy interval
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pramérnych hodnot a medianu autofluorescencnich intenzit dosahuje hodnot

500 - 160 pro pramér, pro median 930 - 280.

4.5. Treti etapa - II. podetapa - klinické testovani

Tato zdvérecnd faze byla nastavena tak, aby redlné simulovala klinické nasazeni

experimentalni méfici soustavy.

4.5.1. Metodika

U péti ndhodné zvolenych nemocnych bylo provedeno 100 méreni v uméle
stanovené resekcni linii pfiblizné 1 cm od distalniho okraje makroskopicky
patrného tumoru. Cilem tohoto posunu bylo zvySeni pravdépodobnosti zachytu
nadorem zménéné tkané. Méreni byla provedena sériovym zpuUsobem, tedy

posouvanim koncovky vidy

Obrazek 15 - vlastni méfeni 0 2/3 jejiho priiméru, pfiblizné
o0 2 mm (obr. ¢. 15). V kazdém
bodé bylo provedeno jen

jedno méreni.

Referencéni hodnoty byly
ziskany stejnym zpulsobem
jako v predchozich etapach —
zcentra nadoru a oralniho

konce resekatu.

Méreni byla provedena

ve vinovém intervalu 650 — 670 nm, kde se nachdzi 4 ze 7 vinovych délek, které
byly statisticky vyhodnoceny jako nejpfinosnéjsi. Zakladnim rozhodovacim
kriteriem byla zména intenzity autofluorescencniho zareni s predpokladem,
Zze normdlni tkan emituje zareni o vysSich hodnotach intenzity neZ patologicky
zménénd nadorova tkan.

normalni tkan a nejvyssi intenzita ziskana z nddorové tkané. Interval mezi témito
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hrani¢nimi hodnotami jsme stanovili jako prfechodnou zénu. Bohuzel dostupné
softwarové vybaveni neumoZniovalo soucasné zobrazeni referenénich i mérenych
hodnot. Tento nedostatek jsme fesili nastavenim zobrazovaného intervalu

v analyzatoru tak, aby zobrazoval jen hodnoty nizsi nez rozhodna hodnota pro

evvys

VSechny mérené lokality, kde ziskané hodnoty autofluorescence se
zobrazily vtomto stanoveném intervalu, jsme oznacily stehem pro dalsi
histologické zpracovani. Ke kazdému meéreni byl soucasné vytvoren nacrtek,
ve kterém byly ptifazeny k ozna¢enym lokalizacim i namérené hodnoty intenzit.
Tato informace ale patologovi poskytnuta nebyla, aby nedoslo k jeho ovlivnéni.
Histologicky po té byly zpracovdny vsSechny oznacené lokality a vidy bylo
pfipojeno nékolik nahodné vybranych fezl i z neoznacené oblasti k ovéreni

nepfitomnosti nddoru.

4.5.2. Vysledky

PFfi experimentu bylo 17 lokalit hodnoceno jako nejistych a 3 jako maligni.

Histologické vysetfeni v Zadné z téchto lokalit nadorové postizeni nepotvrdilo.

Ve 3% procentech jsme tedy ziskali faleSné pozitivni vysledek a v 17% nejisty

vysledek.

Bylo by asi k diskuzi, zdali dosazené vysledky jsou chybou metodiky nebo
smullou experimentu pfi vybéru nemocnych. Lze ale urcité predpokladat, zZe
zvyseni poctu méreni v kazdém jednotlivém bodu a zprimérovani ziskanych

hodnot by mohlo senzitivitu ovlivnit pozitivnim smérem.
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5. Statistické zpracovani dat

Statistické hodnoceni ¢i porovndni vysledkli nebo experimentalné ziskanych dat
je v soucasnosti hlavni preferovanou metodikou ovérovani hypotéz ¢i spravnosti

predpokladd.

Proto i jednim zcild dizertacni prace bylo ovéfeni redlnych moZnosti
autofluorescencni spektroskopie pti diferenciaci nadorové a normalni stfevni
tkané, respektive urceni diskriminacni a klasifikacni sily autory vypracované

metodiky méreni, pomoci statistického modelu.

PFi praci s biologickym materidlem, tkdanémi, kdy experimentdlné ziskana
data jsou témér vidy ovlivnéna velkym mnoZstvim velmi obtizné definovatelnymi
proménnymi se nejcastéji vyuzivd metody logistické regrese. Logisticka regresni
analyza je matematickd metoda, pomoci které se stanovuje vztah (vazba) mezi
zavislou proménnou (vysledkem, ktery nabyvd pouze dvou hodnot — v nasem
pripadé odliseni normalni a nadorové tkdné) a mnozinou nezavisle proménnych

(experimentdlné namérenych dat).

Druhou vyuzZitou metodou pfi zpracovani dat byla metoda hlavnich
komponent (PCA). Tato metodika umoZiuje vyraznou redukci mnoZstvi
vstupnich dat pro dalsi hodnoceni pfi minimalni nebo témér Zadné ztraté
vypovédni hodnoty. Pfi experimentu, méreni autofulorescence tkani, byly
zaznamendvany hodnoty na 200 vinovych délkach (600 — 800 nm), coz pfi 217

provedenych mérenich ¢ita vice jak 40 000 hodnot.

Statistické zpracovani bylo provedeno na katedfe biofyziky pfi 3.LF za
pouZziti statistickych program — STATISTICA verze 9 (firmy Statsoft Inc.) —
metoda PCA a IBM SPSS Statistics verze 18 (firmy SPSS Inc.) — model logistické

regrese.

5.1. Metoda hlavnich komponent

Metoda hlavnich komponent — PCA z anglického ,Principal Component Analysis”

je jednou z nejstarSich a nejvice pouZivanych metod mnohorozmérné analyzy
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dat. Poprvé byla pouzita jiz vroce 1901 Pearsonem a nezavisle Hotellingem

v roce 1933.

Zakladnim principem metody je transformace plvodnich znak( x;
(hodnot) na nové nekorelované proménné, které nazyvame hlavnimi
komponentami znacime je A;. Kazdd komponenta predstavuje linearni kombinaci
plGvodnich znak a jeji zakladni charakteristikou je jeji mira variability, Cili rozptyl.
Hlavni komponenty jsou sefazeny dle dllezitosti - dle klesajiciho rozptylu, od
nejvétsiho k nejmensimu. Prvni hlavni komponenta A; obsahuje tedy nejvétsi
Cast proménlivosti Cili rozptylu plvodnich dat, druha hlavni komponenta A, zase
nejvétsi C¢ast rozptylu neobsazeného v prvni komponenté atd. Matematicky
bychom mohli tedy fici, Ze prvni hlavni komponenta je takovou linearni
kombinaci plGvodnich vstupnich znak(, kterd ma nejvétsi rozptyl mezi vsemi
ostatnimi linedrnimi kombinacemi. Opac¢nym pdlem je pak posledni komponenta

s minimalni informaci respektive rozptylem.

Standardnim vyuZitim PCA je snizeni dimenze ulohy, tj. redukce poctu
znakl bez velké ztraty informace. Jednou z nejvice ocefiovanych vlastnosti
metodiky je skutecnost, Ze transformované znaky jsou nekorelované — nemaji
mezi sebou Zadnou vazbu. V metodé hlavnich komponent dale plati, Ze soucet
rozptyll vSech hlavnich komponent je roven souctu rozptyl( plvodnich znaka.
Proto lze z podill rozptyll jednotlivych hlavnich komponent a celkového rozptylu
pGvodnich znakd (proménnych) usuzovat na C¢ast proménlivosti vysvétlenou
danou hlavni komponentou. Jestlize soucet prvnich k nejvysSich podild
proménlivosti je dostate¢né blizky jedné (pfi procentuelnim vyjadreni blizké
100%), postaci brat v uvahu prdvé tyto prvni komponenty k,dostate¢cnému”

vysvétleni proménlivosti v plvodnich datech. (Obvykle staci 80 % — 90 %),

Hlavni komponenty vznikaji linedrni kombinaci plvodnich znak(. Je ale
nutné, aby hlavni komponenty vysvétlovaly maximum celkového rozptylu
pGvodnich proménnych, tj. maximalné reprodukovaly celkovou kovariancni

(korelaéni) matici vychozich znak( — proménnych.
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Pfi interpretaci hlavnich komponent se vyhledavaji proménné, které
s jednotlivymi komponentami koreluji, ale jsou interpretovdny jako vzajemné
nezavislé, v pozadi stojici vlivy, vyvolavajici variabilitu a ovliviujici strukturu

zavislosti proménnych.

PCA neni invariantni vii¢i zménam méfritka analyzovanych proménnych. Je
potifeba proto vidy rozhodnout, zda bude analyza provedena v jednotkach
méreni puvodnich proménnych (kovarian¢ni matice), nebo zda je pro postizeni
zavislosti proménnych vhodnéjsi proménné normovat na jednotkovou

smérodatnou odchylku a nulovy pramér (korelacni matice).

Korelacni koeficienty pavodnich proménnych se ziskanymi hlavnimi
komponentami jsou zakladem pro interpretaci hlavnich komponent. Tyto
korelaéni koeficienty se nazyvaji komponentnimi vdhami. Cim vétsi jsou
komponentni vahy, tim vice dany pUvodni znak pfispivd k rozptylu hlavni
komponenty, naopak maly korelacni koeficient indikuje malou vyznamnost

s ohledem na variabilitu dané hlavni komponenty.

Pro vybér poctu hlavnich komponent, postacujicich pro dostatecné
vysvétleni variability v datech, slouzi i nékolik rlznych typl grafli, pficemz
nejdulezitéjsi z nich a nejvice pouzivany je indexovy graf upati vlastnich Cisel
(Scree Plot). Jde vlastné o sloupcovy graf vlastnich cisel sefazenych podle
velikosti 4, >4, > .. 2>/, v zavislosti na indexu i. Pfevainé je vyuZivan
k urceni poctu k »vyznamnych” hlavnich komponent.
Upati je zlomové misto mezi kolmou sténou a vodorovnym dnem. Nevyznamné
hlavni komponenty pfitom predstavuji vodorovné dno. Vyznamné komponenty
jsou tak oddéleny zfetelnym zlomovym mistem a hodnota indexu i tohoto indexu

udava pocet vyznamnych komponent.

Pro vybér poctu hlavnich komponent existuje celd rada pravidel — jednim
z nich je vybér pouze k-tice komponent, které objasnuji zadané procento P
celkové variability plvodnich znakd. Obycejné se P voli 70 az 90 %. To znamena,

Ze se vybira k takové, aby platilo:
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Také se vylucuji ty komponenty, kterym odpovidaji vlastni ¢isla mensi, nez
m

primérna hodnota [Zﬂ,, j/m.Vybirajl' se tedy ty komponenty, jejichZ variabilita
i=1

je nadprimérna. Pokud provadime PCA pro korelac¢ni matici, je toto pravidlo
jednoduché — vyloucit ty hlavni komponenty, pro které jsou vlastni vektory mensi
nez 1. Na zakladé mnoha méfeni a simulaci bylo zjisténo, Ze je lépe vypoustét

komponenty, pro které jsou vlastni ¢isla mensi nez 0,7.

Tabulka 2 — prvnich 10 hlavnich komponent sefazenych podle velikosti :
procento celkového rozptylu, které dana komponenta vysvétluje a kumulativni

procent. Vybranych 5 komponent je oznaceno tucné.

Poradi Vlastni ¢islo % Kumulativni
vlastniho cisla celkového rozptylu %
1 158,2443 78,72853 78,7285
2 31,5816 15,71222 94,4407
3 5,7350 2,85321 97,2940
4 2,4703 1,22901 98,5230
5 1,3161 0,65480 99,1778
6 0,4689 0,23330 99,4111
7 0,2701 0,13438 99,5455
8 0,2152 0,10707 99,6525
9 0,1562 0,07770 99,7302
10 0,0927 0,04611 99,7763

Metoda hlavnich komponent byla pouZita pro uréeni 30, resp. 40 vinovych
délek (z celkového poctu 200). Vysledky jsou postupné zobrazeny v tabulkach 3,4
as.

Nejprve byl uréen pocet potfebnych hlavnich komponent, a to jak pomoci

vyCisleni kumulativnich pravdépodobnosti variability plvodnich znak( pro
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zvolené komponenty (v procentech), tak také pomoci grafu upati. Vlastni Cisla,
Cast rozptylu (%), kterou jednotlivé vlastni Cisla vysvétluji a také kumulativni ¢ast
rozptylu postupné pro vSechny vlastni Cisla jsou zobrazeny v tabulce 2 (pouze
prvnich 10 hlavnich komponent). Graf Upati zobrazuje graf 3. Z tabulky i grafu je
patrné, Ze pro dostatecné objasnéni variability plivodnich dat staci pouzit prvnich

5 hlavnich komponent, které vysvétluji az 99,18 % proménlivosti.

Nasledné byly spocéteny korelacni koeficienty, které jsou vyjadienim vzajemné
vazby mezi plvodnimi parametry a hlavnimi komponentami. Pro kazdou vinovou
délku v rozmezi 600 az 800 nm byly secteny prispévky v absolutnich hodnotach
pro 5 ndmi vybranych komponent. Tyto soucty byly ndsledné serazeny podle
velikosti. Pro dalsi statistické hodnoceni bylo vybrano prvnich 30 vinovych délek,
resp. prvnich 40 vinovych délek pro zlepseni predikéni schopnosti logistického

modelu (tabulka 5).

Graf 3 - Graf Upati vlastnich Cisel: sloupcovy diagram vlastnich Cisel A; v zavislosti na
indexu i.
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Tyto hodnoty byly dédle pouzity jako vstupni proménné logistického

modelu, slouZiciho k rozliSeni mezi benigni a maligni tkani.

52



Kapitola | Statistické zpracovani dat

5.2. Logisticka regrese

Logistickd regrese byla navriena v 60. letech minulého stoleti jako alternativni
postup k metodé nejmensich ctverch pro pfipad, Ze vysvétlovana (zavisle)
proménna je binarni, tj. nabyva pouze dvou hodnot — 0 a 1. Vétsina uloh aplikace
logistické regrese se tykd oblasti mediciny a epidemiologie — vysvétlovana
proménna predstavuje napfiklad pfitomnost nebo nepfitomnost choroby, nebo
skutecnost, zda pacient Zije nebo zemftel apod. Pomoci logistického regresniho
modelu Ize vyhodnocovat retrospektivni studie, jejichz Ucelem je odhalit rizikové

faktory, které maji vliv na umrtnost nebo onemocnéni danou chorobou.

Logisticka regrese uzce souvisi s diskriminacni analyzou a je vlastné
alternativni metodou klasifikace, kdyz nejsou splnény predpoklady
vicerozmérného normalniho modelu. Muize se aplikovat na riznou kombinaci
diskrétnich nebo spojitych proménnych. Vysledny model mulze byt vyuzit
k budoucimu klasifikovani, kdyZz jsou uZivateli dostupné pouze vysvétlujici

nezavislé proménné.

V souladu s vySe uvedenym byla logistickd regrese aplikovana na namérené
hodnoty intenzity autofluorescence ziskané pfi ozareni malignich a benignich
vzork( tkané u 20 pacientd v obdobi ¢ervenec 2007 az cervenec 2008. Celkem

bylo ziskdno 217 namérenych vzork(, které byly rozdéleny do dvou skupin:

= 1. skupina: benigni tkan — hodnota zavislé proménné, kategorie = 0,
celkovy pocet vzork(i n1 = 100
= 2. skupina: maligni tkan — hodnota zavislé proménné, kategorie = 1,

celkovy pocet vzork(i n2 = 117

Cilem bylo vytvofit model logistické regrese, uréit jeho statistickou
vyznamnost a predevsim kvantifikovat jeho diagnostickou schopnost a silu pfi

klasifikaci a zarazeni vzork( tkani do jedné ze dvou tfid — maligni vs. benigni.

Pfi hodnoceni kvality tohoto modelu byly postupné vycisleny nasledujici

statistiky:
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1.

Nejdfive byla spoctena zakladni statistika logistické regrese — test
vyznamnosti regresnich koeficientd modelu: — 2LL (-2 log likelihood).
Test postaveného logistického modelu vychazi z nulové hypotézy Ho:
»,Smérnice vSech parametr(l jsou nulové” proti alternativni Ha: ,, ..
nejsou nulové.” Pokud je vypoctend hladina vyznamnosti mensi nez
hladina o = 0,05, je nulovd hypotéza Hy zamitnuta a jako platna je
pfijata alternativni hypotéza, Ze aspon jeden z regresnich koeficientl
Bije rlizny od nuly. Hladina vyznamnosti tohoto testu je v tabulce
3 v fadku Omnibus test: — 2 LL.

V dalSim kroku byl proveden odhad regresnich parametr( a test jejich
vyznamnosti. Pro velké vybéry se uziva u logistické regrese Waldova
testacniho kritéria, které vycisluje statistickou vyznamnost nulové
hypotézy pro jednotlivé odhady regresnich koeficientl. Waldova
statistika ma x> — rozdéleni s 1 stupném volnosti. Pro kategorizované
proménné ma o 1 stupen volnosti méné, nez je pocet kategorii. Jako
hladina vyznamnosti byla opét uréena hodnota a = 0,05. Pfi nizSich
hodnotach byl regresni koeficient povazovan za statisticky vyznamny.
Waldovy statistiky a hladiny jejich vyznamnosti pro vybrané vinové
délky jsou zobrazeny v tabulce 4.

Dalsim testem byla tésnost proloZeni logistickym modelem, a to
pomoci Hosmer — Lemeshowova testu dobré shody, ktery byl navrzen
v roce 1982. Tento test méa opét x° — rozdéleni. V tomto p¥ipadé zni
nulovd hypotéza Hg: ,Namérené hodnoty a hodnoty predikované
modelem jsou stejné.” Zde je tedy potreba, aby hodnota xz byla mald
a soucasné spoctend hladina vyznamnosti p byla vétsi nez 0,05, aby
nulova hypotéza nebyla odmitnuta. Naopak velka hodnota xz a mala
hodnota spocétené hladiny vyznamnosti indikuji, Ze proloZeni neni
dobré. Je nutné mit vSak na paméti, ze vSechny testy dobré shody jsou

pfiblizné a vyzaduji velké vybéry. Hladina vyznamnosti Hosmer —
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Lemeshowova testu je zobrazena v tabulce 3 v rddku Hosmer —
Lemeshow test dobré shody.

Poslednim bodem bylo stanoveni predikéni a klasifikacni schopnosti
modelu. Tato otazka se liSi od statistické vyznamnosti, protoZe je
mozné ziskat statisticky vyznamné vysledky, které ale nemusi
pfifazovat jednotlivé objekty do jedné ze dvou tfid spravné a mit tim
padem prakticky smysl pro klasifikaci. Jednou z moznych kritérii je
klasifikacni tabulka, kterd porovnava pozorované a modelem
predikované zarazeni do tfid vystupni proménné a stanovuje celkové
procento spravné klasifikovanych. Toto procento je opét zobrazeno
v tabulce 3. V nékterych pripadech se pouziva graf prahové operacni
charakteristiky ROC. Na ose y je procento spravné zarazenych
(skutecna pozitivita, v Iékarském vyzkumu nazyvand SENSITIVITA) a na
ose x je procento nespravné zarazenych (faleSnd pozitivita,
v lékarském vyzkumu nazyvana 1 — SPECIFICITA). ROC krivky obou
modell jsou zobrazeny na grafu 4 a 5. Plocha pod ROC k¥ivkou AUC
(Area Under the Curve) je populdrni kritérium hodnoceni spravnosti
navrzeného logistického modelu. Maximalni plocha pod kfivkou je
jedna ¢ili 100%. Numericka hodnota velikosti této plochy bude blizka
1, kdyZz predikce modelu bude vyteéna. Kdyz bude plocha naopak
blizkd hodnoté 0,5, bude predikce modelu Spatna (kvalita predikce
regresnim modelem je stejna jako ,pti hazeni minci“). Hodnota plochy
pod krivkou je zobrazena v tabulce 4 v Fddku AUC. Senzitivita i
specificita byla spoftena pro oba modely a jejich hodnoty jsou také

uvedeny v tabulce4.

Vycet vinovych délek vstupujicich do modeld a charakteristiky logistické

regrese obou modelll jsou shrnuty v tabulce 4.

Oba modely spliuji zakladni podminky statistické vyznamnosti pro pfijeti —
test vyznamnosti regresnich koeficientl, statistika — 2LL, je vysoce statisticky

vyznamny (p = 0,000); pouze model se 40 vstupujicimi proménnymi proklada
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data adekvatné — hladina vyznamnosti Hosmer — Lemeshowova testu je vétsi nez
0,05 (p = 0,15); klasifikacni schopnost modelu je 79,7 % u modelu se 30
proménnymi a 82,5 % u modelu se 40 vstupnimi proménnymi; rozliSovaci
schopnost model(i (AUC) je opét u modelu se 40 proménnymi lepsi, a to az 0,91

(podle Tapea, vytecna ... excelent), zatimco u modelu se 30 proménnymi je 0,88

(dobra ... good, opét podle Tapea).

Tabulka 3 - prehled modell logistické regrese

Model se vstupujicimi 30 Model se vstupujicimi 40
vinovymi délkami vinovymi délkami

Vinové délky L634, L638, L649, L655, L656, L634, L638, L649, L655, L656,
vstupujici do L658, L659, L660, L661, L662, L658, L659, L660, L661, L662,
modelu L663, L664, L665, L666, L667, L663, L664, L665, L666, L667,

L668, L675, L727,L728, L729, L668, L675, L727, L728, L729,

L731, L733, L734, L735, L739, L731, L733, L734, L735, L739,

L742, L745, L746, L748, L753 L742, 745, L746, L748, L753 +

10 dalsich vinovych délek:
L607 L610 L612 L613 L618
L623 L626, L635, L760, L763

Statisticky

vyznamné L638, L649, L655, L667, L745 ::22;' ::gig' 1649, L655, L662,
vinové délky !
Omnibus test: —

2L 0,000 0,000
Hosmer —

Lemeshow test 0,020 0,15
dobré shody

Nagelkerke R® 0,508 0,612
% spravné

klasifikovanych 79,7 82,5
Sensitivita 0,73 0,77
Specificita 0,85 0,87
AUC 0,88 0,91

Vsechny vysledky potvrzuji, Ze vhodnéjsim modelem pro nasi diagnostiku je
model se 40 vstupujicimi vinovymi délkami. VSechny statistiky jsou statisticky

vyznamné a klasifika€ni a diskriminaéni schopnosti modelu jsou vynikajici.
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Tabulka 4 - Seznam statisticky vyznamnych regresnich koeficient( jednotlivych model(

(30 a 40 vinovych délek)

Regresni Waldovo

promenna koeficient kritérium P Exp(B)

Model se 30 vinovymi délkami

L638 0,034 4,641 0,031 1,034
L649 -0,063 15,020 0,000 0,939
L655 0,125 11,642 0,001 1,134
L667 0,109 4,064 0,044 1,115
L745 -0,122 6,563 0,010 0,885

Model se 40 vinovymi délkami

L607 -0,038 6,513 0,011 0,962
L610 0,062 5,564 0,018 1,064
L649 -0,058 6,076 0,014 0,943
L655 0,142 10,516 0,001 1,153
L662 0,125 4,273 0,039 1,133
L667 0,138 3,905 0,048 1,147
L745 -0,175 7,992 0,005 0,840

Pro pfimé poutZiti autofluorescencni techniky na sdle, jako pomoc pfi
pfimém rozhodovani chirurga jak daleko vést bezpecnou resekéni linii, jsme pro
tkani, spocitali prGméry a intervaly spolehlivosti. Souhrn téchto hodnot je uveden
v tabulce 5. Graf priamérnych hodnot pro vsechny vinové délky pro maligni

a benigni tkan vidime na grafu 6.
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Graf 4 - ROC kfivka logistického regresniho modelu se 30 vinovymi délkami
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Graf 5 - ROC kfivka logistického regresniho modelu se 40 vinovymi délkami
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Tabulka 5 - Priméry a intervaly spolehlivosti pro intenzity autofluorescence pro 40

vybranych vinovych délek pro maligni a benigni tkan

MALIGNANCY BENIGNANCY
Vinova délka oy Int. spolehl. Int. spolehl. N Int. spolehl. Int. spolehl.
[nm] Prumer -95% +95% Prumer -95% +95%
607 1244,200 989,021 1499,379 1752,187 1513,428 1990,945

610 1170,017 928,196 1411,838 1629,039 1407,886 1850,193
612 1126,748 893,874 1359,622 1559,157 1348,685 1769,629

613 1123,176 893,213 1353,140 1544,931 1337,758 1752,103
618 1031,031 823,038 1239,024 1381,167 1199,631  1562,702
623 928,922 742,371 1115,474 1239,030 1081,374 1396,687
626 881,652 704,226 1059,077 1171,710 1025,701  1317,719
634 830,365 665,370 995,360 1078,886 946,363 1211,409
635 822,519 659,754 985,283 1067,300 936,527 1198,073
638 794,515 637,743 951,287 1027,683 902,326 1153,040
649 639,891 521,081 758,701 841,638 746,237 937,038
655 588,934 486,746 691,121 774,107 689,738 858,477
656 590,081 489,062 691,099 775,270 691,057 859,484
658 586,565 488,500 684,630 767,414 684,863 849,965
659 589,596 492,930 686,261 765,793 684,108 847,479
660 596,240 500,973 691,508 769,676 688,562 850,791
661 583,379 487,676 679,082 763,337 682,482 844,192
662 569,703 476,859 662,547 745,605 666,620 824,590
663 571,816 479,307 664,325 748,617 669,662 827,572
664 570,108 479,154 661,061 744,051 666,197 821,905
665 555,211 464,960 645,461 727,917 650,994 804,840
666 554,542 465,305 643,779 725,185 648,966 801,405
667 568,417 479,880 656,953 731,929 655,310 808,549
668 566,771 479,131 654,411 728,649 652,910 804,387
675 551,570 468,422 634,717 699,286 626,232 772,340
727 137,137 114,765 159,510 180,670 159,672 201,667
728 140,613 118,943 162,283 181,512 160,958 202,066
729 124,555 103,740 145,371 167,723 148,332 187,114
731 101,411 82,959 119,863 144,169 126,416 161,923
733 89,220 71,427 107,013 138,374 121,302 155,446
734 95,279 77,962 112,595 133,442 116,528 150,357
735 88,707 70,945 106,470 135,126 118,071 152,180
739 93,903 75,930 111,876 140,768 122,970 158,566
742 110,250 92,606 127,894 152,677 133,787 171,566
745 95,284 77,386 113,181 144,685 125,109 164,260
746 104,020 85,866 122,173 151,620 131,495 171,745
748 118,108 100,310 135,907 166,702 146,481 186,924
753 122,624 104,830 140,418 163,118 142,342 183,894
760 102,748 86,360 119,136 142,919 124,185 161,653
763 104,046 88,293 119,799 140,118 121,397 158,839
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Téchto primérnych hodnot a rozsah( intervalu spolehlivosti bylo pouzito li
pfi klasifikaci dalSich 75 meéreni. Vzhledem ktomu, Ze se rozsah intenzity
autofluorescence u nékterych vinovych délek prekryva, neni mozné priimérné
hodnoty a interval spolehlivosti pouZit pfimo ke klasifikaci. Ta méreni, kterd se
pohybovala v prekryvajicich se oblastech, jsme klasifikovali az na zakladé

histologického potvrzeni patologem.

Na téchto mérenich byly také ovéreny predikéni schopnosti modelu. Jeho

klasifika¢ni schopnost je az 77,33%.

Graf 6 - zavislost intenzity vyzdrené autofluorescence na vinové délce. Srovndani benigni

a maligni tkané
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Pokroky onkologické 1écby, pokracujici vyvoj chirurgickych materialQ
i technologii, ale hlavné snaha o zlepSeni kvality Zivota nemocnych
s kolorektalnim karcinomem, jsou pfi¢inou zmény chirurgické léc¢ebné strategie
probihajici v posledni dobé. Pokud je to moziné, jsou zdsadné uprednostfiovany
operacni vykony zachovavajici svéracovy komplex zajistujici nemocnym prirozeny
zpUsob vyprazdnovani stolice. V porovnani s poslednimi 2 dekddami minulého
stoleti se pomér mezi SSR (sphincter saving resection) a APER (abdomino-
perineal excision of the rectum) zménil z 1:1 na 3-4:1. Tento vyvojovy trend
vyrazné zvySil potfebu spolehlivého peroperacéniho ovéreni radikality
chirurgického V\’/konu(l),a optickd analyza tkdni z rizikovych oblasti by se mohla

stat jednim z Ucinnych a spolehlivych pomocnika.

Autory navrzend a testovanda metodika véetné optické méfici sestavy sice
statisticky vykazuje velmi dobré vysledky, ale jeji praktické vyuzZiti je zatim

limitovano 2 problematickymi oblastmi.

1. vysokou variabilitou namérenych hodnot mezi testovanymi
jedinci
2. metodikou stanoveni referencnich oblasti

7

5.3. MoZné priciny variability hodnot

Tato variabilita se tyka jak normalni, tak i nddorové tkané. Moiné pfriciny lze

rozdélit do 2 skupin:
= biologické povahy
= atechnické povahy.

Variabilita hodnot pro normalni a nadorovou tkan kazdého jedince

ve srovnani s priimérnou hodnotou je zobrazena v grafu v ptiloze 12.

5.3.1. Priciny biologické povahy
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Na prvnim misté nutno zminit vSeobecné pfijatou a literdrné opakované
deklarovanou pfirozenou variabilitu namérenych autofluorescencnich spekter
nejenom z kolonické tkan&™’?®). za hlavni pfi¢inu je povazovana jak strukturalni
variabilita, tak variabilita v mnoZstvi jednotlivych fluoroforli pritomnych
v tkanovych vrstvach a elementech. Druhym, téz velmi vyznamnym faktorem, je
odliSny metabolicky stav tkané nebo strukturalni zmény jako nasledek poskozeni

jakékoli etiologie'® 746,

Variace ve sloZeni tkani i mnoiZstvi pfitomnych fluoroford je v soucasné

(2,3,6,10,14,15,18,40,62)

dobé jiz plné potvrzena , proto ddle nebude diskutovana.

Z pohledu experimentu povazujeme za nejvyznamnéjsi faktor rlzny
metabolicky stav testovanych tkani zplsobeny proménlivou délkou ,teplé”

ischemie®® *?). Tato variabilita Uzce souvisi s vlastnim opera&nim zakrokem').

Prvnim krokem standardniho operacniho postupu — resekce rekta nebo
rektosigmatu — dodrzujictho platnd onkologickd kriteria je vidy podvaz hlavni
arterie a vény zdsobujici orgdn s nddorem. V nasem ptipadé tedy cévniho svazku
mesenterica inferior. DalsSi preparacni faze je rGzné casové narocnd, a proto
interval mezi prerusenim cévniho zasobeni a vyjmutim preparatu z téla
nemocného je velmi variabilni. Pferuseni pfisunu krve, a tim transportu kysliku
a ostatnich nutrientd, zpUsobi rozvoj laktatové aciddzy a nasledné ischemii tkané.
Ueda a Kobayaschi ©) ve své praci jasné prokazali, Ze zvysujici se hladina kyseliny
mlécné respektive snizujici se pH ma negativni vliv na intenzitu fluorescence

emitované tkani.

Dalsi skutecnosti, kterd primo ovliviiuje emisi zareni, je pfitomnost
variabilniho mnoZstvi hemoglobinu v resekatu a jeho saturace kyslikem.
Hemoglobin je povazovan za nejdulezitéjsi chromofor v tkanich, ktery zplsobuje
jak absorpci excitacniho, tak emitovaného z4feni101L1415,17,35,37,38,39,63) ‘N ayic tyto
absorpcni vlastnosti jsou vyznamné ovlivnény mnozZstvim navdzaného kysliku.

Oxygenovany hemoglobin je mnohondasobné silnéjsi absorber zareni pro vinové

délky krat$i 600 nm a po té absorpce prudce klesa, naproti tomu deoxygenovany
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hemoglobin pohlcuje mnohem méné a i pokles za limitni hodnotou 600 nm je

mnohem pozvolnénjsi. K vyrovnani absorpcnich vlastnosti obou typl dochazi az

kolem vinové délky 800 nm 4.

Strukturalni zmény testovanych tkani mohou byt dale ovlivnény odliSnym
morfologickym typem a gradingem ndadoru. Ztohoto pohledu blizsi testovani
vzhledem kmalému souboru nebylo provedeno. Piehled a ndadorova

charakteristika testovanych nemocnych viz pfiloha 13.

Velmi vyznamnym, a zatim literarné nezmapovanym faktorem, je urcité
i predoperacné provedena aktinoterapie(zs’m. Vzhledem k lokalizaci nddoru
vyzaduje standardni terapeuticky protokol u planovaného chirurgického vykonu
provedeni aktinoterapie vddvce 40 Gy. Je znamo, Ze radiace zplsobuje
strukturalni zmény hlavné ve smyslu lokalni zanétlivé reakce, jizveni, fibrotizace a
tvorby drobnych nekrotickych loZisek a absces'®. Histologicka analyza, ve viech
testovanych vzorcich nadorové tkané, potvrdila pfitomnost vySe uvedenych
strukturdlnich zmén s proménlivou intenzitou. Postradiacni postizeni normalni
tkané vice vzdalené od ohniska radioterapie nebylo pozorovdno, respektive

nebylo mozno odlisit od zmén zpUsobenych vlastnim operaénim zakrokem.

VIV

5.3.2. Pric¢iny technické povahy

Z technického hlediska mohou byt naméfené hodnoty ovlivhény typem

zvoleného excitaéniho zareni nebo prispévkem nepfimého sluneéniho zareni

v pribéhu méreni.
Obrazek 16 - Optické spektum excita¢niho zareni
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nahodné interference v pribéhu plsobeni paprsku s naslednou neuniformitou
distribuce i intenzity. Dasledkem by pak mohla byt i jista rGznorodost i v tkarnové

Vv

odpovédi (54). Relativné velka Sitka excitacniho pasu zuZuje méfené emisni

spektrum a je tfeba pouZit specidlni filtr pro odtiznuti té ¢asti excitacniho pasu,

ktery by se spektrdlné prekryval s mérenou autofluorescenci.

Vlastnosti zdroje byly testovany v praci Horaka® a navic bylo provedeno
i vlastni méreni Casové zdvislosti intenzity excitacniho zdroje. Spektrum bylo
analyzovano na opticky neutrdlnim materidlu a filtrovdno stejnym LP filtrem
pouzitym i v predkladané studii. Vlastni optickd energie, respektive jeji kolisani
byla ddle testovana pomoci OPHIR detekéniho systému. Bylo provedeno
opakované méreni vidy po dobu 5 min. Maximalni ziskand odchylka byla 1.5 mW

a autofi ji nepovazuji pro méreni za vyznamnou. (obr. 17).

Obrazek 17 - Testovaci méreni energie optického zdroje
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Stejné tak zanedbatelny povaZuji autofi i prispévek sluneéniho zareni.
Mérena oblast, v dlsledku konstrukce koncovky, nikdy nebyla vystavena
pfimému svételnému zafeni. K ovlivnéni by proto mohlo dojit pouze Sifenim
z okolni tkané vzdalené minimalné 1 mm, cozZ je tloustka ochranného pouzdra
koncovky. Kryt koncovky ji souéasné o 1 mm presahoval, ¢imZ byla zajisténa
i standardni vzdalenost od testované tkané a zajisténa Cistota snimaci plochy,
kterd byla stejné pribéiné kontrolovdna. Pfesah navic vyrazné limituje

pravdépodobnost vstupu odrazenych a rozptylenych paprskd excitacniho zareni.
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5.4. Metodika stanoveni referenc¢nich oblasti

Jak jiz bylo v textu opakované zminéno za referencni oblast pro normalni
tkan byl stanoven proximalni okraj resekatu. Jedna se o oblast, kde s témér 100%
jistotou mulZieme vyloucit pfitomnost nadorové tkdné, a ziskané hodnoty
v kratSich vinovych délkdch az nékolikandsobné presahuji namérené hodnoty

v oblasti tumoru. Z tohoto pohledu se zda byt zcela idealni lokalizaci.

Vysledky zavérecné faze experimentu — redlné simulace méreni — kdy
histologické vysetfeni v Zddném vzorku nepotvrdilo pfitomnost nddorové tkang,
umoznily srovnani mezi normalni tkani z plvodni referencni oblasti a normalni
tkani ovlivnéné predoperacni aktinoterapii. Ziskané hodnoty byly urcitym

prekvapenim

Namérené autofluorescencni intenzity byly vcelém ndami méreném
spektralnim rozsahu vyrazné nizsi nez hodnoty pro normalni tkan, coz se dalo
predpokladat, ale i nizsi nez hodnoty ziskané v oblasti tumoru (graf 7). Prabéh
kfivky navic do vinové délky 700 nm pomérné dobre kopiruje kfivku pro nador

a v priblizné stejné vzdalenosti odpovidajici intenzité mezi 100 — 150 a.u.

Graf 7 - porovnani fluorescencnich vlastnosti ozafené a neozarené tkané
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NizSi emisni intenzita ve srovnani s neozarenou normalni tkani se velmi
pravdépodobné da vysvétlit vlivem aktinoterapie. Pokles pod hodnoty nadorové
tkané zase ukazuji na vy$si metabolickou aktivitu tumoru eventuelné i vyssi

pfitomnost profyrind.
Jaké jsou tedy redlné diskriminaéni moZnosti testovaného systému?

Vysledky nasi studie ukazuji, Ze v pdsmu blizkého infracerveného zareni je rozdil
mezi normalni a nadorovou tkani prevainé v intenzité autofluorescencéniho
z4Feni\1017:1939,.43.44) poyze v jednom pfripadé byl AF prispévek nadorové tkané
v omezeném vinovém intervalu vy$si nez normalni tkané. Tento interval (680 —
710 nm) témér odpovida vinovym délkam typickym pro AF spektrum porfyrin(
a shoduje se s AF spektrem nadorové tkané bez ozafen®?, MozZnym vysvétlenim
by bylo, Ze testovany pacient radioterapii nepodstoupil, nebo byla provedena
nespravné, respektive nevhodné cilena. Histologicky nélez ale vykazoval znamky

radiacniho postizeni a dokumentace jasné potvrzovala provedeni radioterapie.

Literarné je rozdil v AF emisi normalni a nadorové tkané pripisovan dvéma
mechanizmim:

1. Zesilenim mukdzy vduisledku ndadorové transformace'®, ktera

zpUsobuje zhorSenou penetraci excita¢niho zareni do tkané, stejné tak
i eventuelni emisi fluorescence ze submukdzy, kterd je povazovana za

«(514,153962) Tento mechanizmus ale v naem

hlavniho ,producenta
pripadé nepfipada v Gvahu, nebot ulcerogenni forma nadorové tkané
neni kryta mukézou.

2. Zvysenou pritomnosti hemogloginu jako hlavniho a nejdulezitéjsiho

10,11,14,17,27,35,37,38,63
reprezentanta( /11,14,17,27,35,37,38,63)

Tato zvySena pfitomnost je
vysvétlovana vyraznymi energetickymi ndroky nadorové tkané
Zvazime-li moZnost ovlivnéni absorpcnich vlastnosti hemoglobinu
mnoZstvim navazaného kysliku, které zavisi na délce “teplé” ischemie,
mohli bychom dostat odpovéd na pricinu variability namérenych

hodnot u jednotlivych probandl. K demonstraci jsme pouzili hodnoty
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ziskané na vinové délce 610 nm kterda byla regresnim modelem
vyhodnocena jako jedna z nejvice signifikantnich. Pfiloha 14 ukazuje
kolisadni a rozdily mezi primérnymi hodnotami kazdého testovaného
jedince v porovnani s celkovou primérnou hodnotou. Stejna data
jsme jesté pro eliminaci mozZnych technickych chyb prevedly

na pomérné hodnoty (X(norm tkan)/Y(nadorova tkan). (Graf 8)

Graf 8 - Pomérné hodnoty (normalni tkané/nadorova tkan)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
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6. Zavér

Na prvnim misté nutno zdlraznit, Ze autorlim z dostupnych literdrnich udaji neni
znamo, Ze by bylo provedeno testovani autofluorescencnich vlastnosti
aktinoterapii zménéné nadorové a normalni tkané. Soucasné prace se predevsim
zaméruji na moiZnosti detekce ranych stadii karcinomu postihujicich pouze

mukdzni vrstvu tlustého streva.

Ztohoto pohledu lze naSe data povazovat za zcela unikatni a zatim

neporovnatelna.

Cil I. - ovéfeni moznosti vyuiZiti autofluorescencnich vlastnosti normalni

a nadorem zménéné tkané tlustého streva k jejich diferenciaci

Prace svysokou spolehlivosti prokazala, ve shodé s literaturou, 7ze
autofluorescencnich vlastnosti tkané lze vyuzit k odliSeni normdlni a nadorové

7 v s

tkané aboralni ¢asti tlustého stfeva — rektosigmatu.

Cil Il. - ovéfeni moznosti vyuZiti experimentdlné vytvorené prenosné mérici
sestavy k provedeni ,optické biopsie“ v pribéhu operacniho vykonu

pro kolorektalni karcinom.

Navrzena experimentdlni sestava umoziuje provedeni orientaéni optické biopsie.
Ziskanda data mohou dobre poslouzit jako orientacni pomlcka pro cilené

histologické vysetreni.

Doplnéni méfici sestavy o excitaéni zdroj koherentniho svételného zareni,
kratsi vinové délky a pouZiti sofistikovaného algoritmu k vyhodnocovani
namérenych hodnot na rdznych vinovych délkach v redlném case by umoznilo
plné klinické nasazeni. Stale pretrvavajici nevyhodou je bodovy zplsob méreni,
u kterého stale pretrvava urcity nahodny prvek zvolené oblasti méfeni snizujici
senzitivitu i specificitu méreni. Vyraznou vyhodou vsak je méfeni celé spektralni
odezvy ztestovaného mista tkdné. Literatura opakované zminuje i moZnost

vyuZiti fluorescencnich markerd (porfyriny, ALA), ale jejich pfinos v tomto
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konkrétnim pripadé i s ohledem na vySe uvedena negativa — hodnoceni resekéni

linie — je kontroverzni.

Slibnou budoucnost by mohlo pfinést dlouhodobé az trvalé znaceni
nadorové tkdané pomoci prirozené fluorecentnich bilkovin (GFP — green
fluorescent protein, RFP — red fluorescent protein) Jejich spontanni nebo
dotovana fluorescencni aktivita je natolik intenzivni, Ze umoznuje pozorovani

prostym okem (€57
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Souhrn

Predkladand dizertacni prace resi problematiku autofluorescenéni diagnostiky
kolorektdlniho karcinomu. Vytyceny byly nasledujici cile: ovéfeni moznosti
vyuZiti autofluorescencnich vlastnosti normalni a nadorem zménéné tkané
tlustého streva k jejich diferenciaci a ovéreni moznosti vyuZziti experimentalné
vytvofené prenosné meéfici sestavy k provedeni ,optické biopsie” v pribéhu

operacniho vykonu pro kolorektalni karcinom.
Reseni projektu bylo rozdéleno do ti etap:

. etapa - byla zamérena na experimentalni ovéreni fluorescencnich
charakteristik normdlni a nadorové tkané kolorektdlniho karcinomu pomoci
argonového a helium-neonového laseru. Ziskané hodnoty potvrdily moznost
rozliSeni jak po kvalitativni strdnce - zménou spektralni krivky, tak i po
kvantitativni strdnce - zménou intenzity autofluorescencéniho zareni ve vybranych
vinovych délkach. PFi excitaci pomoci He-Ne laseru jsme pozorovali pfispévek o
hodnoté cca 30 a.u. prakticky v celém méreném intervalu s maximem mezi 670 —
700 nm, coZz odpovida fluorescencnimu spektru porfyrind. Normalni tkan
nevykazovala témér Zadnou aktivitu. V pfipadé pouziti Ar laseru se diskriminacni

hodnoty intenzit pohybovaly pouze v fadu jednotek.

Il. etapa — byla vénovan ovéreni funkce a moznosti klinického vyuZiti
experimentdlné vytvorené prenosné méfici sestavy sestavajici ze svételného
zdroje na bazi nekoherentni LED diody, dvouvldaknového prenosného systému
svételného zareni a prenosného spektralniho analyzatoru Avantes. PFi méreni
jsme ziskali hodnoty, které umoznovaly diskriminaci mezi nadorovou a normalni
tkani na zakladé rozdilu intenzit, a které v oblasti vinovych délek kolem 690 nm

dosahovaly aZ stovkovych hodnot.

lll. etapa - kterd byla urcena ke klinickému testovani byla rozdélena jesté na

dalsi 2 podetapy.
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V prvni fazi bylo provedeno ovéreni a statistické zhodnoceni diskriminacnich
moznosti autofulorescencnich charakteristik ziskanych pfi méreni v redlném
prostiedi. Ke statistickému zpracovani byla pouZita logisticka regresni analyza a
metoda hlavnich komponent. Vyhodnoceni bylo provedeno pro model s 30 a 40
analyzovanymi komponentami. Na zakladé naSich mérfeni bylo zjisténo, Ze
klasifika¢ni schopnost modelu je 79,7 % respektive 82,5 %. RozliSovaci schopnost

modell podle Tapea byla 0,88 a 0,91.

Ve druhé fazi byla provedena simulace redlniho nasazeni. Bylo provedeno 100
méreni. 17 lokalit bylo hodnoceno jako nejisté a 3 jako maligni. Histologické
vySetteni vzadné ztéchto lokalit nddorové postizeni nepotvrdilo. Ve 3%

procentech jsme tedy ziskali faleSné pozitivni vysledek a v 17% nejisty vysledek.

Prace svysokou spolehlivosti prokazala, ve shodé s literaturou, 7zZe
autofluorescencnich vlastnosti tkané Ize vyuzit k odliSeni normalni a nddorové

tkané tlustého streva — rektosigmatu.

Autory navriend a testovana metodika optické biopsie poskytuje velmi dobré
vysledky, které by mohly dobre poslouzit jako orientacni pomucka pro cilené
histologického vySetfeni. Praktické wvyuzZiti je ale zatim limitovdano 2
problematickymi oblastmi:  vysokou variabilitou naméfenych hodnot meazi

testovanymi jedinci a metodikou stanoveni referencnich oblasti.
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Summary

The submitted dissertation addresses the issue of autofluorescence diagnostics
of colorectal carcinoma. The following objectives were set: to verify the
possibilities of exploiting the autofluorescence properties of normal colon tissue
and tissue changed by tumour to differentiate them and to verify the possibility
of using an experimentally created portable measuring set to carry out an

“optical biopsy” during the colorectal carcinoma operation.

The project solution was divided into three phases:

Phase | focused on experimental verification of the fluorescence characteristics
of normal colorectal tissue and tissue changed by tumour with the use of argon
and a helium-neon laser. The obtained values confirmed the possibility to
differentiate not only in terms of quality (change in the spectral curve) but
quantity as well (change in intensity of the autofluorescence emission at selected
wavelengths). When excited by the He-Ne laser, an approx. 30 a.u. contribution
was observed practically throughout the measured interval, the maximum being
between 670 — 700 nm, which corresponds to the fluorescence spectre of
porphyrins. Normal tissue did not show hardly any activity. When the Ar laser

was used, intensity discriminant values ranged only in individual units.

Phase Il was devoted to verification of the function and ability of clinical use of
the experimentally created portable measuring set, consisting of a light source
based on an incoherent LED, two-fibre light emitting transmission system and an
Avantes spectrum portable analyser. In measuring, we obtained values allowing
discrimination between the tumour and normal tissues based on the intensity
difference; these values reached up to hundreds in the wavelengths about 690

nm.

Phase Ill was intended for clinical testing and subdivided into 2 sub-phases.
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In the first phase, the discriminatory possibilities of autofluorescence
characteristics obtained in measuring in a real environment were verified and
statistically evaluated. For statistical evaluation, a logistic regression analysis and
the principal components method were used. The evaluation was carried out for
a model with 30 and 40 analysed components. Our measurements showed that
the classification ability of the model is 79.7% and 82.5%. The resolution of the

models under Tapea was 0.88 and 0.91.

In the second phase, actual use was simulated. 100 measurements were made,
17 localities were assessed as uncertain and 3 as malignant. Histological
examination did not confirm tumour involvement in any of these localities. Thus,

we obtained a false positive result in 3% and an uncertain result in 17%.

The work demonstrated, consistently with the literature, with high reliability that
the autofluorescence properties of tissue can be used to distinguish normal and

tumorous tissues of the colon — rectosigma.

The optical biopsy methodology designed and tested by the authors provides
very good results that could serve well as an orientation aid for targeted
histological examination. Its practical use, however, is still limited by 2
problematic areas: the great variability of the measured values in the tested

individuals and the methodology for setting the reference areas.
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Piiloha 1 - Trendy epidemiologie kolorektalniho karcinomu v CR
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Piiloha 2 - Historicky piehled
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1671

1808 - 1810

1833
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1911

1911/13

1935

1950

prvni zminky o jevu odpovidajicimu fluorescenci a
fosforescenci v Cinské literature

Nicolas Monardes (1493-1588) pozoroval luminiscenci
ve vytazku jihoamerického stromu Lignum
nephriticum, ktery byl pouzivén k lé¢bé ledvinnych
kamen(

Athanasius Kirchner (1602-1680) ve svych
pozorovanich zopakoval a posléze vySe uvedny
fenomen popsal v knize "Ars Magna Lucis et Umbrae"

Johan Wolfgang von Goethe (1749 - 1832) popsal
fluorescenci kdry Konského kastanu (Aesculus
hippocastanum) ve vodeé ve své praci "Farbenlehre"
(Teorie barev)

Sir David Brewster popsal cervenou luminiscenci
chlorofylu

Sir John Frederick William Herschel pozoroval a popsal
fenomen fluorescence ve vodném roztoku chininu

Sir Georges Gabriel Stokes poprvé pojmenoval
luminiscenci pozorovanou u fluoridového mineralu
(calcium fluoride) pojmem "fluorescence" a fromuloval
"Stokestv zakon"

Max Haitinger (1868 - 1946) zaved| termin
"fluorochrom" pro molekuly schopné emitovat
fluorescencéni zareni

Otto Heimstaed a Heinrich Lehmann vyvinuli prvni
fluorescencni mikroskop, aby mohli pozorovat
autofluorescenci bakterii, prvok, rostlinych a
Zivocisnych tkani

Alexander Jablonski (1898 - 1980) vytvofil fyzikalni
model popisujici jev fluorescence na molekularni
urovni (Jablonského diagram)

Albert Hewett Coons a Melvin Kaplan vyvinuli
imunofluorescencni techniky pouzivané v biologii
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Priloha 3 - Schematické znazornéni excitace

Fluorescence
Emission

Absorption

1. absorpce UV zareni zvysi energii elektronu s naslednym jeho pfesunem na
vyssi energetickou drahu
2. emise fluorescencéniho zareni — fotonu — s naslednym ndavratem elektronu

na plvodni energetickou drahu
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Priloha 4 - Tabulka endogennich fuorofort

Excitacni a

fluorescence

emisni

maxima biologickych molekul

schopnych

Endogenni fluorofory

Excitacni maxima

Emisni maxima

(nm) (nm)

Aminokyseliny

Tryptophan 280 350

Tyrosine 275 300

Phenylalanine 260 280
Strukturalni bilkoviny

Collagen 325 400,405

Elastin 290,325 340,400
Enzymy a coenzymy

FAD, flavins 450 535

NADH 290,351 440,460

NADPH 336 464
Vitaminy

Vitamin A 327 510

Vitamin K 335 480

Vitamin D 390 480
Vitamin B6 sloZky

Pyridoxine 332,340 400

Pyridoxamine 335 400

Pyridoxal 330 385

Pyridoxic acid 315 425

Pyridoxal 5'-Fosfaty 330 400

Vitamin B12 275 305
Tuky

Phospholipidy 436 540,560

Lipofuscin 340 - 395 540,430 - 460

Ceroid 340 - 395 430 - 460,540

Porphyriny 400 - 450 630,690

endogenni
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Piiloha 5 - Absorp¢ni a emisni spektra tkanovych fluorofori

A) absorpcni spektra

Fluorescence Intensity [a.u.]

Fluorescence Intensity [a.u.]

collagen = flaving =——— porphyring = pyridoxine
elastin =—— nadh —_— tryptophan  =—— lipo-Pigments

Tryptophan  Pyridoxine Lipo-Pigments

NADH Collagen

Porphyrins (Hp)

Elastin <

Flavins 4

200 250 300 350 400 450 500

Wavelength [nm]

B) emisni spektra

collagen ——— flavins ———— porphyrins ———— Pyridoxine
elastin ———— nadh ———— tryptophan ———— lipo-pigments
T T T L] R R T L] L]
Tryptophan Pyridoxine Lipo-Pigments

Porphyrins (Hp)

/ Collagen

NADH

Flavins

4
2
0
300 350 400 450 500 550 600 650 700
Wavelength [nm]
Zdroj : (34)
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Piiloha 6 - metabolicka kaskada syntézy hemu
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Ptiloha 7 - obrazové srovnani ploSného a bodového zptisobu hodnoceni

Endoskopicky pohled pod bilym a UV svételnym zdfenim na stejnou ¢ast stény

mocového méchyre se spektralnimi charakteristikami pro jednotlivé oblasti.

Fluorescence Intensity [a.u.)

500 600 700 800
Enussion Wavelength [nm]
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Priloha 8 - méreni Ar laserem

Obr. A —rozdil v intenzité fluorescenc¢ni odpovédi

12| CA2 sample |
Arion line 514.5 nm
5
o control sample
& 8f 1
2
B CA2 sample
&
E I
-
o
0L 4
500 550 600 650 700 750

Wavelength [nm]

Obr. B — rozdil v charakteristice spektrdlni kfivky v.s. na podkladé pfitomnosti

zvySeného mnozstvi porfyrin(

20 + _
CA-1 samples
Ar line 514.5 nm
— 16 | -
:f (1), (2) carcinoma
2 (3) normal tissue
8, 12¢ control sample
2
2 st i
g
£
| L N
a 4
0+ g
N 1 N 1 N 1 N 1 N 1
500 550 600 650 700 750

Wavelength [nm]
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Priloha 9 - Mérici sestava
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Priloha 10 - Data z méreni ¢. 8

Normalni tkan Nadorova tkan
[nm] [m 1] [m 2] [m 3] [m 4] [m 5] Norm. [m 1] [m 2] [m 3] [m 4] [m 5] Tumor
680 483,35 199,21 200,77 229,70 291,03 280,81 95,17 22,13 95,40 123,34 100,01 87,21
681 479,82 201,74 201,63 229,31 277,52 278,00 102,08 22,92 89,71 124,58 106,52 89,16
682 533,34 236,92 227,31 251,20 296,89 309,13 125,91 46,63 113,80 141,75 138,45 113,31
683 614,04 281,98 284,34 286,13 361,35 365,57 162,55 77,38 163,73 189,60 186,27 155,91
684 699,13 322,19 334,48 333,00 432,19 424,20 201,82 109,26 212,93 233,44 230,90 197,67
685 770,33 368,24 390,24 393,44 486,78 481,81 239,90 144,09 244,54 268,23 282,38 235,83
686 804,72 379,37 410,44 405,06 503,05 500,53 246,09 131,16 245,69 266,79 280,74 234,10
687 824,71 377,29 419,63 401,07 511,44 506,83 240,83 125,81 236,63 270,35 267,34 228,19
688 874,27 414,65 456,23 440,38 541,60 545,43 277,07 155,67 269,72 300,80 285,44 257,74
689 922,25 441,36 473,16 451,39 576,59 572,95 291,21 163,43 290,49 315,23 304,43 272,96
690 938,36 441,70 473,49 451,70 589,05 578,86 299,26 173,76 281,52 328,87 322,33 281,15
691 917,33 408,62 448,80 430,96 559,65 553,07 279,31 149,81 260,59 314,39 305,35 261,89
692 939,88 435,78 479,70 454,51 584,72 578,92 304,76 177,46 300,10 333,58 327,94 288,77
693 942,30 451,34 480,24 460,20 602,94 587,41 303,43 190,87 311,59 336,91 334,13 295,39
694 922,76 443,99 475,61 460,54 592,35 579,05 300,59 193,28 306,90 329,35 330,44 292,11
695 894,21 429,59 468,20 450,12 558,01 560,03 297,52 172,91 292,01 307,08 316,45 277,19
696 896,84 433,53 459,15 439,75 550,14 555,88 292,56 169,25 279,37 300,77 321,92 272,77
697 896,73 419,27 447,63 432,85 543,38 547,97 286,10 158,58 277,65 303,95 322,12 269,68
698 862,47 415,13 441,29 422,31 521,39 532,52 276,29 146,09 269,20 292,38 313,03 259,40
699 817,37 401,59 425,34 401,27 514,58 512,08 266,73 147,60 261,60 280,98 296,95 250,77
700 782,58 363,29 393,50 367,85 477,61 476,96 231,50 117,39 230,86 252,99 250,40 216,63
701 754,69 359,82 388,04 359,48 483,11 469,03 236,01 132,13 229,27 249,43 253,30 220,03
702 736,94 356,19 384,41 363,16 486,78 465,50 247,14 143,59 233,98 254,74 264,78 228,85
703 705,82 340,13 365,79 357,51 467,57 447,37 233,13 130,83 212,75 248,93 251,33 215,40
704 637,04 299,68 312,36 320,25 403,38 394,54 192,94 95,95 181,32 218,42 202,66 178,26
705 569,59 274,54 274,28 287,06 362,90 353,68 171,17 89,75 161,89 190,81 183,89 159,50
706 499,97 241,24 229,37 235,20 297,87 300,73 131,58 58,31 115,42 163,53 158,82 125,53
707 503,29 252,62 225,14 245,23 292,22 303,70 136,60 64,78 123,60 176,91 171,81 134,74
708 476,42 242,88 209,61 234,11 290,85 290,78 121,11 58,04 122,18 159,15 154,12 122,92
709 448,72 221,75 203,57 215,94 280,82 274,16 108,97 48,74 109,36 140,88 137,75 109,14
710 446,30 220,13 212,71 202,57 270,79 270,50 108,82 46,52 114,00 135,81 138,68 108,77
711 45301 22357 214,11 207,89 271,50 274,02 117,56 44,03 115,95 136,45 14285 111,37
712 487,88 248,71 233,69 238,79 300,13 301,84 141,73 76,81 143,41 165,22 168,82 139,20
713 481,09 242,77 214,27 230,03 285,19 290,67 126,35 74,81 128,36 160,56 153,95 128,81
714 453,15 215,27 193,73 202,74 267,64 266,51 112,16 54,58 117,24 143,57 141,49 113,81
715 396,07 155,65 150,09 169,14 225,74 219,34 68,76 4,76 76,79 83,17 93,80 65,46
716 392,15 161,84 166,90 171,96 215,25 221,62 80,92 17,27 89,92 103,06 106,70 79,57
717 410,68 194,68 188,68 187,52 230,85 242,48 103,87 49,62 107,80 129,24 126,27 103,36
718 408,68 193,43 182,58 185,23 235,12 241,01 103,74 52,75 95,29 128,43 123,34 100,71
719 371,45 170,00 159,13 163,21 212,94 215,35 85,09 35,88 83,05 112,05 104,24 84,06
720 331,59 155,89 143,90 156,95 195,45 196,76 72,54 20,97 80,34 104,08 90,97 73,78
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Piiloha 11 - Prvnich 30, resp. 40 vlnovych délek snejvétSim souctem

korelacnich koeficient v absolutnich hodnotach

Pofadi A[nm] F1 |F1] F2 |F2] F3 |F3| F4 |F4| F5 |IF5] Suma

1 660 -0,849 0,849 -0,392 0,392 0,279 0,279 -0,147 0,147 -0,140 0,140 1,806
2 727  -0,758 0,758 0,551 0,551 -0,236 0,236 -0,229 0,229 0,026 0,026 1,801
3 729  -0,763 0,763 0,550 0,550 -0,224 0,224 -0,234 0,234 0,028 0,028 1,799
a4 728  -0,769 0,769 0,547 0,547 -0,213 0,213 -0,235 0,235 0,027 0,027 1,791
5 731 -0,776 0,776 0,544 0,544 -0,200 0,200 -0,238 0,238 0,030 0,030 1,787
6 664  -0,858 0,858 -0,348 0,348 0,317 0,317 -0,135 0,135 -0,127 0,127 1,785
7 733 -0,781 0,781 0,541 0,541 -0,185 0,185 -0,240 0,240 0,032 0,032 1,780
8 663  -0,867 0,867 -0,336 0,336 0,303 0,303 -0,131 0,131 -0,141 0,141 1,778
9 734  -0,786 0,786 0,537 0,537 -0,173 0,173 -0,243 0,243 0,032 0,032 1,772

10 665  -0,872 0,872 -0,311 0,311 0,308 0,308 -0,131 0,131 -0,144 0,144 1,765
11 739  -0,792 0,792 0,534 0,534 -0,160 0,160 -0,244 0,244 0,033 0,033 1,763
12 662  -0,844 0,844 -0,406 0,406 0,282 0,282 -0,121 0,121 -0,099 0,099 1,752
13 735  -0,798 0,798 0,528 0,528 -0,150 0,150 -0,243 0,243 0,033 0,033 1,752
14 742 -0,801 0,801 0,527 0,527 -0,134 0,134 -0,246 0,246 0,035 0,035 1,742
15 667 -0,881 0,881 -0,283 0,283 0,329 0,329 -0,122 0,122 -0,124 0,124 1,739
16 745  -0,804 0,804 0,524 0,524 -0,121 0,121 -0,248 0,248 0,035 0,035 1,731
17 659  -0,870 0,870 -0,384 0,384 0,226 0,226 -0,110 0,110 -0,142 0,142 1,731
18 668  -0,884 0,884 -0,240 0,240 0,341 0,341 -0,128 0,128 -0,133 0,133 1,726
19 746  -0,808 0,808 0,520 0,520 -0,110 0,110 -0,248 0,248 0,036 0,036 1,721
20 666  -0,889 0,889 -0,265 0,265 0,303 0,303 -0,119 0,119 -0,143 0,143 1,719
21 658  -0,855 0,855 -0,442 0,442 0,214 0214 -0,091 0,091 -0,107 0,107 1,709
22 748 -0,813 0,813 0,516 0,516 -0,097 0,097 -0,245 0,245 0,034 0,034 1,705
23 661  -0,868 0,868 -0,410 0,410 0,230 0,230 -0,085 0,085 -0,107 0,107 1,700
24 753  -0,816 0,816 0,512 05512 -0,081 0,081 -0,246 0,246 0,038 0,038 1,693
25 656  -0,854 0,854 -0,461 0,461 0,184 0,184 -0,089 0,089 -0,106 0,106 1,692
26 638  -0,794 0,794 -0,557 0,557 -0,202 0,202 0,034 0,034 0,096 0,096 1,683
27 655  -0,847 0,847 -0,478 0,478 0,175 0,175 -0,090 0,090 -0,092 0,092 1,682
28 634  -0,781 0,781 -0,574 0,574 -0,201 0,201 0,022 0,022 0,102 0,102 1,679
29 649  -0,841 0,841 -0,495 0,495 0,148 0,148 -0,095 0,095 -0,099 0,099 1,678
30 675  -0,897 0,897 -0,216 0,216 0,343 0,343 -0,110 0,110 -0,111 0,111 1,676
31 760  -0,822 0,822 0,506 0,506 -0,069 0,069 -0,240 0,240 0,038 0,038 1,676
32 612  -0,760 0,760 -0,615 0,615 -0,180 0,180 -0,038 0,038 0,072 0,072 1,665
33 613  -0,766 0,766 -0,599 0,599 -0,198 0,198 -0,025 0,025 0,072 0,072 1,660
34 763  -0,825 0,825 0,503 0,503 -0,051 0,051 -0,237 0,237 0,043 0,043 1,660
35 626  -0,770 0,770 -0,597 0,597 -0,175 0,175 -0,022 0,022 0,096 0,096 1,660
36 607 -0,753 0,753 -0,618 0,618 -0,187 0,187 -0,039 0,039 0,056 0,056 1,652
37 618  -0,781 0,781 -0,593 0,593 -0,153 0,153 -0,044 0,044 0,080 0,080 1,650
38 635 -0,781 0,781 -0,585 0,585 -0,162 0,162 -0,010 0,010 0,109 0,109 1,647
39 610 -0,760 0,760 -0,617 0,617 -0,154 0,154 -0,058 0,058 0,058 0,058 1,647
40 623  -0,772 0,772 -0,608 0,608 -0,131 0,131 -0,048 0,048 0,088 0,088 1,647
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Piiloha 12 - Souhrn - nejvyznamnéjsi vinové délky

BENIGNi TKAN (N = 117)

Int. Int.

Vinova spolehl.  spolehl. Sm.

délka [nm]  Primér -95% +95% Median Min Max Sm. odch.  chyba
Intenzita autofluorescence

607 1752,19 1513,43 1990,94 1663,86 96,93 5616,72 1303,91 120,55
610 1629,04 1407,89 1850,19 1512,73 80,63 5087,9 1207,77 111,66
649 841,64 746,24 937,04 839,99 50,92 2124,93 521 48,17

655 774,11 689,74 858,48 773,33 41,28 1913,63 460,76 42,6
662 745,61 666,62 824,59 754,6 40,36 1771,96 431,36 39,88
667 731,93 655,31 808,55 716,16 46,5 1665,53 418,44 38,68

745 144,68 125,11 164,26 150,08 -4,02 479 106,91 9,88

MALIGNi TKAN (N = 100)
Int. Int.

Vinova spolehl.  spolehl. Sm.

délka [nm]  Primér -95% +95% Median Min Max Sm. odch.  chyba
Intenzita autofluorescence

607 12442 989,02 1499,38 725,21 147,34 6661,47 1286,04 128,6
610 1170,02 928,2 1411,84 654,73 137,47 6190,41 1218,72 121,87
649 639,89 521,08 758,7 425,76 47,54 2993,47 598,77 59,88

655 588,93 486,75 691,12 425,05 54,15 2699,69 515 51,5
662 569,7 476,86 662,55 424,99 73,05 2416,05 467,91 46,79
667 568,42 479,88 656,95 435,75 72,56 2250,06 446,21 44,62

745 95,28 77,39 113,18 72,6 -18,73 381,67 90,2 9,02
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Priloha 13 - Charakteristika testovaného souboru

Cislo pohlavi vék pTNM G
1 F 78 pT3NOMX G1
2 F 65 pT3NOMX G3
3 F 48 pT3pN1IMX G2
4 F 64 ypT3N1IMX G2-3
5 M 52 pT3NOMX G2
6 M 69 ypT4pNOpMX G3
7 M 73 pT3NOMX G3
8 M 67 pT3NOMX G2
9 M 78 pT3N1MX G2-3
10 M 61 pTisNOMX G1-2
11 M 52 pT3N1MX G2
12 M 64 ypT2NOMX G2
13 M 52 ypT3NOMX G3
14 M 59 pT3NOM1 G2
15 M 67 ypT2NOMX G2
16 M 61 pT3NOMX G2
17 M 61 pT3NOMX G2
18 M 65 pT2NOMX G2
19 F 83 pT4AN2MX G2
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Ptiloha 14 - Variabilita hodnot jedince k primérné hodnoté
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Peroperative optical autofluorescence biopsy—verification
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Abstract The authors tested the diagnostic potential of the
poartable autofluorescence optical system that was devel-
oped in the preoperative evaluation of resection margins,
and thus of the resection line safety in patients with low-
positioned colorectal carinoma. A total of 217 spectral
measurements of the fluorescence properties of normal
(117) and malignant (100) tissues in 19 patients with
colorectal camcinoma were accomplished. The measured
spectm thus acquired were then evaluated using logistic
regression. Using the principal component method, the
authors selected the 30 and 40 most significant wave-
lengths, respectively, which they then used to construct the
logistic model. The model met the basic criteria of
statistical significance, The classification power of the
model was 79.7% (for 30 wavelengths) and 82.5% (for
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40). Statistical discrimination was 0.88 and 0.91, respec-
tively, These results confirm that the optical setup that we
selected is suitable for the peroperative testing of the distal
resection line. It is capable of differentiating with 90%
canfidence pathological tissue and thus of reliably guiding
further histological processing,

Keywords Colon cancer. Resection margins - Optical
biopsy - Fluomescence

Introd netion

The basic criterion of successful surgical treatment of
malignant tumors is the complete removal of tissues attained
by the mor This condition is standardly ensured by
repeated peroperative histological examination of tissue
samnples taken from the high-risk regions. In the case of
colorectal carcinoma, this critical point most frequently
imvolves the distal resection line, Currently this area, which
may attain more than 40 mm in length, is examined in only a
few localities selected either randomly or on the basis of
pathological macroscopic findings. This process is burdened
by an error of up to 4% compared to definitive histology [1].

Basically, this risk may be minimized in two ways: one
i by the disproportionate increase in the number of sites
sampled, at the cost of significantly prolonging the time
necessary for processing the material and the duration of
surgery and thus of total anesthesia, and the other is by
finding and marking the high-risk areas before the
histological processing itself,

Exploiting the difference in optical properties of normal
tissue and that changed by tumor appears to be the most
suitable method to this end [2, 3]. These techniques are
already routinely used in the diagnosis of malignant disease

&) Springer
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in other medical fields (preumaology, urology, gynecology)
[3, 4] and have recently been applied experimentally in
gastroenterclogy during endoscopic examination of the
gastrointestinal tract [5]

The optical properties of tissues may be investigated by
various methods such as reflection, scattering, absomtion,
andfor fluorescence spectroscopy [2]. Fluorescence spec-
troscopy s an optical method that can provide rapid
differentiation between tumor and nommal tissue in a variety
of epithelial organ systems, When tissue is illuminated with
specific wavelengths of ultraviolet ar visible light (excita-
tion), flucrescent biological molecules (fluorophores) will
absorb the energy and emit radiation as fluorescent light at
longer wavelengths (emission). The flucrophones can be
either endogenous to the tissue or exogenous in the form of
an injectable flucrescent molecule. Fluorescence radiation
emmitted by native tissues is termed autofluonescence (AF)
It has been demonstrated that fluorophores are found at
various concentrations [6] in all the structural layers of the
gastrointestinal tract [5, 7] throughout its course, including
the rectum. Structuml changes that occur during malignant
transformation manifest either as a change in the shape of
the spectral curve or as a different intensity of the emitted
signals compared to nommal (original) tissue [B].

The goal of this study was to verify the diagnostic or
differentiating capabilities and potential of the setup
developed by the authors for measuring the spectral
dependence of the emitted autoflucrescence mdiation in
onder to differentiate between normal and malignant tissue
in cases of colorectal cancingma,

Material and methods
Technical equipment

The experimental setup used to excite and collect auto-
fluarescence spectra of colorectal tissue is schematically
shown in Fig. 1. A fiber-optic system with three terminals
was constructed and used for excitation and collection of
the AF signal. Fluorescence was induced by a blue
semiconductor diode and analyzed using the portable
Avantes spectrometer dvaSpec-2(48 with fixed grating, a
fiber connector and a CCD linear array detector with 2,048
elements, A specially designed filter holder was placed in
front of the spectrometer to block the reflected and scattered
exciting light from entering the spectrometer, The filter
holder was further equipped with a special focusing optical
system pemnitting proper optical coupling to the fiber
connectors of both the fiber systerm and the spectrometer.
A blue semiconductor (non-coherent, spontaneous, and
electroluminescent) diode emitting in the 450-nm band
(5 W/430-470 nim, pulse mode - 1 kHz H400 psL600 ps)
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Fig. 1 Optical system used for the excimtion and collection of AF
specirs. (1) notebook for controlling the specrometer snd collacting
the datn messured; (7) AvaSpec-20M8 speciomeier; (3) specially
designed housing for the LP filter and coupling optics batween the
fiber and spactromater inpot connecines; () axcitstion light soorce, (5)

was chosen as the source of excitation. The efficacy and
possible application of this source for AF experimernts were
verified in the work of Zavadil and Hordk [9]. The
disadvantage of a relatively broad emission band of the
spontaneous semiconductor diode used as compared to a
lager diode was partially compensated by its low cost, Thus,
the spectral tail had to be partially filered out using an
interference LP (long-pass) filter placed in front of the
spectrometer,

Fibre-optic system with three tenminals was prepared and
used for tissue excitation and collection of AF signal. We
used a special polymerized fiber 600 pm in diameter with
low optical losses and double coating. Optical connectors
were placed at two ends, connecting to the light sournce and
the spectrometer, while the third consisted of a fomm of
special probe tip. The probe tip, 1.2 mm in diameter, used
both for supplying the excitation radiation and for collect-
ing the autoflucrescence, was covered with a plastic cuff
exceeding the tip by 1 mm. This ensured that a standard
distance was maintained from the measured tissue and
minimized the effects of the surounding background noise.
The probe tip used in our experitnents is shown schermat-
ically in Fig. 2. The contact measurement method described
by ather authors [5] did not prove suitable for our purposes
because of the frequent contamination of the scanning
probe tip and the consequent significant distortion of
measured AF signals,

The AvaSpec-2048 was used as the optical spectrum
amalyzer. It was assembled from the AvaBench-75:2048

101



Kapitola | Publikacni aktivity:

Lasers Mad Sci (2011) 26:325-333

327

104

PL intensity (counts)

00 400 B00 60 0 BOO
Wawvelangth (nm)

Fig. 2 The emiszion spectrom of the blue lght emitting diode (LED)
used for tisswe excitation is shown by curve (g). The specirum of the
same LED scattered on optically newtral materisl and filtered by the
LP filter 530 nm iz shown by corve (b). The arows (1) and (2) are doe
i filkering and correspond to the residuom of e scatered LED
radistion snd convolotion of the corve (&) with the transmission adge
of the filter st 330 nm, respactively

platform with a VB diffraction grating opemting in the
spectrl mnge of 360-1,000 nm and the AS 161 Board for
AvaBench-75-2048 electronic console, All the components
were purchased from Avantes, The spectrometer was
equipped with an optical connector for hooking up the
optical fiber and with a linear CCD detector. A notebock
connected to a USB port was used to control the
spectrometer and for data collection. The individual
measurements were canducted using the following pamm-
eters: Integration time (200 me), Avemge (three scang),
number of pixels used for smoothing (four). The interfer-
ence LP filter with high transmission and a very narrow
transition edge (the Spectrogon 530) was placed in font of
the spectrometer to block the reflected and scattered
exciting light from entering the spectrometer. The emission
spectim of the blue LED used for tissue excitation is
shown in Fig 3 (curve (a), together with the spectrum of
this diode scattered an optically neutral material and filtered
by the LP filter (edge at 530 nm), curve (b). Wavelengths
with a 60-nm spectral distance from the filter transmission
edge (530 nm) were considered as relevant when using this
filter. Thus, an interval in the mnge of 600800 nm was
selected for further evaluation,

Measurement was conducted under conditions of indi-
rect daylight of very low intensity. Any additional source of
light radiation (except for the excitation source) could
distort the results, since the lock-in technigue was not used
for detection of the AF signal,

The experimental set-up used enables the point exatmi-
nation of the studied tissue and the investigation of AF
spectml dependence over a wide mnge of wavelengths, The
measured spectml dependences enable the evaluation of
both quantitative and spectral changes as well as the

Tissue

(2)

L/
I
[
\
\

{3)

Fig. 3 Croas sections of probe tip vsed for AF experiments. Fiber
with shadowed cwss sections was used for collection of emitted
radistion. (1) 2 two fiber systeny; () angle geometry of the two fiber

that enh llection efficiency, (3) probe tip covered by

ﬂ;umﬂ’

sufficiently accurate statistical evaluation of the measured
experimental data,

Data collection

Using the experimental setup described above, autofluor-
escence measurements were conducted at two standard
locations in 20 randomly selected patients with low-
positioned colorectal carcinoma over a period of 1 year
(July 2007 to July 2008). First location — macroscopically
apparent tumar locus; second location — oral margins of the
resected colon approx. 20 cm proximally from the tmor,
considered to be the control healthy tissue. An average of
five messurements in an area of about | om® were
conducted at each locality. The presence or absence of
tumor at the aforementioned localities was always verified
histologically. The presence of a tumor other than colorectal
cancer (1 x recurrence of ovaran cancer) led to the
exclusion of samples from one patient from further
processing,

The measurement itsell was always conducted on the
whole sample of the mesected tissue almost immediately
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upon its removal from the patient’s body following rinsing
with potable water at a temperature of 21-24°C.

As part of the preoperative oncological treatment, all the
tested probands underwent targeted radiotherapy to the area
of the tumor at a dose of 45-50 Gy, which was applied in
25-28 fractions, The surgical procedure itself was con-
ducted following a 4-6 week interval. The sample
characteristics are listed in Table 1.

Statistical processing

We used the model of logistic regression to verify the
diagnostic potential of the tested measuring set up together
with the experimental setup and to detennine the most
suitable wavelengths for differentiating between healthy
and malignant tissue [10, 11].

In view of the great number of variables (the measuned
values of autofluorescence intensity in the wavelength
range of 600-800 nm), we used the method of principal
components analysis (PCA) as a data reduction technique
suitable for the statistical evaluation of the mesmsured AF
spectm, By applying the PCA method, 30 or 40 (in arder to
improve the predictive capabilities of the model) wave-
lengths with the greatest impact were selected for further
treatment. We used the values of autofluorescence mtensity
at these wavelengths to construct the logistic model. The
list of wavelengths included in the models and the
characteristics of logistic regression of both models used
are summarized in Table 2. Both models met the basic

Table 1 Sample characteristics

HNo. Gender Age pTNM Gading
1 F 7% pTINOMX Gl

2 F 63 pTINOMX @

3 E e PTIpNIMX Gz

4 F 64 FpTINIME G2
5 M 52 pTINOMX a2

6 M & ypT4pNOpMX @

7 M 7 PTINOMX @

8 M 67 pTINOMX Gz

9 M 78 pTINIMX G2a
10 M 61 pTisHOMX G1-2
n M 52 pTINIMX Gz
12 M 64 yPTINOMX a2
13 M 52 FpTINOMX @
14 M 9 pTINOM] G2
15 M 7 yPTZNOMX a2
16 M 61 PTINOMX a2
17 M 61 pTINOMX Gz
18 M & pT2NOMX a2
19 z 3 pT4NZME a2
41 Springer

conditions of statistical significance for acceptance (test of
regression coefficient significance, statistics — 2LL, highly
statistically significant p=0,000), Only the model with 40
input vanables interlinks the data adequately—the level of
significance of the Hosmer-Lemeshow test is greater than
0.05 (p=0.15).

Resulis

Based on our measuretnents, we determined (Table 2) that
the classification capability of the model is 79.7% (30
variables) and 82.5% for the model with 40 input variables.
The model discrimination (AUC) is again superior in the
case of that with 40 varables, up to 0.91 (excellent,
acconding to Tape [12]; while in the case of that with 30
variables it is 088 (good, again according to Tape [12].
Statistical processing of AF data measured using the PCA
method is summarized in Tables 3, 4, and 5.

For the direct application of the autofluorescence
technique in the operating room, we calculated the averages
and confidence intervals for the 40 most important wave-
lengths, as specified in Table 2, which best differentiate
betwesn malignant and benign tissues, The summary of
these values is listed in Table 3,

The wavelengths 607, 610, 649, 655, 662, 667, and
745 nm appeared to be the most significant, whereby at the
95% confidence level, threshold values did not overlap at
all or only marginally (Table 4). Wavelengths shorter than
700 nm appear suitable for clinical application, since the
difference interval of the avemge values and the median of
autofluorescence intensities attains the value of 500-160 for
the average and 930280 for the median. The differences of
avermpe and median values comesponding to the most
significant wavelengths listed above are given in Table 5.

The overview of memsured AF spectra is depicted in
Fig. 4, where the values avempged over all patients are
given. The gray and black curves represent the spectra
emitted by nommal and malignant tissues, respectively. It
should be noted that although the plotted averaged spectra
of normal and malighant tissues exhibit intensity mtios in
the range of 1.5-1.2 (depending on the wavelength), the
spread of intensity ratios is much bigger for individual
patients and will be discussed in the next section.

Discussion

Progress of oncological treatment, the continuous develop-
ment of surgical materials and technologies, but mainly the
endeavor to improve the quality of life of patients suffering
from colorectal carcinoma are among the reasons behind
the changes in surgical treatment sirategy witnessed
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Tahle 2 Owerview of logistic regression models snd resulis of statistical evalhmiion crieria

Model with 30 input wavelengihs Model with 40 input wavelengths
Input wavelengths L&34, 1638, L6409, 1655, LaSs, L65E, LasD, L4634, L638, L6409, L63S, L656, L6S8, L6509,
L660, L661, L662, L663, L664, L66S, L666, L660, L661, L662, L663, L6t 1665, LaGh,
L&66T, LG8, L6TS, L727, LT28, 1729, L731, L&667T, Lo68, L6TS, LT27, L728, LT29, 1731,
L733, L734, L735, L739, L742, L745, L7464, L733, L734, L7335, L739, L742, L7455, L744,
L748, L7353 L748, L753+ 10 additional :
L&0T Leld L612 Le13 L6118 La23 La26,
L3655, L760, L763
Statistically significant wavelengths L638, LedD, LG5S, Le6T, L745 L&07, LG10, L6490, LaSS, L662, Le6T, L7145
Omnibus test; — 211 U000 0000
Hosmer-Lemeshow et of good 00 015
conCordsmos
Magelkerke B 0508 0612
% of comectly classified 7 825
Sensitivity 073 [ )
Specificity 085 087
AC 088 091

recently. If possible, surgical procedures that preserve the
sphincter complex and thus retain natural defecation are
preferred. Compared to the last two decades of the past
century, the ratio between SSR (sphincter saving resection)
and APER (abdomino-perineal excision of the rectum) has
shifted from 1:1 to 3—4:1. This developmental trend has
significantly incressed the need for reliable peroperative
verification of the radicality of the surgical procedure [13]
and optical analysis of tissues from high-risk locations
could become one of the effective and reliable aids to this
end.
The setup proposed and tested by the authors demon-
stmtes statistically very good results, but its practical
application is thus far limited by the high variability of
the measured experimental data in individual patients,

What could be the reasons for this variability?

It should be mentioned initially that comparison of the
data acquired with information accessible in literature is
very difficult, as the latter focuses on the detection of early
stage caminoma involving only the mucosa layer of the
large intestine., Qur measurements were conducted on
tumor tissue already in the form of ulcerations and
moneover aliered by preoperative radiotherapy. It is well
known that mdiation induces structural changes in tissues,
especially in the form of local inflammatory reactions,
scaming, fibrotization, and development of small necrotic
foci and abscesses [14]. In all the tested samples of tumor
tisgue, histological analysis confirmed the presence of the
aforementioned structures of variable intensity. Post-
irmdiation damage to normal tissue located further away
from the focus of radiotherapy was not chserved; or rather
it was not possible to differentiate it from changes induced
by the surgical procedure itself

First, we should mention the natuml variability of the
autofluorescence spectrums of colon tissue [5, 6] We
consider the presence of different fluorophores at different
concentrations and in various layers of the intestinal wall o
be the main cause. These variations probably reflect
metabolic and structural changes in tissues [4, 5].

Another important factor affecting variability may also
involve the different tumor morphological types and
grading as well as the dumtion of “warm” ischemia. The
first step of standard surgical procedures always involves
the ligation of the main artery and vein supplying the
region, i.e., the vascular plexus of the mesenterica inferior.
The time interval between the intermiption of vascular
supply and the removal of the specimen fom the body is
highly variable, Intermuption of the blood supply (and thus
of oxygen and nutrient transport) leads to the development
of lactate acidosis and subsequently to tissue ischemia, In
their work, Ueda and Kobayaschi [15] clearly demonstrated
that increasing levels of lactic acid have a negative effect on
the intensity of fluarescence emitted by tissues, Moreover,
the amount of oxygen bound to hemoglobin significantly
influences its absorption properties. Oxygenated hemoglo-
bin is a strong absorber of excitation radiation up to
wavelengths of 600 nm, with absorption declining abruptly
after that, In contrast, in deoxygenated hemoglobin, the
decline in absomption is much maore gradual, Leveling of the
absorption properties of both types occurs anly around the
wavelength of 800 nm [16]

From a technical aspect, the measured values could also
be nfluenced by the type of excitation radiation source
selected or by the contribution of indirect sunlight during
the measurement process. Compared to a laser, the LED-
generated light ray is not as highly coberent. This certain
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Table 3 Averages and confidence intervals for sntofluorescence iniensity of 40 selecied wavelengths for malignant and benign tissme'

Malignent (umor) fsse Mormal intestine] zsue
Antofhuorescencs intensity

Wave length {nm) Average Confld, int. —95% Confld int +25% Wavelength [nm] Average Confid. int. 95%
a7 1,244,200 289,021 1499370 1,752.187 1,513.428 1,990,945
a1 1,170,017 928196 1411838 1629039 1, 407. 886 1.850.193
al2 1,126,748 803874 1359622 1,559,157 1,348 685 1,769,620
a3 1,123.17% 893213 1,353.140 1,544.931 1,337,758 1,752,103
Gl8 1,081,031 823038 1,239.024 1381167 1,192,631 1,562 702
623 928922 742371 1,115 474 1,239.030 1,081.374 1,396,687
626 881652 T04 226 1059077 L1770 1,025, 701 1317719
634 230,365 665370 995 340 1078886 945363 1,211 409
635 122519 650.754 985243 1067300 936527 1,198,073
638 To4.515 637.743 951,287 1027683 2326 1,153,040
649 639891 521.081 T58. T 841638 T46.237 237038
655 588.934 486.746 691 TI4007 689,738 H58.477
[ 500,081 480,062 601,099 TIEATO 691057 850484
658 586.565 488 500 684,630 TaTAL4 684 863 240,965
659 589.506 492930 686,261 T65.793 684,108 847479
&80 506240 500,973 691508 Ta0 676 68 562 850,791
66l 583379 487676 &7 02 T63337 GE2 482 244,192
662 560703 476.850 G2 54T T45.605 666620 H24.500
G83 STLEL6 470307 64,325 T4861T 669 662 827572
[ ) ST0.108 470,154 a6l 61 T44.051 6656197 821 905
[ 555211 464 960 645 461 T277 650,004 804840
[ 554542 465305 . TR T2 185 648 066 801 405
[ 568417 ATORR0 656953 TIL929 655310 B08.549
Ga8 566771 479.131 G54.411 T2R 649 652910 804387
&7 551570 468422 a3 TIT 699286 626232 TT2340
T 137137 114,765 159 510 180670 159672 201667
TR 140613 118943 La2 243 181512 160958 202,066
= 124 555 106,740 145371 167.723 148332 187114
T3l 101411 82959 119863 144,169 126416 161923
EEE) #9220 TLA2T 107013 138374 121302 155445
T 95279 TT962 112595 133,442 116528 150357
T35 28707 T0.945 106. 470 135,126 L1071 152180
TH 93903 75930 11AT6 140.768 122970 158566
742 110250 92,606 127 894 152677 133.787 171 566
745 95284 TT386 JIENET] 144.685 125109 164,260
T45 104,020 85866 1217 151620 131.495 171745
T48 118108 100310 135 907 L66. 702 146481 186924
75 122 624 104830 140,418 163118 142342 183,894
760 102748 26360 19136 142919 124.185 161653
783 104046 88293 119799 140,118 121397 158839

!the wavelengths denated in bold have the highest discriminsting specificity

phasic scatter may subsequently lead to mndom interfer-
ence during the course of the ray's action with consequent
non-uniformity of both distribution and intensity, This may
alto lend to certain non-unifortnity even in the tissue

4) springer

response [17]. The properties of the source were tested in
the work of Hordk [18] and we moreover conducted our
own measurement of the time dependence of the excitation
source intensity, The spectrum was analyzed on optically
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Table 4 Basic descriptive statistics for antofloorescence intensity of

[ -

walmes)

d wavelengths for malignant and benign tissue (non-significant

Wavelmgth (nm)  BEMIGN TISSUE (a=117)

Aversge  Coofid int 95%  Conofid int. +95%  Madian  Min Max Stand. dev,  Stand, error
07 175219 151343 199094 166186 9693  SE16T2 130391 12055
610 1620.04  1407.89 1850.19 151273 8063 SOET9 120777 1166
649 B4164 74624 937,04 £39.99 5092 212493 521 48.17
655 71411 68974 B58.48 77333 4128 191363 460.76 426
662 745,61 666,62 82459 7546 4036 177196 43136 3988
667 73193 65531 BOR.SS T16.16 465 166553 418.44 IR6R
745 144 68 12511 16426 150,08 402 47 106.91 988
Wavelength (nm)  MALIGMANT TISSUE (= 100)
Aversge  Coofid int 95%  Conofid int. +95%  Madian  Min Max Stand. dev,  Stand, error
07 12442 98902 1499.38 72521 184734 666147 128604 1286
610 117002 9282 1411.84 654.73 13747 619041 121872 12187
640 63980 52108 758.7 43576 4754 299347 S9R.77 50.88
655 BRI 4B6TS 69112 42505 5413 269969 515 515
662 697 47686 66255 42499 TI05 241605 46791 4679
667 T6EAZ 47988 65695 43578 TRE6 228006 44621 4462
745 9528 7739 11318 726 -1873 38167 902 a0z

neutral material and filtered using the same LP filter as that
used in this study. For masons of minimal contribution at
wavelengths of amound 580 nm, a threshold starting from
600 nm was selected (Fig. 2). The optical power was
measured repeatedly at S-min intervals using the Ophir
detection system equipped with the smart head coupled to a
USB interface of the computer. The smart head was placed
in font of the fiber connector of the LED source. The
maxitnutm devistion acquired was 1.5 mW and the authors
do not consider it to be significant for their measurement.

Similarly, the authors consider the contribution of
sunlight to be just as negligible. Due to the construction
of the tip (Fig. 2), the measured area was never exposed to
direct light radiation. Therefore, any interference could
have only originated from the surmunding tissue at a

607 507.99 9IR65
610 459.02 858
640 201.75 41423
655 185,18 34828
662 175,91 32061
667 163,51 280,41
T45 49.4 TTAR

2500

2000

1500

——RHNaormal

s TLMIGF
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distance of minimally 1 mm, which is the thickness of the
protective euff covering the tip, At the same time, the cuff
ovethung the tip by 1 mm, thus also ensuring a standand
distance from the tested tissue and purity of the scaming
surface, which was moreover continuously checked. The
overap also significantly limited the probability of entry of
rays reflected and scattered from the excitation radiation,

What then are the real discriminatory capabilities of the
tested system?

The results of our study show that in the infiared
radiation band, the difference between normal and mmalipg-
nant tissue predominantly involves the intensity of the
autofluorescence mdiation [3, 19]. Only in one case was the
AF contribution of the malignant tissue in the restricted wave
interval higher than that of normal tissue, This interval (680
710 nm) neady cornssponds to wavelengths typical for the
AF spectum of porphyrins and corresponds to the AF
spectrum of non-irmdiated malignant tissue [B, 18] A
possible explanaion was that the tested patient did not
undergo radiotherapy or that it was conduated incorrectly or
rather it was not focused suitably, The histological findings,
though, demonstmied signs of mdiation damage and the
documentation clady confirmed that radioherapy had been
conducted, The AF spectra averaged over all patients and
plotted in Fig. 4 are also influenced by this exceptional
patient in the sense that the overall difference in intensities
between normal and malignant tissues 8 reduced.

Literary differences in AF emissions of normal and
malignant tissues are attributed to two mechanisms:

Thickening of mucosa due to malignant transformation
and remodeling [6] leads to impaired penetration of
excitation mdiation into tissue and also impairs the release
of emitted fluorescence from the submucosa, which is a
major contributor, B oour case, this mechanism is not
applicable as the ulcerogenic form of malignant tissue is not
covered by mucosa,

Increased presence of hemoglobin as the main represen-
tative of chromophores in tumor tissue [3, 6, 18],

are substances that absotb any type of
radiation. Again, both excitation and emitted radiation are
absorbed. The increased presence of hemoglobin in tumor
tissue is explained by the extreme energy demands of this
tissue that are ensured by increased perfusion or by
hemorrhage associated with an already disintegrating
tumor, If we consider the possibility of influencing the
absorption properties of hemoglobin by the amount of
bound cxygen, which depends on the duration of “warm™
ischemia, we could find the answer to the variability of the
values measured in individual probands. To demonstration
of possible influence of AF intensity we used data for the
wavelength of 610 nm, which was evaluated by the
regression model as one of the most significant. Figure 5
shows the fluctuation and differences between the average
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Fig. 5 Fluctustion and dJifferences between fhe average vales of each
tested mdividual comparad to the overall aversge vale
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values of every tested individual compared to the ovemll
average value. In onder to eliminate possible technical
emors, we converted the same data imo proportionate
values (X (nomal tissue)Y (malignant tissue) (Fig. 6).

Conclusions

The statistical processing of the data confirmed the
potential for using the autoflucrescence analytical setup

Tl =

A 87011 13 1114 1% 1617 18

Fig. 6 Normal iissue/inmor ratio — 610 nm
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that we developed for rapid “optical” biopsy in the
opemting mom, This could become a very reliable guide
for further histological processing of the material.

Our results confirm that the model with 40 input
wavelengths is suitable for our diagnosis. The model
descriptions used are statistically significant, with both the
classification capability and discrimination being excellent.

In our case, values fram the 600-700-nm intervals, namely
649, 655, 662, and 667 nm, appear to be the most suitable for
clinical application, These wavelengths provide a sufficient
difference interval relating to the 95% confidence level, the
arithmetic avemge, and the median (Tables 3 and 4),

We would like to point out that the possible influence of
excitation source intensity variation on measured AF
spectml intensity is considerably lower than the observed
variability. The same can be said about possible changes
introduced to the measured data by the vanability in AF
collection fom tissues using the fiber probe tip. The latter
staternent refers to the special construction of the probe tip
that ensures a constant distance between the collection
optics and tissue. Thus, the vadability of observed AF
intensities is mostly due to tissue modification (in respec-
tive patients) due to chemical and biological processes.

The presented sample of data was suitable for statistical
analysis and determination of the most significant wave-
lengths. For the measurement and testing, it is necessary to
compare data and neference values of normal and malignant
tissue only within a single, concrete individual,
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Auto-fluorescence spectroscopy of colorectal carcinoma:
ex vivo study
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Ex-vivo investigation of colorectal tissue by autofluorescence spectroscopy is reported. Wet microscopic mounts of healthy
colon mucosa were examined and compared with those prepared from colon mucosa affected by adenocarcinoma. The
diagnosis of adenocarcinoma was verified by using clinical and histology means. Fluorescence spectra of tissue samples,
excited by blue emitting semiconductor diode have been studied by using portable spectrometer with fixed grating and fibre
optic system compatible with endoscope. The study demonstrates differences in both the spectral shape and in the signal
intensity in photoluminescence spectra emitted from tissue affected by adenocarcinoma as compared to that of healthy
colon mucosa. The overall decrease and the shift of autofluorescence intensity to longer wavelengths have been observed
for malignant tissue samples.
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1. Introduction

A goal of painless, rapid diagnostics using photonics
is desirable and has now reached the stage where it can be
a clinical reality. The benefits of using optics directly for
biopsies are clearly preferable to the conventional
approach. The use of fibre optics further allows such
techniques to be accomplished within interior regions of
the body. Optics in these measurements require light
sources, coupling optics and analysis with efficient
detectors. The endoscopic techniques Nd:YAG laser and
argon plasmatic coagular, were studied and compared in
[1].

Colorectal carcinoma is supposed to develop in
premalignant lesions following a sequence of events,
based on genetic and environmental factors, which result
in defects of mucosa that can evolve from flat dysplasia to
adenomatous polyp and finally to carcinoma [2,3]. Thus
the alterations due to the neoplastic transformation will
result in changes of some optical characteristics of
transformed cells. Hence, the scattering, absorption or
emission of light can yield information about the presence
of transformed cells. The ability to detect subtle lesions
still confined to the mucosa would then permit their cure
by either endoscopic ablation or minimally invasive
surgery.

It is well recognized that conventional endoscopy,
using white light, does not detect early stages of dysplasia
and this subtle lesions may be missed. Thus, there is a
strong motivation to develop and test new optical systems

compatible with endoscope that would complement white
light endoscopy. The fluorescence spectroscopy provides a
unique and sensitive tool to reveal changes in the physical
and chemical properties that occur in healthy and
abnormal cells in tissues. There are well known infrinsic
fluorophors bound to proteins within cells that fluoresce in
a wide visible and near infrared spectral regions. after
being excited by suitable external light source. The return
of excited molecules of the tissue to their equilibrium state
is accompanied by emussion of corresponding optical
radiation. The energy or wavelength of emitted photons
roughly corresponds to the energy difference between
excited and equilibrium states of the tissue molecular
system. The emitted spectral shape is sensitive to the
microenvironment such as pH level. redox potential,
binding sites, polarity, ion concentration etc. Natural
fluorophores within cells emit luminescence - so called
autofluorescence (AF) - and display a unique set of
spectral features which characterise the state of cells
making up the tissues. Depending on the environment,
flavins and porphyrins are known to fluoresce in
510-560 nm and 630-690 nm regions, respectively. The
experiments proved the higher concentration of porphyrins
in malignant tissues in comparison with that in the normal
ones. The excited porphyrins produce the fluorescence in
red part of the spectrum [4.5]. Tissues also contain
molecules called chromophores that absorb light without
re-emission of fluorescence. The main chlorophore in
gastrointestinal  tissues 1in the wvisible wavelength
(400 — 700 nm) range is hemoglobin.
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AF spectroscopy., somefimes called optical biopsy,
consists in recording an sutofluorescence spectium from a
small area of tissue of interest excited with a namow beam
of exciting lizght Thus the optical biopsy could be viewed
as point measurement technigque as compared to imaging.
The flucrescence point spectroscopy [6-8] mvelves the use
of a contact optical fibre probe that delivers excitation
light to the wssue surface snd collects the resulting
fluorescence light. Typically, a central delivery fiber
illnminates the tissue, while the surronnding circular array
of fibres collects the emitted fluorescence. Optical filters
block the detection of scattered excitation light The fiber
bundle probe, typically 1-2 mm in diameter, is deliversd
viz the biopsy chanmel of the endoscope and placed in
contact with the tissue swface. Fluorescence light is
separated info component colours by a spectrometer and
displayed a: a fluorescence intensity wversus wavelengsh
Curve.

A guantitative analysis detects intensity changes of
fluorescence A pumber of repors [9] melay on the
observation that under the same excitation and collection
geometry the fnorescence imtensity of lesions is almost
always lower than that of the surrounding normal tissue.
Consequently most of the imaging techniques concentrate
on the proper calibration technigue to correct the effects of
AF signal caused by the varying illumination/collection
geometry across the imaged tssue surface. We believe that
quanfitative analysis, in general, is oot as relisble as the
analysis and understanding of spectral changes seen in the
AF due to precancerous and cancerons changes in the
nzmme. To be able to detect small changes in the spectral
shape we need not only sensitive photolominescence (FL)
specirometer but also optimal transfer of both exciting and
fluorescence radistion to the tissne and the spectrometer,
respectively.

Most of measuring systems previously described in
the literature for spectroscopic diagmosis of colorectal
tizmne, both ex-vive and in-vive, utilised lasers [10-15] or
filtered lamps [16] as the light source.

In thiz paper we repoli @r-vie investization of
colorectal fissue by measuring the AF emission in the
range 550-800 nm excited by spontaneous semiconductor
blue Light Emitting Diede (LED) emitting st 450 nm.

1. Experimental

The  experimental set-up  used to collect
sutoflucrescence  specira  of colorectal  tssue  is
schematically shown in Fig. 1. Fluorescence was induced
by light source equipped with blue emitting semiconductor
dipde and anzlysed by portable Avantes spectrometer
Avaipec-1045 with fixed grating, fitee conmector amd
CCD linear amray detector with 2,048 elements. A
specially designed filter holder has been placed in fromt of
the spectrometer to block the reflected and scattered

exciting light from entering the spectrometsr. High
transmission interference long-pass (LF) flters were nsed
to take advantage of their very namrow mansition edge.
Various filters were tested and the most suitable have been
found the Spectrogon 530 and MIT 500 nm. The filter
holder alse enables proper optical coupling to fibre
comnectors of toth the fibre system and the spectrometer.
Fibre-optic system with three terminzls has been prepared
and msed for excitation and collection of AF signal.
Polymer optical fibres with the dismeter in the range
500 — 1000 pm were used. Optical connectors were placed
at two ends coonected to the light source and the
spectrometer, while the third one was in a2 form of a
special probe tip. Varions types of fibre systems,
schematically shown in Fig. 2, were tested. Feported AF
spectra were measured by nsing the two-fibre system. The
spectrometer is controlled snd data collected by a
notebook via the UTSE port.

gm r’f’?.-’f {4
4] o f
o .

L

Fig. I. Oprical system used jfor rhe exciration and
collection gf AF spectra. (1) notebook for the control of
the specrometer and coliection of meatwred don
(2) spectromerer dvaSpec-I048; (3] specially derigned
housing for LP jliter and coupling aptics berween the
Jihre and Ipectromeler inpur commectors; (4 excitation
light sowrce; () fibre optic gysrem with three terminalz;
(6) the meazured Hisrwe mompie.

Photoluminescence spectrum of the light source nsed
for tssue excitation and spectum of the same source
scattered on inert material and filtered by LP filter 530 nm
are shown in Fig 3 by curves (3) and (b)), respectively. A
datailed inspection of the diode spectrum (curve (a)) at
700 nm revealed that a very weak luminescence band at
thiz wawvelength iz inherent to the light source used. The
bands marked by amows (1) and (2) are doe to “filterimg™
effect and thus similar bands observed in tissne AF spectra
shonld be excluded from comsideration & follows from
Fig. 3 that only spectra in the range 560—800 nm bear
relevant information in case of spontaneous semiconductor
dipde used. This disadvantage, cansed by a broad emission
band of LED source as compared to a laser diode, is
partially compensated by its low price.
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Fig. 1. Cross sections of probe fips of various filre optic
syrrems used for AF experiments. Fibres with thadowed
crosy Sections are used Jbr collection of emited
radiggon. (1) bundle comsizrimg of & flbres wirh the
central one used for excitaiion; (2) a T ffbre system with
Jour fibrer uwsed for excitation gnd three for collection;
(3) a rwo ffbre system; (4] angie gecomerry ofthe I fbre
system rhar emhances the collecton gffciency.

FL intensity (counts)

o0 400 S0 eoo | 7o 8o
Wavelength (nm)

Fig. 3. Fotoluminescence spectrum of the blwe Light
Emiring Diode (LED) used for ristwe excitation is shown
by cuwrve fa). The spectrum of the same LED scamered an
optically neutral material and fltered by LP fliser
530 nm iz shown By curve (B The arrows (1) and (2) are

due toflirering and correspond to the arrows in Fig. 4.

with disease due to alterations in their biochemical
composition.

3. Results and discussion

Only thick samples (of the order of 1-2 mm) moned
out to be unseful mm order to supply 2 measurable
Ilnminescence signal. Thin samples routinely used for
optical histology analysis could not be measured even on
highly sensitive laboratory PL spectrometer [15].

Several samples of normal and malignant tssues have
been measured. Two sets of typical samples with spectra
measured ex-vive are shown in Fig. 4. As stated sbove, the
two bands described by amows (1) and (2) are due to
convolntion of spectral dependences of the used LP filter
with measured AF signal. The curves (), (), (c) and (d),
(e}, (f) in Fiz. 4, comrespond to the emission fom normal
and maliznant tissues, respectively. & follows from all
measurements that AF intensity from maliznant tissues is
decreased as compared to the normal one and relative
contributions of major AF bands are also changed — thus
changing the spectral shape Major contributions to the
tissne AF appear in three bands around 560, 620 and
§%) nm Specira taken from the healthy pams are
dominated by fluorescence band around 560 nm, while
spectra collected from maliznant portions are dominated
by bands at 620 and 690 nm. Also infensity ratios of
observed fluorescence bands differ for normsl and
malipnant portions. This observation commesponds to the
fact that excited porphyrins produce the flnorescence in
red part of the spectra and consequently the red bands (620
and 690 nm) are enhanced in spectra collected from
malipnant parts. The inherent difficulty with LED as an
excitation source comes from the fact that the lomg-
wavelength tail of LED overlaps with the investizated AF
sigmal.

[

Antofluorescence spectra emitted by normal colom
mmcosa and other fissue components have been compared
with those emitted by tissue affected by colorectal
carcinoma. The probes were taken during radical surgeries
performed in order to eat the colorectal carcinoma. The
wet probes were taken from mamour centre and from oral
edgze of the cut piece that shonld have consisted of healthy
mmcosa. Mative samples were cooled and examined
immediately after the surgical operation. First of all, both
the histology of healthy mmcosa and histology of
adenocarcinoma were examined by using guick biopsy.
The final histological examination followed.

We did not imtend to imvestigate statistically
meaningful et of tissue samples but rather to demonstrate
that relatively cheap light source, equipped with LED,
could be used for detection of AF speciral changes, ie. the
changes in the inminsic fluorescence of the fissue layers

AF intensity (au.)

=00 =00 500 700 P
Wavelength {nm)
Fig. 4. AF spactra qf native colon Gssue excited by Mlue
LED. Curves fa) (B and (c) corrempond to mormal
tizsug, while curves (d), (o) and () correspond fo the
maiignans one. Both the decreaze of overall intenzify and
the relofve morease m bands af 610 and 490 nm I
ohserved in malignant zamples. Band (1) marked by
arrow corresponds fo maximum LED infensity pasied
through the LP fiter and band (2) s an AF band
distorsed duwe o comvolution with LP fHrer.
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We can conclude that in most observed samples the
alteration: in biochemical composition due to dizease
proliferation is manifested by overall decrease in AF
intensity accompanied by relative decrease of infensity in
the band around 560 nm and by the relative mcrease in
intensity in the bands around 620 and §80 nm.

4. Conclusions

It has been shown that the portable set-up that
employs LED as an excitation source enables to measure
AF spectral changes induced by microscopic abnormalities
in tissues of the colon and rectum The overall decrease
and the shift of AF intensity to longer wavelengths have
been observed for meost of malignant tissue samples. This
red shift. together with the changed intensity ratio of
observed AF bands could serve as an indication of
malignant changes in the fissue.

More experiments and careful comparsom of
lnminescence  spectra with  optical  histological
examinations of samples with different compositions are
needed to understand changes im the tissue that are
manifested by considerable decrease of AF infensity
(when going from healthy to tumour fissue) withowt
sigmificant change in the spectral dependence, observed in
same samples. On the other hand, the observed spectral
differences are atmibuted to the transformation of local
environment swrounding the flnorophors assigned to
flavins and porphyTing in the normal and cancerous
tizzmes. However, conditions when cancerons and healthy
tizmnes yield different AF specira and when AF signals
differ only by intensity, remains to be clarified

Fibre optic system has been wused for both the
excitation and collection of AF signal so that endoscopic
mm-wvive tests conld also be amempted. The endoscopic in-
vive system would improve the surgical treatment of rectal
carcinoma due to potential precize determination of
resection line. Further work is needed to be able to detect
the malienant colon tssue and differentiate it from the
healthy colon tissue by using AF spectmoscopy coupled to
endoscope.
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Diagnosis established by means of fluorescence spectroscopy is currently used in the field of
urology and bronchology. Its major advantage is that it allows the diagnosis of epithelial
dysplasia or malignant proliferation even if routine diagnostic endoscopy fails to reveal any
macroscopic changes. We report the ex-vivo investigation of colorectal tissue by
autofluorescence spectroscopy. Wet microscopic mounts of healthy colon mucosa were
examined and compared with those prepared from colon mucosa affected by
adenocarcinoma. The diagnosis of adenocarcinoma was verified by clinical and histology
means. Fluorescence spectra of tissue samples, excited by means of 488 and 514.5 nm lines
of Ar 1on laser and/or by 632.8 nm line of He-Ne laser, have been studied. This study
demonstrated differences in both the spectral shape and in the signal intensity (at unchanged
spectral shape) of photoluminescence spectra emitted by tissue affected by adenocarcinoma
as compared to that of healthy colon nucosa. The study 1s aimed at development of the
diagnostic system and the methodology usable in the clinical practice.

(Received January 11, 2005; accepted March 23, 2005)

Keywords: Autofluorescence spectroscopy, Adenocarcinoma diagnosis

1. Introduction

Carcinogenesis 1s a multi-step process driven by the accumulation of mutations resulting in
errors in key regulatory mechanisms. Due to those errors the altered cells, initially pre-malignant, then
malignant acquire new characteristics that give them advantage over the neighbowrs and allow for
uncontrolled proliferation. It 1s thus obvious that both metabolism and structure of such cells are different
m comparison with the cells m a tissue of thewr origin. All the molecules constituting a cell can interact
with light and therr optical properties are determined by both their nature and by properties of their
microenvironment. Thus the alterations due to the neoplastic transformation will result in changes of
some optical characteristics of transformed cells. Hence, the scattering, absorption or emission of light
can yield information about a presence of transformed cells.

The fluorescence spectroscopy provides a unique and sensitive tool to reveal changes in the
physical and chemical properties that occur m healthy and abnormal cells in tissues. There are well
known intrinsic fluorophors bound to proteins within cells that fluoresce in a wide visible and near
mfrared spectral region, after being excited by suitable external laser source. The retwrn of excited
molecules of the tissue to their equilibrium state i1s accompanied by emission of corresponding optical
radiation. The energy or wavelength of emitted photons roughly corresponds to the energy difference
between excited and equilibrium states of the tissue molecular system. The emutted spectral shape is
sensifive to the nucroenvironment such as pH level, redox potential. bonding sites, polarity, ion
concentration etc. Natural fluorophors within cells emit luminescence and display a umque set of spectral
features which characterise the state of cells making up the tissues. Depending on the environment,
flavins and porphyrins are known to fluoresce in 510-530 nm and 590-640 nm regions, respectively. The
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expenments proved the kgher concentration of porphomins in malignant izsues in comparison with that
m the normal ones. The excrted porpharin: produce the flucrescence 1n red part of the spectrum [1.2].

Fluorescence techmques are well known for thew sensiiwity that can be optimuzed by a proper
selection of the exeitation and detection wavelengths. Uang ubtraviolet or vizible light 1t i= possible to
excite the fluorescence of many Momolecules. Since the beological sowrces of this fluorescence are
endogenous to the fissue, thi= tvpe of hzsue fluorescence 13 called autofluorescence (AF). The AF
response of ransformed tissue differs from that of the notmal one [3-5]. Affer llommation by blue hight
bronchial mucosa enuts fluorescent light wath 2 major peak at 520 nm (zreen) and miner peak around 630
nm (red). In the dysplastic areas or carcinoma in sim the flucrescence can be reduced almost ten- folds
and a chanpe mn proportion of gzreen to red light 15 obzerved Precize mecharmism of this effect 15 not
completely elucidated, but most important factors are epathelial thickenme, tumer tissue redox changes,
mereased hemoglobin concentration and reduced fnorophore concentranon [3, 4].

The senzivity of AT spectroscopy enables fo disonmmate normal mucesa from moderate
dy=plasia and every more senous lesion. AF spectroscopy, sometimes called optical liopsy, 15 a method
deeply rooted n a tradittonal melecular spectroscopy and consists In recording an autofluorescence
spectrum from a small area of fissue of mterest excited with a narow beam of exciting light Thus the
optical biopsy could be viewed as poant measurement techmaue. Within the famework of this approach
it 1= expected that 1t could be possible to select such condiions of excitabon and collection that the
normal and the neoplastic cells would emmt different autoflucrescence spectra. However, with growing
expenence it became clear that collected AF spectra may reflect more subtle experimental factors.
Consequently various approaches were suggested [4] to correct for such factors and to ensure a sensitive
and proper differentation between normal and diseased fissues. An algonthm based on ratios of the AF
miensity m properly selected Fpectr:il bands seems to be best suted for practical apphcations. Thos the
optcal biopsy may assist o assessing the character of lesions by facilitafing the comrect decision It
should be noted that 1o the case of optical hopsy techmque, simularly fo classical baopsy, it 15 the
examiner whoe decides on the selechon of suspicious areas, and real-time charactenzabion by AF
spectroscopy 15 of great importance.

Ex vivo studies showed that the spectroscopic properties of the overall flucrescence emssion of
malignant, pre-malignant, and non-neoplastic fisswe are sufficiently different to ensure a rehable
differentiation in oncological diagnosis [2]. However, the complexty of the biological substrates makes 1t
difficult to ascertain the relationship between the spectroscopic evidence and the biochemmeal and
histogical featwres of the fissues that could gmde the choice of the expenmental parameters of
fluorescence spectroscopy switable for an optimal diagnestic scheme.

A guantrtative analysis detects intensity changes of fluorescence. A number of reports [6] relay on the
ohservation that under the same excitation and collaction geometry the fluores cence mtensity of lesions is
almost always lower than that of the surounding normal tsswe. Consequently most of the imaging
techmiques concentrate on the proper calibration fechmique to correct the effects of autofluorescence
signal caused by the varying illnmmatien/collechion geomety across the mmaged tissue swrface We
beheve that quantitafive analysis, In general, 1= not as reliable as the analysis and understanding of
spectral changes seen in the autoflusrescence due to precancerous and cancercus changes in the fissue.
To be able to detect small changes mm the spectral shape we need not only hghly zensitive
photoluminescence (PL) spectrometer but also ophimal transfer of both exciting and flucrescence
radiation to the tissue and the spectrometer, respectively.

In the case of ex-wive investigation the ordinary laboratory equipment for photo-luminescence
spectroscopy could be uwsed However, in-vive spectroscopy, particularly diagnostic endoscopy, would
requure the use of swtzble optical fibres for binging excitation hight to the tissue and for collection of
tissue flucrescence. Since the dwation of fm-wive diagnosis should be mummgsed the spectum analyser
equipped with fixed grating and combined with CCD o diode array detection element should be used

Lung capcer and colorectal carcinoma are the major candidates for fibre optic appheation of AF
spectroscopy for the early detection of cancerons changes mn the tissue.

Lung cancer 1= a major cause of tumor death in most mdustrialized countnies, clapung an
estimate of 1 000,000 lives each year. Its epidemic continues unabated since its single and mest impeortant
rizk factor- smoking remains almest unchanged despite contmmng effort of prevenhon specializts and
others. Despite novel combinztion therapies lung cancer kills over 85% of those it afflicts within five
vears. The close inverse correlation between tumour stage and swrvival 1= well documented. Even in the
case the tumour 15 radically extirpated the nisk of developing a second lung cancer 1= apprommately 4%
per patient per vear. When hing cancer 15 diagnosed in early stapes, the sumvival 1= excellent. After
resection of early small lesions 1t can be more than 80% after 5 years. That means that detection of hmg
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cancer at early stages improves prognosis, vet early dizease s asymptomatic and bence difficult to
uncover. Only 15% of lung cancers ave discoversd when the dizease 1= stll localized With our curvent
diagnostic technology , by the tme lung cancer reaches a pomt at which it = chmcally detectable, the
dizeazs 15 already in the late stages of its natwral listory and 1t 1= only 2 couple of doublings from
reaching a lethal fumow burden. Lung cancer tumow burden typrcally exceeds 1,000,000,000 cells at the
time of dizgniosis (a volume of 1 cm™).

Optic fibre bronchoscopy has oot been conmsistently able to identify pre-meoplasias. 30%
detection rate mn carcinoma i zite (CIS) was reparted [2, 7). This 1= becawse of the predommant
miraepithelial srowth pattern of most early hing cancers. Recentlv autoflucrescence bronchoscopy has
been shown to be able to ncreasze the detecton rate two or three-fold [£].

At present the colorectal carcinoma 15 the most fequent type of the digestion tract cancer m the
Czech Republhic (CE). The number of newly emerging cases of this tvpe of disease reaches almost 7,000
& year and what 15 even more mportant the increasing trend does not seem to change 1o the nearest
future. The data clearly demonstrate that wathin 40 vears (1960-1999) the absclute meidence (men +
women) of colorectal carcinoma increased roughly 3.5 times. The increase 15 4 times m the case of men
and 3 timees 1n the case of women. It 1= also seen from available data that the merease of newlv emerzing
cases in fime could well be approcumated by linear dependence. Let us descnibe the absclute mncidence of
colorectal carommoma as I Thus the absolute incidence (men + women) of colorectal carcnoma as a
function of time could be described by the following expression: I = 1376 + 144 * ¢7-1960), where ¥
desenbes the vear followang 1960, The parameter 144 (the rate of imcreaze) characterises the current
situation znd the trend in the near future, here 1n the CE.

Simnlar cwrves that descnbe trends of the disease development m other countmes show the
tendency to saturate or even the decrease mn the rate of absolute madence Unfortunatel v the situation mm
the CR. 15 still charactenised by steady lmear increase with the rate grven by 144,

In thiz paper we report the imvestization of colorectal tissuwe by measunng the autofluorescence
emission n the range 450-800 nm exaited by vanons laser sources. Measurements by both the laboratory
PL =pectrometer and by the portzble spectrometer equipped by the optic fibre connector are reported and
compared. In view of the fact that measurements are performed m the wisible and pear 1vared regon
plastic fibers have been used. However, the AF m the infrared (IR} 15 expected to be equally important
[9] but s explostation 15 hampered at thes time by poor detection in IR remon. When this houtation 15
overcome the importance of fibres drawn from special glass matenals, such as chalcogemde glaszes, wall
become evident

Another example of the wgent need of fibres transparent m the IE has been reported recently
[10]. It was the measurement of the temperatwe difference of cancer and normal fissue in the
tracheobronchial tree by contact thermonyeter momitoring. This supports the hypothesis that tumowr tissue
has sigmficantly higher femperatre compared to normal mmeosa The temperature difference betwrsen
cancerous and normal tissues has been found to be 1-2°C. Thos the thermal emission of tumowr tissue
could be one of the target values in the non-invasive lung cancer diagnosties.

In view of this, the 1maging of sponfanecus thermal emmuzzion from bronchial tisswe would be a
valuable dizgnestic techmque. However, the sponfaneous emmssion from liman tissue falls inte the IR
spactral range with maxdmum infensity around 10 pm and consequently fibres or bungles transparent 1n
IF. mmst be used in order to reach compatibility with brenchoscopy. Thus optical fibres on the base of
spacial mmlticomponent glass systems, such as chaleogenide plasses, mmst be mmplemented to effectrvely
tran=mit thermz] spontanecns radiation out of the bronchial tree for detection and analy=s.

2. Experimental

O study was aimmed to venfy the theoretical premizes and to compare sensitivities of laboratory
photoluminescence spectrometry with the portable spectrometer compatble with ophe fibres. The
laboratory photoluminescence spectrometer based on the 1 m focal length monochromator cooled with
the higmd mirogen e detechon system or cocled Gals photo-multiplier enables sensitive and lugh
resohifion measurements in the spectral range 400-1700 om bv uang the lock-in techmague and the
computer controlled data collection. He-Me and Ar 1om lasers are available for excitzheon Awvantes
portable spectrometer AvaSpec-2048 with fixed grating, fibre connector and CCD linear aray detector
with 1,024 elements was nsed for companson to simulate condihons in chmeal practice. In view of the
fact that the infensity of the tizsue autofluorescence 1= relatively weak, the major goal was to assess the
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mfluence of the fibve optics and low sensitvity portable spectrometer by using the same excitzhon
SOUTCES.

Autofluorescence spectra emutted by normal colon mucosa and other tisswe components have
been compared with those emutted by fizsus affected by colorectal carcinoma. The probes were taken
dunng radical swgenes performed in order to treat the colorectal carcimoma. Fust of all, both the
histology of bealthy mucosa and histology of adenocarcinoma were examined by using quick biopsy. The
final listological exanunation followed The wet probes were taken from tumour centre and from oral
edze of the cut piece that should have consisted of hezalthy rmcosa. The indured Suorescence produced
b glass shdes, cover glasses and all matenals wsed within the probes testing was measwred in crder to
avord possible lnminescence from this material

Two groups of tissue samples have been measwed One group conmsisted of samples that had
been preserved 1n the fndze at the maxmum temperatuwre of 5°C before they were exammned. Native
samples that were immediately after the swzical operation transfarred indo the optical laboratory for
charactenzation fall mto the second group.

AF spectra collected by laboratory PL spectrometer equipped with collecing lens of large
dizmeter are compared with spectra collected by using portable Avantes spectrometer and optics fibres
for both excitation and collection of AF. Plastic fibres with a diameter of 600 pm have been used.

3. Results and discussion

Only thick samples {of the order of 1-2 mm) twned out to be useful in order to supply a
mezsurable luminescence signal Thin samples routinely used for optecal listology analvsis could not be
measwred even on highly sensitive laboratory PL spectrometer. AF spectra measured by the laboratery
PL spectrometer are reported first. In this case purmrors and the lens have been used to direct the excitzton
sowrce to the measuwred sample and to collect the laser induced fuorescence, respectively. Figs. 1 and 2
showr PL specira of samples when carcmoma 15 mamfested by spectral chanpes as compared to control
normazl tissues. Samples whose spectra are shown in Fig. 1 were kept m the findge while spectra on Fig 2
were measured on fresh samples. Fluorescence spectra of Imman colon fissue taken at room temperature
and excited by He-Me laser are shown m Fig. 1. Several samples of normzl and maliznant fissues have
been measwred The He-Me laser has been wsed for excifation so that onlv that part of fmsue
autofluorescence (photoluminescence) exceeding 632 8 nm could be observed In view of the fact that the
fluorescence signal 15 relatively weak 1t camnot be observed simultaneously with the scattered laser one,
when the two signals are not sufficiently separated Thus m the case of noimal fissue which does net
generate any flucrescence in the studied range, we can see just the tail of the scattered exciting laser
signzal. In the case of malignant tissue we can see a broad limnescence curve centred around 670 nom that
15 supenmpased on the tall of scattered laser signal. It 15 known that fluorescence bands at about 5040,
550, 640 and 580 nm are important for fluorescence diagnostics of the tissues. When He-Me laser 15 used,
only the band at 680 nm could be observed O cobservation supports the opimon that the
autofluarescence spectral shape enables to distingmsh malipnant from normal colon tissue.

PLinansity fa. ]
& ] ]

£
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Fig. 1. Fluorescence specira of buman colon tissue taken at room temperamre and excited by

He-He laser at the power density of 200 mWicm®. The arrow indicates the wavelength §32_8

om of the exciting laser. In the case of conmol sample (normal tissue) only the tail of

scattered laser signsl is detected; there is no lnminsscence from the sample. In the case of
malignant tissue we can e & broad luminescence curve centred around 670 nm.
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Fig 2. Autofuorescence specira of native human colon tissue taken at room temperature and

excited by 514.5 nm line of Ar ion laser at the power demsity 100 mW/cm™ are shown

Curves (1) and (2) correspond to tumour tissues while the curve (3) comesponds to normal —

comiTol tissne. A considersble increase i flnorescence mtensity at $30 and 680 nm bands is
observed for tumour tissne samples.

When Ar 1on laser has been uwsed for excitation, the bizgest differences were measured at the
autofluorescence band of 590 nm. as shown in Fig. 2. It can be seen from Fig 2 that new PL bands
appear at 530 and 630 pm 1 the case of maliznant isswe. This roughly coincides wath changes observed
m the case of excitation by He-Ie laser ne at 632 3 nm.
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Fig 3. AF from confrol and malignant colon tissues which shows only the decrease in
intensity but little change in the spectral shaps.

However, the presence of carcinoma does not peceszanly leads to spectral change. In Fiz. 3
are shown PL spectra of samples where the presence of carcimoma does not change the spectral shape but
con=iderable decrease of luminescence signal 15 observed on malipmant samples. Spectra shown on Fiz 3
are taken on native samples.
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Fig. 4 AF specira collected ffom normal and malignant part of colon tissue are shown.
Spectra were single fibre collected and detectad by Avantes spectrometer.
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Ar 1om laser (488 nm hine) coupled to the optical fSbre has been used for exatation of native samples
transported in the findze from the hospatal to the lab, A svstem of toeo fibves coupled at one end has been used
for the excitation of the fissue and for the collection of AT sgnal from the same spot. We did not bave a
sutable interferance long-pass filter o block the ecting laser hight from enterine the fitve connector of the
spectrometer and thus the measured spectra are distorted by laser tail, since the spectral range of inferest 15
too near to 488 nm laser hine Spectra collected by zinple fibre and analvsed by Avantes fixed grating
spectromseter are shown in Fiz. 4. Specra show qualitatively the same behaviowr as those in Fig=. 2 and 3,
namely a considersble decrease m mfensity m the range 530-620 mn and 3 relztive merezse in mtensity in the
range exceeding 620 mm. However, some regions of the measmed trssue show only decrease in green part of
the spectra without any merease m the blue part. I fturms ot that it 1= mportant to incorporate into the optical
path a low-loss optical element propady coupled to fibres that would ensble to insert swtable long-pass
filiers.

4, Conclusions

The Ar ion and He-Me lasers seem to be smtzble sources for tissue excitation The alternative
source could be the He-Cd laser using the wavelength of 442 nm in combinzhon with the He — Ne laser.
(Gal diode laser at 405 mm could also be used for optic fibre excitation) More expeniments and careful
comparison of lummnescence spectroscopy with optical histologpeal examunztions are peeded to
understand the changes in the tissue that ave mamfested by considerable decrease of AT infensity (when
going from healthy to tumewr fissue) without sizmficant change m the spectral dependence. On the other
hand, the observed spectral differences are believed to be atinbuted to the trensformaton of local
emvironment swroundmg the fluorophors assigned to flavins and pophyrins in the normal and cancerons
fiszues. However, condibons when cancerous and precancerous tissues wield different AF spectra as
compared to normal tissue and when AF signals differ only by intensity, remains to be clanfied
Expenments with laboratory PL spectrometer show that AF spectroscopy 15 2 promusing techmaue that
mught help to idenhfy the early steps of displasia. The endoscopic in-vive system would improve the
surgical treatment of rectal carcinoma due to potential precise determination of resection line. In addinon,
it could allow routine control of anastomeses resulted from low resections of the rectal carcinomsz as well
a5 accowrate biopsy focusing. Further work 15 needed to be able to detect the malignant colon tissue and
differentiate 1t from the healthy colon tisswe by using AF spectroscopy coupled to endoscope. The optic
fibre s¥stem compatible with the endoscope requures swtable semaconductor laser diode or other source
properly coupled to the filre and optimal blocking of the exciting radiation from entenng the
spectrometer.
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Detection of Colorectal Carcinoma
by Laser-Inducet Autofluorescence

In this paper we report ex- and in-vivo investigation of colorectal tissue by measuring the AF emission in the range 550-300 nm excited by spontaneous

-

Theoretical background

Fluorescence is ability of tissues to emit a visible or invisible radiation
after being excited by suitable external light source.

7N\

The energy or wavelength of emitted photons corresponds to
the delivered energy

S

v 3

Erarsie
&

Intrinsic fluorophors are source of fluorescence.

When tissue is illuminated by light, part of this light is back-scattered,
another one absorbed and last one is transmitted or induces the
autofluorescence

The emitted spectral shape

* is sensitive to the cell
microenvironment

* reflects the state of cells making
up the tissues e

Important human tissue fluorophores

+ Collagen

* Flavins

* Porphyrins

-

Method \

Autofluorescence spectra emitted by normal colon mucosa and other tissue
components have been compared with those emitted by tissue affected by
colorectal carcinoma.

\

The wet probes were taken from tumour centre and from oral edge of the cut
piece that should have consisted of healthy mucosa.

Optical system used for the excitation and collection of AF spectra:

(1) notebook for the control of the spectrometer and collection of measured data;
(2) spectrometer Avaspec-2048;

(3) excitation light source equipped with blue emitting semic conduetor diod ;
(4) fibre optic system with three terminals;

(5) the measured tissue sample
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Source of - P e
Authors | o, iting lights Tissue Sensitivity | Specificity
T R Culo;:;l?l;lwer 93% 96%:
blue plastic 0
adenomas 8% 8%
Lymphnodes
Moesta "a?‘"‘sms infiltrated by 85% 65%.
Waveeeng colorectal cancer
Wang 330 nm (UV) | Colorectal cancer 90% 85%

Results .

It is known that major contributions to the tissue AF appear in three bands around
560, 620 and 690 nm.

Spectra taken from the healthy parts are dominated by fluorescence band around
560 nm, while spectra collected from malignant portions are dominated by bands at
620 and 690 nm. Also intensity ratios of observed fluorescence bands differ for
normal and malignant portions. This observation corresponds to the fact that
excited porphyrins produce the fluorescence in red part of the spectra and
consequently the red bands (620 and 690 nm) are enhanced in spectra collected
from malignant parts.

The inherent difficulty with LED as an excitation source comes from the fact that the
longwavelength tail of LED overlaps with the investigated AF signal. Thus the most
valuable data for the investigation are in the range 680 - 720 nm.

10 Fotoluminescence spectrum of the
blue Light Emitting Diode (LED) used

for tissue excitation is shown by curve
(@).

The spectrum of the same LED
scattered on optically neutral material
and filtered by LP filter 530 nm is
shown by eurve (b).

PL intensity (counts)

Band (1) marked by arrow
corresponds to maximum LED
intensity passed through the LP filter
and band (2) is an AF band distorted
due to convolution with LP filter.

12 m e 55 ke 5300m

Curves (a), (b) and (c) correspond
to normal tissue, while curves (d), ()
and (1) correspond to the malignant
one.

AF intensity (au)

The decrease of overall intensity
690 nm is observed in all malignant
samples.

normal tissue

malignant tissue

Conclu

n

The fluorescence spectroscopy provides a unique and sensitive tool to reveal changes
in the physical and chemical properties that occur in healthy and
abnormal cells in tissues.

The overall decrease and the shift of AF intensity to longer wavelengths have been
observed for most of malingnant tissue samples and could serve as an indication of

\ malignant changes in the tissue.
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Introduction

Authors present their experiences with peroperative verification
of the margins of resection by means of autofluorescence
spectroscopy.

Histological examination of the margins of resection is
routinely performed during operations for colorectal
carcinoma to ensure radicality and avoid early local
recurrence.

Its greatest disadvantages are the risk of leaving out the
pathological tissue, as there is no possibility to examine whole
ring of the intestine, and time consumption.

Theoretical background

Fluorescence is ability of tissues to emit
a visible or invisible radiation after being
excited by suitable external light source.

_— = The energy or wavelength of emitted
" . photons corresponds to the delivered
HES ag3) energy.
i | = Intrinsic fluorophors are source of
fluorescence.

The emitted spectral shape is :
. itive to cell mic i
= reflects the state of cells making up the tissues

Important human tissue fluorophores are:

= Collagen

= Flavins

= Porphyrins
It’s proven a healthy intestinal mucosa and malignant one
have got different autofuorescence property.

Changes in the spectral shape and in the signal intensity
are obviously noticed.

Method

With the help of a portable spectral analyzer 11 peroperative
examinations of margins of the resection line were performed over a
half year period (7/2006 - 1/2007) in patients with large intestine
cancer disease situated in the region of the rectal ampulla.

Reference values were first obtained in each examination.

» healthy tissue - It was established as the oral end of the resected
intestinal loop, at a standard distance of 20 to 25 cm above the
macroscopically visible tumour.

« malignant tissue - This value was obtained from the region of

i bvi ined tumour tissue.

Five were il taken from each region and

their average values were calculated.

The examined region itself, i.e. the distal margin of the intestinal
loop resected, was subsequently examined by at least 20

Method - cont.

(,lt) -

Total of 286 measurements of the distal margin of the resected area, 55
measurements of the “healthy tissue” and 55 measurements of the tumour
tissue were carried out.

Tissue samples were examined immediately after taking out the patient.
All i were hi i insp too to validate our results

1 " Fotoluminescence spectrum of the

for tissue excitation is shown by
curve (a).

PL intensey (counts)

The spectrum of the same LED
scattered on optically neutral

Warsengh o) | nm s shown by curve (b).

Band (1) marked by arrow
[I——— corresponds to maximum LED

due to convolution with LP filter.

normal tissue, while curves (d), (e)

™o o one.

Wasslong® (o)

Results

blue Light Emitting Diode (LED) used

material and filtered by LP filter 530
intensity passed through the LP filter
and band (2) is an AF band distorted

Curves (a), (b) and (c) correspond to

and (f) correspond to the malignant

Only changes of the signal intensity were noted.

- Comparison of average values
). \/\A for healthy and tumour tissue
5] P i * healthy tissue

-t e * malignant tissue

221 measurements were evaluated as negative, 18 as
positive in the sense of the tumour presence and the
remaining 47 ones were not significant. In comparison with
the histological examination, we verified 99% sensitivity for
the absence of the tumour, 89% sensitivity for the presence
of the tumour, and in the case of unclear findings, we
obtained negative and positive findings in 68% and 32%,
respectively.

colorectal surgery.

p g the ination of the whole [ Number [ % Agree [ o [
circumference of the intestinal loop. Each value was compared with A 286 100.00 27 9.3 9
reference values and in the case of a non-significant finding or highly Lo at 7.7 219 %.10
suspect finding, the site was marked by a stitch for the targeted Posit 8 629 16 88.89 2
histological examination. ! Healthy Cancer
47 16.43 £ 68.09 15
Conclusion
= Autofluorescence spectroscopy is easy and reliable method. ;

= In controversial case it can help with selection the areas appointed for further histological /
examination. #

= We are convinced the autofluorescence spectroscopy can serve as a valuable assistant during 7
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Czech Republic
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